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Abstract 
Plant hybridisation is a complex process that may be an important factor in the evolution of 

the world's flora. Many studies and much speculation have centred on the phylogenetic 

consequences of hybridisation. There is, however, a dearth of information on the processes 

governing the interactions between allopatric species that have only recently been bought into 

contact. 

This study uses molecular techniques to study the consequences of hybridisation between two 

exotic larch species on the Blair Atholl estate in Scotland. Japanese larch (Larix leptolepis 

Mill.) and European larch (Larix decidua Mill.) have been hybridising on the estate since the 

turn of the century. The hybrid, the well known Dunkeld larch (Larix x eurolepis Henry), has 

been used in forestry around the world and forms a large part of the estate's silvicultural 

output. 

A suite of molecular markers, consisting of isozymes, nuclear DNA markers and cytoplasmic 

markers were used to analyse the composition of several stands on the estate. All the Japanese 

ancestors of the hybrids and a selection of the likely European parents were also examined, as 

were controlled crosses between the two species. 

The use of organellar markers allowed inferences regarding the directionality of hybridisation 

to be made. 

Genetic parameters, including cytonuclear disequilibria utilising both nuclear and cytoplasmic 

data, were calculated, and the use of these parameters is discussed. 

One stand was found to contain no hybrids at all, rather a mix of pure parents. Another two 

stands derived entirely from Japanese seed parents but with a large European pollen 

contribution. Analysis of these stands in terms of cytonuclear disequilibria and genotypic 

distributions demonstrated that one was a first generation stand, and the other a second 

generation. 

Regenerants in two of these stands were also examined. Results suggested that the 

regeneration in the hybrid stands derived largely from the parental stands with limited seed and 

pollen influx from the neighbouring parental populations. 

Larch plantation on the Atholl estate are seen to be a complex mix of backcrosses and first 

and second generation hybrids, and are fertile and viable. Implications of the results for 

silviculture on the estate, for the possible evolutionary future of the hybrids in Scotland, and 

the study of the process of hybridisation in general are discussed. 
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I. Hybridisation 



1.1 Introduction To Hybridisation 
Hybridisation is recognised as a process that may be significant in the evolution of many taxa 

(Rieseberg and Ellstrand 1993). Studies on butterflies (Jiggins et al. 1996), birds (Grant and 

Grant 1992) and fish (Pyle and Randel 1994) show that it is of some importance in the animal 

kingdom. It is amongst plants, however, that hybridisation has attracted most interest, and it is 

plants that will be the focus of this discussion. The importance of hybridisation in agriculture, 

horticulture, and silviculture has long been appreciated, and more recently naturally occurring 

hybrids are attracting interest. This is not surprising, given that up to 20% of the British flora 

comprises of hybrids (Stace 1991), a figure which is likely to be mirrored in other regions with 

a high proportion of alien species such as North America (Mooney and Drake 1986). Studies 

of natural hybrids to elucidate the evolutionary history of such taxa are also relevant to the 

question of how related species remain distinct (Barton and Hewitt 1989) and to speciation in 

general. Furthermore, a full understanding is necessary to cope with the impact it may have on 

phylogenetic trees (Mcdade 1990; Mcdade 1993). 

The literature shows that a variety of methodologies have been used to study hybridisation. 

Unfortunately, the results have not been unified into one conceptual framework. In this 

introduction I shall review the literature, with particular emphasis on the possible 

consequences of genetic contact between two species and how different approaches have 

attempted to answer this question. 

1.1.1 Definition Of Hybridisation 

One of the largest contributory factors to the confusion surrounding hybridisation is 

uncertainty as to its definition. It is clear that hybridisation does not mean the same thing to all 

biologists (Arnold 1997). Most authorities on hybridisation adopt an extremely liberal 

definition, such that natural hybrids are the result of crosses between individuals from 

populations that are distinguishable on the basis of at least one heritable character (Arnold 

1997; Harrison 1990; Rieseberg and Wendel 1993). However, the same authors focus 

exclusively on inter-specific hybridisation and its importance with respect to speciation or the 

maintenance of species barriers. Thus the usual definitions of hybridisation make no explicit 

distinctions between taxonomic levels, but do make an implicit one. This is to avoid tackling 

species concepts, which are all challenged by hybridisation, but leads to confusion when its 

evolutionary and phylogenetic implications are discussed. 
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One of the most widely used species concept is the phylogenetic species concept (Cracrafi 

1989), which suggests species are defined solely by ancestry. This definition is the cause of 

most of the problems in discussions of hybrid speciation and hybrid relationships- it is 

unavoidable that an individual that can trace its ancestry through two species presents 

complications to this view. It would be fruitless to avoid using this concept in a review of the 

literature. However, it is possible that a classification based, at least in part, on adaptive and 

ecological factors, would be more useful. Under rigid interpretation of the biological species 

concept (Mayr 1942), any interspecific cross that results in even partially fertile offspring 

would force the two parents to be reclassified as subspecies. This has usually been enough for 

those working on hybrids to reject the biological species concept, or variants of it. A slightly 

more fluid version might still allow species to be defined on the basis of properties of groups 

of organisms (Templeton 1989), while not being negated by inter-specific hybridisation. I shall 

adopt the approach that species be defined on the ecological, morphological and adaptive traits 

of the populations that appear to make up that species. This (somewhat circular) approach 

makes it explicit that species definitions are primarily artificial constructs based on utility. 

The inter-fertility of individuals from two species need not lead to them being reclassified, 

though it may be that the long term consequence of hybridisation will be that only one species 

need be used to describe all the populations. 

If a distinction between species and populations is made on the grounds of utility, it is also the 

case that hybridisation will, in part, be defined on the basis of whether it is a useful concept. 

Thus, I shall reject the usual assertion that inter-population gene flow is hybridisation and 

explicitly state that only mating between species (and sub-species, an unavoidable outcome of 

the huge variety of artificial taxonomic divides that have been made) be regarded as 

hybridisation. 

1. 1.2 Hybridisation In Agriculture, Silviculture, And Horticulture 

Ever since agriculture was developed, hybridisation has been used to introduce desirable 

characteristics into crop species. As an example, the common hexaploid wheat Triticum 

aestivum is thought to have been the result of a cross between a tetraploid wheat and a wild 

diploid grass (Janich et al. 1981). Agricultural research has long been preoccupied with 

creating new varieties by crossing suitable parents (Janich et al. 1981). Tree breeding, while 

much less advanced in this respect (largely due to the much longer generation time of trees), 

also utilises the principle to some success (Zobel and Talbert 1981). Another example is the 

11 



horticulturist's creation of unusually coloured or patterned flower varieties exemplified by the 

wide range of primrose hybrids available. 

It is clear from these considerations that artificial hybrids can have desirable and, to some 

extent, predictable properties. One use of artificial crossing is to combine desirable parental 

traits, and to use the F 1  generation directly. This can be achieved by planting admixtures of the 

parental types with the aim of producing commercially viable quantities of hybrid seed- a seed 

orchard (Zobel and Talbert 1981). When a parental trait is expressed in a hybrid, this is often 

due to simple single or dual locus control of a trait (Gottlieb 1984), making it easy to 

backcross and introduce the relevant gene into one parent's genetic background if this is what 

is required. Such introgressive hybridisation, the introduction of a limited amount of genetic 

material from one taxon into another, is a second, and more common, use of hybridisation. 

Examples of this are the backcrossing of (inter-specific) Jeffrey x Coulter pine hybrids to 

introduce the latter's weevil resistance into the better growth form of the Jeffrey pine (Zobel 

and Talbert 1981). 

Finally, many artificial F 1  hybrids show hybrid vigour (Jinks and Jones 1958). Improved 

performance of hybrids over the parents - characterised by faster growth, better resistance and 

other commercially important traits - has often been noted. It is of much importance in 

agriculture and horticulture (Janich et al. 1981). It is also seen in trees, for example 

Eucalyptus (Venkatesh and Vakshasya 1977), though until recently it was generally thought to 

be of limited use in tree breeding (Fowler 1978). Though hybrid vigour is not a universal 

character of hybrids, or the mechanisms by which it may occur agreed upon, it is of both 

commercial and theoretical interest. 

One final reason that hybridisation is of importance to plant breeders is becoming more and 

more evident- the escape of trangenes from genetically modified organisms. As disease, pest, 

or herbicide, resistance plants are increasingly being produced through genetic engineering, 

fears that such genes might escape and have a negative ecological impact is increasing (Adam 

and Koehler 1995). Introgression of engineered genes into weedy relatives has been shown in 

both sunflower in the U.S (Whitton et al. 1997), and rape in Europe (Baranger et al. 1995). 

The responsible attitude is that hybridisation will lead to the 'escape' of such genes, and it is 

the selective and ecological impact of such escape that should be assessed. 

Despite the importance of hybridisation in plant breeding, the rest of this review will 

concentrate on the issues pertaining to natural hybridisation, to determine its importance in 

the evolutionary history of the plant kingdom. 
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1. 1.3 AIlopo/yploid And Dip/old Hybrid Speciation 

Probably the most important consequence of hybridisation is the formation of new species 

through allopolyploidy. Allopolyploidy, where the nuclear genome consists of multiple 

genomes from diploid species, is well documented, and is a frequent cause of plant speciation 

(Grant 1981). Homoploid taxa that have arisen from hybridisation (such that the chromosome 

number of the hybrid taxa is the same as both parents), in contrast, is comparatively rare. 

However, this discussion will focus largely on such taxa, or on the processes giving rise to 

them, and some justification is required. Allopolyploidy is far easier to detect - 

morphologically, polyploids are often quite distinct from their diploid ancestors, and molecular 

studies can easily provide unambiguous evidence of their hybrid nature (Soltis and Soltis 

1993). This means the phylogenetic confusion that such hybrids generate is limited. More 

importantly, their existence does not teach us so much about the interactions between species. 

As a new species can, in principle, arise in just one generation through such an event, there is 

no need to analyse the dynamics that allow such hybrid speciation. In the case of diploid 

hybridisation, hybrid individuals are generally expected to be able to mate with the parent 

species. Thus, if a diploid taxon has arisen from hybridisation, the question of how it was or is 

maintained as a discrete unit arises. This may tell us about barriers between species and 

interactions between them, and how much gene flow occurs between them - for example, does 

the existence of hybrid individuals lead to homogenisation of the parental gene pools? 

Allopolyploids, on the other hand, are not expected to interact genetically with their parent 

species and so have no such implications. Thus, the almost complete neglect of allopolyploids 

in this discussion is not to deny their importance in speciation and the generation of 

morphological and genetic novelty - where they are likely to far exceed hybrid diploid species - 

but arises from a focus on other issues. 

1. 1.4 What Are The Consequences Of Hybridisation? 

Most studies of hybridisation attempt to throw some light onto the question of the 

consequences of bringing two inter-fertile species into contact. The possibilities, which are not 

mutually exclusive, and often depend on how taxa are classified, are threefold. Firstly, there 

may be gene flow between the species, or introgression. This in itself can have a number of 

possible outcomes (and definitions) that will be enlarged on later. Secondly, it may lead to 

speciation. Finally, it may result in the production of localised hybrid zones which consist of a 

mixture of parents and hybrids. The purpose of this review is to examine the different 
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approaches that have been used and discuss how far they have gone to determining the 

importance of each of these outcomes 

1.2 Use Of Species Specific Genetic Markers In The Study Of 
Hybridisation 
Whatever the approach to hybridisation, all studies must utilise genetic markers of some form. 

A genetic marker is any trait that is determined by the genetic constitution of the parents, and 

can be morphological as well as the molecular markers commonly used. The definition will be 

restricted somewhat to include only those traits for which the inheritance is understood- that 

is, traits that can be used to infer details of the parentage of an organism. When applied to 

hybridisation, a useful genetic marker is a trait which distinguishes between the parental 

species. If the parental species are not identified, as is often the case with species of ancient 

hybrid origin, these are traits that are assumed to have distinguished between the putative 

parents prior to speciation. Such markers are usually referred to as species-specific markers, 

the assumption being that they are present in the vast majority of one species and in very few 

of the other. Prior to a discussion of hybridisation, I shall introduce the various markers that 

are often used in its study. 

1.2.1 Morphological Markers 

Most hybrids have been initially identified on the basis of their morphology (Knobloch 1971). 

A species that appears intermediate in many respects to two related species may often be 

supposed to be the outcome of hybridisation. In this sense, it could be stated that 

morphological markers are commonly used to detect hybrids. 

However, morphological markers have not been widely used in the further confirmation of 

hybrid origin, or the analysis of hybrid zones. This is because it is very rarely that clear 

predictions can be made regarding the inheritance of morphological traits. Hybrids may 

express intermediate, parental, or even novel characters (Wilson 1992), making it impossible 

to determine parentage by examining these markers unless the inheritance of these traits is 

rigorously analysed. A telling example is with artificially produced F 1 hybrids between 

several species of Aphelendra (Mcdade 1993). The traits analysed were all morphological, 

and demonstrated clearly that not all hybrids show the same relationship to their parents (on a 

phvlogenetic tree). If it can be difficult to infer relationships from morphological traits with 

controlled F 1 's, it must be supposed to be even more difficult when later generations of 

hybrids are involved. 
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Thus, it is therefore not usually possible to put much confidence in the classification of 

hybrids without utilising molecular methods, and the majority of this discussion will focus on 

the different classes of molecular markers available. It should be noted, however, that their 

utility is in no way related to their importance- in fact, those markers that are easiest to use 

and most informative in population genetics may turn out to have little bearing on the 

consequences of hybridisation. 

1.2.2 Molecular Markers 

In a sense, the distinction between phenotype and 'genotype' (as revealed by molecular 

markers) can be artificial. Unless the molecular marker is a sequenced region of DNA (where 

genotype can be directly observed), even molecular markers are the products of interaction 

between DNA, the cell, the environment and the experimenter (i.e. phenotypes), just as 

morphological traits are. Not all markers that are referred to as molecular markers yield the 

same level of information regarding genotype. Thus, molecular markers are simply those that 

have been analysed using the techniques of molecular biology, and will include chemical 

compounds, isozymes, RAPDs, and RFLPs as well as sequence information. This is to avoid 

the very artificial distinction that has been made between nuclear markers and 'supranuclear' 

markers (if such a distinction is required, it should be between DNA markers and non-DNA 

markers). 

1.2.2.1 Nuclear Markers 

Nuclear markers are those that are inherited through the nucleus, which carries the vast bulk 

of genetic information. Sexually reproducing organisms are defined by the fact that their 

nuclear genome is inherited equally from mother and father. 

An extremely important facet of almost all studies of nuclear variation is the 'neutral theory'. 

This theory, originally put forward to explain the large amount of genetic variation present at 

isozme loci, suggests that the vast majority of variation -particularly at the DNA sequence 

level- has no selective effect (Kimura 1983). It has been largely supported by empirical 

evidence, though is still a matter of some debate (Gillespie 1987). Thus, a species-specific 

marker may not be expected to cause the differences that lead to the recognition of two 

separate taxa, or be affected by the differences between them. 

The first such molecular markers to be used on a wide scale were isozymes, which are 

variants of a protein that differ in their shape, size, or charge and can be differentiated on the 

basis of mobility through a gel in the presence of an electric field. They are usually inherited in 
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a simple Mendelian fashion. These have been used widely in population genetics since the 

1960's (Hillis and Moritz 1996). There are a limited number of isozyme loci, each with a 

limited amount of variation present. Moreover, it is rarely possible to infer the relationship 

between two alleles. It is for these reasons, as well as technical ones, that DNA markers are 

more applicable in many studies (Hillis and Moritz 1996). However, it is also fair to say that 

isozymes are often rejected for fashion's sake alone (Easton 1997), and certainly the use of 

species-specific isozyme markers is applicable to the study of hybrid populations. 

DNA manipulation such as cloning and the Polymerase Chain Reaction, whereby manageable 

sequences of DNA are amplified, and the use of restriction enzymes which recognise specific 

DNA sequences, allow a whole range of techniques for the analysis of genetic variation (Hillis 

and Moritz 1996). Of these, microsatellites, RFLPs, RAPDs and sequencing are the most 

commonly used. Microsatellites are fast evolving loci made up of short repeat units and have 

too high a rate of mutation to be useful for most interspecific comparisons (Hillis and Moritz 

1996). Randomly Amplified Polymorphic DNAs (Hadrys et at. 1992) are useful as no a 

priori knowledge of the organism's genome is required. However, they are dominant, i.e. it is 

not possible to distinguish heterozygotes from homozygotes, and they therefore have serious 

limitations (Lynch and Milligan 1994). 

A common technique in the analysis of the nuclear genome of hybrids is Restriction Fragment 

Length Polymorphism (RFLP) analysis. RFLP analysis is simply the characterisation of a 

locus, or a set of loci, based on the presence or absence of sequences that are recognised by 

restriction enzymes (Hillis and Moritz 1996). 'Probes' which recognise the locus under 

consideration are constructed from clones or PCR, and a variety of restriction enzymes are 

used to digest the target DNA. This approach, while the mainstay of much molecular biology, 

has been largely restricted to the ribosomal (rDNA) genes (Waters 1995) in plant population 

genetics. Recently, sequencing has become feasible even for large surveys (Soltis et at. 1997), 

but again generally only ribosomal sequences are utilised. 

Ribosomal genes were originally used because they are multi-copy and thus suitable for 

RFLPs (Hillis and Moritz 1996). Furthermore, they have regions that evolve slowly (the genes 

themselves) and relatively rapidly (the ITS regions) making them applicable at a variety of 

taxonomic scales (Soltis et at. 1997). Though they are multi-copy, the paralagous loci interact 

with each other. This 'concerted evolution' acts to homogenise the various copies of the genes, 

which is what makes them useful in taxonomy (Baldwin et at. 1995). However, it also means 

they may be particularly error-prone when taxa have hybrid histories (Sang et at. 1995). The 
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contribution of one parent's ribosomal genes may be erased by this process over a short 

evolutionary time. This has actually been demonstrated in Goss.vpium (Wendel et at. 1995). 

Thus, despite the revolution in molecular biology that allows the characterisation of so much 

of the nuclear genome, the analysis of the nuclear genome of hybrids at the DNA level has 

largely been restricted to the use of one, imperfect, set of loci. A corollary of this is that more, 

single-copy, nuclear genes must be characterised (Strand et at. 1997; Waters 1995) before 

DNA markers can really fulfil their potential in this field. 

1.2.2.2 Use Of Cytoplasmic Markers. 

The organelles - the mitochondria and the chioroplast (but excluding the nucleus, which 

technically is also an organelle)- are essential cellular components of all plants. They both 

contain their own genomes which have, in recent years, been extensively used in both 

taxonomy (Olmstead and Sweere 1994) and ecological/population genetics (Bachmann 1994). 

Two methods for analysing their variation are widely used, RFLP analysis using probes 

constructed from organellar sequences, or the analysis of organellar sequences that have been 

amplified using the PCR reaction. 

There are several reasons why the variation present in organelle genomes provides additional 

information beyond that supplied by the nuclear genome. The first is their (generally) 

uniparental inheritance patterns (Mogensen 1996). Chloroplasts are maternally inherited (i.e. 

through the seed alone) in almost all angiosperm, while most conifers show paternal 

inheritance. Maternal inheritance of the mitochondria is also the rule, though again there are 

exceptions amongst the conifers (Mogensen 1996). 

This unidirectional pattern has many applications, such as the construction of maternal (or 

paternal) lineages (Neale et at. 1988), something that has not been possible with nuclear or 

morphological markers. In recent years, it has become evident that it is possible to use such 

information in an ecological setting, as pollen and seed are produced at differing  times, in 

differing amounts, and travel different distances. Thus, they can be used to study patterns of 

seed and pollen flow (Ennos 1994). Similarly, population structures should be easier to detect 

when looking at maternal markers, as these reflect only seed flow rather than seed and pollen 

flow. As pollen is more highly dispersed, one expects a tighter population structure with 

maternal markers than with nuclear markers. This was the case in a study of Sitene atba. 

where Fst values were much greater with cpDNA markers (Mccauley 1994). These 

differences between seed and pollen production and movement will make organellar markers 

potentially extremely useful in understanding the dynamics of natural hybridisation. 
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One consequence of their inheritance is that organelles are asexual. This means recombination 

does not reorganise linked polymorphisms. One way of looking at this is that "the ancestry of 

individual haplotypes may remain recognisable even after many generations of sexual 

reproduction" (Wang and Szmidt 1994). In some instances, it is useful to think of it as 

increasing the number of alleles available at a single genetic locus, which emphasises that 

examining multiple organellar sequences is not equivalent to examining multiple nuclear loci. 

Another feature of organellar genomes that makes them useful is they have different rates of 

evolution to the nuclear genome (Palmer 1990). The rate of evolution (with respect to point 

mutations) is lower in both organelles than in nuclear markers, so they are useful for 

constructing deeper phylogenies. This means that comparisons between species or even 

genera, where many nuclear sequences may have been saturated with mutations so that 

resolution of relationships is not possible, are feasible with organellar DNA (Szmidt 1991). In 

conjunction with their haploidy, which reduces the effective population size for organelles and 

makes intraspecific variation lower (Birky et al. 1983), this makes organellar interspecific 

variation easier to analyse. 

1.2.2.3 Limitations of Organellar Markers 

Though these are good theoretical reasons why organellar DNA is suitable for many studies, 

another reason for its widespread use is that it is easier to work with, at least in the case of the 

chioroplast. This is due primarily due to its abundance (many copies of each organellar 

genome to one nuclear genome), which facilitates DNA analysis techniques such as Southern 

hybridisation and its conserved sequence which allows the utilisation of probes and primers 

over a wide range of taxa (Gielly and Taberlet 1994). Mitochondrial studies in plants are 

relatively rare - over the last 6 years, there have been nearly 3 times as many studies 

employing cpDNA variation as mtDNA variation. Mitochondrial genomes in plants exhibit a 

far higher rate of size variation and reorganisation than either nuclear or chloroplast genomes 

(Palmer 1992), such that restriction analyses of the whole genomes are difficult and rare. Even 

when performed, they cannot be readily applied across species in the way cpDNA studies can 

(Pradhan et al. 1992). This problem is not helped by the large size of the mitochondrial 

genome, the lower abundance of mitochondria relative to chioroplasts, and the difficulty of 

extracting pure mitochondrial DNA. However, since the introduction of PCR based 

techniques, it has become technically easier to utilise mitochondrial genes in phylogenetic and 

population studies, which should lead to mtDNA being used more often to complement 

chlorop last studies 
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The relevance of the difference in usage between the two organelles is that it highlights that 

technical, rather than theoretical, considerations can play the major part in determining choice 

of genetic markers. However, there are often theoretical reasons for choosing a different 

marker. It has been suggested that chloroplasts cross species boundaries more readily than 

nuclear genes (Rieseberg and Soltis 1991), implying that organellar based phylogenies are 

more susceptible to distortion from reticulate evolution than nuclear phylogenies. This is an 

even greater problem given that no amount of sequencing can change the fact that an organelle 

is essentially a single genetic locus. Thus, results based on, for example, the chloroplast 

genome can only be replicated by utilising the mitochondrial genome as well (Ennos et al. 

1998). 

Another problem is that possible selective pressures on the organdies are often ignored. As 

with nuclear markers, the variation in organellar genes is generally assumed to be neutral. 

There are two consequences of this. The first is that explanations for variation based on 

selection at the loci under consideration are often ignored. An example in plants is a study of 

mitochondrial variation in two species of pine (Dong and Wagner 1993). While the probes 

used were important coding sequences of the mitochondria (COXI and COXII), no mention of 

the neutrality assumption or possible selective pressures was made. This is particularly likely 

to be a problem in the plant mitochondria, as its non-conserved organisation means most of the 

regions analysed have been coding. 

A second and more general problem with ignoring selection is due to the non-recombining 

nature of organelles. Any selectively advantageous mutation that arises will cause any other 

variants on the same organelle to be subject to exactly the same selective forces, raising their 

frequency and eventually bringing them to fixation. The net result is that an episode of 

selection on any organellar variation will cause a 'selective sweep' whereby the overall 

organellar variation is reduced (Marayuma and Birky 1991). How large an effect this has on 

overall patterns of organellar diversity depends on how often selectively advantageous variants 

are created (Ennos et al. 1998). Little is known about this, but what examples there are in 

both plants (Hanson 1991) and animals (Templeton 1996; Wise etal. 1998) suggest selection 

on organellar variation could well have an effect. It is, however, quite rare that neutrality 

assumptions are discussed with reference to the patterns of variation found. 

These problems suggest that there remams much uncertainty as to the behaviour of organellar 

genomes on an evolutionary time scale, and that at least a partial return to analysing the 

nuclear genome is essential, particularly for phylogenetic reconstruction. 



1.2.3 Cytonuclear Disequilibna 

Organellar variation is frequently used on its own for phylogenetic purposes, or to assess the 

extent of population subdivision. Sometimes it is used in addition to nuclear variation to refine 

a phylogeny, or provide alternative estimates of gene flow. However, a more recent approach 

is to use it in conjunction with nuclear variation, meaning that data is collected and analysed 

simultaneously for both genomes, which allows a novel approach to the study of many of the 

traditional parameters in population models (such as gene flow, selection, drift etc.). Such 

'cytonuclear' data is useful largely because it allows associations between cytotypes and 

nuclear genotypes to be observed (Basten and Asmussen 1997). Such associations may, 

theoretically at least, be a result of selection (Paige et al. 1991), assortative mating (Cruzan 

and Arnold 1994) and differential seed and pollen flow (Schnabel and Asmussen 1992). In the 

same way that studying disequilibria amongst nuclear loci allows locus specific effects to be 

separated from genome wide effects, analysis of cytonuclear disequilibria should allow the 

separation of effects on the genome as a whole (e.g. drift) and those that affect only paternal 

or maternal markers. Such information could be useful to the study of naturally occurring 

hybrid zones. Coadaptation between organellar and nuclear genes, such as cytoplasmic male 

sterility, is one phenomenon which could be approached in this way. 

The theoretical background behind cytonuclear disequilibria, though relatively new, is really 

an extension of traditional linkage disequilibria (Weir 1990). See Appendix C for full 

derivations, taken from Asmussen et at. (1987). The cytonuclear allelic disequilibrium 

measures associations between alleles at a nuclear locus and the cytotype, and is directly 

analogous to the gametic disequilibrium for a diallelic system. The three cytonuclear genotypic 

disequilibria, which measure the association between a cytotype and a particular genotype can 

also be calculated. One of these genotypic disequilibria, the allelic disequilibrium, the Hardy-

Weinberg disequilibrium, and the allele frequencies are sufficient to describe, in an intuitive 

way, all the associations that can occur between one nuclear locus and one cytoplasmic locus. 

The theory has become sophisticated enough to incorporate such modifications as exact tests 

for small sample sizes (Basten and Asmussen 1997) and the analysis of dominant markers 

such as RAPDs (Dean and Arnold 1996), and it appears capable of generating questions and 

answers in the field of evolutionary biology. Whether it has been applied successfully yet, at 

least to plants, is another question. It is uncertain what realistic conditions may lead to 

measurable c tonuclear disequilibria, and whether the measurement of these disequilibria 

allows the testing of biologically plausible hypotheses. 
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1.2.4 Genetic Markers: Conclusions 

The study of plant hybridisation has relied on the same markers that are used in the rest of 

plant phylogenetics and population genetics. Morphological studies have been replaced by 

studies using molecular markers. Of these, isozyme, rDNA and organellar loci are the most 

widely used. These markers are almost always neutral, or at least assumed to be so, and the 

behaviour of adaptively important traits is rarely analysed using the powerful molecular 

techniques available. 

While each of these suites of markers is extremely powerful, they each have limitations. A 

lack of nuclear markers may partly have contributed to the reliance on organellar markers, 

which are not always suitable. In particular, their suitability for analysing 'population' 

processes- over a recent time-scale- may not extend to evolutionary time-scales (Ennos et al. 

1998). rDNA markers require cautious interpretation as a result of concerted evolution, and 

isozymes also have many limitations. RAPDs have been used extensively, but as their 

limitations become more evident it is likely that they will fall out of fashion, in all but a few 

areas (such as classification of clones). 

It is possible that the development of new nuclear markers may help ameliorate some of these 

problems. Furthermore, it is possible that the use of cytonuclear disequilibria could allow the 

analysis of existing markers to yield more information (though this requires testing). However, 

the limitations of the markers used must be borne in mind while interpreting the results of any 

study. 

1.3 Approaches to the Study of Plant Hybridisation: Pattern and 
Process 
Armed with the various genetic markers available, students of plant hybridisation have 

followed two approaches to determine both the importance and mechanism of hybridisation in 

evolution. These have been termed 'pattern' based approaches and 'process' based processes 

(Arnold 1997). Pattern based approaches involves systematic studies- often not geared 

towards or expecting to find hybridisation- and making inferences about past evolutionary 

events. Process based approaches study the dynamics of natural hybridisation by directly 

observing the interaction between two inter-fertile taxa, generally in naturally occurring hybrid 

zones. These distinctions have been criticised on the basis that pattern is just the consequence 

of process, and that analysis of process in any case is just making inferences from patterns 

(Nixon and Wheeler 1990). A case in point is probably the best known example of an invasive 

hvbridisation event- the origin of a radiate variety of the common British groundsel, Seneczo 
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vulgar/s. The radiate variety (var. hibernicus) arose following introgressive hybridisation 

from the radiate alien Senecio squalidus into the non-radiate native (var. vulgaris) (Abbott et 

cii. 1992). The spread of the alien since  its introduction in the 18th century has been well 

documented (Abbott and Lowe 1996), and as it is a recent event it could be debated whether 

the study here is of 'pattern' or 'process'. This indicates that the divide is by no means 

absolute. 

However, the distinction is useful for two reasons. Firstly, they separate the literature into two 

groups that whatever their logical equivalence might be, are distinctive as regards the 

methodology of the study. Secondly, it is by no means certain that the pattern of hybridisation 

that is seen in systematic studies is a direct consequence of the sorts of processes that occur in 

those hybrid zones that have been studied. 

First of all I shall review the process based studies- those which attempt to directly observe the 

dynamics of natural hybridisation- and then draw conclusions as to what has been learnt from 

this approach and what questions remain unanswered. This will be followed by a discussion of 

the pattern based approaches. 

The study of the dynamics of plant hybridisation is still very much in its infancy. As with most 

evolutionary biology, it is very difficult to observe the processes directly and it may not be 

strictly correct to label it dynamics. However, there is a definite shift from the identification 

and classification of hybrids, to trying to understand what factors govern the production and 

future of hybrid populations. From this, it may be possible to learn about hybrid speciation or, 

more commonly, how hybridising species remain distinct from each other. 

1.3.1 The Process of Natural Hybridisation: Hybrid Zones 

The usual approach to studying the dynamics of natural hybridisation is to analyse the 

population genetic make up of areas characterised by high numbers of hybrids. These areas-

hybrid zones- are generally the result of secondary contact (i.e subsequent to the divergence of 

the parents) between two inter-fertile species. 

Mathematical models of hybrid zones tend to focus on how such populations can exist without 

leading to widespread interbreeding and introgression. The most mathematically tractable of 

these is the 'Tension Zone Model' (Barton and Hewitt 1985). The approach used in this and 

related models is to assume selection against hybrids (endogenous selection) with dispersal of 

parental types into the zone maintaining the equilibria. Clines in different molecular and 

morphological traits should generally be concordant and linkage disequilibria (both nuclear 

and cvtonuclear) should be high (Arnold 1993a; Barton and Gale 1993). Clines should be 
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fairly narrow, as environmental selection is assumed not to have an effect within the hybrid 

zone, and stability of hybrid zones is also an expected outcome of this model. 

The predictions of this model are borne out in studies of many animal hybrid zones (Hewitt 

1988). However, the existence of these patterns is explicable by other models as well (Arnold 

1997), so that the assumption of hybrid unfitness is not tested simply by conforming to these 

predictions. Furthermore, plant hybrid zones are not adequately described by this model. 

Alternatives, such as the 'Mosaic' model (Harrison 1986), the 'Bounded Hybrid Superiority' 

model (Moore 1977) and the 'Evolutionary novelty' model (Arnold 1997) include the effect of 

environment, or exogenous selection. The Mosaic model simply states that the environment 

can have a selective effect (in contrast to the entirely endogenous selection acting in a Tension 

zone), and notes that environments are distributed patchily, explaining the heterogeneous 

distribution of hybrids in many zones. However, this is such a general approach that, whilst 

clearly correct in many cases, it lacks predictive power - and the discovery of zones with a 

mosaic structure says little about the forces maintaining that structure. The Bounded Hybrid 

Superiority model assumes superiority of hybrids in a hybrid zone and inferiority outside the 

zone, with dispersal not playing a major role. Like the Tension Zone model, this can account 

for stable hybrid zones. The Evolutionary Novelty model also assumes superiority of some 

hybrid genotypes in some environments, but also suggests that selection against early 

generation hybrids could account for the clinal pattern often seen and predicted by the Tension 

Zone model. Furthermore, this approach emphasises the long term future for some hybrid 

genotypes even outside the original contact zone. 

1.3.2 Examples Of Hybrid Zones 
Here, I will describe those hybrid zones that have proved most useful in understanding the 

complex nature of natural hybrid populations. Earlier studies tended to be geared towards 

demonstrating the existence of hybrid populations; more recent studies have attempted to 

understand their dynamics and it is those that are reviewed here. See Table 1-1 for a brief 

overview of examples of plant hybrid zones that have been analysed with molecular markers 

(varying degrees of morphological analysis are part of these studies). It is by no means 

exhaustive, and avoids studies which do not include geographical, ecological, or temporal data 

as they are uninformative in this regard. 
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Table 1-1: Molecular analyses of hybrid zones 

TAXA MARKERS CONCLUSIONS SOURCE 
Aesculus Isozymes Broad hybrid zone (DePamphilis and 

Asymmetrical gene flow. Wyatt 1990) 

Carduus Isozymes, rDNA, Stable hybrid zone? (Warwick et al. 

nutcins/acanthoides cpDNA No dispersed introgression. 1989) 

Iris fulva/brevicaulis RAPDs, cpDNA Rare formation of F 1  s. (Cruzan and 

Selective and ecological Arnold 1994) 

factors important.  
Iris jitiva/hexagona RAPDs,cpDNA Contact between populations (Arnold et al. 

largely pollen mediated.. 1991) 

Asymmetrical gene flow.  

Iris tenax/thompsonii cpDNA Discordance between dines. (Young 1996b) 

Possible movement of zone. 
douglasiana/innomina 
ta  
Picea engeimannii/ rDNA, cpDNA, Rare formation of F 1  s. (Sutton etal. 

sitchensis mtDNA Complex backcrosses. 1994) 

Asymmetrical gene flow.  

Picea rubens/marians rDNA, mtDNA, Frequency of hybridisation (Bobola et dil. 

cpDNA dependent on ecological 1996) 

factors.  

Pinus cpDNA,mtDNA Differential distribution of (Watano et al. 

pumila/parvflora  markers 1996) 

Pinus taeda/echinata cpDNA, Isozymes Asymmetrical hybridisation (Edwards-Burke 

Recent, no introgression. etal. 1997) 

Populusfremontii/ mtDNA, RFLPs Movement of hybrid zone. (Paige, Capman 

angustifolia Unexplained cytonuclear and Jennetten 

disequilibria. 
1991) 

Quercus RAPDs Low levels of introgression. (Howard et al. 

grisea/gambelii  1997) 

Quercus RAPDs Asymmetrical hybridisation. (Bacilien et al. 

petraea/robur  Hybridisation as dispersal 1996b) 

Silene dioica/iatifolia Isozymes High levels of hybridisation, (Goulson and 

but no effect on taxonomic Jemm 1997) 

boundaries.  
Notes: Dispersed Introgression refers to evidence for introgression outwitli the area cnaracteriseci oy 
hybrid formation 

1.3.2.1 Louisiana Irises 

The Louisiana irises provide the most extensively studied examples of hybrid zones. Several 

studies utilising ecological and genetic data, both nuclear and organellar, have been performed 

to try and unravel not only the structures of the hybrid zones, but the forces that produce those 

structures. It has long been recognised that hybrid populations are relatively common in irises, 

but no evidence that introgression affects the stability of the species was found using 

morphological data (Randolph et al. 1967). Furthermore, despite the fact that hybrid 
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populations are common, spontaneous hybridisation has been shown to be a rare event 

(Arnold 1993c). 

In the case of I.fulva and I. hexagona , several allopatric parental populations and one hybrid 

population were analysed for nuclear (RAPD) markers and chioroplast markers (Arnold, 

Buckner and Robinson 1991). The allopatric populations contained low levels of nuclear 

markers from the other species, which had already been indicated by isozymes and rDNA 

(Arnold et al. 1990a; Arnold et at. 1990b). Such introgression was not found with the 

chioroplasts, hinting that contact between populations of the two species may be largely 

through pollen, as might be expected. Furthermore, the distribution of chloroplast haplotypes 

amongst the hybrids was somewhat patchy, with one open region containing only the 

hexagona type, suggesting that this subpopulation was the result of pollination of hexagona 

byfulva. In a subsequent study of a hybrid zone that consisted of a third species, I. brevicaulis 

along with fulva and an allopatric population of hexagona, it was found that no hybrids had 

the hexagona haplotype but they often contained its nuclear markers (Arnold et at. 1992). 

These results all demonstrate the differential role of seed and pollen in the formation of hybrid 

zones. This approach was extended by collecting detailed ecological data in populations 

consisting of I.Jiitva , I.brevicaulis and their hybrids (Cruzan and Arnold 1993). The inclusion 

of phenological information and cytonuclear data from seeds allowed a detailed examination 

of the mating system (Cruzan and Arnold 1994). The hybrids were found to be largely 

advanced generation backcrosses to one parent species or the other with intermediate or 

individuals very rare; this suggested that the first hybridisation events occurred some time ago 

and few F 1 s have been formed since. Indeed, intermediate seed aborted more frequently than 

seed with parental or near parental genotypes. Furthermore, it appeared that futva mated 

assortatively, whereas brevicaulis mothers did not discriminate against futva pollen. These 

patterns gave rise to significant cytonuclear disequilibria, though it should be added that the 

formal analysis in terms of the disequilibria parameters did not add qualitatively to the studies. 

The distribution of hybrids was also interesting, with the brevicaulis backcrosses competing 

effectively with their parents, but backcrosses to fulva largely confined to a habitat distinct 

and distant from either parent's, suggesting a positive role for selection on some hybrid 

genotypes. It is notable that there is also a recognised species, inetsonii, with some similar 

ecological and morphological traits (but more distinct from the parents) that has been shown 

to be of the same hybrid origin (Arnold 1993b). It has been suggested that this species is the 

outcome of the same kind of hvbridisation event. 
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1.3.2.2 Pacific Coast Irises 
Pacific coast Iris hybrid zones have also been studied with cpDNA markers. Limited by 

utilising only morphological and not nuclear markers to allow separation of pollen and seed 

contributions, there are still interesting conclusions to be drawn. In the case of the 

I. douglasiana/i innominata zone, three transects were taken which all showed a dine in both 

haplotype and morphological traits (Young 1996b). Furthermore, the morphological cime was 

displaced from the chioroplast dine. This could be a result of the encroachment of 

dougiasiana territory by innominata (for example, if ecological factors have shifted). If 

morphology accurately reflects the nuclear make up of the hybrid zone, then one would expect 

the higher pollen flow relative to seed flow to lead to residual haplotypes of the displaced 

species within the encroaching one. Alternatively, this displacement could be caused by 

asymmetric mating success, a condition which is not unlikely considering the studies of the 

Louisiana irises (though field observations suggest this is not the case here). Interestingly, in 

the other Pacific coast hybrid zone, between I tenax and I. chrysophylla , the two dines were 

concordant. That there appeared to be stronger barriers to cross-fertilisation (Young 1996a) 

between these two species, but stronger habitat selection in douglasiana and innominata 

suggests the two zones, even in such closely related and geographically close species, may be 

maintained by different historical, ecological and genetic factors not provided for in existing 

hybrid zone models. 

1.3.2.3 Cottonwood 
Even in the absence of ecological data, the patterns of genetic markers alone can lead to some 

information about the behaviour of hybrid zones. For example, studies on a hybrid zone 

between cottonwood populations (Fopulus angustijolia and P.fremont/i) with both nuclear 

markers (Keim et al. 1989) and maternal markers (Paige, Capman and Jennetten 1991)- in 

this case mitochondrial - suggested movement of the hybrid zone. In an analogous situation to 

the Pacific coast irises, there were residual fremontli haplotypes in a largely angustifolia 

nuclear background at one end of the hybrid zone, suggesting encroachment on the former's 

territory by the latter. However, there were also cytonuclear disequilibria that could not be 

explained easily on the basis of differential seed and pollen flow. A model based on 

cytoplasmic male sterility could account (partly) for these observations (Cellino and Arnold 

1993), but it is also possible that more detailed ecological and mating system data would have 

yielded an alternative explanation. Either way, none of the existing hybrid zone models prove 

to be useful in describing this situation. 
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1.3.2.4 Oaks 

The white oaks provide particularly interesting opportunities to study hybridisation. Though 

many species have been shown to be interfertile, they often exist sympatrically with only 

occasional formation of hybrid populations (Whittemore and Schaal 1991). Where hybrid 

populations are seen, they have generally been analysed morphologically. However, the well 

documented discord between their large morphological distances and their close genetic 

relationships (Howard et at. 1997) suggest that such analyses may not provide a reliable 

estimate of hybrid nature (Aas 1993). Using molecular markers, a hybrid zone between two 

North American white oaks (Quercus grisea and Quercus gambelii) was shown to be patchy 

in its makeup (Howard el at. 1997), rather than clinal as in the cases of cottonwood and the 

Pacific coast irises. However, it was not possible to infer the causes of this structure. Despite 

this, it is clear that models based on clinal distributions are inadequate for such populations. 

1.3.3 The Utility Of The Hybrid Zone Models For Describing Natural Hybridisation 

In summary, hybrid zones often exist over larger geographical ranges than predicted by the 

Tension Zone Models (DePamphilis and Wyatt 1990), they have a patchy distribution with the 

frequency of hybrids varying from area to area as with the irises and also spruce (Bobola et 

al. 1996; Perron and Bousqet 1997), and often consist of advanced generation backcrosses 

rather than F 1 s and F2s (Cruzan and Arnold 1993; Paige, Capman and Jennetten 1991; Perron 

and Bousqet 1997). There are no examples of taxonomic boundaries breaking down even in 

areas characterised by a high degree of hybrid formation, and inferences regarding such 

processes can only be regarded as highly speculative. 

The Tension Zone model (TZM) makes the very clear assertion that selection against hybrids 

can cause stable, clinally varying hybrid zones. However, the structure of contact zones in 

plants is often patchy and does not conform to the pattern predicted by this model. Even where 

it does, for example the Pacific Coast Irises, this does not necessarily provide evidence for this 

model over other explanations. Importantly, that hybrid zones are generally stable equilibria is 

not suggested by available data either. A variety of other models have been put forward, none 

of which have been able to make useful generalisations about the structure of hybrid zones as 

they take into account exogenous effects which are different in each case. 

However, the limited use of the TZM (and mosaic model) as formulated does not imply that 

their basic assumption - that hybrids are generally unfit - is wrong. Rather than analyse the 

genetic structure of a hybrid zone and hope to obtain evidence for or against mathematical 

models such as the TZM, the following approach testing the premises of the models directly is 
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suggested. First, the assumption that the zone is at equilibrium must be questioned. This is by 

no means easy to test, but discordance of maternal and nuclear markers (as in, for example, 

the cottonwood) may suggest that the structure seen is a result of recent invasion of one 

species' territory by the other. Also, most hybrid zones consist of very few F 1  hybrids, 

suggesting that the initial hybridisation events are rare, also arguing against  equilibrium based 

approaches. If possible, analysis of more than one generation, as with the European oaks 

(Bacilieri et al., 1996b), should provide a valuable insight into the temporal dimension of 

hybridisation. The results of this approach strongly suggest that equilibrium is not the norm 

which does not disprove the basic premises of the models, but makes detailed mathematical 

treatments of questionable value. Secondly, in cases where the zone is patchy, there should be 

more emphasis on environmental associations- this approach worked well in Louisiana irises 

where one class of hybrids was shown to exhibit greater fitness than its parents in some 

environments. Where the structure of the zone is a clinal change that fits with the TZM, this 

could still be a result of selection for hybrids in this zone rather than selection against hybrids 

and parental migration (Moore 1977). In this case, the only way to differentiate between the 

two very different hypothesis is to test experimentally for hybrid fitness. 

Where the fitness of naturally occurring hybrids has been tested, it has been found that 

reduced fitness is by no means the norm (Hodges et at. 1995). In light of this, a completely 

different approach to hybrid zones is suggested by Arnold (Arnold 1997). This 'Evolutionary 

Novelty model', which treats hybridisation as adaptive rather than maladaptive is useful in 

that it focuses on the important ecological and environmental factors that are ignored by the 

TZM. It is exemplified by the Louisiana irises. However, this example may prove to be the 

exception rather than the rule. It would perhaps be better to rename this the 'Ecological 

determinants' model to remove the implication of an a priori assumption that hybridisation 

must be adaptive for the methodology suggested by this approach to be a useful one. 

1.3.4 Other Approaches To Studying The Processes Of Hybridisation 

Naturally occurring hybrid zones have been studied in order to obtain data about the dynamics 

of hybridisation. However, just determining the spatial distribution of genetic markers has 

failed to generate robust hypotheses concerning the future of the hybrids. The "natural 

laboratory" that hybrid zones provide (Hewitt 1988) do not allow the investigator to separate 

the various factors (selection, migration, drift e.t.c.) that cause their structure. One way of 

rectifying this is by doing transplant experiments to test the fitnesses of parents and various 

classes of hybrids under different ecological conditions (Emms and Arnold 1997). 
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Another approach that is likely to become more common is to emulate naturally occurring 

hvbridisation under more controlled conditions. The de novo bringing together of inter-fertile 

species allows observation of the processes governing the early evolution of hybrid 

populations, particularly when the tendency of sympatric parents to swamp the hybrids is 

reduced. This situation has arisen in Britain between two species of Larix, and it is this that 

will be studied in the remainder of this investigation. The value of this approach is obvious 

from a study of white oaks (Bacilieri et at. 1996b). In a planted hybrid stand of the European 

white oaks Q.petraea and Q.robur, petraea pollinated robur far more than the reverse, and 

the population was gradually becoming more petraea dominated (Bacilieri et at. 1996b). This 

agrees with ecological data which suggest that robur is a pioneer species, but is succeeded by 

petraea- and suggests that pollen flow and inter-specific hybridisation may play a part in the 

succession. This has also been seen in Eucalyptus (Potts and Reid 1988). It should be pointed 

out that the close genetic relationship and the existence of F 1  oak hybrids of almost pure 

parental form (Bacilieri et at. 1996a) may suggest that the significant morphological and 

ecological differences in these species are caused by only a few genes (Stebbins 1950). 

Though this does not preclude them being treated as separate species, it means the dynamics 

of interspecific hybridisation in oaks may be considerably different from genetically more 

distinct species. 

A variation of this approach was the artifical synthesis of Helianthus annus and H.petiolaris 

hybrids (Rieseberg et al. 1996). Mapped genetic markers were used to analyse in detail the 

genomic composition of three independently produced lineages. The interesting conclusion 

from this study was that all three lineages evolved to have very similar compositions. 

Furthermore, this compostion was similar to a naturally occurring hybrid, H. anomatus. This 

demonstrates the importance of selection in the evolution of hybrids, and that hybrids that 

become established do so because they are not just random combinations of genes from each 

parent. 

Finally, mathematical and computer based models of such situations may make it possible to 

determine the conditions that may be important and the parameters that are worth measuring. 

This is not a widely used approach- the models that have been used are designed to explain the 

supposed stability of hybrid zones. In order to provide a theoretical basis for the use of 

various genetic markers in examining the early evolution of newly created hybrid populations, 

a computer model will be applied to Larix in Britain. 
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1.3.5 The Process of Natural Hybridisation: Conclusion 

Despite the increasing body of work on plant hybrid zones, no model has provided a useful 

paradigm for examining their structure. It is still unknown whether selection for or against 

hybrids plays a large role, and no conclusion as regards the maintenance of distinct species in 

the face of hybridisation is easily drawn. The view that hybrid zones are natural laboratories 

for testing evolutionary hypotheses (Hewitt 1988) has perhaps led to the neglect of the 

important experimental tests on hybrid fitnesses and fertilities that would help to answer these 

questions. Hybrid zones that are stable are likely to represent local and evolutionarily 

unimportant situations. Hybrid zones that are unstable are not described adequately by the 

TZM and mosaic zone models, and these should no longer be used to guide investigations or 

be the focus of debate. The majority of studies that purport to examine the processes of 

natural hybridisation have actually managed to avoid observing those processes directly. An 

inclusive approach, whereby ecological factors and selective forces are measured is likely to 

be far more instructive. This approach, adopted by Arnold in the study of irises is labour 

intensive but facilitates the testing of hypotheses regarding the eventual fate of hybrid zones, 

whereas without such information one appears to be limited to the conclusion that hybrid 

zones do, indeed, exist. However, it is entirely plausible -even probable- that this approach 

will also demonstrate that most hybrid zones do, after all, reflect selection against hybrids. 

Rather than being "natural laboratories", they may represent evolutionary dead-ends that are 

decidedly inappropriate for the study of evolutionary forces. 

1.4 Approaches to the Study of Hybridisation(2): Inferring 
Hybridisation from Pattern 
An alternative approach is to interpret the results of systematic (usually phylogenetic) surveys 

in such a way that hybridisation is included in the analysis as a factor that may influence tree 

topology. This is a more common approach, if only because the data-set includes the very 

many studies that uncovered evidence of reticulate evolution without the study of hybridisation 

being the investigator's main concern. While this approach should never ignore the dynamics 

that may have led to the observed pattern, it may not be necessary to have a detailed 

understanding of the interaction between two species to draw conclusions. In fact, the process 

orientated approach has been so limited in its application that it is this pattern approach that 

has been seen as the more informative of the two. 

Studying hybridisation based on systematic patterns involves answering two linked questions. 

Firstly, to what extent can the ability to test for reticulate evolution be improved (either 
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through experimental method or analytical procedure)? Secondly, what does the observed 

pattern tell us about the significance of hybridisation in plant evolution? 

As hybridisation is often used to explain discrepancies in phylogenetic trees (Bain and Jansen 

1996; Soltis and Kuzoff 1995; Wendel et at. 199 1) the first question must be answered before 

the second can be tackled. This requires an understanding of the phylogenetic effect of 

hybridisation. 

1.4.1 The Position Of Hybrids In Phylogenetic Trees 

Traditional phylogenetic methods are designed to represent hierarchical relationships, and are 

not able to adequately pick up or represent reticulate evolution (Rieseberg and Elistrand 

1993). It has further been suggested that hybrids can affect the relationships between non-

hybrids in the same tree (Cronquist 1987; Funk 1985). Even where the existence of hybrid 

taxa is already known it can still be problematic to predict their position and effect on a 

phylogenetic tree (Mcdade 1990). 

There are several approaches to dealing with hybrids but a common method is to include all 

data in the phylogenetic analysis and try to identify hybrids from diagnostic patterns in the 

final tree. The problem is that there are no clear predictions as to where hybrids will appear in 

phylogenetic trees. This is particularly the case with morphological analyses, as shown by the 

artificially produced Fl Aphelendra (Mcdade 1993), though the problems of representation 

and interference also apply to molecular phylogenies (Rieseberg and Ellstrand 1993). Thus, 

though many of the putative cases of hybridisation have been suggested by morphology, it is 

to the patterns of hybridisation as suggested by molecular phylogenies that I shall turn. 

1.4.2 Using Molecular Phyla genies to Infer Hybridisation 

The issue of hybridisation is one that has emphasised the differences between phylogenies 

based on morphological and molecular data sets. It has often been the case that molecular data 

sets have rewritten traditional morphological phylogenies (Hillis and Moritz 1996). This has 

been largely accepted as an indication of the greater resolving power of molecular methods, 

particularly with neutral markers. There is no doubt that it is much easier to determine an 

exact mechanism of inheritance and mutation for molecular than for morphological variation, 

and it is therefore the case that molecular data should ultimately be more suitable for 

providing detailed information about evolutionary history. This is particularly the case in 

recent years, when widespread sequencing has made it possible to obtain data that allows the 

exact interrelationship of polymorphisms to be inferred. The tracing back of genes to their 
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common ancestors based on sequence (the coalescent process) should allow the phylogenetic 

history of neutral markers to be inferred to a high degree of confidence (Hudson 1990). 

However, throughout the following discussion, it should be borne in mind that the extension of 

these to biologically important relationships between taxa is a matter of debate, particularly if 

hybridisation has occurred. 

1.4.2.1 The Effect Of Hybridisation On Nuclear Genome Phylogenies 

A good example of a phylogeny based on nuclear markers that has provided evidence of 

hybrid speciation is in Helianthus section Helianthus, North American relatives of the 

sunflower (including Helianthus annus mentioned earlier). RFLP mapping of ribosomal genes 

was performed on a large number of individuals from over 20 taxa (Rieseberg et al. 1991b). 

The resulting tree was largely congruent with a morphologically based phylogeny, the main 

difference being the treatment of three putative hybrid species. That these were hybrid was 

convincingly shown from both the ribosomal data, where the hybrid individuals contained 

RFLP patterns diagnostic of both parents, and previous isozvme studies (Rieseberg et al. 

1990b). This study demonstrates that it is possible to achieve a nuclear based phylogenetic 

reconstruction, without a priori knowledge of hybridisation, that detects the occurrence of 

reticulate evolution. 

However, if hybridisation has occurred but not been detected, the phylogeny will have 

erroneous implications for the evolutionary history of the taxa. Similarly, diagnosing a 

hybridisation event that has not occurred will lead to misconceptions about not only the taxa in 

question, but the nature of evolution and speciation itself. It is important, therefore, to 

maximise the chance that hybridisation is detected, without inferring it where it has not 

happened. Alternative approaches to analysing the data are possible (Rieseberg and Ellstrand 

1993) but no overall protocol for phylogenetic reconstruction that takes into account possible 

reticulate evolution has been taken up. Instead, hybridisation is usually cited as the probable 

cause whenever a phylogenetic uncertainty arises, without an analysis of the statistical 

significance of such an uncertainty. However, for any individual locus, there are many other 

explanations for how it may lead to a false phylogeny - insufficient data (Saitou and Nei 

1986), selective effects, high variance of evolutionary rates (Wilson et al. 1990), and 

phvlogenetic sorting (Maddison 1997). Thus, inferences regarding the hybrid origin of taxa 

based on the extant pattern of variation are necessarily inexact- particularly if the hypothetical 

hybridisation happened long in the past. Examples such as the sunflowers are robust- there are 

relatively large numbers of species-specific markers and continued work has confirmed the 



hybrid origin of a least one of the species (Rieseberg et at. 1995). However, many examples 

are based on far fewer markers, and some of these may be explicable by chance events alone. 

Even were an improved method of analysing the data that specifically deals with reticulate 

evolution taken up, it is unlikely that this would greatly increase either the certainty with 

which hybrids, particularly ancient hybrids, are detected, or the ability to reject hybridisation. 

The only approaches likely to achieve such a goal are to increase the number of samples 

included in a phylogenetic analysis and to replicate the data by increasing the number of loci 

sampled. The first point is important as while the taxa in question may not be of hybrid origin, 

there may be individuals that contain introgressed markers if hybridisation has occurred since 

cladogenesis. It is now well known that sampling of such individuals without sampling non-

introgressants is a possible source of error (Soltis et at. 1993 ). The second point is at least as 

important. The need to increase genome coverage for good phylogenetic reconstruction is well 

known (Doyle 1992). This is particularly important where hybridisation is an issue, as not 

only may individuals exist that are not representative of the taxa as a whole, loci may exist 

that are not represent of the genome as a whole. Unfortunately, the nuclear genome is rarely 

sampled at multiple loci, except for techniques such as RAPDs and isozymes which are not, as 

mentioned, generally applicable. Even if ribosomal genes weren't so problematic per Se, it is 

clearly inadequate to rely on one source alone. However, there is a lack of other loci known to 

have sufficiently slow rates of evolution to be useful (Waters 1995). While some effort is 

being made to find regions which can be used across many species (Strand, Leebens-Mack 

and Milligan 1997; Waters 1995), the shortage only serves to increase the reliance on rDNA 

sequences, or organellar sequences. 

1.4.2.2 The Effect On Organismal Phylogenies Inferred From Organellar 
Phylo genies 
An example of a phylogeny based on chloroplasts that was subsequently re-evaluated using 

nuclear markers is Heucheura. Originally, a cpDNA phylogeny of 20 members of this group 

was constructed (Soltis et at. 1993). When multiple ribosomal sequences of the same taxa 

were analysed, there were large, well-supported differences in the tree topology (Soltis and 

Kuzoff 1995) also supported by isozyme and morphological data. Another clear example is in 

Gossypium, where species that clearly belong to one section on morphological grounds contain 

chloroplast genomes closely related to those from other sections (Wendel and Albert 1992). 

This phenomenon has been referred to as chioroplast capture, though its exact meaning is not 

always clear. 
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Furthermore. it has been suggested that organdies cross species barriers more easily than 

nuclear genes (Rieseberg and Soltis 1991), which would result in a greater frequency of 

chioroplast capture after hybridisation than might be expected. If so (and this will be expanded 

on later), it would clearly be the case that organellar phylogenies will react differently to 

hybridisation events. However, even in the absence of easier cytoplasmic transfer, much has 

been made of the consequences of chloroplast capture for chloroplast based phylogenies. 

The real issue is the extent to which a single-locus phylogeny can provide information about 

the history of a taxon in which hybridisation has taken place. Extensive analysis of the 

chloroplast will give a robust single locus phylogeny, which can be extended to organismal 

phylogeny only if hybridisation has never occurred. On the other hand, if hybridisation has 

occurred- and the evidence is that it can rarely be ruled out- a more informative phylogeny will 

use more loci, even if the phylogeny of each locus is less robust. This is because it then 

becomes possible to not only detect hybridisation, but to quantify the contribution of each 

parent to the hybrid taxon. The difficulty of inferring either parentage, or evolutionary 

importance of hybridisation, from one molecular marker alone is seen in a study of the arctic 

grass Poa hartz/i (Gillespie et al. 1997). In this example, the putative hybrid species is 

clustered with one parent on the basis of morphology, but some populations include a 

chioroplast from another species. However, the lack of nuclear markers made it impossible to 

conclude that the chloroplast genome was behaving any differently from other loci. Certainly, 

the inferences that "Chloroplast DNA transfer can occur with little or no apparent nuclear 

transfer" and that hybridisation "played an important role... in the evolution and speciation of 

arctic grasses" were largely unsupported. Rather than questioning the validity of chloroplast 

based phylogenies (Soltis and Kuzoff 1995), one should question the validity of using any 

single locus phylogeny to make inferences about past hybridisation events. 

1.4.3 Conclusions: Inferring Hybridisation from Pattern 

Molecular markers are clearly suited to detecting past hybridisation events. However, the 

limitations place on the investigator who has no way of testing the alternative hypotheses-

which may have been the results of random drift and other unknown contingencies- should not 

be overlooked. As with all other evolutionary studies, the further in the past the event, the 

harder it is to provide other evidence to test the hypothesis. These caveats in mind, we can 

now ask what this approach, as opposed to the study of process in hybrid zones, has taught us 

about hybridisation. 
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1.5 Patterns Of Reticulate Evolution(1): Intro gression Outside Hybrid 
Zones 
The study of naturally occurring hybrid zones, while inconclusive with regards to 

generalisations about the long term consequences and implications of hybridisation, has 

clearly demonstrated plausible mechanisms for interspecific gene flow, or introgression 

(Anderson 1949). Whether hybrids are unfit or fit, whether they establish themselves as new 

evolutionary lineages or not, and whether they have any ecological significance, it is clear that 

genes have the potential to cross from one taxon to another through hybridisation and 

backcrossing. The radiate form of groundsel is the classic example of a morphological trait - 

now believed to be controlled by a single gene (Abbott 1998) - that has crossed from one 

taxon to another. However, breeding  programmes aside, introgression of morphological and 

selective traits has rarely been convincingly detected (Rieseberg and Wendel 1993). It is the 

discovery of high levels of introgression of molecular markers, however, that has been one of 

the most surprising discoveries of molecular systematics (Arnold 1997). This suggests 

extreme caution for molecular phylogeneticists using low sample sizes and limited loci and 

indicates that hybridisation may have played a role in the evolution of almost any taxon. Here, 

I will focus on what studies outside localised or ephemeral hybrid zones- those that have 

adopted the pattern based approach- have concluded about inter-specific gene flow. 

1.5.1 Definitions Of Introgression 

A distinction is made between 'dispersed introgression' and 'localised introgression' (Arnold, 

Buckner and Robinson 1991). Dispersed introgression refers to the occurrence of markers 

from one taxon in another taxon outside areas of contact, and it can occur even when no 

hybrids or hybrid populations have previously been identified (Wolfe and Elisens 1994). 

Localised introgression refers to the existence of populations or subpopulations with such 

markers within a hybrid zone. Studies on hybrid zones fluid much localised introgression - in 

areas where hybridisation is occurring, many, if not most of the hybrids will have involved 

backcrossing and therefore be termed 'introgressants' (Arnold et al. 1992; Kelm et al. 1989; 

Watano, Imazu and Shimizu 1996). Strictly, this usage is correct. However, examining 

localised introgress ion involves a splitting of the parental taxa into taxa that are taking part in 

hybridisation and those that are not. In this case, introgression clearly affects parental taxa-

but this is a somewhat artificial divide. Thus, the following discussion of introgression will 

focus on the possibility that introgression leads to evolutionary change or cladogenesis in taxa 
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that have not been defined by their involvement in hybridisation. This equates to examining 

introgression outwith contact zones. 

Similarly, stabilised mtrogression is the production of intraspecific taxa that are largely 

related to one species but contain markers from another, and have arisen by repeated 

backcrossmg of individuals of the 'donor' species to individuals of the 'parental' species 

(Anderson 1949). Hybrid speciation is the production of taxa that are roughly equidistant 

between each parent and is caused by descent just from the F 1 s. Both are extremes of the same 

continuum, and it has been argued that they be treated as the same phenomenon (Abbott 

1992). This is logically consistent. However, it leads to the conclusion that the spread of a 

gene from one taxon throughout another is a speciation event. 

These two treatments of introgression are logically and mechanistically correct. However, they 

lead to much confusion in the literature. Introgression is here treated as an evolutionary force 

akin to mutation- it can lead to changes in a taxon without necessitating the reclassification of 

that taxon (Harrison 1990). This requires that the basis of classification of taxa is independent 

of the presence of introgressant markers. A taxon that has already been recognised and is then 

found to contain introgressive markers can reasonably be classified as a hybrid species (Soltis 

and Kuzoff 1995). On the other hand, what about a population that has been grouped with 

other populations, and is then found to contain an introgressive marker (Rieseberg et at. 

1990a)? Under the phylogenetic approach usually adopted, this would require that such a 

population is given a new taxonomic status. Other classification systems may be more 

forgiving. 

1.5.2 Examples Of lntrogression 
Even if introgression within hybrid zones is discounted, there are still very many examples of 

apparent gene transfer across species barriers (Table 1-2). One such example has already been 

mentioned, where nuclear markers from one species of iris were found in allopatric 

populations of another species (Arnold et at. 1992). This is an interesting example, as the 

same marker applied to sympatric populations and hybrid zones demonstrated entirely ,  

plausible mechanisms for such gene flow. 

Another clear example is found in the new world cottons, Gossypium barbadense and 

G. hirsutum. where alloz me and RFLP markers found at high frequency or fixation in one 

species were found at low frequencies in some accessions of the other species (Brubaker et at. 

1993; Wendel and Albert 1992). Furthermore, levels of introgression varied between 

accessions and depended on whether the accession was a modern cultivar or a feral population 
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- but in a way that could be accounted for by the known history of that accession. While much 

of the introgression was clearly a result of breeding practices, there were also significant levels 

of introgression from wild populations of one species into wild populations of the other. 

Evidence of introgression can also be found even when a significant level of hybridisation is 

not obvious. In Peltanthera, rDNA markers diagnostic of Penstemon centranthf1olus were 

seen in some populations of P. grinell/i (Wolfe and Elisens 1994) throughout its range, 

including areas of allopatry between the two species. No other evidence of widespread 

hybridisation had been found. This demonstrates that introgression may be even more 

widespread than the apparent frequency of hybridisation. 

Table 1-2: Introgression outside contact zones 

TAXA INTROGRESSED MARKERS SOURCE 
Aesculus Morphological, Isozymes (DePamphilis and Wyatt 

1990) 
Gliricidia sepium Chloroplasts (Alavin et al. 199 1) 
Gossypium 
barbadense/hirsutum 

Isozymes (± low levels of 
organellar) 

(Brubaker, Koontz and 
Wendel 1993) 

Helianthus annus/debilis 
_____________________ 

Chioroplasts, Morphological, 
Ribosomal 

(Rieseberg, Beckstrom-
Sternberg and Doan 1990a) 

Helianthus 
annus/petiolaris  

Chloroplasts (Dorado et al. 1992) 

Heuchera hall/i Chioroplasts (Rieseberg and Soltis 1991) 
Iris fulva/hexagona RAPDs, Morphological (Arnold, Buckner and 

Robinson 1991) 
Juniperus 
virginianum/scopularum 

Morphological, Secondary 
compounds  

(Flake et al. 1978) 

Pinus densata Chloroplasts (Wang and Szmidt 1994) 
Quercus Chloroplasts (Whittemore and Schaal 

1991) 
NOTE: This table does not include the very large number of taxa where past hybrid speciation 
appears responsible for introgressive patterns of variation. Rather, it is intended as a guide to those 
species which may still be incorporating genes from other extant species. 

1. 5.3 Detecting Introgression 

These studies often have other data to support the hypothesis of introgression (in Goss.vpium, 

for example, the patterns make sense based on the known history of the accessions) and are 

fairly robust. However, they also highlight the difficulty with detecting introgression reliably. 

To quote from the study on cottons (Brubaker, Koontz and Wendel 1993) "Our inferences on 

introgression are based on the assumption that molecular markers that are fixed or nearly 

fixed in one species and occur in low frequencies in the other do so as a consequence of 

historical interspecific gene flow" (Figure 1-1). While this is not generally stated explicitly, 
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this is indeed the assumption that must be made where only allele frequencies are known. 

Other explanations exist, such as the existence of variation in the ancestral species (Nei 1987) 

(Figure 1-1), and convergent evolution - including the misidentification of non homologous 

alleles as homologous as can happen easily in RAPDs (Rieseberg 1996) and isozymes (Figure 

1-1). 

This problem of identifying alleles of introgressive origin could lead to large ascertainment 

biases. It is obvious that lineage sorting may give rise to overestimates of the levels of 

introgression. Without a priori expectations about the level of variation within a taxon for 

each marker, it may not be possible to distinguish the two hypothesis. If enough loci are 

examined, and the ancestral species had high levels of variation, it would be expected to find 

some that displayed the 'introgressive' pattern due to drift alone. However statistical tests to 

confirm introgression are rarely, if ever, performed. 

Another ascertainment bias can lead to underestimates of the frequency of introgression. If 

inter-specific gene flow has been common, it will be difficult to find species diagnostic neutral 

markers. This should not lead to the conclusion that introgression has not occurred, as appears 

to have happened in North American white oaks (see pg 41). Furthermore, the behaviour of a 

few markers that have been chosen for their species-specificity should not be taken as 

indicating absolute levels of introgression. An obvious error of this kind is seen in the North 

American oaks Q. gambelii and Q. grisea (Howard et al. 1997), where allopatric populations 

were screened for RAPD markers. Six species diagnostic markers were found. That these 

markers "demonstrated geographical consistency" was used to argue "that each species is 

distinct". However, this is circular reasoning, and nothing can be inferred about levels of 

introgression between the species from this study (though these markers were then used 

successfully to study a hybrid zone). 
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Figure 1-1: Different evolutionary histories can give rise to the same 'introgressive' 
pattern of variation 
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1.5.4 Asymmetrical Intro gression 

An asymmetry of introgression between two taxa is often found. This suggests that it is often 

easier for genes to pass from one species to the other than vice-versa (Table 1-2). This is not a 

surprising result. If ecological and environmental effects play as large a role in hybridisation 

as the process approach appears to suggest, there is no reason why one should expect 

symmetrical gene flow. Thus, such patterns are unlikely to reflect the different selective 

regimes in each species as is sometimes suggested (Howard et al. 1997). However, that 

asymmetrical introgression is so common can be taken as evidence for two hypotheses. Firstly, 

models of hybridisation that ignore ecology do not account for the patterns of introgression 

that are found, as has already been argued. Secondly, it provides an additional line of evidence 

against lineage sorting being responsible for 'introgressive' patterns of variation. This is 

because though drift could lead to apparent introgression at multiple loci, it would be expected 

to occur symmetrically. 

1.5.5 Cytoplasmic Introgression 

Many of the examples of introgression in Table 1-2 involve cytoplasmic markers. This is 

uncontroversial - organelle markers are the most widely used plant genetic markers, and are 

therefore likely to have uncovered many of the examples of mtrogression. However, another 

conclusion that has been drawn from these studies is that cytoplasmic introgression occurs 

more frequently than introgression of nuclear genes- in other words, that "nuclear genes may 

be exchanged less freely between species than organellar genes" (Rieseberg and Wendel 

1993). 

This conclusion has been drawn because of the large number of 'chloroplast capture' events 

seen. Chioroplast capture is not usually adequately defined. I shall use it to refer to cases 

when a taxon's most common chloroplast haplotype and its nuclear genome can be shown to 

have derived from different taxa. Thus defined, it refers simply to a phylogenetic pattern and 

nothing is implied about its mechanism or significance. 

If cases of chioroplast capture are removed from the analysis, the supposed ease of 

cytoplasmic gene flow is not so strongly supported. In fact, in the few studies where 

cvtoplasmic markers and nuclear markers have been used in conjunction, there are few, if any, 

convincing examples of increased cytoplasmic gene flow in plants. 
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1.5.5.1 Differential Cytoplasmic And Nuclear Gene Flow 

One example that has been widely interpreted as showing an excess of cytoplasmic over 

nuclear introgression is in the North American white oaks. Chioroplast markers showed that 

variation in five species was between geographical regions rather than between species 

(Whittemore and Schaal 1991). The same pattern of a shared chioroplast pool is found in 

European white oaks (Dumolin-Lapegue et at. 1997). Thus, it is possible to rule out 

convergent evolution and lineage sorting. However, the data suggesting that (neutral) nuclear 

gene flow is low is not convincing. As mentioned, differences between oak species may be due 

to a few differences in major genes. Thus high levels of hybridisation could lead to high levels 

of neutral nuclear gene flow without the production of many morphological hybrids (Stebbms 

1950). Therefore, reinterpretation of this data does not strongly support the assertion that 

"nuclear genes maybe exchanged less freely between species" (Rieseberg and Solt is 1991). 

If cases of 'chioroplast capture'(see below) are removed, the level of nuclear introgression is 

higher than cytoplasmic introgression in plant taxa. Certainly, between fully interfertile taxa, 

such as populations, the amounts of cytoplasmic and nuclear gene flow are in line with 

expectations based on pollen and seed flow (Ennos 1994). In the interfertile new world 

cottons, Gossypium barbadense and G. hirsutum, species diagnostic chloroplast markers 

found fewer cases of introgression than did the nuclear markers (Brubaker, Koontz and 

Wendel 1993). Similarly, most studies of hybrid zones find individuals with introgressive 

chloroplasts and parental nuclear markers (i.e. backcross individuals) but, at the population 

level, chloroplasts are strongly associated with conspecific nuclear markers (Cruzan and 

Arnold 1993). 

1.5.5.2 Chloroplast Capture 
Sometimes, it appears that an introgressmg cytoplasm entirely, or nearly entirely, replaces the 

native cytoplasm in some populations. Helianthus annus and H.petiolaris which are recent 

introductions into Southern California demonstrate this. Chloroplast and rDNA markers which 

distinguished the two species throughout the rest of their range were found. In Southern 

California, it was found that over 99% of the H.petiolaris individuals contained the typical 

rDNA type (Dorado, Rieseberg and Arias 1992). However, almost the same proportion 

contained the H. annus chlorop last, the remainder having the haplotype of H.petiolaris. 

Similarly, a study on the Heucheura group of Saxifragaceae found a species (Tellima) that 

had one population that contained only the chioroplast of another species, but ITS sequencing 

found no evidence of the other's nuclear genome (Soltis and Kuzoff 1995). From these and 
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many other examples, it is clear that a chloroplast from one species can become associated 

with the nuclear genome from another (not just within one individual, but within an entire 

population or species). 

That chloroplast capture requires a special explanation depends on the inference that 

chloroplast phylogenies more frequently show a discrepancy with the true (usually unknown) 

species phylogeny than phylogenies based on single nuclear genes. Any individual case of 

chloroplast capture could simply represent fixation of the 'alien' cytoplasm through drift 

alone, following its introduction into a population. Inferring a lack of 'nuclear marker capture' 

from the examples of 'chloroplast capture' is a simple ascertainment bias- drift alone would 

be expected to generate such patterns. Only if it can be demonstrated that nuclear markers 

show a significantly lower number of such events is there any case for chloroplast capture 

occurring through any selective explanation. Unfortunately, the data is inconclusive in this 

regard. Until more single copy nuclear genes are used routinely as markers, it will not be 

possible to say for certain whether chioroplast phylogenies really are more prone to distortion 

from hybridisation than nuclear genes. 

Even if this was demonstrated, an explanation based purely on drift has been suggested 

(Ennos 1998). Under this extension of the null hypothesis of drift, the lower effective 

population size for organelles (Birky, Marayuma and Fuerst 1983) would lead to more rapid 

fixation of organellar genes than nuclear genes. Thus, more chloroplast capture events would 

be diagnosed as they are more likely to have occurred within the limited time-span since initial 

hybridisation. However, it would not be correct to conclude from this that cytoplasmic genes 

cross species barriers more easily than nuclear genes. Thus, under the hypothesis of neutrality 

and drift, the perceived ease of cytoplasmic transfer is an ascertainment bias. 

1.5.5.3 Selective Mechanisms Of Cytoplasmic Introgression Without Nuclear 
Intro gression 

Though I have argued that there is not strong evidence in plants that cytoplasmic genes cross 

species barriers more easily than nuclear genes, there are plausible mechanisms for how it 

might occur. Population studies of nuclear and mitochondrial genes in animals have also 

suggested that cytoplasmic genes may be able to introgress (Marchant 1988) from one species 

to another more easily. Furthermore, in conifers which have paternally inherited  chloroplasts. 

no examples of chloroplast capture have been documented, albeit in a much smaller sample 

set. If drift alone was the explanation, one might expect at least as many examples (as the 

initial influx of alien cvtotvpes might be expected to be higher for pollen inherited markers). 
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It has been suggested that such patterns reflect 'pollen swamping' (Ennos 1998). What is 

meant by this is not clear. In any case of cytoplasmic introgression, individuals with the 

'invading' cytoplasm have arisen by repeated backcrossing to the native as paternal parent, 

and this could be reasonably termed pollen swamping. However, this term has little 

explanatory power as it is clear that the issue is not that repeated backcrossing took place, but 

how it took place at the population or species level. 

Higher selective effects on the nuclear genome than on the cytoplasmic genome may account 

for a reduction in nuclear gene flow (Powell 1983). Strong heterozygote disadvantage at 

multiple loci could reduce introgression of even neutral alleles (Barton and Hewitt 1989) due 

to genetic linkage and hitchhiking. Similarly, coadaptation amongst nuclear genes could lead 

to strong concerted selection throughout the genome with the same effects (Barton and Hewitt 

1989). Under this hypothesis, 'chloroplast capture' is still a chance event accounted for by 

drift alone, but nuclear genes introgress less frequently than they otherwise would- hybrid 

zones may act as 'semi-permeable membranes' (Harrison 1990) through which organellar 

markers diffuse more rapidly than nuclear markers. Hybridisation events could be relatively 

common, but if the nuclear genome of each taxa is buffered against change only the organellar 

genomes retain evidence of the genetic contact. 

If the neutrality of cytoplasmic variation is not assumed, there are several other selective 

explanations that could give rise to chloroplast capture. One of these is superiority of the 

introgressing cytoplasm. This could give rise to a complete replacement of the native 

cytoplasm, even with only a small selective advantage (Frank 1989). Alternatively, interaction 

between cytoplasmic and nuclear genomes may lead to increased fitness for individuals with a 

mismatched cytoplasm (Wendel, Stewart and Rettig 1991). Patterns of variation in hybrid 

zones, and analyses of inter-population diversity, do not suggest that non-neutrality is 

common. However, it is known that organellar variants are not always neutral (Hanson 1991), 

and tests of these hypotheses would require detailed fitness analyses. 

An important aspect of these explanations is that the non-recombinational nature of 

cytoplasmic genomes means that neutral variation is also brought to fixation in a 'selective 

sweep'. Thus, the spread of a selectively advantageous variant will be exactly reflected in the 

pattern of neutral polymorphisms. Selectively advantageous nuclear genes have a much lower 

effect on neutral variation (only causing a noticeable rise in frequency of very closely linked 

genes). Even if selectively advantageous variants introgress more commonly than in the 
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cytoplasmic genome, analysis of neutral genetic markers would not be expected to strongly 

reflect this. 

A common explanation for how an alien organelle can spread throughout the population 

without its nuclear genes invokes hybrid male sterility. This has generally been assumed to be 

through cytoplasmic male sterility (Dorado et al. 1991), but hybrid male sterility in the first 

few generations of backcrosses will also achieve the same result (Gyllensten and Wilson 

1987). The cytoplasm from an immigrant female (in a dioecious species) or an immigrant 

hybrid (in a monoecious species) can displace the native under these conditions, without 

significant nuclear gene introgression. What is not often stated is that this mechanism also 

requires selection. In the case of a selectively advantageous organelle, hybrid male sterility 

will simply speed up its introgression and reduce nuclear introgression (Frank 1989). Hybrid 

fitness and hybrid sterility have the same effect. This has been demonstrated experimentally in 

Drosophila (Aubert and Solignac 1990), where the introduction of a single alien female 

caused replacement of the entire population's native cytoplasm. This resulted from the hybrids 

having extremely high selective advantages (between 5 and 10 in the first generations). Thus 

while male sterility can enhance the spread of an organelle relative to the nuclear genes, a 

selective advantage either to hybrids or the organelle itself must exist. However, this 

explanation is plausible as a general mechanism given that reduced male sterility is a common 

outcome of hybridisation (Frank 1989). 

1.5.5.4 'Nuclear' Capture 

All these mechanisms suggest some degree of seed contact without pollen flow. For example, 

for the sunflowers it was postulated that "a single H. annus propagule was introduced into the 

founder population of H.petiolaris" and that the rate of cytoplasmic introgression was 

"enhanced by the maternal inheritance and vegetative segregation of organellar genes" 

(Dorado, Rieseberg and Arias 1992). This is unlikely to represent a common situation. 

An alternative explanation is that asymmetrical pollen flow could occur from one population 

to another, for ecological reasons such as pollinator behaviour, prevailing wind, or simply 

relative population sizes. At the same time, seed flow must be restricted. Under this 

hypothesis, the maternal population, over time, builds up the nuclear genes of the paternal 

population without its cvtoplasmic genes changing. This would mean that chloroplast capture, 

as defined by its phylogenetic effect, cannot be used to infer that inter-specific cytoplasmic 

introgression is easier than nuclear introgression. On the contrary, it could remain true that 

introgression is more likely to occur for nuclear genes if two taxa are brought into genetic 
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contact. Furthermore, subsequent full genetic contact between the two populations could lead 

to the introduction of 'alien' cytoplasm with no 'alien' nuclear genes, followed by possible 

fixation by drift. This mechanism is qualitatively different from simple drift, as it explains the 

supposed lack of nuclear introgression by an initial period of asymmetric  pollen-only contact 

between two populations. It has the same phylogenetic implications as other mechanisms, in 

that it would make discordance between molecular and morphological phylogenies greater for 

organellar genes. 

1.5.5.5 Cytoplasmic Introgression: Conclusions 

If neutral cytoplasmic markers are more prone to cross-species transfer than nuclear genes, it 

has phylogenetic implications. For example, if nuclear genes are prevented from introgressing 

from one species to another they are likely to provide phylogenies more representative of the 

whole genome than cytoplasmic markers. Conversely, they are less likely to detect past 

hybridisation events. It has even been argued that the relationship of organelles between taxa 

may suggest how frequently these taxa have hybridised in the past and how 'crossable' they 

might currently be- as homogenisation of the organellar gene pool could be uncoupled from 

homogenisation of the nuclear gene pool (Van Raamsdonk 1995). 

Thus, there are reasons for testing the hypothesis of substantially different behaviour for 

cytoplasmic and nuclear markers after hybridisation. However, the data- biased as it is 

towards organellar gene sequences- does not allow conclusive testing  of this and must be 

regarded as tentative. Furthermore, the tendency to use 'chloroplast capture' as an explanation 

for phylogenetic discordance must be avoided. Chloroplast capture is the name given to a 

subset of such discordances, and does not offer an explanation for how they arose. 

1.5.6 Adaptive Consequences Of Introgression 

The evidence is clear that both neutral cytoplasmic and nuclear genes have crossed naturally 

from one species into another. The pattern of variation present within and between taxa often 

suggests such transfer, and studies of process in extant contact zones demonstrate the ease 

with which it may occur. Thus, it should also be possible for adaptive (or maladaptive) genes 

to cross species barriers, with several different possible outcomes. 

1.5.6.1 Transfer Of Adaptive Traits 

One of the most commonly suggested outcome is that adaptively advantageous traits that have 

arisen in one taxon could be transferred into a taxa without these traits after a hybridisation 

event. Such traits should be even more likely to cross species barriers than neutral genes 

45 



(Barton and Hewitt 1989). However, there is surprisingly little strong evidence, given that 

hybridisation itself is fairly widespread, that this plays a role in the evolution of plant taxa. 

This may be partly due to the experimental difficulties with inferring introgression from 

morphological traits (Rieseberg and Wendel 1993). Similar selective regimes may well 

produce the same morphological response, particularly in closely related species (Mayr 1942), 

and this convergent evolution is often indistinguishable from introgressive origin of adaptive 

traits (Klier et al. 1991). To test this would require the molecular characterisation of the genes 

responsible for putative introgressed selective traits. 

It may be that the apparent rarity of morphological introgression, outside hybrid zones, 

reflects the rarity of traits and genes that have the same effects in two genetic and ecological 

backgrounds. The more distantly related two taxa are, the less likely it is that a gene will 

function advantageously in both. In this case, hybridisation as a mechanism for transferring 

adaptive traits between species may well have been overrated. The most likely exception 

would be with disease resistance genes, as these can function in a very simple, almost 

modular, fashion (Hughes 1996). It might be expected that it is just this sort of adaptive trait 

that would most easily spread between species. However, this remains untested, and the view 

held by some botanists that 'genetic assimilation' allows selectively advantageous traits to be 

filtered out of one taxa (Harlan and De Wet 1963) must be regarded as untested. 

1.5.6.2 Creation Of New Adaptive Traits 
It is perhaps more likely that introgression could result in new traits that are novel with respect 

to either parent. Through creation of novel gene combinations, or even alleles (Woodruff 

1989), introgressed individuals may be able to occupy new niches. There is much evidence for 

this. It has long been suggested that hybridisation and introgression are of particular 

importance in disturbed environments such as farmland or volcanic areas (Anderson 1948), 

which would fit with this suggestion. The Louisiana irises provide at least one case where the 

introgressed population outcompetes either parent in a new environment. Similarly, there are 

at least two stabilised introgressant species of sunflower (Rieseberg 199 1) that have more 

extreme ecological niches than either parent. 

The analogy with mutation is useful here. It is not adaptive, in that any selective forces would 

act to prevent it, but it could increase the rate of adaptive evolution under certain conditions 

(Lcwontin and Birch 1966). However, focusing on neutral variation has led to a neglect of the 

molecular basis of selective variation, and the role of introgression in the formation of new 

adaptations, even if introgression is known to have occurred, is unproved. 
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1.5.6.3 The Effect Of Introgression On Mating Barriers 

Introgressive hybridisation might be expected to reduce the extent of mating barriers between 

two taxa. Either the mating systems themselves might become more similar (pre-zygotic 

mating barriers reduced) or the genetic incompatibilities (post zygotic mating barriers) lost. 

However, there is little evidence that this has occurred -though how it could be tested for is an 

open question. In fact, the examples used to support a breakdown in mating barriers 

demonstrate simply that the establishment of hybrid zones offer the opportunity for gene flow 

between species, without demonstrating such gene flow. For example, the existence of novel 

chromosome arrangements in a hybrid zone of Clarkia facilitates the transfer of genetic 

material between the chromosomally differentiated parents (Hauber and Bloom 1983), with 

the hybrid individuals providing a 'stepping stone'. However, it is not clear that this is an 

example of the mating barriers between two species breaking down. Unless this situation 

results in an overall shift in the inter-fertility of each species, it represents yet another example 

where the interesting dynamics of a localised contact zone are assumed to have greater 

implications for the evolution of the parents than is warranted. 

It is also possible for hybridisation to reinforce mating barriers (Howard 1993). While not 

strictly linked to introgression, it is possible that direct selection against individuals carrying 

slightly deleterious introgressant genes could lead to indirect selection for individuals 

incapable of hybridising. There is evidence for this in soldier beetles (Howard 1993). 

However, no convincing evidence for it exists in plants. 

Despite the logic of these two possibilities, it remains the case that the frequency with which 

hybridisation has occurred is not reflected by any detectable impact it has had on mating 

barriers in plants. 

1.5.6.4 Genetic Assimilation, Extinction By Introgression And Dispersal By 
Hybridisation 

Amongst the more dramatic claims made for the evolutionary impact of introgressive 

hybridisation are that some species are 'compilospecies' (Rieseberg and Wendel 1993) which 

expand their geographical and ecological ranges by 'plundering' locally adapted gene pools. 

Though it hasn't been demonstrated, it is certainly possible that adaptations could pass from 

locally adapted species to more generalised relatives as has been proposed for Bothriochioa 

intermedia, a widespread American grass (Harlan and Dc Wet 1963). Implying that some 

species may be particularly adept at this is, or that it is an adaptation itself is, however, 

without justification. 
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That some species are in danger of extinction from introgression has been suggested for many 

animal species (Echelle and Conner 1989), and several plant species (Levin et at. 1990). This 

is most likely after the introduction and spread of an alien species (Abbott 1992). It is not 

always clear, however, what exactly is meant. In the case of the now extinct British Spartina 

stricta, hybridisation with the invading S alternifiora led to a polyploid that may have 

outcompeted and eventually replaced the native (Raybould et at. 1991). In such cases the 

threat comes not from hybridisation as such, but by competition from a hybrid variety (which 

may only have arisen once). In contrast, the rare island endemic Argyranthemum 

cornopifolium is under threat from the invasive weed A.frutescens with which it is highly 

fertile (Brochmann 1984) and forms hybrid swarms. However, caution is needed to elimmate 

the possibility that the species is under threat simply from competition, with hybrid swarm 

formation a coincidental by product. In fact, in such cases, hybridisation may (through chance 

alone) be the only way the endemic's gene pool is not completely eliminated. 

An example where genetic differences were expected to be lost as a result of hybridisation is 

Silene dioica and S.latifotia (Goulson and Jerrim 1997). These two species are 

morphologically and ecologically distinct, but they cannot be differentiated on the basis of any 

neutral markers- suggesting a high degree of neutral gene flow between them. Furthermore, 

they are interfertile and produce identifiable, viable and fertile hybrids (Clapham et at. 1987). 

However, despite worries about the threat to one of the species 50 years ago (Baker 1947) 

from introgression, no change has occurred in its distribution. This shows that even when 

inter-specific matmg is common, the homogenisation of the gene pools is by no means 

inevitable. 

Finally, it has been suggested for both Oak (Bacilieri et al. 1996b) and Eucalyptus (Potts and 

Reid 1988) that hybridisation is a dispersal mechanism that facilitates the spread of a 

successor species into the range of a pioneer species. This treatment would depend on the 

succession requiring genetic contact between the two rather than genetic contact being a 

contingency of dispersal, which is doubtful. A treatment of hybridisation as an adaptive 

mechanism or a necessary part of a species life history is here, as elsewhere, suspect. 

1. 5.7 Patterns Of Intro gression: Conclusions 

There is little doubt that neutral genes, at least, can cross species barriers. Thus, at the very 

least, it is a useful indicator that there has been, or is, reproductive contact between two 

species. Beyond this, introgressive hybridisation can have two major consequences. One of 

these is phylogenetic. This is particularly the case with molecular markers, where neutral 
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markers suggest different phylogenies from morphology, ecology or adaptive traits. 

Furthermore, it is possible (but unproven) that organelle genes are more likely to introgress. It 

should be pointed out that the significance of this effect is related to the importance given to 

phylogenetic relationships that are based on neutral markers- it could still be argued that 

introgression has had little effect on the true relationship of the species. 

Secondly, introgression could have had consequences for the adaptive evolution of the taxa 

involved. This is still a very open subject. However, convincing examples are few and far 

between. One must not conflate the fact that introgression has occurred with the idea that it is 

important. The real question is whether a taxon would have a different distribution, ecology, 

or morphology if it was not able to hybridise with other taxa. There is little direct evidence to 

suggest this is the case except where it has led to speciation. There are several examples of 

purported stabilised introgressants in both Gilia (Grant 1981), Helianthus (Rieseberg et al. 

1991a) amongst others. There are good reasons for believing introgression to have played a 

role in the formation of these, but it is never possible to rule out that introgression occurred 

after speciation. Even if it could be shown that introgression played a causative role in the 

speciation of these new taxa, this must not be confused with the hypothesis that introgression 

is likely to have an impact on hybridising parental taxa. Introgression may have played a role 

in some speciation events, but there is little evidence that it is important in the normal adaptive 

evolution of plant taxa. 

1.6 Patterns Of Reticulate Evolution(2): Homoploid Hybrid Speciation 
Systematic studies have also uncovered a number of examples of species of homoploid hybrid 

origin (Table 1-3), whereby the hybrid species has the same chromosome number as each of 

its parents. However, the majority of these are suggested by limited molecular data (often one 

locus), and may represent the occasional fixation of an introgressive neutral marker 

subsequent to speciation. This highlights the biggest difficulty with this approach. It is often 

impossible to distinguish between species that have arisen because of hybridisation, and 

species that happen to contain a few markers derived from other taxa. 

Table 1-3 shows some species of putative hybrid origin (by no means all of them), regardless 

of the relative contribution of each parent. All studies, implicitly or explicitly, have used 

morphology to infer hybrid origin, so only the molecular markers have been included. It does 

not include populations which contain introgessive markers but are not, at least partially, 

reproductively isolated from the parental taxa (either ecologically or genetically). This 

distinction is important as it is possible for hybrid speciation to occur in the absence of 
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introgression, and vice-versa. Allopolyploidy, for example, provides a mechanism for the 

production of new species without implying gene flow between the parental species. 

Species for which the evidence is strong that homoploid hybridisation played a causative role 

in their genesis are marked by an asterix. Though they are somewhat limited in number, much 

discussion has centred on the mechanism by which such homoploid hybrid speciation might 

occur. 

Table 1-3: Species of homoploid hybrid origin 

Taxon Consequences Of Molecular Evidence Reference 
Hybridisation For Hybrid Orgin  

J-Jelianthus Speciation* Many molecular (Rieseberg 199 1) 
anomalus, markers 
desert/cola, and 
paradoxus  
Iris nelson/i Speciation* Many molecular (Arnold 1993b) 

markers  
Pinus densata Speciation* Many molecular (Wang et at. 1990) 

markers  
Stephanomeria Speciation* Many molecular (Gallez and Gottlieb 
diagensis  markers 1982) 
Peaonia Speciation ITS sequences (Sang, Crawford and 

Stuessy 1995) 
Gossypium bickli Introgression of Chloroplast genome (Wendel, Stewart 

chloroplast genes and rDNA genes and Rettig 1991) 
Helianthus debilis, Introgression of Chioroplast genome (Rieseberg 1991) 
neglectus chloroplast genes and rDNA genes  
Heuchera hall/i, Introgression of Chloroplast genome (Soltis and Kuzoff 
niicrantha, n/va/is, chloroplast genes and ITS sequences 1995) 
parvifiora  
S. cariophyllum Introgression of Chloroplast (Rodriguez and 
subsp. ehrenbergi chloroplast genes  Spooner 1997) 
.Populus nigra Introgression of Chloroplast (Smith and Sytsma 

chioroplast genes  1990) 
Encelia virginensis Speciation? RAPD markers (Allan et at. 1997) 

1.6.1 Mechanisms Of Homoploid Hybrid Speciation 

It has been suggested that such speciation is problematic and mechanistically difficult 

(Rieseberg 1997), as it may require the evolution of reproductive isolation between the 

emerging hybrid species and its parents. For homoploid speciation. one mechanism by which 

reproductive isolation might arise rapidly is genomic reorganisation (Templeton 1981). This 

has been demonstrated in H.anomalus (Rieseberg, Van and Desrochers 1995), where the 

hybrids' chromosomes contain inversions and translocations, which presumably contributes to 

reproductive isolation from its parents. However, the conditions necessary for such 
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reorganisations to become fixed also lower the fertility of hybrids in their early evolution and 

thus lower the chance that such hybrids will result in long-lived lineages. 

In actuality, it is only a small subset of possible hybrid speciation events that logically require 

such explanations- only those where the hybrid species has arisen in sympatry with both 

parents and not displaced either. An alternative situation would be the contact of two 

heterospecific populations that are geographically isolated from their respective conspecific 

populations. The hybrid population so produced would be somewhat isolated from its parents 

and could possibly evolve into a distinct species. This is equivalent to the view that speciation 

often occurs at the population level (Jonseil 1984). Similarly, hybrid speciation could occur 

without the evolution of further reproductive isolation if the hybrid outcompetes either, or 

both, of its parents in some niches. For example, the evolution of Pinus densata (Wang and 

Szmidt 1990; Wang et al. 1990; Wang and Szrnidt 1994) seems not to have required anything 

other than the same kinds of selective and ecological factors that keep its two parents distinct. 

However, as there are so few homoploid hybrid taxa, these situations must be somewhat 

uncommon. Such taxa should not be seen as presenting difficulties for speciation theories, but 

as the rare examples of hybrids that have, through a variety of possible mechanisms (including 

chance) avoided extinction. 

1. 6.2 Homoploid Hybrid Speciation: Conclusions 

Only situations that lead to assortative mating of hybrids- with the parents contributing less to 

the production of the next generation- can result in hybrid speciation. Allopolyploidy is an 

extreme example of this. Chromosomal reorganisation is another, less extreme, mechanism 

that may enhance genetic isolation from parents. Ecological and geographic factors could also 

present hybrid populations with the opportunity to evolve without dilution' from the parents. 

In the same way that introgression is sometimes suggested to assist the expansion of a species' 

range, hybrid speciation is thought to cause the colonisation of novel or extreme niches. 

However, the paucity of homoploid hybrid species does not justify the view that many "novel 

evolutionary lineages, adapted to a variety of habitats, have arisen through natural 

hybridisation" (Arnold 1997) which is still speculative when applied to homoploid hybrids. 

1.7 What Has Been Learnt About The Consequences Of Hybridisation? 
We are now in a position to attempt an answer to the questions posed at the outset of this 

discussion. The two disparate lines of investigation- process and pattern- have lead to the 

same conclusion as regards introgression of neutral markers. Such markers can, and do, cross 
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species barriers. The implications of this depend purely on how species are defined. The 

phylogenetic consequences of hybridisation is to distort relationships based on molecular 

markers, and there is no way to simplify this. However, it may be seen as less important if 

molecular markers are seen as an indication of relationships between taxa, rather than defining 

those taxa. Of course, a greater genetic distance as demonstrated by molecular markers makes 

genetic incompatibility, which must be part of any species definition, more likely- but the 

genetic distance itself is not what defines the species. The confusion generated by 

hybridisation is a result of the uneasy interface between biologically useful classifications and 

well-understood population genetic processes. 

There is sparse evidence about the role of introgression m adaptive evolution. Studies of 

pattern have not attempted to identify the genes responsible for selective differences between 

taxa, and as such are uninformative in this regard. One exception to this is the Louisiana 

irises, where it appeared that early generation hybrids were unfit but the backcrosses were 

competitive in certain ecological niches. Similar approaches in other species should be able to 

detect whether this adaptive thtrogression is common or not. It is noteworthy that in this case, 

the putative introgression of adaptive genes is considered to be the first step in a hybrid 

speciation episode. 

It is rare for hybridisation to lead to homoploid speciation. Very little is understood about this 

process, as studies of the dynamics of natural hybridisation have rarely addressed this issue 

(with the aforementioned exception). Certainly, there is no evidence that it is an important part 

of evolutionary history in that the plant kingdom may not be significantly different had inter-

specific hybridisation not been possible. 

Though I have suggested that the usual outcome of homoploid hybridisation is the production 

of hybrid populations with little evolutionary importance, this does not mean it will never be a 

significant event. Thus, it is important to have a consistent framework for viewing 

hbridisation. I suggest that introgression, rather than hybridisation itself, be treated as the 

central concept. It appears that hybridisation is more important as a source of variation for 

existing species than the creation of new ones, and it is the effect of this variation that needs to 

be analysed. In this way, introgression is analogous to mutation in population genetics. It is 

impossible to fully answer the question "What is the role of hybridisation in speciationT' 

without an answer to the (largely pointless) analogue "What is the role of mutation in 

speciation?" 
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1.8 Further Work 
Throughout this discussion I have emphasised the limitations of past approaches. One 

consistent criticism has been the complete reliance on neutral markers in systematic studies 

(neutral markers are far more useful in population genetic studies of the processes of 

hybridisation). If adaptive traits are regarded as the relevant indicators of relationships then 

molecular phylogeneticists may be greatly overrating the tendency of hybridisation to affect 

systematic relationships. Generally, the adaptive traits studied have been morphological, the 

behaviour of which in hybrids is rarely simple. However, there is no reason why adaptive 

molecular traits cannot be analysed. I suggest that the use of neutral markers, while essential 

in population genetics and short term evolutionary studies, should be replaced by such 

selective genes for systematic studies. The corollary of this is that much more work needs to 

be done on the molecular basis of morphological and ecological differences before the 

importance of hybridisation in evolution can be properly assessed. It has been suggested that 

incongruence between molecular and morphological phylogenies can be due to the differences 

being due to a relatively small number of genes having large morphological effects (Kadereit 

1994). If true, it might be supposed that the patterns of hybridisation and introgression 

revealed by such genes will be qualitatively different from those shown by neutral genes. 

Another criticism is directed at studies of process in hybrid zones, which have often failed to 

make use of the additional information that makes such an approach potentially so useful. 

This may stem from a view that nature has already provided the relevant study materials under 

appropriate conditions. However, extending this approach to include the temporal aspects, as 

will be done in Larix, should eventually allow taxonomic studies to take into account 

homoploid hybridisation, to determine what impact it might have on ecological and 

conservation issues, and to determine if it is justified to view it as an important evolutionary 

process. 
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2. The Genus Larx and the Dunk&d Hybrid 

"When the North wind forays 
among the larches- 

greener than all the greens assembled here 
I hear the sound of water boiling 

but really it's only the wind 
stirring surfaces as the sun travels North" 

A Martin in "The Larch Plantation" 
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2.1 Introduction 
European and Japanese larch (Larix decidua and L.Ieptolepi.r) arc inter-fertile species that 

have very recentl' been introduced into Scotland. The consequences of hvbridisation between 

them was studied on the estate in Scotland where hybrids were first discovered. Here. I shall 

introduce both the larch, its history in Scotland. and the study sites. 

2.2 The Genus Larix 

The larches are deciduous, needle-leafed gvmnosperrns in the pine family (Figure 2-1). They 

are unusual in sharing many structural traits with other conifers (such as canopy architecture, 

leaf morphology, and water conductance anatomy), while having the deciduous habit (Gower 

and Richards 1990). They are distributed throughout the colder regions of the Northern 

hemisphere. There are generally considered to be ten species (Ostenfeld and Larsen 1930). 

three of which are endemic to North America, and the remaining seven to Asia and Europe 

(Table 2-I). 

Larix occupies a wide range of ecological habitats (Gower and Richards 1990). but is most 

notable for its pioneering tendency and often forms the dominant species in the treeline of 

mixed-conifer forests (LePage and Basinger 1992). It is well adapted to colder climes 

(Dallimore and Jackson 1948). and is able to thrive on poor soils, Its deciduous habit and 

efficient nutrient use also contribute to its pioneering qualities (Gower and Richards 1990). It 

is. however, highly shade intolerant and does not do well in competition with other species in 

densely packed forests (Dallimore and Jackson 1948). 

Many of the larch species are valued in forestry. They are light tolerant. have fast juvenile 

growth. and high-quality timber (Paqucs 1989). Furthermore. their deciduous habit makes 

them particularly attractive in autumn and winter, especially when used to break up the 
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monotony of evergreen plantations, and are valued for aesthetic as well as commercial reasons 

(Blocker 1992; Forestry Commission 1988). 

The proposed phylogeny of the genus is shown in Figure 2-2. This is based largely on the 

anatomy of the female cone (Qian et al. 1995), the meagre fossil record (LePage and Basinger 

1992), and current geographic distribution. In particular, note the splitting into two major 

lineages based on whether the bracts are visible beyond the cone scales (exserted) or not. This 

is confusing, as the bracts of L. leptolepis are not exserted and other phylogenies (Vidakovic 

1991) have placed it in the same group as L.decidua (Section Multiseriales Patschke). It 

appears that geographical considerations have given rise to this placement, and it may well be 

incorrect. 

Table 2-1: Larix species and their distribution (adapted from Schmidt 1992) 

Latin name Common name Distribution Habitat 
L. occidentalis Western larch Rockies and Cascades 

(U.S., Canada) 
Upper montane to lower 
subalpine 

L. lyalli Alpine larch Rockies and Cascades Upper subalpine to 
timberline 

L. laricana Tamarack NE states, lake states, 
Alaska (U.S), Canada  

Mainly boreal 

L. russica Siberian larch N Russia, Mongolia Boreal to timberline 

L.gmelinii Asian larch Eurasia (E of Siberian 
larch)  

Subalpine to timberline 

L. mastersiana Masters larch south China Upper montane to lower 
subalpine 

L.grifJIthiana Sikkim larch Himalayas in Nepal, 
Bhuten, Tibet, S. China  

High subalpine 

L. potaninii Chinese larch Western China High subalpine 

L. leptolepis I Japanese larch I  Honshu, Japan Subalpine 

L. decidua I European larch I Alps throughout Europe Subalpine 

56 



Figure 2-2: A Phylogeny for Larix (adapted from LePage and Basinger 1992) 

potan. gruff, masters. 

gmelit lepis 

2.2.1 European Larch (L.decidua Mill.) 

European larch's (Table 2-2, Figure 2-3) natural range is the subalpine zone of the Alps area 

in France, Switzerland, Austria, Italy, Yugoslavia, Germany, with scattered patches in Poland, 

Romania, and Czechoslovakia (Schmidt 1992). Four varieties are recognised, Alpine, Polish, 

Sudetic and Carpathian (Holtmeier 1992). 

Since the 18th century, European larch has been widely planted outside it's natural range. A 

serious problem in Europe has been it's susceptibility to diseases such as larch canker 

(Lachnellula willkommii), which has contributed to a decline in it's usage over the last 

century (Yde-Andersen 1979). However, it is considered a promising exotic in parts of the 

U.S. (Schabel et al. 1992), often outperformmg the native tamarack as well as spruce, pine 

and fir. It is now part of a breeding programme (along with Japanese and hybrid larch) 

responding to the increase in demand for softwood in the U.S. (Li and Wyckoff 1994). 

2.2.2 Japanese Larch (L.Ieptolepis Gord.) 

The natural range of Japanese larch (Table 2-2, Figure 2-4) covers only about 120 square 

miles: the highland region of central Japan, between 35 to 370  latitude and 137 to 140 0  

longitude (Takci 1992). It is often called Larix kaempferi Carr. Since the late 19th century it 

has been transplanted to Europe and America (Takei 1992). It is less frost tolerant than 

European larch (Schabel, Lee and Wyckoff 1992) and it's timber is of lower quality 
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(Dallimore and Jackson 1948). However, it outperforms European larch in milder climates (Li 

and Wyckoff 1994), is relatively resistant to larch canker (Yde-Andersen 1979), and is a 

valued ornamental tree (Dallimore and Jackson 1948). 

2.2.3 The Hybrid Larch (Lieptolepis x decidua) 

The hybrid larch (Table 2-2, Figure 2-5) was first noted in 1904 (Henry and Flood 1919), the 

result of pollination of Japanese trees by European trees at Dunkeld, Perthshire. It's 

commonly referred to as the Dunkeld hybrid. It's Latin name is usually given as Larix x 

eurolepis Henry, though there are doubts about the validity of this name (Nelson 1980). 

Possible hybrid vigour, and the combination of the frost tolerance of European larch with the 

Japanese parent's disease resistance has made the hybrid a valuable forest crop (Paques 

1989), often outperforming either parent (Li and Wyckoff 1994; Schabel, Lee and Wyckoff 

1992). The question of hybrid vigour has not been proven beyond all doubt, as much of the 

perceived effect may be due to the use of 'plus' (i.e. superior) European parents (Paques 

1989). Seed orchards are used to produce the F! hybrid (Ennos and Qian 1994; Matthews 

1954), though micropropagation techniques are being developed to circumscribe their 

limitations (Benkrima and Aderkas 1992). 
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Table 2-2:Comparison of European, Japanese and hybrid larch 

adapted from Laing (1947),Henry and Flood (1919), Paques (1989) 

L. decidua L. leptolepis L. eurolepis 
1st year shoots glabrous often pubescent slightly pubescent 

straw coloured red intermediate 

Pulvini ending at base of bud overlapping bud slightly overlapping 
Cones conical globose conical 

straight scale reflexed scales slightly reflexed 
(but variable)  scales 

Bracts exserted concealed some exserted 
Resin canals of circular oval oval 
pulvini  
Leaf of long shoot thicker, raised midrib broad, flat variable 

papillate cells absent absent variable 
endodermal cells 13-16 20-22 17-19 
position of bundle central asymmetrical variable 

Bark of stem thick, with visible thin, without thin, sometimes with 
white striations striations striations 

Male flowering time late March (1 wk) late March to early Variable 
April (approx. 2 wk.)  

Female flowering mid to late March mid March Variable 
Canker resistance low high high 
Juvenile growth rate medium fast fast 

Frost tolerance high low I  high 
Note: Many other characters are given in the references. In the case of the morphological, 
particularly microscopic characters, only those which I was able to detect are included. 



Figure 2-3: European larch at Kennel bank, Dunkeld 
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Figure 2-4: Japanese larch at The Avenue, Dunkeld 

Figure 2-5: Hybrid larch (from outside the castle at Blair Atholl) 
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2.3 Larch in Scotland 
Table 2-3 gives the results of the most recent Forestry Commission woodland census (1983) in 

Scotland. Japanese and Hybrid larch were counted as one class. This reflects the fact that 

much of the 'hybrid' larch planted in private forestry is of unknown character possibly 

referring to seed grown from Japanese mothers which may or may not be hybrid. Thus, the 

opportunity for the evolution of a new taxon is obvious. Two exotic species, and the hybrid 

between them, have been planted right across Scotland (and indeed, Britain) in close 

proximity, giving the opportunity for new genetic combinations in areas isolated from either 

parents native range. 

Though it cannot be directly inferred from this table, as there may be differences in rotation, 

European larch far outnumbered Japanese or Hybrid larch until the 30's, but then lost favour-

by 1980, it was outnumbered 10:1. However, since the late 70's, it's planting rate has 

exceeded that of hybrid and Japanese larch (Forestry Commission 1988). 

European larch enjoyed a prominent place in Scottish silviculture for 200 years (Taylor 1964). 

It was used in boat building, as its timber is particularly durable. A 19th century frigate, 'The 

Atholl', was constructed entirely from Scottish larch and outlasted a similar vessel made of fir 

by 40 years (Forestry Commission 1988). Even as recently as the second world war, it was 

used in the construction of motor torpedo boats (Dallimore and Jackson 1948). However, by 

the 1960s, it was past it's heyday (Taylor 1964), as the use of modern preservatives allowed 

the timber of the faster rotation spruces and firs to be used just as effectively. It is now valued 

more for the aesthetic qualities of its woodlands, and can be used as a 'nurse' (Mason and 

Baldwin 1994) for species such as oak. 
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Table 2-3: Area of coniferous forest in Scotland (100's of hectares) 

(adapted from Forestry Commission woodland census, 1983) 

Year SP CP LP SS NS DF EL JL/HL Other TOTAL 
Total 1444 33 1039 3646 547 116 160 521 149 7656 
pre 1861 49 0 0 0 0 1 2 0 2 55 
1861-190() 99 0 0 1 1 2 11 0 5 120 
1901-1910 45 0 0 1 3 1 15 1 2 68 
1911-192039 0 0 2 6 2 8 3 3 63 
1921-1930 122 5 3 39 34 10 15 15 7 251 
1931-1940 107 5 6 113 78 5 27 26 6 374 
1941-1950 143 4 6 212 93 6 14 42 5 525 
1951-1960447 10 175 498 156 34 32 216 35 1604 
1961-1970 290 8 397 1087 124 38 24 107 50 2124 
1971-1980 , 103 1 451 1693 53 17 10 111 33 2472 
Ycar refers to the amount of extant forest that was planted in that 'ear 

Key: 	SP=Scots pine. CP=Corsican pine. LP=Lodgepole pine. SS=Sitka spruce 
NS=Norwav spruce. DF=Douglas fir. EL=European larch. JL=Japanese larch. HLHvbrid 

larch 
HL and JL were counted as one class 

2.3.1 The Atholl Estate 

The estate of the late XlVth Duke of Atholl is the largest in Britain. extending from Dunkeld 

in Perthsirc at its Southern point to beyond Blair Atholl at its Northern boundary. A large part 

of its income derives from forestry, with much of this consisting of European and hybrid larch 

(Panting 1997). In fact, the second. third and fourth Dukes planted 10,000 acres of larch, 

accounting for 2/3rds of their woodlands. This earned them the epithet The planting Dukes. 

Figure 2-6: Blair Atholl Castle 
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2.3.2 Larch on the Estate 

At one time, it was thought that the first European larch trees in Britain were planted at 

Dunkeld in the 1700's. Though, it is now known that at least one tree was flourishing in 

England by 1662 (Mitchell 1963), the estate was the first to become connected with the 

silviculture of European larch. The famous Dunkeld larches, 5 trees (of which one survives) 

brought by Colonel Menzies from London, were planted (by Dunkeld Cathedral) in 1738 by 

the second Duke of Atholl (Mitchell 1963). They are not the progenitors of as much of the 

larch on the Atholl estate as once thought, but do represent the start of widespread interest in 

the forestry value of the tree. Of particular interest are the 15 fine trees on Kennel bank on the 

Dunkeld House estate, which were planted around 1750 (Edwards 1956) and may have 

derived from the parents by the Cathedral. 

Little pure Japanese larch has been planted on the estate. However, there are 11 ornamental 

trees on 'The Avenue' just below Kennel bank, and one by Dunkeld House Hotel. They were 

planted in 1887 from seed imported from Japan by the seventh Duke of Atholl (Edwards 

1956). 

Hybrid larch represents the bulk of the larch planting on the estate (Panting 1997). Indeed, it 

was on the Dunkeld House estate that the hybrid larch was first discovered. Seedlings from the 

aforementioned Japanese trees were planted in a nursery around 1900 (Edwards 1956), and it 

was observed that some of these differed in colour and growth rate from the usual Japanese 

seedlings. These seedlings were subsequently planted around the estate (Henry and Flood 

1919), since when seedlings taken from either the original Japanese trees or from subsequent 

hybrid plantations have been planted out and designated 'Hybrid larch' (Panting 1997). 

2.4 Outline Of Field Project 

As discussed in Chapter 1, a valuable approach to analysing the evolution of hybrids is to 

track the genetic consequences of bringing two previously isolated species into contact. This is 

what has occurred on the estate- the two species are distinctly allopatric and the plantations 

around Dunkeld and Blair Atholl represent the first time these two species have been brought 

into contact. 

The initial phase of the project was to identify species specific markers (Chapter 3). These 

markers were then applied to a putative F 1  stand (Chapter 4). Originally, a subsequent F 2  

stand and its regenerants were to be studied. However, based on the results of the putative F 1  

stand, two new study sites were chosen instead. These were chosen because they had been 
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fenced off to allow regeneration, and genetic analysis of both these putative F 1  s (Chapter 5) 

and their regenerants (Chapter 6) was carried out. The implications of these results, both with 

respect to the future of plantations of hybrid larch in Scotland and with respect to the current 

composition of larch on the estate are discussed (Chapter 7). 

2.5 Phylogenetic Relationships in Larch 
A knowledge of the exact phlyogeny of Larix is not crucial for this project. It is known that 

both L. decidua and L. leptolepis are exotic to Britain, and do not and have not made contact 

in their natural ranges. To this extent, it is justified to treat their planting in modern times in 

Britain as a novel opportunity for evolution, without dwelling on their exact relationship. 

However, it would support the general discussion of hybridisation could the taxonomic 

proximity of the two species be determined. A brief review of what is known about the 

phylogeny of these two species is presented. Furthermore, as part of the survey to find 

variation between the two species (chapter 3), sequencing of organellar regions was attempted. 

The results of this brief study are also presented here. 

Morphologically, there are too few differences between the species to provide an accepted 

taxonomy. The most recent non-molecular taxonomy proposed, that shown earlier (LePage 

and Basinger 1992), is actually a mix of morphological characters and hypothetical 

evolutionary history, based on a rather poor fossil record. It is notable that the two species 

studied here are present in the two different main groups, indicating a large genetic divergence. 

This is to be expected based on the geographical distribution of the two species. However, the 

main split based on bract exsertion is dubious. In Scotland at least (based on personal 

observation as well as other phylogenies (Vidakovic 1991), the bracts of the Japanese larch 

are not exserted such that placement in this group according to this characteristic appears to 

be erroneous. 

Also in support of an ancient split between the two species is a recent and extensive study of 

isozyme variation in the genus (Semerikov et a/. 1998). L.Ieptolepis and L.decidua are put 

into highly separated groups on a PCA, and the suggested phylogeny was that the L. leptolepis 

split was the most ancient to occur in this group. 

In contrast, the two species are morphologically very similar and hybridise extremely easily. A 

study of cpDNA restriction sites (Qian, Ennos and Helgason 1995) suggested a rather closer 

relationship between them than between many other larch species. This was interpreted as 

possible evidence of a chloroplast transfer event following hybridisation, or simply a close 

genetic relationship. 
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2.6 Sequencing Organellar Genes 
As part of this project, in a survey looking for inter-specific variation, organellar regions from 

these two species, as well as chinese larch (L.potanini) and tamarack (L. laricana) were PCR 

amplified and sequenced. Though results were not strongly supported and sequences error-

prone, there was some evidence of a greater similarity between the two study species than with 

either of the two other species. 

2.6.1 Materials And Methods 

Three Japanese trees from the Avenue and three European trees from Kennel bank were used 

as source material for this study. Samples of L. laricana and L.potanini came from seed from 

provenance trials that had been germinated and DNA extracted by X. Hu (Hu 1998). 

DNA extraction was performed using the Scotlab Phytopure kit, details of which are given in 

Appendix A (p.177). 

PCR primers used were Taberlet primer pairs (Gielly and Taberlet 1994) ab, cd, and ef. These 

'Universal' primers amplify inter-genic spacers between chloroplast tRNA genes, and are 

commonly used in surveys of organellar variation. Sequences for Chinese larch for these 

regions were provided by X.Hu (Hu 1998). 

For the mitochondria, the COX 1 primer was used. This was designed by Sinclair (Sinclair et 

al. 1998) as part of a project to detect variation in Scots Pine, but was successfully applied in 

larch to amplify a product later used as a radioactive probe (described in Chapter 3). 

PCR was carried out as described in Appendix A (p.  182). PCR products were run on an 

agarose gel and visualised using EtBr. Successfully amplified products were cut out from a 

1% agarose gel with a clean scalpel, and the Qiagen Gel-extraction kit (Qiagen ) used to 

remove the agarose and purify the product. 

Fluorescent sequencing was performed using the Amersham fluorescent sequencing kit 

following the manufacturer's protocol. The original PCR primers were used as the sequencing 

primers in the sequencing reaction. Loading and visualisation of the sequencing product was 

performed on an ABI automated sequencer by a dedicated laboratory. 

Analysis and manipulation of the resulting sequences was carried out using Genejockey, a 

sequence analysis programme for the Macintosh PC. 
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2.6.2 Results 

Results from sequencing COX 1 of the mtDNA were disappointing. Error rates, calculated by 

the computer programme Genejockey II and a measure of the accuracy of the sequence, were 

far too high to justify in depth analysis, which relies on a good alignment of the sequences. 

Two European and two Japanese individuals were each repeated twice, and between run 

variation appeared as high as between individual and between species variation. Thus, though 

there was no evidence of variation between these two species, there was also no evidence of 

variation between the Chinese larch and tamarack, and no conclusions regarding phylogenetic 

relationships can be drawn. 

Sequencing of the products from the Taberlet primer pairs proved slightly more informative. 

Three individuals each of European larch and three of Japanese larch provided the consensus 

sequences shown in Appendix B, for the region between primers a and b, and the region 

between primers e and f. The region between primers c and d was not sequenced. There is no 

evidence of inter-specific variation between these two species. However, a comparison with 

the Chinese larch sequence generated by the same primers and also supported by 3 individuals 

(Hu 1998) revealed 1 well supported difference. This was out of about 700 bp where the error 

rate was suitably low (other possible differences occur in regions of high error-rate, but these 

could easily have been artefactual). Thus, it would appear that than Japanese and European 

larch are more closely related to each other than to Chinese larch. 

Also, a good sequence for region ab was achieved for tamarack (L. laricana), showing 2 

single base-pair differences from Chinese, Japanese and European larch. This is also in 

contradiction to the phylogeny placed above, further suggesting that European and Japanese 

larch may be more closely related than generally accepted. 

2.6.3 Discussion 

The danger of drawing phylogenetic conclusions based on a single region has already been 

discussed. Thus, however well supported the conserved lbp difference (relative to chinese 

larch) in this 700bp region, this cannot be taken as strong evidence that the chloroplast of 

these two species is closely related. However, when the independent evidence based on 

restriction analysis (Qian. Ennos and Helgason 1995) is taken into account, there is a 

plausible argument that the Japanese chloroplast and European chloroplast possess a more 

recent common ancestor than with Chinese larch (in contrast to the phylogeny presented 

earlier). Other explanations- aside from small sample or experimental errors- of course exist. 



Unequal rates of evolution- due to ecological or selective factors- could also explain the 

results. For example. L.decidua and in particular L.ieptolepis exist in far smaller population 

sizes than, for example, L.potanini. This affects the rate of selective evolution. If there was a 

selective process operating on the chloroplast subsequent to their divergence, it might result in 

more rapid change in the large population. Such an increase in evolutionary rate need not be 

restricted to selective mutations, as the non-recombinational nature of the chioroplast allows 

'hitch-hiking'. This argument is that 'selective-sweep' might be responsible for the average 

time until fixation of neutral genes being less in populations undergoing selection. 

If the close relationship between the chloroplast sequences actually reflects evolutionary 

history, there are two explanations. The first is that it represents organismal history. This 

appears unlikely on the basis of geographical distribution and the isozyme study mentioned 

earlier. However, the close morphological relationships and ease of hybridisation mean that 

this cannot be formally ruled out. 

The second such explanation is that it represents a chloroplast capture event subsequent to a 

relatively recent hybridisation event, resulting in a taxon with incongruent nuclear and 

organellar phylogenies. This may be the case, and the divergence at the isozyme loci certainly 

supports the idea that the two species are not closely related. However, as was clear from the 

introduction, comparisons between these two classes of markers are error-prone, and there are 

plenty of ways in which the observed pattern could come from a more recent Japanese-

European split than the split from Chinese larch. For example, the Chinese split could have 

occurred first, allowing time for the two chloroplast lineages to diverge under mutational (and 

possibly selective) influences. The difference between the Japanese and European isozyme 

frequencies could be due to population genetic effects (the Japanese population, in particular, 

is very small and drift more effective) more recently. 

2.6.4 Conclusion 

In conclusion, the evidence from the chioroplast sequencing suggests that chloroplasts of 

European and Japanese larch may be more closely related to each other than to those of 

Chinese larch, though the evidence is not conclusive. It is suggested that though this may 

reflect a chloroplast capture, it is also possible that it accurately reflects organismal history. 

Under this interpretation, the isozvrne taxonomy must be viewed cautiously, possibly 

reflecting recent drift which the less variable, slower mutating chloroplast might not 

demonstrate. In the light of this, it is particularly disappointing that mitochondrial sequencing 

did not help, as if this interpretation could be supported with this organelle marker as well, the 
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evidence would be very strong in support of this hypothesis. There is certainly much scope for 

molecular taxonomy to provide a reinterpretation of the evolutionary history of Larix. 

2.7 Summary 
The widespread planting of two exotic species of larch and their hybrid in recent years in 

Scotland provides the opportunity for the study of the genetic consequences of hybridisation in 

larch. This is in contrast to previous studies, where the exact timescale since genetic contact is 

rarely known, and provides fertile ground for the examination of some of the issues discussed 

in chapter 1. A particular site, consisting of the Atholl estate and Dunkeld in Scotland was, 

chosen as a historically interesting and valuable place to start such an investigation. 

The phylogenetic relationships between the two parental species should also be resolved, as a 

theoretically unrelated but experimentally similar and interesting project. 



3. Inter-specific markers 
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3.1 Introduction 
In order to determine the genetic composition of larch plantations on the Atholl estate, it was 

necessary to develop species-specific markers. Morphological and molecular markers were 

both considered. The greater resolving power of molecular methods with respect to 

hybridisation has already been discussed. Furthermore, uniparentally inherited markers make 

it possible to determine the direction of the parental mating. In Larix, as with most conifers 

(Mogensen 1996), the chioroplast genome is paternally inherited (Szmidt et at. 1987) and the 

mitochondrial genome is maternally inherited (Deverno et at. 1993). Thus, molecular markers 

make it possible to study the effect of hybridisation on three differently inherited genomes and 

it is these that form the bulk of the study. 

3.2 Aims 
The goals of this initial study were as follows. 

To find at least one marker capable of distinguishing the mitochondrial genomes of the two 

species. 

To find at least one marker capable of distinguishing the chloroplast genomes of the two 

species. 

To find at least one, but preferably multiple, markers capable of distinguishing the nuclear 

genomes of the two species. 

To perform a feasibility study on morphological studies 

The reason for the first two aims is that the two organellar genomes yield qualitatively 

different information regarding an individual tree's parentage. In most angiosperms, the 

maternal inheritance of both would make this less informative. In fact, this was one of the 

motivations behind choosing Larix for this study. The third aim is to discriminate as much as 

possible between F 1 s, backcrosses and later generations. The more nuclear markers that could 

be found, the greater this discrimination. The fourth was to determine whether a 

morphological approach to the study sites would have been productive. 

3.3 Choice Of Molecular Markers 
There is a wide range of molecular markers available, with varying eases of use, cost, and 

patterns of variation. In a study of this sort, choosing markers is one of the most crucial stages 

of the project, as the wrong choice could result in much lower productivity. 

Table 3-1 summarises the properties of the various molecular markers that were considered. 

These properties are based on considerations for this particular study and the materials, 
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equipment, and expertise available in the laboratory. Initial method development is an 

assessment of the time, cost and difficulty of obtaining variable markers. Cost and throughput 

refer to the cost and rate of processing samples once markers have been obtained. 

Table 3-1: Choice of markers for investigating inter-specific variation 

Method Initial method Cost! Throughput Other 
development  

Isozymes -H- -H-+ pattern of expression 
may vary non- 
genetically 

RAPDs +++ +++ ++ dominant  markers, 
unreliable 

AFLPs -H- -H- ++ generally dominant 
markers 

microsatellites + ++ + technical difficulty 
rDNA RFLPs -H-+ ++ ++ complex inheritance 
organellar RFLPs -H- ++ ++ 
PCR fragment restriction +(nuclear) +++ + Few sequences known 
analysis and SSCP ++(organellar) for coniferous nuclear 

genomes 
Sequencing PCR ++ + + expensive, slow, but 
fragments  highly informative 

+++: Highly suitable 	++: Suitable 	+: Prohibitive 

3.4 Materials And Methods 
The detailed protocols and recipes for the following techniques can be found in Appendix A. 

Primer sequences for PCR are shown in Appendix B. 

3.4.1 Sample Materials 

The majority of the hybrid larch on the Blair Atholl estate derives from the 11 Japanese trees 

on The Avenue (Figure 3-1 and Figure 2-4). These 100 year old trees were chosen to represent 

Larix leptolepis in the search for species-specific markers. The vast number of potential 

European parents on the estate made it impossible to screen all of them. However, the most 

likely parents of the F generation are the 15 European trees above The Avenue (Figure 3-1 

and Figure 2-3), and these trees of approximately 250 years old were chosen to represent 

L.decidua. 

The age and height of the European trees made it problematic to collect directly from them. 

Fortunately, many of them are represented by clone banks kept by the Forestry Commissions 

Northern Research Stations at Newton. near Inverness and also Bush. near Edinburgh. This 

material was generously donated for use in this project. 
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A series of controlled crosses- with the European larch as maternal parent- had also been set 

up by the Forestry Commission in the forest of Dean and material had been collected for use 

prior to this project (Ennos 1 995b). This material, though not related to the trees on the estate, 

was used to check inheritance of the DNA markers. 

Several provenances of both European and Japanese larch are maintained at the Northern 

Research Station near Edinburgh. This material was used for a brief morphological analyses 

of twig, cone and leaf characters. 

Needles were collected in the summer for DNA extraction, and dormant buds in the winter for 

isozyme analysis. 

Figure 3-1: Locations of the parental trees at Dunkeld (from Matthews) 
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3.4.2 Isozyme Analysis 

Screening for species-specific isozyme markers was carried out on dormant buds. Shoots were 

collected between November and March, stored in the fridge, and used as soon as possible 

(usually within two weeks). 

Full details of the process and recipes for buffer solutions are given in Appendix A (p.  181). 

Removal of the bud cover was necessary to prevent the high levels of resin interfering with the 

process. Buds were homogenised in a cold extraction buffer to yield a homogenate containing 

enzymes. The homogenate was then absorbed onto small paper wicks. 

Samples were then inserted into gels made up of a polymerised starch solution in a buffer of 

the required pH and salt concentration (gel buffer). Sponges were used to connect each end of 

the gel with separate reservoirs of another buffer (electrophoresis buffer). An electric potential 

was applied across the two electrophoresis buffers, resulting in an electric field across the gel 

and migration of the components of the sample based on charge, size, and shape. 

Slices of the gel were then placed in colorimetric solutions that contains substrates for specific 

cellular enzymes. Any enzymes capable of utilising these substrates showed up as coloured 

bands on the gel. In this way, the relative mobility of biochemically identical or similar 

enzymes was determined. 

The procedures and recipes used in this starch gel electrophoresis are based on Cheliak and 

Patel 1984, with modifications as described in the Appendix (p. 181). 

3.4.3 DNA extraction and Quantification 

Several DNA extraction methods were used, and are detailed in Appendix A (p.176-179). 

Extraction of consistent and high quality DNA from needles proved problematic. Initially, the 

protocol used in the laboratory for extraction of pine DNA was used (Morman 1994). This 

utilised a buffer containing CTAB, a carbohydrate that under certain salt conditions dissolves 

DNA. Frozen needles were ground in liquid nitrogen. The resultant powder was incubated in a 

water bath with the CTAB buffer. This was mixed with chloroform, which dissolved many 

proteins and carbohydrates while leaving the CTAB soluble DNA in the aqueous phase. 

Removal of the organic phase, followed by ethanol precipitation of the aqueous phase, yielded 

a crude 'pellet' of DNA. This was then cleaned further using more chloroform or 

phenol/chloroform to remove contaminating proteins and carbohydrates, which can inhibit 

restriction enzyme activity and prevent reproducible PCR amplification. 
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DNA was quantified by electrophoresis through an agarose gel and ethidium bromide staining 

(p.179),  which causes DNA to fluoresce with an intensity dependent on its concentration. 

Quantification in a UV spectrophotometer was not consistent with these results, and it has 

been suggested that CTAB contaminants can interfere and prevent accurate assessment of 

concentration by spectrophotometry (Doyle and Doyle 1990). 

This extraction protocol did not yield any DNA. Replacement of the chloroform as an organic 

solvent with dichloromethane, which improved yields in some other conifers (Gillies 1995), 

resulted in substantial amounts of DNA. The reasons for this are unknown, but it suggests 

that larch needles contain a compound that solubilises DNA in chloroform, but not 

dichloromethane. 

This adjusted protocol was found to be suitable for many applications. However, PCR 

techniques appeared particularly sensitive to contaminants, and continued attempts to improve 

the consistency and purity of DNA were made. None of these were used in analysis of the 

parents. 

3.4.4 Southern Blotting And RFLP analysis 

Screening for species-specific markers of organellar and nuclear genomes was carried out by 

radioactive probing of Southern blots. Full experimental details are given in Appendix A 

(p.187-189). Extracted DNA was digested with a restriction enzyme, resulting in a mix of 

DNA sequences of varying sizes, bounded by the recognition site of the enzyme. This genomic 

digest was run on an agarose gel. The gel was soaked in sodium hydroxide, to denature the 

DNA so as to make it single stranded. After neutralisation of the gel, a nitro-cellulose filter-

which binds DNA- was placed on the gel. The filter was covered with layers of tissue in order 

to draw liquid through the gel by capillary action.The whole 'sandwich' was placed, gel side 

down, on a wick which was soaking in a reservoir of salt solution. Capillary action draws the 

solution through the gel and filter, and with it transfers the DNA from the gel to the filter. The 

filter was then treated by baking or UV irradiation to irreversibly bind the DNA to it. 

The blot (or blots) were placed in rotating glass cylinders containing 'hybridisation buffer' in 

a benchtop hybridisation oven. This equilibrates the blots at the correct temperature for 

probing. Radioactively labelled probes, homologous to the sequence under analysis, were 

denatured and mixed with the hybridisation buffer, and left in the rotating cylinders overnight. 

The single stranded probes bind to their homologues on the blot through DNA base-pairing. 

The radioactive solution was decanted and stored for disposal, and the blots were rinsed under 

various degrees of stringency to remove background. This is the most crucial stage of the 
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operation, as over-stringent washing can remove the signal but under washing can leave 

unacceptably high background. The resultant radioactive blots were then placed in a specially 

designed chemi-luminescent cartridge with a film. Radiation striking the luminescent surface 

causes fluorescence, which leaves a signal on the film. After a suitable length of time (from 

several hours to two months, depending on concentration and probe), the film was processed 

in an automatic developer. Dark bands on the film corresponded to fragments in the original 

digest that had migrated through the agarose gel, with a velocity dependent on fragment 

length, and showing homology to the probe. Differences between two individuals in banding 

pattern correspond to differences in sequence- either loss or gain of the restriction site, or 

reorganisation of the genome. 

3.4.5 Obtaining And Preparing Radioactive Probes 

Several different probes were used. For detection of chloroplast variation, clone K140 from a 

clone library of the chloroplast genome of Pinus contorta (Lidhoim and Gustafsson 199 1) was 

used. This was chosen because it had already detected variation between the two larch species 

under investigation (Qian, Ennos and Helgason 1995). The probe was provided as an insertion 

into pUC plasmid (the vector) that had been transformed into E. coil (the host), supplied by the 

laboratory that constructed the clone library and stored in a 'stab culture'. The probe was 

isolated by growing the ampicillin resistant transgenic host in bacterial broth overnight. The 

plasmid was extracted using standard protocols. Digestion of the isolated plasmid with the 

restriction enzyme Kpn I cut the chioroplast sequence out of the plasmid. The digested 

plasmid was run through an agarose gel and visualised, and the 9.2kb fragment corresponding 

to the chloroplast sequence cut out of the gel and extracted. 

For detection of mitochondrial variation, it had already been found that the 0RF25 genes and 

COXI genes from wheat distinguished between the two species (Deverno, Charest and Borten 

1993). Rather than use these heterologous probes, a COX I clone prepared from PCR 

amplified Scots pine DNA(Sinclair, Morman and Ennos 1998) and PCR amplified larch 

ORF25, using primers designed by Sinclair and Ennos as part of the same study were used. 

In order to find variation in the nuclear genome, a 5.2kb rDNA probe from Taraxacum was 

used. This was kindly supplied by Kirsten Wolff, St.Andrews University as, an insert in a 

2.6kb pUC plasmid. This probe, designated PTEE5, was transformed into the host by 

electroporation, and subsequently grown and harvested in the same manner as the chloroplast 

K140 (Figure 3-3). 
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Once probes had been isolated. they 	cre denatured and radioacticlv labelled using a 

polvnierase. short, random primers and radioactive dCTP. This method incorporates 

radioactive nucleotides into the probe DNA. hich is then denatured to make it single-

stranded, and placed in the rotating cylinders with the blots and hybridisation buffer as above. 

Figure 3-3: Ethidium stained agarose gel showing plasmid PTEE5 before (lane 5) and 
after (lane 4) digestion with Kpnl 

12345 

7 W" -• +- approx 5kb 

4- 2.6kb 

lane I is the 1kb Marker, lanes 2 and 3 we troni P I1.1.3 not used in this studs'). 

Lane 4 is the digested PTEE5 clone (alter transformation and harvesting). The 2,6kb vector and the 5.2kb insert 

can he seen. 

Lane 5 is the undigested plasnud containing the insert, with e x tra bands representing supercoiled plasinid 

3.4.6 PCR Based Methods 

Attempts were made to find molecular variation with non-radioactive methods. The PCR 

reaction utilises a thermostable polvmerase. nucleotides and 'primers'- short sequences of 

DNA (about 20 bp). The target DNA was first denatured. and then cooled in the 'annealing' 

phase, to allow the primers to base-pair with complementary sequences in the target. The 

reaction was then heated to 72°C. causing the polvmerase to replicate the sequences to which 

the primers were bound. This was repeated automatically about 40 times. In this was. regions 

of DNA that have sequences bounded by the two primer sequences were amplified. The 

protocol for this is described in the Appendix (p. I 2) 

3.4.6.1 Design Of PCR Primers 

In this studs. 'universal primers', designed from consensus sequences of plant mitochondria 

and chioroplasts (Demesure et al. 199 5 : Giellv and Taberlet 1994 Sinclair. Morman and 

Ennos 1998). were used to PCR ampli genomic DNA. These primers were made by 

comparing sequences of genes that have been characterised in a wide range of species. and 

designing primers to conserved regions. In this primers were produced that could anipli 

DNA successfully in many species. 

Similarl. universal primers to nuclear genes (Strand. Leebens-Mack and Milligan 1997) ere 

used in an attempt to find additional nuclear variation. These primers were designed to 
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conserved regions of nuclear genes for which sequences existed over a range of species, such 

as alcohol dehydrogenase. Such primers are quickly becoming recognised as a valuable tool 

for the analysis of nuclear variation. As discussed in the introduction, there is still a dearth of 

such primers. In addition to these primers, a primer was designed to the large subunit of 

Rubisco for which a larch sequence exists (Hutchison 1989). 

3.4.6.2 Analysis Of PCR Fragments 
Successfully amplified PCR products were digested with a variety of restriction enzymes to 

screen for sequence variation leading to loss or gain of restriction sites. Digested products 

were run and visualised on an agarose gel. 

Other methods for screening for variation in PCR fragments were also tested, and described in 

the Appendix (p.185). These included heteroduplex analysis (Cotton 1993), whereby two 

products from different individuals are mixed together. Denaturing these and reannealing them 

gives the opportunity for heteroduplexes between different alleles to be formed. 

Heteroduplexes have a different mobility through a gel than the same size homoduplex, 

allowing differences between two alleles to be detected. Another method used an enzyme that 

cuts single stranded regions in order to screen for heteroduplex formation. Finally Single 

Stranded Conformational Polymorphism analysis (Hongyo et al. 1993) was carried out on 

some fragments. SSCP relies on differences in secondary structure between two single 

stranded fragments of the same length but slightly different sequences which leads to different 

mobilities through a gel. 

3.4.6.3 RAPD Analysis 
Randomly Amplified Polymorphic DNA analysis (Hadrys, Balick and Schierwater 1992) 

utilises the PCR reaction with short (1 Omer) primers of random sequence. The PCR reaction 

was carried out at a very low temperature (about 42°C). Only one primer (as opposed to the 

usual two) was used. In this way, any sequence that was bounded by the primer sequence and 

its reverse complement was amplified. The short length of the primer means there are likely to 

be many such sequences, and a low temperature is needed to allow such short primers to 

anneal to amplify the template. The product- often containing many bands- was run on an 

polvacrylamide gel, to provide greater resolution and sensitivity than agarose gel 

electrophoresis. Originally, silver staining was used, which is a more sensitive detection 

method than ethidium bromide staining. However, this sensitivity was not required and 

ethidium bromide staining was used in the remainder of the analysis. 
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PCR reactions were carried out either in a Perkin-Elmer 480, with 48 samples, or a Perkin-

Elmer 9600 with a 96 sample capacity. Use of ammonium buffer rather than the usual 

potassium buffer (Allnutt et al. 1998) was found to be critical. The method is described in the 

Appendix (p. 184).The polyacrylamide gels had a capacity of 24 samples per gel, excluding 

markers, and 2 gels could be run simultaneously in the same buffer, theoretically allowing 

exact comparison across 48 samples. 

In order to screen for species-specific markers, 3 individuals from each larch species were 

amplified using 50 primers. Where a marker was present in all 3 individuals of one species but 

not another, all 11 Japanese parents and 12 of the European parents were analysed by that 

primer. Primers that resulted in species-specific markers after this were used in later analyses. 

3.4.7 Morphological Analysis 

The trees under study varied in age from 250 years to 2 or 3 years old. Thus, characters 

greatly dependent on age and silvicultural treatment such as crown form, branch number and 

size characteristics were not considered. The provenance material from NRS was used to 

examine the feasibility of using characters such as cone form, shoot colour and needle 

structure as genetic markers. 

There are microscopic characters of the needles that have been used to differentiate the two 

species (Laing 1947). However, I was not able to reliably score these. More effort to improve 

the needle sections used was not deemed worthwhile, as the variability and lack of 

intermediacy in these characters in the hybrid had already been noted. 

From each individual, 5 cones were taken and their lengths and widths (at maximum girth) 

measured. From each cone, a scale was taken from a point on the cones maximum width and 

its length and width measured. Curvature of the scale was assessed by measuring the 

maximum deviation of the scale from its longitudinal axis (using a pair of calipers). A seed 

was also taken from each cone (where possible) and its length and width measured. Cone 

shape, seed shape, and scale shape were calculated as length divided by width. 

From each individual, 5 shoots were sampled and the length of that year's growth measured. 

The number of buds on that year's growth was counted, allowing a calculation of the bud 

density (number of buds/cm) to be made. The colour of each shoot was scored subjectively on 

a scale of 1 to 5 (5 being deep red, 4 being pink, 3 being pink tinged, 2 being slightly orange, 

and 1 being straw coloured). The pubescence of each shoot was scored subjectively on a scale 

of 1 to 3, 1 representing the glabrous nature of European individuals, 3 the 'hairy' Japanese 

trees and 2 an intermediate state. From each of three shoots, the last bud on the shoot (apart 
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from the terminal bud) was examined for two characteristics- maximum height of the bud and 

maximum height of the pulvinus of the bud (Figure 3-4). The ratio of pulvinus height to bud 

height provided a measurement of the tendency of Japanese pulvinii to be carried further up 

the bud than in the European tree, and this is denoted by the variable 'pulvinus shape'. 

Principal Component Analysis (PCA) was used (on Minitab 10) to see how informative these 

characters might be in further analysis. Principal Component Analysis constructs variables 

that are linear functions of the measurements taken, such that these variables can be used to 

present as much variation as possible. These components are thus a more useful way of 

summarising data and detecting patterns than any single variable alone. 

Figure 3-4: Diagrammatic representation of measurements taken of European and 
Japanese buds 

Bud Height 	
Pulvinus Height 

Typical European Shoot 

Bud Height 	 Pulvinus Height 

Typical Japanese Shoot 

3.5 Results 

3.5.1 Isozymes 

The initial screening was carried out on the Japanese trees and 12 of the European trees. The 

following 14 enzyme systems were screened, and the results of this are shown in Table 3-2. 

Those that are marked as 'unscored' meant that activity, and possibly variation, was present, 

but under the conditions tried no reliable scoring was possible. If there did appear to be 

variation in these loci, it was not inter-specific and it was not worthwhile optimising 

conditions. 
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Table 3-2: Results of initial isozyme assays for detecting variation between parental 
species 

No activity glucose dehydrogenase (GLUDH), hexokinase (HK), Nicotinamide adenine 

dinucleotide 	dehydrogenase 	(NADH), 	esterase 	(EST), 	Alcohol 

dehydrogenase (ADH) 

Monomorphic aconitase (ACO) , isocitrate dehyrogenase (IDH), 

Unscored phosphoglucose isomerase (PGI), leucine-ammo peptidase (LAP), malic 

enzyme (ME), 

Variation shikimic acid dehydrogenase (SKDH) 	, phosphoglucomutase 	(PGM), 

glutamic oxaloacetic transaminase (GOT) 

From this initial screening, 3 out of 13 systems were taken to be useful in subsequent 

analyses. The failure of NADH to give activity was disappointing, given that it had previously 

been found useful in a hybrid larch seed orchard (Hacker and Bergmann 1991). 

Table 3-3 shows the results for these three loci in the parents, and Figure 3-5 represents the 

banding patterns seen. Genotypic frequencies at none of the loci showed a deviation from 

Hardy-Weinberg equilibrium in either the Kennel Bank European parents or the Japanese 

parents on the Avenue. SKDH-1 is clearly a species-specific marker, with alleles SKDH-la 

and SKDH-lb being specific to European parents, and SKDH-lc being specific to Japanese 

larch. GOT-2a was fixed in the European parent, but was present along with GOT-2b in the 

Japanese parents. PGM-1 had 4 alleles, the most common PGM-lc being present at a lower 

frequency in Japanese larch than in European larch. These three loci are therefore potentially 

useful markers for determining the nuclear composition of hybrids. 

Table 3-3: Allele frequencies at three isozyme loci in parent trees 

Locus Allele Frequency in European parents Frequency in Japanese parents 
SKDH-1 a 10/24 0/22 

b 14/24 0/22 
c 0/24 22/22 

GOT-2 a 24/24 10/22 
b 0/24 12/22 

PGM-1 a 1/22 0/20 
b 7/22 0/20 
c 13/22 19/20 
d 1/22 1/20 

Notes: The allele frequencies are shown with denominators so the number of reliably scored 
individuals can be seen. 12 out of the 15 European parents were scored, one of which did not work 
for PGM. All 11 Japanese trees were scored for SKDH and GOT, but only 10 were scored for PGM. 
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Figure 3-5: Ilsozyme banding pattern seen in parents 
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Note: All banding patterns seen in parents for SKDH and GOT are shown, only some of the 

patterns seen in the European trees are shown for PGM 

3.5.2 Mitochondrial RFLPs 

The ORF25/Kpn and COX 1/Dra probe/enzyme combinations both revealed fixed, inter-

specific variation (Figure 3-6). The COX1/Dra probe was fainter and only the 0RF25/Kpn 

results are shown. The Japanese parents all contained a 2.4kb band, whereas the Europeans 

had a 2.8kb band instead. 

Inheritance was checked using the controlled crosses. Five pairs of controlled crosses were 

used, all of which had a European seed parent and a Japanese pollen parent. One offspring 

was scored from each of these crosses, except in the fifth cross (designated E361xJ42), where 

5 offspring were scored. Offspring from these crosses had the European mitotype, as 

expected. Figure 3-7 shows the four crosses with their single offspring each and the final cross 

with 5 offspring. 

Overall, 10/11 of the Japanese parents from the Avenue and the same 12 European trees used 

in the isoz me analysis were scored. 

3.5.3 Chloroplast RFLPs 
The clone K140/13cl probe/enzyme combination revealed inter-specific variation (Figure 3-8). 

The Japanese parents had a strong band at 2.9kb, whereas the European parents had a double 

band, the strongest one being at 3.0kb and the fainter one at 2.85kb. There was one exception 

to this pattern, with one European parent not having the 3 kb band but having a very strong 
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Lane 
	

5 	6 7 8 9 10 11 	12 13 14 15 16 17 18 

* 	 4— 2 8kb 
2.4kh—P 

band at 50kb instead. This probe/enzyme combination was therefore suited to discriminating 

the two parents, in agreement with a previous study (Qian. Ennos and Helgason 1995). 

Paternal inheritance of this marker v as verified both in the previous study and by anahsis of 

the controlled crosses, where it was observed that all offspring of controlled crosses had the 

paternal Japanese chiorotvpe. Of the Japanese parents. 10/11 trees from the Avenue were 

scored as were 12/16 of the putative European parents. 

Figure 3-6: Autoradiograph showing Southern blot of KPN digested genomic DNA from 
Japanese and European larch, probed with 0RF25 mitochondrial probe 

Japanese parents 	0 4 	 European parents 

Lanes 1-8 are 8 Japanese parents from the Avenue. and all contain a 2.4kb band. 
Lanes 9-18 are it) European parents from Kennel Bank, and all contain a 2.8kb band. 

Figure 3-7: Autoi'adiograph showing Southern blot of KPN digested genomic DNA From 
hybrids and parents from controlled crosses between Japanese and European larch, 

probed with 0RF25 mitochondrial probe 

Lane: 	I 	2 	4 	5 	6 	8 	9 	00 11 	12 	H 	14 	15 	16 	17 

Sample: E 	x 	J 	x 	E 	x 	J 	E 	x 	J E 	x 	x 	x 	x 	x 	J 
Lanes marked 'E' are the European mothers. J' are the Japanese fathers. and x the hhrids. 
Lanes 1-3: E' 36 E361x J8. J8 	Lanes 4-5: E35IxJ8E35I 	Lanes 6-7:E351xJ42i42 
Lanes 8-10: E380. E380 x J42. J42 	Lanes 1 1-17:E361. 5 crosses of E361xJ42. J42 
Maternal Inheritance best seen in lanes 1-3 and 15-17. where the hbrids in lanes 2 and 16 can be 
seen to have the mitotvpe of the European mothers in lanes 1 and 15. 
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Figure 3-8: Autoradiograph showing Southern blot of Bcl digested genomic DNA from 
Japanese and European larch, probed with K140 chloroplast probe 

Lane: 	1 	2 	3 4 5 	6 7 g 	9 10 11 12 13 14 15 16 17 1 

r 	 1 5.Okb 

0kb 
29kb 	 0 OD 4W

..  -  

Japanese parents 	I 	 European parents 

Lanes 1-6: Japanese Parents from the Avenue 	Lanes 7-18:European Parents from Kennel Bank 

Figure 3-9: Autoradiograph showing Southern blot of SAC1 digested genornic DNA from 
Japanese and European larch, probed with rDNA probe PTEE5 

Lane: 	1 	2 	3 	4 	5 	6 	7 	8 	9 

Lane 1:1 kb Marker Lanes 2-5:European Parents(Kenncl Bank) Lanes 6-9:Japanese Parcnts(the Avenue) 

3.5.4 rDNA RFLPs 

No variation was found in the nuclear genome using probe PTEE5 and 10 restriction enzymes 

on genomic digests. A representative blot in this case using the SAC restriction enzyme, is 

shown in Figure 3-9. 

Thus. the rDNA probes were not used in the analysis of further generations. 

3.5.5 Analysis Of PCR Fragments 

The chioroplast universal Taberlet primer pairs ab. cd. and ef (Giellv and Taberlet 1994) 

successfully amplified single products in both parental species None of the mitochondrial 

universal primers (Demesure. Sodzi and Petit 1995) yielded strong. reproducible single bands. 

12 enzymes, including both 4bp and 6bp cutters. were used to digest the cpDNA amplification 

products from three indi iduals of each species (from the Avenue and the Kennel Bank 

parents) No variation, inter- or intra-specific. was found. SS('P analysis of the fragment 

produced by primer pair ef showed differences from Scots pine (used as a control) but no 

differences ere evident between a representative from each of the two larches (Figure 33-10). 
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Heteroduplex analysis of the same individuals also failed to detect variation between 

representatives of the two species. 

PCR amplification using nuclear primers was also attempted. Three primers which amplified 

ADH. calmodulin and Glvceraldehyde 3-phosphate dehyrogenase genes were used with the 

original authors conditions for starting points (Strand, Leebens-Mack and Milligan 1997), but 

no successful amplification was achieved. 

The RUBISCO primer produced a poor quality double banded product. Experimenting with 

different PCR conditions, and even attempting to reamplify from one band, failed to produce a 

product that was suitable for further analysis. 

Thus, analysis of organellar PCR products failed to reveal any variation- a result later backed 

up by the sequencing of some of the same products- and nuclear genes were not amplified 

successfully. Therefore, analysis of PCR products could not be applied to the detection of 

hybrids. 

3.5.6 Morphological analyses 

Morphological analysis was performed on individuals from the provenance trials at Bush. 

Table 3-4 shows the characters measured and those which were significantly different between 

species (from a multivariate analysis of variance, or MANOVA, performed on Minitab 10), 

Table 3-4 also shows the weight of each character in the first 2 components of the PCA. Only 

those characters that were significantly different at below the 5% level were used. The 

subjectively scored, discrete characters (pubescence and colour) were excluded from this 

analysis to allow an assessment of the use of the more variable quantitative characters. Figure 

3-11 shows the first two components plotted against each other. The first two components 

account for nearly 70% of the variation present in this sample. 

The first component provides a degree of separation between the two species. The coefficients 

are all negative apart from the cone shape which is positive. This reflects the fact that the 

mean measurement in the European trees is lower than in the Japanese trees for all characters 

apart from cone shape, such that the first component clearly describes the species that the 

individual belongs to. The coefficients are all of a similar magnitude (reflecting the fact that 

only those characters which provided discrimination were used in the PCA in the first place). 

It is not so easy to provide a biologically meaningful interpretation of the second component. 

It can be seen that there are morphological characters that could provide the basis of a 

separation of the two species. However, it appears unlikely that hybrids would cluster so 

tightly between the two groups so as to be distinct from the parents. 
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Figure 3-10: Polyacrylamide gel showing SSCP analysis of Taberlet fragments ab and cd 
from larch and pine 

-. 

I . 

Notes: Lane I is a marker. Its weights do not correspond to fragment size. as the fragments are 
single-stranded in a non-denaturing gel. Lanes 2 and 3 are Taberlet fragments ab from a Japanese 
and a European parent. Lane 4 is a fragment from a Scots Pine. Lanes 5-7 are Taberlet fragment cd 
from the same samples. Note the large difference between larch and pine, though no size differences 
are observed in normal electropitoresis. No difference is seen between the two larch species. 
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Table 3-4 : Characters measured in morphological analysis, their means in each species, 
results of ANOVA, and coefficients for those used in PCA 

Character Mean in 
Japanese 

Mean in 
European 

Significance of 
between Species 
Variation (from  

MANO VA)  

PCA] PCA 2 

Cone length 2.95cm 3.24cm 27.6% - - 

Cone width 2.24cm 1.99cm 1.4% -0.319 0.498 

Cone shape 1.32 1.64 0.4%% 0.321 -0.262 
Scale length 1.18cm 1.19cm 93% - - 

Scale width 2.59cm 2.78cm 44% - - 

Scale shape 0.99 0.98 35% - - 

Scale curve 1.36cm 0.57cm <0.5% -0.404 0.391 

Seed length 4.61mm 4.50mm 60% - - 

Seed width 2.59mm 2.78mm 7.4% - - 

Seed shape 1.79 1.63 0.8% -0.295 0.280 

Bud density 1.25/cm 0.95/cm <0.5% -0.325 -0.166 

Bud height 13.7mm 10.7mm <0.5% -0.371 -0.357 

Pulvinus ht. 5.3mm 3.1mm <0.5% -0.407 -0.447 

Pulv. shape 0.40 0.28 2.8% -0.368 -0.312 

Shoot Colour 1 4.4 <0.5% - - 

Pubescence 1 2.8 <0.5% - - 

PCA and ANOVA were performed using Minitab 10. Material was 8 individuals of each species 
from the NRS provenance trials, 5 samples from each individual were used for cone characters and 3 
samples for shoot and bud characters. 
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Figure 3-11: PCA on morphological characters of individuals from provenance trial 
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PCA performed using Minitab 10 (see Table 3-4 for details). The first component separates the two 
species. The two components account for 70% of the variation. 

3.5.7 RAPD analysis 

Reliability of RAPDs was a major problem. Much of the difficulty was later put down to 

variations in the quality of de-ionised water. However, the most important factor was likely to 

be the quality of DNA. Even when the concentration of the samples was accurately equalised, 

many samples did not amplify. Thus, the concentration of contaminants that could not be 

removed even after many cleaning up steps was clearly a variable factor affecting PCR based 

techniques. The result of this was that amplification of all samples in one run was not 

achieved, and as repeatability between runs was not high, it was impossible to reliably score 

bands from one run to the next. For this reason, only those bands that were relatively simple to 

score and consistent from one run to the next were used in the analysis. 

Table 3-5 shows the primers that were considered useful, and the frequency of the markers in 

the two parents. It also shows the results of testing the inheritance of these markers in a 

controlled cross, 361x42, with a European tree as seed parent. The two parents and 8 

offspring were analysed. On the assumption that the parents are homozygous for either the 

band or absence of the band, one can infer from this whether the band is behaving in a 

dominant fashion- all offspring should have the band. If there is deviation from this, it is 

marked with an asterix and an explanation is offered. Photographs are shown in Figure 3-12 

through to Figure 3-16. Figure 3-12, the RAPD profile generated using OPA7, demonstrates 

the existence of a 580bp product found when DNA from either Japanese or hybrid trees is 

used as a template. Figure 3-13 (using OPAL14) shows a 650bp band absent in European 

trees (this band is referred to as OPAL 14a) and a 520bp band present in most European and 

hybrid trees, but not in most Japanese trees (referred to as OPAL14b). Figure 3-14, using 
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1 

P0 5: 

-1 

-2 
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OPAL 16, also shows two useful markers: the 900bp OPA116a, absent in DNA from Japanese 

trees and the 480bp OPAL16b, absent in most European samples. The profile generated by 

OPK16 is shown in figure 3-15. OPK16a is an 850bp band amplified from all samples other 

than several European parents, OPK16b is a 700bp band absent in most of the Japanese Larch 

samples, and OPK16c is a 500bp band (actually, a doublet) present in all European parents. 

Finally, figure 3-16 shows how the inheritance of each marker was examined using the 

controlled cross. In this case, the primer used is OPK16. 

This approach cannot determine whether a RAPD marker is uniparentally inherited. As only 

one direction of cross is present- Japanese pollen parent and European seed parent- it is not 

possible to compare reciprocal crosses. Until chapter 5, where further data is presented, the 

assumption must be made that all markers are biparental. 

Table 3-5: Frequencies of potentially useful RAPD markers in Japanese parents, 
European parents, and hybrids from a controlled cross 

PRIMER approx. 

Length (bp). 

Freq. in 

Jap. Parents 

Freq. in 

Eur. Parents 

Freq. in controlled 

cross hybrids 

Strictly 

Dominant? 

OPA7 580 10/10 0/13 8/8 Yes 
OPAL14a 650 9/9 0/11 8/8 Yes 
0PALI4b 520 2/9 11/11 2/7 No* 

OPALI6a 900 0/10 13/13 8/8 Yes 
OPAL 16b 480 8/9 0/13 5/7 No* 

0PK16a 850 10/10 6/13 8/8 Yes 
OPK16b 700 8/10 0/13 6/8 Yes 
OPK16c 500 0/10 13/13 6/8 No* 

Note: Individuals that did not amplify correctly or reproducibly were not included in the 
analysis. For example, a frequency of 8/10 (from 11 parents) means 8 individuals had the 
marker, 2 did not, and one did not amplify or was not scorable. 

88 



Figure 3-12: RAPD analysis of parents and cross with OPA7 
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Figure 3-13: RAPD analysis of parents and crosses with OPALI4 
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For both Figure 3-12 and Figure 3-13. the lanes are labelled thus: 
Lane 1: European parent (E361) of controlled cross 	Lane 2: Japanese parent (J42) of controlled cross 
Lanes 3-10: 8 hybrid offspring of cross E361 x J42 	Lanes 11-19: 9 Japanese parents from The Avenue 
Lanes 20-32: 13 European parents from Kennel hank 	Lane 33: 1 k Marker 
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Figure 3-14: RAPD analysis of parents and cross with OPAL 16 
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Lane 1: [uropean parent (E361) of controlled cross 	Lane 2: Japanese parent (J42) of controlled cross 
Lanes 3-10: 8 hybrid offspring of cross E361 x J42 	Lanes 11-19: 9 Japanese parents from The Avenue 
Lanes 20-32: 13 European parents from Kennel bank 	Lane 33: 1kb Marker 

Figure 3-15: RAPID analysis of parents with OPK16 
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Figure 3-16: RAPD analysis of controlled cross with OPK16 
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3.6 Discussion 
For the RAPD markers, there are two markers that are fixed in the Japanese parents and not 

present in the European parents. and - behave '  (i.e. are inherited in a strictly dominant fashion) 

in the cross, OPA7 and OPAL 14a are therefore diagnostic of Japanese parentage. Similarly. 

OPALI6a is diagnostic of European parentage. If these are successfully applied to later 

generations. and are nuclear markers. all F 1 s should inherit all 3 bands. However, later 

generations will be missing sonic of these bands. For example, each individual in an F ,  

generation would have a 1-0.75 = 57% chance of being homozygous for the unamplified 

allele of at least one of these loci. In theory. therefore. these markers should be useful for 

determining the nature of a hybrid plantation even given their dominant nature. 

There are three RAPD markers that do not behave in the controlled crosses- while one parent 

of the cross has the band and the other does not, not all the offspring have the band. There are 

four possible explanations. Firstly, that the controlled crosses have not been successful and 

sonic of the offspring are mislabelled as hybrid but arc in fact pure. This is not likely, as the 

indi iduals without the band are different for each marker. Secondly, that these reflect 

unreliable amplification products that are either amplified unreliabl or are scored unreliablv. 

However, the PCR reaction as repeated at least once for each marker and the results were 

consistent. so  this is ruled out. Thirdh. that these reflect the complex inheritance that can be 

seen in RAPDs. It has been demonstrated that RAPD bands are often non-additive (Hallden et 

cii. 1996). and that interference between various priming sites in the PCR reaction can lead to 

interactions beteen loci. In particular. competition for primer may result in one marker 

causing other markers not to ampIi (1-lallden et al. 1996). This explanation is not ruled out. 
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and may turn out to be the major problem in using RAPDs in the analysis of later generations. 

It is also the explanation favoured for OPAL14b, where all European parents (including that 

of the cross) had the marker, but only 2/7 of the offspring had the marker. Finally, if the 

parent containing the marker is heterozygous rather than homozygous, half the offspring are 

expected not to contain the marker. This is the explanation favoured for OPAL! 6b, where 

variation is present in the Japanese parents, making it more likely that the parent of the 

controlled cross is heterozygous. The 6/8 of the offspring that contain the marker is not 

significantly different from the expected 4/8 if heterozygosity was the case. Whatever 

explanation is favoured, these markers are considerably less useful for determining the exact 

nature of an individual tree. 

Three isozyme systems and one RFLP for each organelle were found to be of potential use in 

analysing the genetic composition of hybrids. Alleles at one of the isozyme loci (SKDH- 1) are 

species specific, whereas the other two (GOT-i and PGM- 1) have significantly different allele 

frequencies which are of potential use. For example, no tree with the GOT-lb allele can be a 

pure European tree. The organellar markers are species specific. This information alone 

allows the unambiguous discrimination ofF 1  hybrids from parents. It should also allow certain 

classes of backcrosses and F 2  to be detected, though on their own they do not allow an F 1  to be 

unambiguously discriminated from an F 2 . The diagnostic RAPD markers, even given their 

limitations, should be able to increase this discrimination, which is important for generations 

later than the F 1 . 

It is noted that analysis of the genetic composition of hybrid swarms would be greatly 

enhanced with the addition of more co-dominant, species specific nuclear markers. However, a 

combination of these markers will allow the genetic composition of hybrid swarms to be 

assessed to some extent. 
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4. Composition Of A Putative F1 Hybrid Larch 

Plantation 
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4.1 Introduction 
The genetic markers developed for Japanese and European Larch ere used to assess the 

composition of a stand on the Atholl estate. a few miles from Dunkeld and the sites of the 

parental trees (Figure 4-1). This stand was planted in 1912 with seed collected from Japanese 

parents. and is described as an F 1  plantation b the estate foresters (Ennos 1995a). As further 

generations have been planted from this stand. it was considered an ideal place to start in an 

analysis of the immediate genetic effects of bringing two allopatric species into contact. 

Figure 4-1: Location of the 1912 stand 
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4.2 Aims 
The main aim was to determine the nature of this stand. Described as an F 1 , it was expected to 

consist of a mix of pure Japanese and F 1  hybrid individuals. Characterisation of its nature was 

essential to proceed with the analysis of later generations. A subsidiary aim was to test the 

suitability of previously discovered molecular markers to detect hybrids in the field, and to 

decide upon suitable methods of data analysis and presentation to apply to later generations. 

4.3 Materials And Methods 
Fifty trees were sampled out of a population of around 250. Sampling was not entirely 

random, as accessibility of lower branches was a consideration. The trees are over 80 years 

old and the lowest branches were not always healthy, often appearing dead or nearly so. 

However, apart from these considerations, sampling was random and covered the whole 

plantation. The exceptions to this were two trees which were chosen because they were 

apparently regenerants (about 15 years old). Though regeneration in this stand was uncommon 

due to browsing by rabbit and deer, these two individuals proved informative in determining 

the nature of this stand. 

Shoots were collected in January so that dormant buds could be subjected to isozyme analysis. 

The trees were marked and coarsely mapped to facilitate the collection of needle samples in 

the summer from the same individuals. 

All molecular methods are as described in chapter 3 and appendix A. Isozyme analysis was 

performed on dormant buds using the three systems (GOT, SKDH and PGM). DNA analysis 

was performed on 1 .Og of frozen needle material using the CTAB/Dichloromethane method. 

Mitochondrial and chloroplast markers were provided by radioactively labelled 0RF25 and 

K140 probes respectively. Parental DNA was analysed simultaneously as a control to confirm 

that the different haplotypes were being detected. RAPD analysis was not performed at this 

stage, and neither was detailed morphological analysis carried out. However, the trees were 

classified as Japanese, European, or Hybrid on the basis of shoot colour and cone shape. This 

classification was to provide a very rough guide to the consistency of my discriminatory 

ability in the field, and the molecular data. 

4.4 Data Analysis 
Interpretation of the data is not, in this case, greatly enhanced by use of disequilibria 

parameters. However, to facilitate comparison with other stands and to demonstrate one way 

in which such multi-locus data can be analysed, some of these parameters have been 
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calculated. Full details of the calculations are given in Appendix C. As there are a great many 

parameters that can be used, and different ways of estimating and interpreting such 

parameters, a discussion of the approach is required. 

4.4.1 Cytoplasmic Disequilibrium 

The first, and simplest, of the multi-locus disequilibria is the cytoplasmic disequilibrium 

between chloroplast and mitochondria. Choosing one chlorotype and one mitotype (arbitrarily) 

as "+ve", this quantifies the association between these two cytotypes, a positive value 

indicating they are associated and a negative value indicating a repulsion. As each individual 

has only one copy of each, these can be calculated as the direct analogue of the gametic 

linkage disequilibria between a pair of nuclear loci. Thus, 

DCM=  POM PCPM 

where DCM  is the disequilibrium between chlorotype c and mitotype m, PCM  the 

frequency of individuals with both, and PCPM  the product of each frequency. 

It would be possible to test for a significant disequilibrium based on the sampling properties of 

this measure. However, for reasons that will become clear when other parameters are 

discussed, an exact test on the contingency table (similar in concept, but more accurate 

particularly with small sample sizes, to a standard x2  test) has been performed. The 

significance of this (in terms of deviation from random mating expectations, not a particularly 

useful hypothesis in this case) is presented alongside the normalised disequilibrium (see 

below). It should be noted that it is the association (i.e. Ho is that chlorotype and mitotype are 

independent) and not the parameter itself (i.e. Ho is that D0) that has been tested. As with the 

following associations, Genepop (Raymond and Rousset 1997) was used to perform the exact 

test. 

4.4.2 Cytonuclear Disequilibria 

The next disequilibria to be calculated were the cytonuclear disequilibria, measuring 

associations between a nuclear locus and an organellar gene. This is a little more complicated, 

as associations between nuclear genotypes and cytotypes must be taken into account. Such an 

association can exist, in principle, even if there is no overall association between allele and 

cytotype. There are three genotypic disequilibria and one allelic disequilibrium for each 

nuclear/cytoplasmic combination. However, two of these are fixed by the other two 

(Asmussen et al. 1987), SO only two need be calculated. In this case, the allelic disequilibrium 
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and the genotypic disequilibrium between the "+ve" homozygote and the cytotype  have been 

calculated. Thus, 

DCA=PCA-PCPA 

where DCA  is the allelic disequilibrium between (in this case) the chioroplast and 

nuclear locus A. PCA  is calculated as the frequency of homozygotes with the cytotype plus half 

the frequency of heterozygotes with the cytotype. This is analogous to the cytoplasmic 

disequilibrium and linkage disequilibrium for nuclear alleles. 

And 

DCAA=PCAA-PCPA 

where DcAA  is the genotypic disequilibrium between the chioroplast and homozygotes 

at locus A. PcAA  is simply the frequency of homozygotes with the chlorotype. 

The other two disequilibria, DCAa  and Daa can be calculated from the relationships that must 

exist between the disequilibria (Asmussen, Arnold and Avise 1987). 

DcA = D1+(1/2) DCAa = Dcaa - (1/2) DCA a  = (1/2) D0 	(1/2) Dcaa 

These parameters are usually called D, D 1 , D2  and D3- the notation used here, though unwieldy, 

makes it easier to determine what each parameter refers to, and allows simple distinction 

between (for example) chloroplast (D c) and mitochondrion (D M) based disequilibria. 

Again, the values of D have not been tested directly, rather exact tests either on the genotypic 

or the allelic contingency tables has been performed. For each set of disequilibria, there are 5 

tests that can be performed. One is testing for an allelic association. The next is to test for an 

overall genotypic association. The final 3 can be regarded as tests of each of the individual 

genotypic disequilibria, and are performed by converting the 3x2 genotypic contingency table 

into a 2x2 table (Basten and Asmussen 1997). For example, to test DcAA.  the contingency 

table used has as its nuclear genotype categories 'AA' and not AA' (Basten and Asmussen 

1997). This tests for an association between a cytotype and the homozygote AA, which may 

be significant even though there is no significant overall disequilibrium. 

4.4.3 Nuclear Disequilibria 

The final and most complicated range of disequilibria refer to the disequilibria between 

nuclear loci. Without gametic information, the gametic, or linkage, disequilibrium cannot be 

calculated. Thus direct analogues of the cvtonuclear and cvtoplasmic disequilibria cannot be 

given. However, it is possible to define a "composite" genotypic disequilibrium that measures 

the association between genotypes (Weir 1990). In principle digenic, trigenic and quadrigenic 
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disequilibria can be calculated. In this case, only the digenic disequilibrium which, in many 

cases, can simply be interpreted as a measure of association between alleles, is calculated. So, 

=fljn-2PAPu 

where AAB is the composite genotypic disequilibrium between nuclear loci A and B, n 

is the sample size and nAB  = 2rIAABB + nAu + nb  +(1/2) nAaBb  (i.e. twice the count 

of the double homozygote plus the count of each homozygotelheterozygote plus half 

the count of the double heterozygote.). See Appendix C for details. 

Testing the significance of this parameter is somewhat unwieldy and inaccurate (Weir 1990). 

For this reason, the exact test was performed, and for the sake of consistency the same 

approach was used as with the cytonuclear and cytoplasmic disequilibria. 

4.4.4 Normalised Disequilibna 

It is not always clear how to interpret a given disequilibrium. The magnitude of a value 

depends on both the allele frequencies, and the arbitrary naming of alleles. For this reason, 

normalised disequilibria which range between -1 and +1 have been defined for allelic 

disequilibria (Lewontin 1988). These have been extended to cytonuclear disequilibria 

(Asmussen and Basten 1996). It is noted that these normalised values are not independent of 

allele frequency, and their magnitude does not indicate statistical significance. However, if the 

significance of associations can be tested in another way (i.e. Fisher's exact test), they provide 

a useful way of summarising the extent and direction of these associations. 

No constraints could be found in the literature for the composite disequilibrium. However, it is 

relatively easy to fmd maximum and minimum boundaries for this heuristically, based on the 

constraints placed on the genotypic contingency table by the marginal frequencies. This 

method is shown in Appendix C. 
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4.5 Results 
Representative blots of the two organellar genornes are shown in Figure 4-2 and Figure 4-3. 

Variation can be seen in both genomes. 

Figure 4-2: Auto radiograph of Southern blot of Bcl digested genomic DNA from 
individuals in 1912 stand, probed with K140 chioroplast probe 
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Figure 4-3: Autoradiograph of Southern blot of KPN digested DNA from individuals in 
1912 stand, probed using mitochondrial 0RF25 probe 
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Table 4-1 shows the allele frequencies at each locus, nuclear and organellar, with the 

frequency of each allele in the putative parents presented alongside for ease of reference. The 

final column is the significance level of a x2  test for Hardy-Weinberg equilibrium. This table 

shows that as well as having variation at the chloroplast locus, there is also variation at the 

mitochondrial locus. Approximately 25% of the cp and mt haplotypes are European. The 

genotype frequencies at two of the isozyme loci (SKDH and GOT) are not in H-W 

equilibrium, suggesting that this is not the product of a random mating population. 

The multi-locus data is summarised in Table 4-2 where various classes have been grouped 

together on the basis of organellar, SKDH and GOT data. Results for PGM are not presented 

as part of this table, as this method of presentation is not suitable for many loci or alleles and 

PGM does not, in any case, provide additional information. Only those individuals for which 

all loci have been scored are shown (though all individuals scored at the relevant loci are used 

for frequency and disequilibria calculations). For ease of interpretation, the notation used to 

present allele frequencies at SKDH-1 is different from that in Table 4-1. SKDH-la and 

SKDH-lb, being European specific alleles, will be referred to jointly as SKDH-E. Allele 

SKDH-lc, which is Japanese specific, will be represented by SKDH-J. This non-standard 

notation will be used in much of the subsequent discussion. This table presents the important 

features of the data in an accessible form. Notice the presence of European mitochondria in 

several individuals, all of which also have the European chloroplast. The full genotype of each 

of the two regenerants (excluding PGM) is given in Table 4-2 as the two parenthesised 

classes. The "hypothetical parentage" is based on the hypothesised nature of the stand. It is 

not actually part of the data-set, rather an inference based on the data and properly belongs in 

the discussion. However, it is presented alongside the data in Table 4-2 for ease of reference 

when the discussion is reached. 

Table 4-3 shows the various disequilibria described previously. A significant positive 

association was found to exist between the two cytotypes. The European variants of SKDH 

are associated with both European cytotypes, and GOT-la (the allele found in 100% of 

European parents) is also associated with both European cytotypes. The associations exist at 

both a genotypic and allelic level, which is expected for hybrid or mixed stands of a young age 

(Asmussen, Arnold and Avise 1987). PGM shows no significant associations with cytotypes. 

Finally, there is a strong genotypic association between SKDH-E and GOT-la, and a negative 

correlation between SKDH-E and PGM-lb (found at a higher frequency in the Japanese 

parents than the putative European parents). 



The two regenerants are not included in the analysis of disequilibria and allele frequencies, as 

they are of a different generation and were not part of the random sample. 

In terms of the morphological classification, 11 trees were regarded as European, 18 as 

Japanese and 21 (including the two regenerants) as possible hybrids (though all rather more 

similar to Japanese trees than expected from the literature, with the exception of the two 

regenerants). The morphologically European trees were found to be pure Europeans by 

molecular methods (assuming that the hypothesised origin of this stand is correct, see 

discussion). Similarly, none of the morphologically Japanese trees displayed European 

molecular characters. However, it was also found that all the hypothetical hybrids with the 

exception of the regenerants appeared to be pure Japanese trees. 

The most important feature to notice is that, on the basis of the organellar data, there is no 

evidence of any hybrid formation apart from the two regenerants. This is shown, in terms of 

disequilibria, by the value of 1 for the normalised cytoplasmic disequilibria, indicating 

maximal association between the cytotypes. That the regenerants are hybrid provides evidence 

that this methodology was capable of detecting hybrids in the fields. Similarly, there are 

maximal associations between the most common European nuclear alleles and the European 

cytotypes in SKDH and GOT. 

The next important point to notice is the presence of the 'Japanese specific' SKDH allele 

(SKDH- 1 c) in trees with both European organelles. Out of the nine individuals with European 

mitochondria, two are homozygote for SKDH-lc and two heterozygote. 

It is also noteworthy that all the individuals with European mitochondria are homozygote for 

GOT- Ia. All the putative parental European trees were homozygote for this allele. 

101 



Table 4-1: Single locus results in the 1912 stand, showing allele frequencies and tests for 
Hardy-Weinberg disequilibrium 

Allele Allele Freq. in Frequency in Putative Parents Hardy-Weinberg 
1912 Stand (Chap. 3)  Test (p value) 

Japanese European 

Chioroplast - 

Japanese 32/43=0.74 1.00 0.00 
European 11/430.26 0.00 1.00  

Mitochondrion - 

Japanese 32/42=0.74 1.00 0.00 
European 11/42=0.26 0.00 1.00  

SKDH-la,b 15/78=0.19 0.00 1.00 0.00 
SKDH-lc 63/78=0.81 1.00 0.00 homozygote 

excess 
GOT-la 43/82=0.52 0.45 1.00 0.00*** 

GOT-lb 39/82=0.48 0.55 0.00 homozygote 
excess 

PGM-la 58/72=r0.81 0.95 0.32 0.30n.s 
PGM-lb 14/72=0.19 0.05 0.68  

0.000*** 

Notes: 
Allele frequencies are shown with their denominators so that the number of individuals scored for 

that locus can be seen. 
The HW test was an exact test performed by Genepop (Raymond 1997). The final cell in the HW 

column is the global test for all 3 loci. 
The column containing frequencies in putative parents is presented to aid interpretation. 

Table 4-2: Multi-locus results in the 1912 stand, showing genotype frequencies and 
hypothesised parentage 

Chloroplast Mitochondrion SKDH- 1 GOT-i Hypothetical 
Parentage  

Frequency 

European European JJ aa European 2 

European European JE aa European 3 
European European EE aa European 6 

European Japanese - - F 1  Hybrid 0 

Japanese European - - F 1  Hybrid 0 

Japanese Japanese JJ aa Japanese 7 

Japanese Japanese JJ ab Japanese 6 

Japanese Japanese JJ bb Japanese 16 

(European) I (Japanese) I JJ I ab I (Regenerant) (1) 

(European) I (European) I JE I aa I (Regenerant) (1) 
Notes: 
1) The SKDH alleles are denoted by 'J' for SKDH-lc(which was the only allele in the Japanese 
parents) and E' for SKDH- 1 a and SKDH- ib, which were the only two in the putative European 
parents. 
2)The parenthesised individuals are the two younger trees chosen for their apparent hybrid nature, 
and are not part of the random sample of the stand. 
3)The column labelled "hypothetical parentage" is for examination during the discussion. 
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Table 4-3: Nuclear, cytoplasmic, and cytonuclear disequilibria in the 1912 stand 

Disc guilibria Type ofAssociation and Significance Absolute D Normalised D 

DCM Cytoplasmic Allelic*** 0.17 1 

DSG Nuclear Genotypic* 0.17 1 

DGP Nuclear Genotypic n.s 0.045 0.24 
Dsp  Nuclear Genotypic*** 0.083 0.75 
D05  Cytonuclear All elic*** 0.094 1 
Dcss  Cytonuclear Genotypic 0.063 1 
Dcss  Cytonuclear Genotypic * 0.063 1 
Dcss  Cytonuclear Genotypic -0.13 -1 

Overall Cytonuclear Genotypic 

DMS Cytonuclear Allelic*** 0.100 1 
DMSS Cytonuclear Genotypic*** 0.060 1 

DMSS Cytonuclear Genotypic * 0.080 1 
Cytonuclear Genotypic -0.14 -1 
Overall Cytonuclear Genotypic 

DCG Cytonuclear Allelic*** 0.12 1 
DcGG  Cytonuclear Genotypic*** 0.14 1 
DccTg  Cytonuclear Genotypic n.s -0.037 -1 

Dcm  Cytonuclear Genotypic*** -0.10 -1 
Overall Cytonuclear Genotypic***  

DMG Cytonuclear Allelic*** 0.13 1 

DMGG Cytonuclear Genotypic* **  0.15 1 
DMOg  Cytonuclear Genotypic n.s -0.040 -1 
DM Cytonuclear Genotypic*** -0.11 -1 

Overall Cytonuclear Genotypic***  

Dcp Cytonuclear Allelic n.s 0.037 0.26 
Dcpp Cytonuclear Genotypic n.s 0 0 
Dcpp  Cytonuclear Genotypic * 0.074 0.45 
Dcpp  Cytonuclear Genotypic n.s -0.074 -0.69 

Overall Cytonuclear Genotypic n.s  
D Cytonuclear Allelic n.s -0.14 -0.77 

Cytonuclear Genotypic n.s 0 0 
Cytonuclear Genotypic * 0.063 0.41 

DMp Cytonuclear Genotypic n.s -0.063 -0.41 
Overall Cytonuclear Genotypic n.s  

Notes: 
Statistical significance is not based on the disequilibria parameters (normalised or absolute), but 

on the contingency tables for genotypic or allelic associations. 
The subscripts are as described in Methods, with M and C representing mitochondria and 

chioroplasts, S representing SKDH, G for GOT and P for PGM. 
"+ve" alleles are arbitrarily chosen to be the 'most European'. Thus, +ve alleles are the European 

cytotypes, SKDH-la and b (treated as one allele, SKDH-E), GOT-la, and PGM-la,c and d. 
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4.6 Discussion(1): The Nature Of The 1912 Stand 
Testing for statistical significance of the various associations was based on the null hypothesis 

of random-mating. This is clearly not the case- significant associations between all classes of 

markers exist. The expected result, and an alternative hypothesis is that all individuals are the 

progeny of Japanese seed parents and either European or Japanese pollen parents, with the 

organelles in particular being species-specific and uniparentally inherited. This hypothesis can 

be rejected without formal statistical tests, as the presence of European mitochondria in the 

stand represents an event with zero probability. Approximately a quarter of individuals have 

the European mitochondria, so this hypothesis must be rejected at any level. 

Two explanations for this are presented, one of which is selected as the most plausible. 

The organelle markers have not been applied or interpreted correctly. Many ad hoc 

explanations could then be put forward. In particular, it could be suggested that both organelle 

markers are chloroplast markers. In this case, the 11 individuals scored as European parents 

would be hybrids. This is not totally implausible, particularly given that some of these 

individuals contained an SKDH- 1 allele previously scored as Japanese specific. However, the 

organellar autoradiographs concurs with the previous study on parents and crosses, which 

showed the different inheritance patterns of these markers. Furthermore, that the two 

regenerants analysed at the same time were detected as hybrids demonstrates the success of 

the methods. Finally, though the presence of 'Japanese specific' SKDH- ic alleles in the 

hypothetical pure European trees requires further explanation, all these individuals are 

homozygous for GOT-la, whereas no GOT-lb alleles (found at 55% in the Japanese parents) 

were present. This concurs with, though does not statistically imply (due to the low numbers 

involved) the hypothesis that these trees are not hybrids. 

This is not a hybrid stand, but a mixture of both parental types. This could have arisen in a 

number of ways, for example mislabelling of the stand or failure of the Japanese parents to 

produce any hybrids that year. Formation of hybrids from Japanese seed parents is likely to be 

particularly variable (due to climactic variations), as the period of overlap between European 

pollen production and Japanese receptivity is low in any case (Ennos and Qian 1994). 

European trees would then be explained as either inclusion (purposeful or accidental) in the 

original planting, or more likely regeneration from previously existing European stands. The 

major difficulty with this explanation is the presence of the SKDH- Ic allele in hypothetical 

European trees. 
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This second suggestion appears most likely. Morphologically, the stand appears to consist of a 

mix of the two parents rather than hybrids, an interpretation that became more certain after 

comparison with other putative hybrid stands. The molecular data is largely consistent with 

this hypothesis, and the detection of the two regenerants increases confidence in these 

methods. The only inconsistency is the presence of SKDH- 1 c (the 'Japanese' allele) in some of 

those trees of hypothetical pure European origin. This is quite plausible, given that these 

European trees are not hypothesised to be of the same origin as the trees on Kennel bank. In 

fact, this allele has been found at moderate frequencies in some stands of European trees 

before (Hacker and Bergmann 1991). It is possible that this allele is distinct from but migrates 

closely with the Japanese allele- some evidence of this was found on careful examination of 

the gels, though it was never possible to score it objectively as distinct. Thus, if this allowance 

is made, the results are completely consistent with the hypothesis that this 1912 stand consists 

of pure parental species (see Table 4-2). 

If it is the case that, apart from the two obvious regenerants, all the 1912 individuals are pure 

parental types, it is possible to subdivide the stand into two subpopulations, Japanese and 

European, and examine them separately. Table 4-4 shows, for the three isoz me loci (the 

organellar loci are fixed), the results of a Hardy Weinberg test in each sub-population, and 

tests for genic and genotypic differentiation from the corresponding parental population (i.e. 

the European trees are tested against the Kennel Bank trees, and the Japanese against those on 

the Avenue). In this table, the trees have been classified as European or Japanese if they have 

been scored for either organelle. Finally, Table 4-5 shows the multi-locus nuclear disequilibria 

for each of these two populations. Note that only two disequilibria- a different one for each 

sub-population- have been calculated. All others are undefined, as variation does not exist in 

that population for one of the loci. 
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Table 4-4: The 1912 stand split into sub-populations based on cytotype, p-values for 
exact tests on H-W equilibrium and genic and genotypic differentiation from their 

putative parents 

European (by cytotype) Japanese (by cytotype) 

Locus H-W Test Genic 
duff. 

Genotypic 
duff. 

H-W Test Genic 
 duff. 

Genotypic 
duff. 

GOT-1 n/a n/a n/a .004*** 

(Homozygote 
excess)  

0.58 n.s 0.19 n.s 

SKDH-1 .23 n.s . 012*** 0.23 n.s n/a n/a n/a 

PGM-1 .22 n.s 1.0 n.s 0.82 n.s 1 n.s .68 n.s 0.88 n.s 
Notes: Hardy-Weinberg tests performed by the probability-test option of Genepop (Raymond 1997), 

and exact tests for genic differentiation performed by the population differentiation option. 

Table 4-5: Composite genotypic disequilibria for the two sub-populations of the 1912 
stand defined by cytotype 

Disequilibria Sub-Population Absolute A Normalised zl Significance 

L sp European 0.095 0.65 n.s 

AGP  Japanese -0.0086 -0.17 n.s 
Notes: These are the only two disequilibria defined for these two sub-populations- tfley nave no 
cytoplasmic variation (by definition). SKDH is fixed in the Japanese sub-population, and GOT is 
fixed in the European sub-population, so disequilibria involving these cannot be calculated either. 
Again, significance is based not on D, but an exact test on the genotypic contingency table. 

Two interesting results arise from this analysis. First, the European sub-population within the 

1912 stand is seen to be significantly different from the Kennel bank population in terms of 

SKDH-1 (Table 4-4). This supports the hypothesis that the European trees in the 1912 stand 

might arise from regeneration from another stand. Secondly, the Japanese trees are not at H-W 

equilibrium with respect to their GOT-I locus- there is a significant homozygote excess (Table 

4-4). This suggests a high degree of inbreeding or assortative mating in the production of this 

generation. It is formally possible that whatever factor prevented hybrid formation in this year 

also caused selfing, though no such factor is suggested. 

Finally, it can be seen from Table 4-4 that the only associations that are not significant are 

those involving PGM-1. This suggested a further test: the comparison of the two 

subpopulations with each other on a per locus basis. The aim of this was to ascertain that 

each locus would be informative in other stands. SKDH-1 and GOT-1 are indeed highly 

significantly different between the two subpopulations (this is a trivial and obvious result). 

However. PGM-i is not significantly different. This suggested that the time and cost involved 
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in utilising an extra isozyme system would not be justified by the limited extra information, 

and its use was discontinued. 

4.7 Discussion(2): The Use Of Molecular Markers And Cyfonuclear 
Disequilibria 

The methods used were adequate in this case to elucidate the nature of the stand. Some 

caveats must be added to this. Firstly, the organellar blots, particularly those using 

mitochondrial probes, were time consuming, expensive, and rather variable in intensity and 

background. PCR based methods, where possible, are recommended for similar work in 

future. Secondly, the isozyme analysis, while simple and successful in this case, present much 

additional work in that if DNA work is also to be carried out, separate collections must be 

carried out, necessitating marking and mapping of the trees. Further, it was somewhat 

disappointing that even the SKDH- 1 system could not be relied upon to provide a species 

specific marker. With no indication as to which other European trees may be involved in the 

production of later generations of hybrids, and a clear indication that the European trees are 

heterogeneous in this respect, it is not possible to determine the frequency of this SKDH- 1 c 

allele in the European parents of any given hybrid stand. Insofar as the main aim of this work 

was to determine the nature of the stand, the organellar results alone provided the most 

information, the nuclear and cytonuclear data providing just corroborative details. As far as 

testing the suitability of these markers for further work, the results suggest the need for more 

nuclear markers (e.g. RAPDs). This was not a serious problem in this early (in fact, parental) 

'hybrid' stand, but the lack of species-specific nuclear markers could limit the power of tests 

in later generations. 

As mentioned, the use of disequilibria as applied to this data is limited. As pointed out by 

Asmussen, Arnold and Avise (1987), any particular set of values could be interpreted in many 

ways. For example, one cannot infer directly from the normalised cytoplasmic disequilibrium 

of 1 that no hybrids have been formed. A value of 1 would also occur in a mixed stand with 

unidirectional mating (for example, the inclusion of the two regenerants, both with the same 

cytoplasm, does not affect this value). Thus the disequilibria parameters, as treated here, have 

not been instructive in forming the hypothesis- it was simply easier to infer the nature of this 

stand from the genotypic distribution. Neither have they been used to test the hypotheses. 

However, it is worth asking if the disequilibria alone could allow one to draw the same 

conclusions. They can serve as a useful shorthand for presenting the associations that exist in 

this population (i.e. as descriptive statistics). Explicitly, the interpretation of DCM is obvious- 
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there is as large an association between these cytoplasmic markers as there could be given 

their frequencies. Likewise, the cytonuclear disequilibria are instructive. European haplotypes 

are maximally associated with the 'European' nuclear alleles of GOT-1 and SKDH- 1. In 

terms of the genotypic cytonuclear disequilibria, the disequilibria involving the heterozygotes 

(e.g. Dcs) were negative for GOT-1 and positive for SKDH-1. This represents the fact that 

heterozygotes of SKDH- 1 are found only in trees with European cytoplasm, whereas 

heterozygotes of GOT-i are found only in trees of Japanese cytoplasm. A simple explanation 

for these results is assortative, directional mating in a young stand (Asmussen, Arnold and 

Avise 1987). This stand represents an extreme example of just such a situation. Finally, the 

composite nuclear disequilibria are positive and significant in two of the three pairs, indicating 

association in this stand between alleles of the same species. 

Notable by its absence is any treatment of the statistical properties of the parameters , which 

could be considered a shortcoming. A'correct' way to approach the problem would be to test, 

individually, each of the disequilibria parameters against increasingly complex hypotheses 

(Asmussen and Basten 1994). A justification and discussion of why this has been avoided is 

given in Chapters 5 and 7. Here, it will suffice to say that, unless the population under 

consideration can be considered to be relatively old and stable, cytonuclear disequilibria 

appear to be limited as inferential statistics. Furthermore, even the most rigorous treatments 

place boundaries on the allele frequencies and sample sizes which can be justifiably tested 

using the parametric approach. For example, computer simulations suggest that even with a 

sample size of 100, allele frequencies of between 0.3 and 0.8 would be needed before 

parametric testing would be justifiable (Asmussen and Basten 1994), which is clearly not the 

case in this larch data set. Given there are currently no statistical treatments of these 

parameters which hold for this data, it makes sense to use them descriptively but rely on more 

accurate (though less informative) tests for associations between alleles/genotypes. 

4.8 Conclusion 
The stand of larch designated as a 1912 plantation of F 1  larch consists of a mixture of the two 

parents (approximately 3:1 in favour of Japanese), with evidence of hybridisation only found 

in the regenerants. It is suggested that this situation arose from seed being planted from the 

Japanese parents on the Avenue in a year where little or no hybrid formation occurred, and 

that the European trees are regenerants from a previous plantation of different stock than the 

Kennel bank trees. This unexpected result highlights the uncertainty implicit in analysing 

plantations when the records are incomplete and often anecdotal. This is not a criticism of 
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silvicultural practices, as the forester's aim is not to produce stands of trees that are open to 

easy scientific analysis. However, it does mean that the designation of hybrid status on the 

estate at this time (unsurprisingly as the hybrid had only just been discovered) is extremely 

loose, including 'mixed' parental stands. The Japanese trees did not appear to be random-

mating, and limitations of the marker systems and use of ctonuclear parameters are 

suggested. 

4.9 Further Work 
The results reported were unexpected and thus interesting from an estate forestry viewpoint. 

However, they necessitated a re-evaluation of the further work required. Firstly, it was not 

necessary to analyse further, using either molecular or morphological methods, this stand- the 

conclusions drawn above are seen as robust. Secondly, the 'F 2 ' planted from this, on which 

initial collection work had already begun, was no longer of special interest. Though this could 

(and appears to) contain hybrids, its origin is no more certain than any other stand. This meant 

that the initial aim of examining the hybrids through three distinct generations was untenable. 

Thus, new criteria were drawn up for the selection of the next study site. These were that a 

large proportion of hybrids (on morphological grounds) should be present and that significant 

regeneration should have occurred. One site was found where young trees appeared on an 

area between a plantation of apparent Japanese trees and a small stand of apparent European 

trees. Work began on this- isozymes confirmed the hybrid nature of some of these- until it was 

discovered that this was regeneration from a plantation of 'mixed larch' of completely 

unknown origin. Two more sites were found, planted in the 1930's, which met the criteria and 

are the subjects of investigations reported in chapters 5 and 6. 
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5. Composition Of Two Stands Of Hybrid Larch Of 

Unknown Origin 
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5.1 Introduction 
Stands of hybrid larch have been extensively planted on the Atholl estate since the turn of the 

century. However, the exact nature of these plantations is unknown. As part of a project to 

follow the genetic effects of hybridisation in the early generations, it was discovered that a 

putative stand of F 1  larch, the supposed progenitor of two subsequent generations, was 

actually a 'mixed parental' stand. As a result, two later plantations, of unknown origin, were 

analysed. Both of these (adjacent) stands are fenced off to encourage regeneration, allowing 

the analysis of a generation of known parentage. 

5.2 Aims 
In order to unravel the planting history of hybrid larch on the estate, molecular markers were 

used to determine the nature of two 60yr old stands. The markers had already been 

successfully applied to investigate stands elsewhere on the estate. The determination of the 

molecular makeup of these individuals was to lead to a hypothesis regarding the parentage of 

these stands. 

5.3 Materials And Methods 
The two stands (Figure 5-1), located about 3 kilometres from the castle, were planted in 1933 

and 1936. Approximately 50 trees from each stand were sampled, both in the winter (for 

isozyme analysis) and summer (for DNA analysis) (Figure 5-2). 

Detailed protocols for the following methods are given in appendix A. 

DNA was extracted using the Phytopure kit. 0.1g of frozen tissue was used (p.177). This kit 

uses an SDS lysis stage followed by incubation with coated silica beads designed to adsorb 

carbohydrates. This is followed with a dichioromethane extraction, followed by ethanol 

precipitation. The yield of DNA was found to be lower than a CTAB method. However, it 

appeared cleaner based on the greater consistency of PCR reactions. 

The K140 and 0RF25 radioactive probes were used on blots of Bel and Kpn digested genomic 

DNA to detect the chloroplast and mitochondrial haplotypes of each individual (p.! 87). 

lsozme analysis by starch gel electrophoresis was carried out for the enzyme systems SKDH 

and GOT (p.181). RAPD analysis was performed using lOmer primers (p.183), the products 

of which were run on a poly-acrylamide midi-gel and visualised with ethidium bromide. Only 

those primers which resulted in consistent, scorable, and informative markers (see chapter 3) 

are presented. 



The isozvme and cytoplasmic data were analysed as described in chapter 4. with disequilibria 

parameters calculated and presented. but associations tested for by the exact test. There exist 

added complications due to the inclusion of dominant markers, Associations between loci were 

tested for in the same way as before. but the use of cvtonucicar disequilibria with RAPDs is 

more complex. First of all, unless assumptions about mating are made. it is possible to 

measure just one of the four disequilibria parameters, the genotv pie disequilibria between the 

haplotvpe and the recessive homozvgote (i.e. band absent) (Dean and Arnold 1996). The 

allelic disequilibrium cannot be calculated. as the allele frequencies are not knoi. Genotypic 

disequilibria between two RAPD loci or one RAPD and one co-dominant locus have similar 

limitations. With respect to RAPDs. the method here has been to test for associations between 

all pairs of loci. However, the only disequilibria parameters involving RAPDs calculated were 

the genotypic cvtonuclear disequilibria (Dean and Arnold 1996). 

Figure 5-1: Location of the two stands of hybrid larch (from O.S 1:50 000 map, number 
43) 

\ 	
II 

.•/ S..-. 

I, -. ' 	• 

Notes: Blair Atholl castle is about 2 kilometres to the east of the map. The two sites. designated 30 

and 29. were planted in 1936 and 1933 respectively. The thick black line surrounding the 
compartments marks the fence put up to encourage regeneration. 
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Figure 5-2: Sampling the 1933 hybrid population 
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5.4 Results 
Sample autoradiographs are shown in Figure 5-3 and Figure 5-4. The ORF25/Kpn blot did 

not reveal any variation in the mitochondrial genome- all individuals scored possessed 

Japanese mitotvpe. The K 140113c! blot demonstrated that both European and Japanese 

chloroplasts are present in each of the two stands. Examples of the RAPD gels are shown in 

Figure 5-5 through to Figure 5-8. It can be seen the the RAPD reactions on material from 

these stands was successful enough to allow calculation of the band frequencies for the 

markers identified in Chapter 3. 

Single-locus results for each population are summarised in Table 5-1. showing allele 

frequencies for the isozvme loci and haplotvpe frequencies for the cvtoplasmic loci. The two 

alleles of SKDH-1 found in the Kennel bank trees (i.e. alleles a and b) have been bulked 

together and termed SKDH-E. SKDH-lc has been termed SKDH-J. Thus. each locus can be 

treated as having only two alleles, The H-W disequilibrium and the significance of an exact 

test for I-l-W disequilibrium are shown for the isozvme loci. The frequency of RAPD bands is 

also shown in this table but it should be noted that the dominance of these markers means this 

is not an allele frequency. The final column is the significance level of an exact test for genie 

differentiation (and genotvpic differentiation for the isozvme loci) between the two 

populations. performed by Genepop. Note that though the RAPID band frequencies do not 

represent allele frequencies, it is still valid to test the hypothesis that the band frequencies are 

independent of population. This is the test that the exact test for genie differentiation performs. 
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Rejection of this hypothesis leads to the conclusion that the two populations are significantly 

different at a RAPD locus, with regards to the underlying allele frequency or underlying 

genotypic distribution. This approach is less powerful than tests based on calculating allele 

frequencies from band frequencies, but allows testing to proceed making no assumptions 

about H-W equilibrium as is required with other approaches (Lynch and Milligan 1994). 

The two populations were found to be significantly different, in terms of gene frequency, at 

only one locus (OPAL 16b). The 1933 population was at H-W equilibrium for both isozyme 

loci examined, whereas the 1936 population showed a significant heterozygote excess at both 

loci. The two populations were shown to be significantly different in terms of SKDH 

genotype. Both populations contained European chloroplasts at a frequency of approx. 0.8. 

Finally, a point to note was that no individual contained RAPD marker OPAL16a (Figure 5-

7). This marker had been found in all European trees previously examined, and in all the 

offspring from a controlled cross with the European tree as seed parent (chapter 3). Its 

absence in this stand requires explanation. 

Table 5-2 shows, for each population, the composite nuclear disequilibrium, and the 8 

cytonuclear disequilibria associated with the two isozyme loci. As before, associations were 

tested for with an exact test. A significant association was present between the isozyme loci in 

the 1936 stand. There were significant allelic associations in both stands between SKDH and 

the chloroplast loci, and a significant association was found at the genotypic level in the 1936 

stand. This could be broken down into a significant positive association between heterozygotes 

and the European chloroplast, a significant negative association between homozygotes for the 

Japanese allele and the European chioroplast, but no significant association between European 

homozygotes and the European chioroplast. No significant cytonuclear associations involving 

GOT were found. 

Table 5-3 presents the results of testing  for associations between RAPD loci and chlorotype, 

and the associated genotypic disequilibria (D). Only one significant association is found-

between OPK16b and the chioroplast, in the 1933 stand. The negative value indicates an 

association between the band and the European chioroplast. 

Finally, exact tests were performed for associations between all pairs of RAPD loci. Only one 

pair of loci in one population showed a significant association (OPAL 16 and OPK 1 6b in the 

1933 stand), being significant at the 4% level. 
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Figure 5-3: Auto radiograph of Southern blot of Kpn digested genomic DNA from 
individuals from 1933 and 1936 stands, probed with 0RF25 mitochondrial probe 
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Notes: Lane 1 is a European parent. Lane 2 is a Japanese parent Lanes -14 are from the hybrid 
populations. and all have the Japanese mitotvpe. 

Figure 5-4: Autoradiograph of Southern blot Of Bcl digested genomic DNA from 
individuals from 1933 and 1936 stands, probed with K140 chioroplast probe 
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Notes: Lane 1 is a European control. Lanes 2-13 are individuals from the hbrid population. Lane 14 
is a Japanese control. Lanes 7.8. 10 and 13 can be seen to have the Japanese chlorotvpc. and the rest 
ha e the European chlorotvpe. 

115 



Figure 5-5: RAPD analysis of hybrid populations with 0PK16 

0 PK I 6a:85() 
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Notes: All samples are froni I  1I\brid populations. All 3 loci are variable. 

Figure 5-6: RAPD analysis of hybrid populations with OPAL 14 
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Notes: All lanes apart from the first are samples from the hybrid populations. There is variation at 
OPAL 14b. but only 2 individuals lack the OPAL 14a marker. 
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Figure 5-7: RAPD analysis of hybrid populations with OPALI6 
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Notes: Lane 1 is a marker. lanes 2-17 are from the hybrid populations. Lanes 18-24 (already shown 
in Chapter 3) ShOw a controlled cross. and emphasis the intensity of the OPAL 16a marker. not 
present in any of the samples from the hbrid populations. All these samples have the OPAL 16b 
marker. 

Figure 5-8: R PD analysis of hybrid pOpLIl8(iUfl w ith ORA 7  
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Notes: The fist and last lanes are markers. the others individuals from the hybrid populations. Some 

variation can be seen for the 580 bp markers. 
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Table 5-1: Single locus results in 1933 and 1936 stands, showing allele frequencies and 
testing for differentiation between the two stands 

Locus Allele! Band Frequency 
In 1933 Stand 

Allele Frequency In 1936 
Stand 

p-value for Pop. 
Differentiation 

SKDH-la,b 
H. WD 

36194 = 0.38 
0.002n.s 

36176 = 0.47 
0.112*** 

Genic: 0. 2 7 n. s 
Genotypic:0.00*** 

GOT-la 
H. WD 

54192 = 0.59 
0.004 n.s 

43174 = 0.58 
0.09* 

Genic:l.0 n.s 
Genotypic: 0.]5 n.s 

Chior. E 34143 = 0.79 28136 = 0. 78 0.85 n.s 

OPAL 14a 41145 = 0.9] 3 6141 = 0.88 0.61 n. s 

OPAL 14b 28144 = 0.64 31141 = 0.76 0.09 n.s 

OPAL 16a 0144 = 0 0141 = 0 - 

OPAL 1 6b __ 25137 = 0.68 34136 = 0.94 0.00 ** * 

OPK 16a 35141 = 0.85 37/41 = 0.90 0.47 n. s 

OPK 16b 30141 = 0.73 26141 = 0.63 0.24 n.s 

OPK16c 40/42=0.95 41141 =1.00 0.12n.s 

OPAL 7 28142 = 0.66 24131 = 0.77 0.18n.s 
Notes: Frequencies are shown with the denominators so that the sample size for each locus can be 
read off the table. Differences between populations and HW disequilibrium are tested for with the 
exact tests of Genepop. 

Table 5-2: Tests of isozyme/chlorotype or isozyme/isozyme associations and related 
disequilibria parameters (0) 

D Association 1933 Stand 1936 Stand 
Tested  

Abs. D. Norm D Sig. Abs. D. Norm. D. Sig. 

L\SG Nuclear, 0.04 0.22 n.s 0.03 0.32 ** 

composite  
Dcs  Cytonuclear, 0.05 0.59 ** 0.07 0.57 ** 

allelic 
Dcss  Genotypic 0.04 1.00 n.s -0.02 -0.31 n.s 

Dcss  Genotypic 0.03 0.28 n.s 0.17 0.83 

Dcss  Genotypic -0.07 -0.47 n.s -0.15 -1.00 

Overall Gen  n.s  

DCG Cytonuclear, 0.03 0.02 n.s 0.01 0.05 n.s 

allelic 
DccG  Genotypic 0.05 0.68 n.s 0.00 0 n.s 

Dcç  Genotypic -0.05 -0.39 n.s 0.02 0.08 n.s 

Dcgg  Genotypic -0.01 -0.03 n.s -0.02 -0.30 n.s 

Overall Gen I n.s  n.s 
Notes: Associations (allelic or genotypic) were tested for with genepop. Disequilibria parameters 
(absolute and normalised) were calculated as in chapter 4. The positive alleles were arbitrarily 
chosen as the 'European' allele as in chapter 4 (i.e. SKDH-la,b, GOT-la and the European 
Chloroplast). Thus, Dc5, is the genotypic disequilibrium between the European chloroplast and the 
heterozvgote SKDH (see Chapter 4) 
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Table 5-3: Cytonuclear disequilibria and exact tests for association between RAPD Loci 
and chiorotype 

for 
1933 Stand  1936 Stand  
Abs. D. Norm D Sig. Abs. D. Norm. D. Sig. 

OPAL14a 0.02 1.00 n.s -0.03 -0.27 n.s 

OPAL14b -0.05 -0.32 n.s -0.01 -0.09 n.s 

OPAL 16a n/a n/a n/a n/a n/a n/a 

OPAL16b 0.04 0.57 n.s 0.01 1.00 n.s 

OPK16a -0.05 -0.48 ** -0.04 -0.39 n.s 

OPK16b 0.02 0.23 n.s 0.04 0.54 n.s 

OPK16c 0.01 1.00 n.s n/a n/a n/a 

OPA7 0.03 0.52 n.s 0.04 0.33 n.s 
Notes: For each RAPD locus and each stand, the one cytonuclear disequilibrium has been calculated, 
as has a normalised value. A positive value represents an association between the band and the 
Japanese chioroplast. The significance of any association is tested in the third column of each 
population. 

5.5 Discussion 
All individuals sampled appeared to descend from Japanese seed parents, on the basis that 

only Japanese mitochondria were found. The majority (80%) of the chioroplast pool in both 

populations came from European trees. Thus, there is a clear hybrid nature to these stands, 

which appear to be different in composition from one another. Discussion of these details will 

lead to a hypothesis regarding the nature of the stands. It will be noted that the approach used 

in many cases is non-standard. This is because the conventional genetic parameters and 

statistics are framed in terms that are unsuited to the situation in these stands. For example, 

statistics such as Fst are avoided, not because they cannot be used to describe differences 

between any two populations, but because there is no further application of an Fst in this 

study. In the terminology of Weir (Weir 1990), the samples here- the stands and the parental 

species- constitute 'fixed populations' rather than 'random populations'. 

5.5.1 Differentiation Between The Two Stands 

The aim of this study was to generate a plausible hypothesis regarding the nature of these two 

stands. The first step towards this was to test the hypothesis that the two stands could be 

regarded as being samples of the same population. If so, this would increase the statistical 

significance of any tests regarding the composition of this population. A common approach to 

similar questions would be the use of Fst statistics (Wright 1951). There are two reasons I 

have avoided this. Firstly, the use of Fst statistics for organellar loci and especially RAPDs 

(Lynch and Milligan 1994) requires modification to the usual approach. Secondly, the 

assumptions behind the use of Fst are based on the populations sharing a common anccstr 
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(Weir 1990) and that processes such as random drift and migration have led to the 

distributions seen. While authors often use Fst as a general test for population differentiation, 

and there is no mathematical reason why this cannot be done, it seems better to restrict this 

approach to cases where estimates of migration or time of isolation are required. 

A more general approach is simply to test the hypothesis that the distribution of markers is 

independent of population. The hypothesis is, on this data set, most naturally broken down 

into four hypotheses. First, that the distribution of RAPD markers is independent of 

population. Second, that the genic distribution of isozyme loci is independent of population. 

Third, that the genotypic distribution of isozyme loci is independent. Finally,  that the genic 

distribution of chioroplast markers is independent of population. 

For the RAPD loci, we see there are 7 loci and therefore 7 tests of the hypothesis of 

independence. While not strictly independent tests, they can be regarded as approximately so 

(Weir 1990). For the overall test to be significant at 5%, we require that each locus is tested at 

1-(1-0.05)-(1/7). This 'Bonferroni procedure' gives a value of 0.7%. If independence of any 

RAPID locus can be rejected at this level, independence of RAPD loci can be rejected at 5%. 

Thus, OPAL 16b, the independence of which was rejected at below the 0.5% level (Table 5-

I), leads to rejection of the global hypothesis. 

An alternative, and one might expect more powerful, approach to testing whether two 

populations are different on the basis of their RAPD markers is the use of AMOVA (Excoffier 

et al. 1992). AMOVA (ANalysis of MOlecular VAriance) tests for differences between 

populations based on their multi-locus genotypes/phenotypes. A distance matrix is constructed 

from the RAPD scores. In this case, a squared Euclidean distance was used, such that the 

distance between two individuals is the number of differences over the number of bands scored 

for both individuals (so that missing data is acceptable). A computer program for running 

AMOVA then tests whether there are significant differences between populations using a re-

sampling approach, and calculates a PhiST genetic distance, analogous to Fst for single-locus 

data. In this case, the two parental populations and the two hybrid stands were tested. The 

results are shown in Table 5-4. Numbers above the diagonal are the significance values for the 

test of the hypothesis that the two populations have a genetic distance of zero, numbers below 

are the genetic distances themselves. Unsurprisingly, the two parental stands were 

significantly different from each other - the markers were chosen to be different in each parent, 

so this is a trivial result. The genetic distance between these two is an irrelevance, as the 

markers were not randomly selected. Again trivially, the hybrid stands were highly 
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significantly different from the parents. As far as this section is concerned, the important 

result is that the two stands come out to be significantly different at their RAPD loci at below 

the 2% level. Thus, both approaches- testing each RAPD locus individually and AMOVA 

suggest these two stands do not derive from the same stock. 

Table 5-4: Results of AMOVA on the RAPD data- genetic distances and significance 

Japanese Trees European Parents 1933 Stand 1936 Stand 

Japanese Parents - 0.0000 0.0000 0.0000 

European Parents 0.87 - 0.0000 0.0000 

1933 Stand 0.37 0.57 - 0.0180 

1936 Stand 0.47 0.64 0.03 1 	- 
Notes: Figures below the diagonal are the values of PhiS'l (similar to Fst) between Me two 
populations. Above the diagonal is the significance level for a test that this is significantly greater 
than 0. 

For the isozyme loci, we cannot reject the hypothesis of independence for the genic distribution 

at either loci, so clearly the global test will not reject it either. However, two tests for 

genotypic differentiation have been performed, leading to (by the same argument as above) the 

tests being performed at the 2.5% level for overall rejection of the hypothesis that genotypic 

distribution of isozyme loci is independent of population. Table 5-1 shows that SKDH leads to 

rejection of this hypothesis at 2.5%, such that the global test rejects the hypothesis at 5%. 

Finally, Table 5-1 shows that the hypothesis that the populations represent samples of the 

same population with regard to chioroplast frequency can clearly not be rejected. 

Thus, the two populations must be treated separately and regarded as having significantly 

different parentages. It is pointed out that the most important difference is not in terms of 

allele frequency, but genotypic distribution at one of the isozyme loci, and the multi-locus 

RAPID profile. 

5.5.2 A Maternally Inherited RAPD Marker 

It was seen in chapter 3 that the RAPD markers did not all behave in a Mendelian fashion. 

The offspring of a controlled cross did not all contain a band present in one parent as 

expected. This is not uncommon. While many authors find 'well-behaved' markers (i.e. those 

that are inherited in a dominant Mendelian fashion) with seeming ease, there are also many 

studies showing that inheritance patterns can be unpredictable (I-Iallden et al. 1996). There are 

two main explanations for this. One is competition and interaction with other loci. This has 

been experimentally demonstrated (Hallden et al. 1996), and amounts to saying that 

presence/absence of a band may be affected by unscored variable loci. Another often cited 

problem with RAPDs is experimental irreproducibility, such that a band may spuriously 
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amplify or, more likely, fail to amplify. This is clearly a problem in this data set, and it is 

suggested that RAPDs may be more problematic m some species than others depending on the 

quantity and nature of contaminants in DNA extractions. While every effort was made to 

minimise this problem -bands were not, for example, scored as absent unless the rest of the 

RAPD profile was of a similar intensity and pattern to other individuals- extreme caution is 

advisable when dealing with the RAPD data. In essence, the scored band frequency is only an 

estimate of the sample band frequency, in contrast to the allele frequency as scored by 

iszoymes which can be regarded as identical to the sample's allele frequency, except for the 

presence of null alleles. This is another reason why no attempt to calculate significance using 

a parametric approach has been made- the sampling properties of RAPD frequencies do not 

include the additional source of error introduced by this uncertainty. 

Given this, and that the nature of the stand is completely unknown, it is futile to attempt 

reconstruction of the inheritance of a given RAPD marker from the data. However, one 

interesting result did arise based on the RAPD results alone. Table 5-1 shows that marker 

OPAL 16a was absent from all individuals. This was not failure of the primer to amplify in 

these individuals- the rest of the profile was consistent (Figure 5-7) and reproducible. This 

marker was found in all European trees on Kennel bank, and the European parent of the 

controlled cross, and all its offspring, leading to the reasonable hypothesis that this was a 

dominant,  European specific marker (chapter 3). 

As 80% of the chloroplast pool was European, and other European markers (such as SKDH-

1,2) were found at high frequency, the absence of OPAL 16a cannot be explained by sampling 

effects. The most plausible explanation is that it is a European specific maternal marker, such 

as a mitochondrial primer. This explains the observation that it is seen in all crosses with a 

European seed parent, such as the controlled cross, but not in any where maternal ancestry is 

expected to be entirely Japanese. No European mitochondria were found in either stand, 

lending weight to this hypothesis. 

Studies of RAPDs generally assume nuclear inheritance, though the possibility that some 

markers may be organellar is often mentioned. In studies where organellar inheritance has 

been looked for, it is found in varying frequencies- a study in Douglas fir, for example, found 

that 16% of RAPDs were mitochondrial in origin (Aagaard etal. 1998). Assuming that this is 

the case, another interesting observation can be made. As can be seen in lanes 18-24 of Figure 

5-7, the intensity of this marker in European trees and offspring is far higher than any other 

band. In fact, this caused concern when originally scored as such bands often appear to be 
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contamination. However, there are good reasons for expecting organellar RAPD markers to be 

more intense than nuclear markers. There are many copies of each mitochondrial genome for 

each copy of the nuclear genome. The most basic models of PCR amplification do not expect 

product intensities to be highly dependent on initial template concentration. Certainly, most 

anecdotal evidence suggests that the concentration of template DNA is more important with 

regards to concentration of inhibitors than the DNA itself. Figure 5-9 shos the results of 

various samples being diluted a hundredfold and amplified (with a different primer). Where 

amplification is successful, the profile does not appear markedly dependent on concentration. 

How e\ Cr. if competition plays an important role in the generation of RAPD profiles, relative 

concentrations of DNA template may be important. Specifically, in this case. the greater 

concentration of organellar template will give the organellar product a 'head-start' over 

nuclear priming sites for the same primer, and result in a more intense band. A studs of 

RAPD variation in sugar-beet (Lorenz ci al. 1994) demonstrated that. in this case at least. the 

average intensity of mitochondrial bands was greater than average band intensity. It could 

even be argued that this provides evidence for the important role of competition in RAPD 

amplifications. 

In conclusion, it is suggested that this marker represents a segment of the European 

mitochondrion. and its absence in these stands is consistent with the hypothesis that there is no 

European maternal ancestry in either population. 

Figure 5-9: The limited effect of D\ concentration on RAPD amplification 

Notes: Each sample was amplified 3 times, and run in adjacent lanes. The first sample in each repeat 
used neat DNA template. the second was diluted 1:10 and the 3rd 1:11)0. Apart from the failure of 
one of the neat samples to amplify, the constaneN across different dilutions of template can be seen. 
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5.5.3 Interpretation Of RAPD Data 

While the many limitations of RAPDs were known before the start of the study, it was hoped 

that a set of species diagnostic markers could be found that would aid analysis of the stands. 

As shown in chapter 3, four such markers were found. One of these turned out to be 

maternally inherited. In a sense, this marker is probably the most important of those used. 

However, its absence in the plantations means that it provides no further information. Of the 

other species diagnostic markers (OPAL 14a, OPK16c and OPA7a), one (the European 

specific OPK 1 6c) demonstrated non-Mendelian inheritance, even when only a small sampled 

of controlled cross offspring were used. Thus, of the 8 markers, we have 2 species diagnostic 

markers (both specific to the Japanese parent) which appear to be dominant Mendelian 

markers (OPAL14a and OPA7a). Emphasis is being put on such markers because in almost 

all studies, it is these markers and these alone which are included in an analysis (Dawson et al. 

1996; Perron and Bousqet 1997). Thus, the usual analytical methods are not necessarily suited 

to this study and other approaches will be taken. 

The problem of how to analyse dominant RAPD data has lead to a variety of methods 

becoming commonplace. It has already been shown how AMOVA can be used to demonstrate 

inter-population differentiation. The next section (5.4.4) shows how they could be used (albeit 

in a very approximate, error prone fashion) to estimate the allelic composition of a population 

in terms of parental populations. Following that, 5.4.5 shows how they can be used in the 

construction of a character or hybrid index. However, one widespread approach, which is 

included both for the sake of completeness and as an indication of how useful RAPDs might 

be for such studies, utilises the technique of Principal Component Analysis (PCA) on the 

binary RAPD data (Manly 1986). This multivariate technique simply reduces the data into a 

lower number of variables that can describe most of the variation present in a sample. 

Presenting the results of this graphically can lead to a clearer understanding of the RAPD 

results. The other advantage of this technique is that no genetic assumptions are made. It can 

be also used to test for differences between groups, by performing an ANOVA on the grouped 

principal components. It is useful because, like AMOVA, it is a multi-locus approach and not 

just based on band frequencies. 

Figure 5-10 shows the results of a PCA performed on the two parental groups (using SPSS 6) 

and the two 1930s stands simultaneously. Marker OPAL 16a (maternally inherited) was not 

included in the analysis, for it would inflate the distance between the two parents but obscure 

the difference between the hybrids and the Japanese parents. The problem- quite large in this 
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data set- of missing values has been tackled by replacing each missing value the aerage value 

for the whole data set. Note that the parental groups appear particularly small because there 

are several identical phenotypes within each parent. Three components were extracted. and 

accounted for 70% of the variation in the sample, Component I shows clearly the differences 

between the parents. with the hybrid stands failing bcteen them. Component 2 also shows 

some differentiation- this time between the to hybrid stands. A t-test performed on the 

second component between the two hybrid stands is significant at the 5% level. The third 

component is not shown- there as no variation between groups for this variable. 

Figure 5-10: PCA on RAPID data for the two parental stands and the two hybrid stands 
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Notes: Tile Parental groups consist of II and 12 samples rcspcctiveh. However, several in each 

group have the same plienot pc and are therefore displayed only once. A clear difference in the first 

component (x-axis) can be seen between groups. A small, but significant, difference is found between 

the two hbrid stands in the second component (v -axis). 

This PCA is a good graphical representation of the RAPID data. Note that despite the non-

Mendelian inheritance of many of the markers. which makes treatment of genetic parameters 

avkard. tile hybrids clearly cluster between the parents. Furthermore. it has picked out the 

difference between the two hybrid stands. Note that owing to the dominance of RAPDs. this 

difference could be allelic or genotypic. This approach could provide a useful way of 

characterising mixed stands and even individuals. 

5.5,4 Using Allele Frequencies To Quantify The Composition Of A Population 

Suppose that e ant to obtain a very rough guide to the composition of a stand in terms of 

the two parent species. In other vords. 	ant to estimate the proportion of genes in the 
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stand that derived from each species. This is clearly a trivial problem for co-dominant, 

species-specific, diagnostic markers. The overall composition could be described as just the 

average frequency of alleles specific to one species. Also, this is an error-free estimate of the 

proportion of alleles from one species in that sample. If, for example, 80% of the alleles 

derive are diagnostic of one species, then exactly 80% of those alleles derived from that 

species. However, the situation is slightly complicated by the introduction of non-species 

specific markers. In fact, in a multi-locus model created to estimate the frequency of various 

classes of individuals in a population, non-species-specific markers were discounted from the 

analysis due to the added complications (Nason and Ellstrand 1993). 

A simple approach to the problem is outlined below for the case of two species (a and b) and 

two alleles for each locus. 

First, estimates of the allele frequencies in each of the two species are made. Call these Pal, 

Pa2,. . Pan for n loci in species a, and Pbi, Pb2,... Pbn for n loci in species b. Assume that the 

study population is composed of a proportion in of genes from species a, and (1-rn) from 

species b. The allele frequency in the study site is denoted by P (where the subscript h stands 

for 'hybrid'). Each locus gives us an estimate of m, given by 

Phn = mP + (1 -mfl)Pbfl  

SO mn (Plm -Pbfl )/( Pan -Pbn) 
	

(1) 

where Inn  represents the value of in estimated from that locus. 

The least squares estimate is given by the weighted average of these, the weight being the 

variance of each estimate, if we assume each estimate is independent. This is the same as 

assuming no linkage disequilibria between the loci, and is the first approximation made. 

m = I C72 nMn / 	 (2) 

The next approximation is that we take the allele frequencies in the parent species or 

populations to be known without error. Thus, 

Var (Mn) = Var (P) I (Pan  - Pb,,)2 

	
(3) 
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The next approximation is that the variances of the allele frequencies in the study population 

are the same at each locus. In this case, the weight of each estimate is simply the denominator 

of (3), or the square of the difference between parental allele frequencies. 

M = \vnmn  / ZWn 

where Wn  = (Pan - Pbn )2 
	 (4) 

By combining this with (1), we get 

M = E (P- Pbn)(Pan - Pbn) I F,  (Pan - Pbn)2 	 (5) 

It is readily verified that this is algebraically equivalent to the least-squares approach utilised 

in the analysis of human hybrid populations (Roberts and Hiorns 1965) in the case of only two 

populations with diallelic systems, incorporating the restriction that the estimated proportion 

from each population must sum to 1 (Elston 1971). These authors have a more general 

approach allowing for more than two parent populations, which has been used in populations 

of Aesculus hybrids (DePamphilis and Wyatt 1990), which reduces to the method outlined 

above for two populations. These authors also demonstrated that it is not justified to use a 

minimum chi-squared approach. The approach outlined above is presented because it is more 

accessible and sufficient for these purposes, and as will be shown below, provides a simple 

way of incorporating RAPD markers. 

It is possible to calculate the standard error of this estimate based on the variation in estimates 

supplied by different loci. However, this standard error depends on the parental allele 

frequency being known without error (DePamphilis and Wyatt 1990). This is not the case 

here. Though it will be shown that this does not bias the estimate of m by much, it will have a 

greater effect on any estimate of variance and with only two loci providing the individual 

values, it would not be appropriate to calculate this error. 

There are only two such loci here, but applying this method to the data from the 1933 and 

1936 stands, using the allele frequencies from the Avenue and Kennel bank as estimates of PAl 

and PA2 gives the results shown in the first row of Table 5-5. 

Before progressing onto how the approach is modified to take RAPDs into account, a 

development of the above approach is suggested. As mentioned, this approach is equivalent, in 

the two population di-allelic case, to the method of Elston (Elston 1971). One of the 

assumptions this approach has made is that variances of allele frequencies are the same at 

each locus. For co-dominant loci, the sampling variance can be given by (1/2n)(p+D-p 2) (Weir 

1990). where D is the Hardy-Weinberg disequilibrium at that locus, and this can be included 

in the weight given in (4) to give the following 
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Wn (Pan - Pbn )2(1/2n)(p + D - p) 	 (6) 

This barely affects the proportion, m, calculated above- the negligible effect can be seen by 

inspecting the second row of Table 5-5. However, it provides a framework for including 

RAPD loci. 

It is possible to construct a similar score based on RAPDs. However, the dominance of these 

markers yet again causes problems. If any analysis is based on allele frequencies there will 

always be an assumption - explicit or implicit- about the distribution of the alleles (i.e. that the 

population is at H-W or a particular disequilibrium). Thus, any approach applied to such 

markers is bound to be somewhat approximate. The proportion m in the study stand can be 

estimated by assuming H-W equilibrium, but it is pointed out that this assumption has already 

been shown to be false for the 1936 stand. RAPD allele frequencies and variances were 

estimated using asymptotically unbiased estimators of the null allele frequency (Lynch and 

Milligan 1994). The third and fourth rows of Table 5-5 show the estimated proportion of each 

stand coming from the Japanese parent based on an assumption of I-lW equilibrium at all 

RAPD loci, with and without the assumption of equal variances at each locus. One somewhat 

arbitrary removal has been made, following suggestions of previous authors (Elston 1971). 

OPK 1 6c does not appear to be behaving as a species marker. Specifically, it is present in all 

offspring in the 1936 stand and a surprisingly large proportion of the 1933 stand. For the 

1936 stand, this leads to an estimate of '0' for m. Thus, it is hypothesised that some other - 

possibly non-genetic and certainly non-Mendelian- effect is actmg on this marker, and it is 

removed from this analysis. Whatever the cause, it has been suggested that estimates of m 

being 0 or less, or 1 or more, should not be included (Elston 1971). 

It is not asserted that these are necessarily least squares or unbiased estimates, given the added 

element of variance in the estimate of sample allele frequencies. However, they are likely to be very 

close. 

The estimates given by the two classes of markers differ, by 4-6% in both cases. Though no 

confidence interval has been constructed- the assumptions used to construct a standard error 

are not justified in this case (DePamphilis and Wyatt 1990)- this is not large enough to cause 

concern. In fact, the differences between individual RAPD loci were far greater than this. 

Thus, it would appear justified to pool the two classes, as shown in the final two rows of 

Table 5-5. 
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Table 5-5: Calculating 'm', the proportion of Japanese contribution to the two hybrid 
stands using the least squares method (Elston 1971) and variants of this method 

Loci used Assumptions made in for 1933 in for 1936 

Isozyme loci Equal variances 0.649 0.584 

Isozyme loci Variances based on genotypic distribution and 0.648 0.581 
sample size  

RAPD loci Variances equal 0.607 0.647 
All at H-W 
Removed OPK 16 c  

RAPD loci All at H-W 0.604 0.642 
Variances based on estimated allele frequencies 
and sample size 
Removed OPK 16 c  

All loci RAPD loci at H-W 0.617 0.631 
Variances all equal  

All loci RAPD loci at H-W 0.628 0.602 
Variances based on estimated allele frequencies 
and sample size  

As can be seen, relaxing the assumption of equal variances does not appear to make much 

difference when only one class of markers is being examined. However, when the two marker 

systems are analysed together, the inclusion of the variances does have quite a large effect by 

skewing the estimate towards that given by the co-dominant systems, which is desirable -the 

underlying allele frequency of a RAPD marker has a much higher variance than a co-dominant 

marker. 

In conclusion, a restricted case of the methods of Elston (Elston 1971) and Hiorns (Roberts 

and Hioms 1965) has been extended to relax the assumption of equal variances at all loci 

which allows the inclusion of RAPD data using allele frequencies and variances as estimated 

by the methods of Lynch and Milligan (Lynch and Milligan 1994). The results suggest that 

despite the demonstrated genotypic differentiation between the two stands, both appear to 

consist of approximately equal proportions (60%) of nuclear alleles derived from the Japanese 

parents. 

5.5.5 A Character Index 
One use of molecular data is the construction of some form of character or hybrid index. This 

is usually done with species-specific markers (DePamphilis and Wyatt 1990; Perron and 

Bousqet). A common approach is to score 1 or -1 for every species-specific allele (or band, in 

the case of RAPDs) depending on which parent it is specific for. Pure parents would have 
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extreme scores, with hybrids scoring intermediate. Markers used can be either species-

specific, such as the GOT-lb allele present only in Japanese parents, or diagnostic, such as 

SKDH-1 which has unique fixed alleles in each parent. Using this approach, SKDI-I, GOT, 

and 5 RAPD markers (OK16b, OK16c, OPA7, OPAL14a and OPAL16b), and the 

chioroplast marker can be used. Missing data, where one cannot afford to eliminate that 

individual, can be treated by replacing the score for the missing locus by the average score 

over the other loci. A pure Japanese tree (with all loci scored) would score between 10 (2 

SKDH-lc alleles, 2 GOT-lb alleles, 5 RAPD bands (either present or absent) and 6 (the 

GOT-lb alleles and two of the RAPDs are not fixed). A pure European would score -6. This 

is clearly a rather arbitrary system and will not have a well-defined distribution. This is partly 

because of the way missing data has been treated, but more so because of the inclusion of 

RAPD markers. Only if there were exactly the same number of fixed dominant markers in one 

species as the other would, one expect, for example F 1  hybrids to score exactly intermediate. 

On the other extreme, if the only fixed dominant markers were in Japanese trees, the 

contribution of the RAPD markers to the overall character index would be the same in F 1 s as 

it was in the Japanese parents. 

Figure 5-11 shows a multiple histogram showing the distribution of the Cl's for each of the 

parent populations and the two hybrid stands. There is no significant difference in this CI 

between the two hybrid stands, demonstrating the greater power of AMOVA and PCA. 

However, as a quick and easy score, it is fairly informative. The two hybrid stands clearly 

contain a large hybrid character. It appears that there may be more Japanese character than 

European character to the stands, both with regards to the overall composition and the several 

individuals with a score at the extreme end of the Japanese range, though this could be 

deceptive owing to the dominance of the RAPDs discussed above. 

A final point is that originally it was intended to construct a character index using all alleles-

not just diagnostic ones. However, a problem with this soon becomes apparent, even when 

using just co-dominant markers. Such a character index can only be constructed if the allele 

frequencies in the population as a whole are known. This is because the probability that a 

given (non-specific) allele came from one parent is conditional upon the frequency of that 

allele in the population. For species-specific or diagnostic markers, this probability is 

independent of the composition of the population. For example, GOT-lb can be used because 

a GOT-lb allele has always come from the Japanese parent. The probability that a GOT-la 

allele came from the Japanese parent, however, depends on the relative contribution of each 
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parent to that population. Such a score- based not onk on an individual tree but the 

Population from hich it conies- could be useful. but is not truly a hybrid index and \\ill  not 

he treated here 

Figure 5-11: Histogram showing distribution of character index scores in the putative 
parents and two hybrid stands 
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5.5.6 Disequiibria 
The greatest difference between the two stands is not allele frequencies, but disequihbria. One 

such result has already been mentioned- the 1936 stand has a large deviation from H-W. The 

same stand also shows a significant association between GOT and SKDH such that the 

'European' alleles are associated (Table 5-2). Both stands show cvtonuclear disequtlibria such 

that the European SKDH allele is associated with the European chloroplast. In the 1936 stand. 

there are also significant disequilibria for two of the three genotypic associations (D,. and 

D 5) as well as an overall genotypic association. As can be seen from the normalised values. 

there are significantly tcr (in fact. the minimum possible gi en the allele frequencies) 

homozvgotes for the Japanese allele with a European chloroplast than chance alone would 

dictate. and slgmficantk more heterozygotes with the European chloroplast. The interpretation 

of the 1933 stand. where there is a significant allelic but non-significant genotypic 

disequilibria is not obvious. This is not likely to be for any genetic or biological reason but 

due to subtle statistical properties of the exact test. 
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The 1933 stand exhibited a significant cytonuclear disequilibrium between one RAPD locus 

and the chloroplast. However, it should be noted that 7 RAPD loci were tested for 

disequilibrium, all at the 5% level. For the hypothesis that there is significant cytonuclear 

disequilibrium (between RAPDs and chloroplast) in the stand, the Bonferroni procedure 

already mentioned necessitates testing each at the 0.7% level for the overall significance to be 

5%. This association was not significant at this level, so it is not valid to conclude that there is 

an overall c tonuclear RAPD disequilibrium in either stand. 

The same is true of the one pair of RAPD loci to show a significant association when tested 

individually. In this case, this apparent association is even more insignificant globally- there 

are more pairs of loci to test and the association was only barely significant at the 5% level in 

the first place. 

In conclusion, there are significant disequilibria involving the isozyme and chloroplast loci, 

which differ in nature between the two stands. However, there is no case for disequilibrium 

involving RAPDs. Such disequilibna may well exist at the allelic level, but the power of 

RAPDs is such that either far greater associations or sample sizes would be needed to detect 

them. 

5.5.7 Nature Of The Two Stands 
Having decided that each stand must be treated separately, the parentage of each stand will be 

analysed in detail. RAPDs are not included in any of the initial hypothesis testing, as this 

would necessitate making assumptions about their parental distributions. This would mean 

that every hypothesis would assume a H-W distribution in the parents, and rejection of the 

hypothesis could always be due to this being incorrect. As there is no importance in whether 

the parents are in H-W or not, it would not be sensible to include RAPDs in the hypothesis 

testing. 

Once hypotheses are made concerning the nature of the two stands, it is then possible to 

examine whether the RAPD data is consistent with this. Because of the demonstrated non-

Mendelian inheritance of at least some of these markers, and the belief that these RAPD data 

are not reliable, this will be regarded as a test of the use of RAPD markers in this study, rather 

than tests of the hypotheses themselves. 

Again, the chosen approach is not to use the disequilibria parameters in the usual statistical 

sense. Disequilibria are not independent of allele frequencies, the allele frequencies of the 

parents of this stand are not known, and the hypothesis to be tested is not simply random 

mating. This contrasts with the data-sets to which the statistical properties of disequilibria 
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have been applied. The examples given in a paper treating these properties (Asmussen, Arnold 

and Avise 1987) both consisted of data sets involving diagnostic markers where the authors 

used significant disequilibria to demonstrate non-random mating. Even then, it was noted for 

one of these examples that a sample size of 800 would have been necessary to detect the 

resulting disequilibrium with a 90% certainty (Asmussen and Basten 1994). Finally, the 

approach to treating these disequilibria is generally to test a hierarchical set of hypotheses, 

culminating in the hypothesis that all disequilibria are non-zero. This would lead to the 

hypothesis that there was non-random mating, directionality to inter-specific matings, and a 

limited number of generations since hybridisation. Further qualification of this hypothesis is 

not suggested by treatments of disequilibria in the literature. As this is an essential part of the 

study, it was decided to use a fundamentally different approach. 

The approach is to adopt a hierarchical sequence of hypotheses, based largely on judgement 

about which hypotheses are regarded as simplest. The simplest hypothesis is not that the 

stands represent random mating between the two parents, as they are not natural populations 

but have been planted. By tradition, however, this will be stated as the null hypothesis (and be 

rejected). The next simplest hypothesis , based on the known history of hybrids on the estate, 

is that they are populations derived from pollination of Japanese trees by European trees, 

consisting of a mix of hybrids and Japanese parents. This will be referred to as HFI. The next 

hypothesis, if this is rejected, is that the stand derives from random mating amongst just such 

a first generation, and will be termed HF2.  It is not considered possible that these two early 

stands could represent later generation plantations, given that the first hybrid populations were 

only planted in the 1900's. These hypotheses will be tested assuming diagnostic SKDH, 

mitochondrial and chloroplast markers, a species specific GOT marker, Mendelian inheritance 

of nuclear loci, and uniparental inheritance of organellar markers. If these hypotheses are 

rejected, the next simplest set is that the stands are either "F 1 " or "F 2" as before, but that some 

individuals represent aberrant data. In this case, the hypothesis that can be tested with as little 

removal of data as possible will be applied, and an explanation of the aberrant data suggested. 

5.5.7.1 The 1933 Stand As A First Generation Hybrid Swarm 

Considering the 1933 stand, the null hypothesis is that the stand is a product of random-

mating between mixed European and Japanese larch. This can be rejected immediately, from 

the absence of European mitochondria and the presence of genotypes not found in F 1  s or 

parents. The lack of European mitochondria is interpreted m terms of all individuals 

descending from Japanese mothers, and there being insignificant European seed migration at 
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the time the stand was planted. The next simplest hypothesis is that these are the immediate 

progeny of Japanese mothers, with mixed Japanese and European parentage. In this case, the 

stand should consist of either F I s with European fathers or pure Japanese trees. The expected 

proportions of the two genealogical classes, based on a proportion 'h' of hybrids are shown in 

the first column of Table 5-6. 

This can also be ruled out, at least if the assumptions are maintained that the organellar 

markers are species-specific and the Japanese trees do derive from those on the avenue. There 

are 7 trees homozygous for the European SKDH- Ia and b alleles, with the European 

chioroplast (but, as all the trees do, containing the Japanese mitochondria). Similarly, there are 

18 trees homozygous for the Japanese SKDH- ic allele that contain the European chloroplast. 

Such individuals could not have arisen from an F 1  mating. In terms of cytonuclear 

disequilibria, Dc,, can only be zero under this hypothesis and any deviation from this is 

significant. No formal testing of the disequilibria parameters is necessary- these 25 individuals 

(out of nearly 50) all represent events with probability 0 under the F 1  hypothesis. 

5.5.7.2 The 1933 Stand As A Second Generation Hybrid Swarm 

The next hypothesis to be considered is that the 1933 stand is planted from the progeny of 

such a stand -referred to from now on as 'the F 1  stand', in shorthand form for 'the putative 

progenitor F 1  stand'. Note that this F 1  stand is entirely hypothetical. Here, we run into one 

major difficulty. There is no strong reason for assuming the F 2  stand to have a homogenous 

parentage- it could easily be a mixed seed-lot from various 'hybrid' plantations around the 

estate. For the sake of simplicity, I will start off by assuming this is not the case. 

The simplest model for this stand would be that the F 1  stand, of mixed hybrids and pure 

Japanese trees, interbred with no pollen or seed flow from other stands. This is not necessarily 

the case- in particular, a significant European pollen contribution might be expected. 

However, it provides a simple working hypothesis. 

If the F 1  stand consists of an expected proportion h of hybrids and 1-h of pure Japanese, we 

can work out the expected 'F 2 ' composition, which will be a mix of pure Japanese, F 2s and 

backcrosses (BC 1 ) to the Japanese parents. The expected genealogical distribution depends not 

only on h, but on N. the size of the F 1  stand. This is due to genetic sampling in the production 

of the F 1  stand. The expected distribution in an "F 2" derived from an infinite "F 1 ", or from an 

F 1  where the hybrid proportion h is not a random variable but fixed is shown in the final 

column of Table 5-6 (see Appendix C for derivations). 
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Table 5-6: Expected genealogical classes in hybrid stands under different hypotheses 

Class 

Hypothetical Nature Of Stand 

"F1 " "F2" (from " F1 " of size N) "F2" (from infinite 

Japanese (1-h) (1IN)(N+h(1-2N)+h 2(N-1)) (1-h)2  

F1  (with European h 
father)  

0 0 

BC, topure 
Japanese father  

0 (1IN)h(N-1)(1-h) h(l-h) 

BC, to pure 
Japanese mother 

0 

I 

(1/N)h(N-1)(1-h) h(1 -h) 

F2  1 0 1 (l/N)h(h(N-I)+I) h2  

Notes: Hypothesis "F 1 " refers to the hypothesis that the population was produced by random mating 
amongst one parent (Japanese), with a proportion h of the pollen contribution coming from another 
parent (European). Hypothesis "F 2" gives the expected genealogical distribution in the random 
mating offspring, with no further European pollen contribution, of the "17 1 " stand of size 'N'. The 
final hypothesis gives expected genealogical classes assuming an infinite F 1  stand. 

The first step is to estimate the relative contributions of each parent to the F 1  stand. The 

nuclear contribution in the F 2  has already been estimated as 63%. The F 2  has been found to 

contain 79% of European chioroplasts. Under the hypothesis of no pollen or seed flow , these 

provide the best estimates of the nuclear and organellar composition of the F 1 . As the 

chloroplast is paternally inherited, the figure of 79% suggests that 79% of the F 1  stand are F 1 s 

,and 21% are pure Japanese. 

A least squares estimate of h, the proportion of the putative F 1  generation that is hybrid, can 

be found in much the same way as in was calculated. Using similar notation as when in was 

calculated, h can be estimated from each nuclear locus from: 

+ Pbfl)/2+ (1-h)Pb fl 	 (7) 

where Ph,, is the estimated allele frequency at locus n in the hypothetical F 1  population, h,, is the 

estimated frequency of hybrids using locus n, Pan is the allele frequency at locus n in the 

paternal population, and Pbn  the frequency in the maternal population. 

so 	h,, = 2(P, - Pan)! (Pbn - Pan) 	 (8) 

The variance in this estimate, assuming the two parental frequencies are known without error 

(as was done in calculations of m) is given by: 

Var(h) = 4 (Var P) I (Pb,. - Pan)2 

so 	Var(h) = (2/n)(P + Db, - P 2) / (Pb,. - Pan) 2 	 (9) 

where D is the H-W disequilibrium as used in (6). 
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This approach allows the chloroplast frequency to be taken into account. Chioroplast 

frequencies given an estimate of h (h e) from: 

Phc = (1 hc)Pac + hPb  

where the suffix c replaces the suffix n to denote the chioroplast rather than a nuclear locus. 

SO 	hc = (Phc - Pac) / (Pb C  - Pac) 	 (10) 

and 	Var(h) = (Var PhC) / ( Pbc  - Pac) 2  

so 	Var(h) = (l/n)(Ph - PhC2) 	 (11) 

Finally, the least squares estimate of h is constructed using the individual estimates of h 

weighted by the reciprocal of their variances: 

h=(hNarh) / (1/Varh) 	 (12) 

where n goes through all loci including the chloroplast. 

The result of this analysis is an estimate of h of 76.1%. 

No standard error of h is given, as the assumption that parental allele frequencies are known 

without error is not true and such an error would be very inaccurate. 

Technically, it is also possible to achieve an estimate of N from the genotypic distribution. 

The error in such estimates will be high as the dependency of the expected genotypic 

distribution on N is low. It is therefore sensible to begin by testing the hypothesis with N equal 

to infinity, essentially assuming that the F 1  population is large enough to ignore genetic 

sampling (genetic drift). 

5.5.7.3 Testing The Hypothesis That The 1933 Stand Is Second Generation 

One way of testing this particular hypothesis would be if each tree in the stand could be 

classified as one of the three possible classes (F 2, BC I , or Japanese). It would then be a simple 

matter to test whether these observed frequencies were significantly different from the 

expected frequencies. If they were not, the simple model that the stand derived from random 

mating in a population of mixed hybrids and Japanese parents would be plausible. 

Unfortunately, this cannot be done unambiguously, or even close, with so few markers. The 

problem is to estimate the numbers of various genealogical classes based on genotypic data, 

and it is very much more difficult than might be supposed at first. As pointed out by Nason 

and Ellstrand (1993), attempting to classify each tree based, for example, on a hybrid index 

(such as that constructed above) is inappropriate and statistically unjustified. The same 

authors proposed a likelihood method, using co-dominant species specific (not necessarily 

diagnostic) markers to classify the individual trees into several genotypic classes (Nason and 

Elistrand 1993). Even this method does not make full use of the data, as pointed out by the 
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authors themselves. Furthermore, it becomes prohibitively complex when one attempts to 

introduce organellar markers (this doubles the number of genotypic classes) and attempts to 

adopt the model for use with dominant markers proved even more futile. While details will not 

be given, using this method with just the two isozyme markers yielded an estimate of the 

proportion of F 2  individuals in the stand of 0. This is owing to the way the genotypic classes 

are constructed in this method, such that the only genotype 'typical' of an F 2  would be an 

individual homozygote for the Japanese alleles at both isozyme loci. The expected frequency 

of this genotypic class under the "F 2" hypothesis can be shown to be less than 1150, when the 

frequency of hybrid in the F 1  (h) is taken to be 0.76, and the initial allele frequencies in the 

parents are those observed. This is a function not only of the small sample size, but more 

significantly, a function of the initial allele frequency of GOT-lb. This problem derives from 

the less than complete use of the multilocus genotype in this approach. A different approach 

must therefore be used. 

5.5.7.4 Hypothesis Testing Using Disequilibria: A Simulation Based Approach 

A common approach to this form of hypothesis testing is to calculate a set of parameters and 

test them against the expected parameters based on the distribution under the null hypothesis. 

However, no method could be found that would provide formulae for expected disequilibria 

and their variances in this situation. Even parameters based on the null hypothesis of random 

mating were approximate and unsuitable for all but large samples (Asmussen and Basten 

1994). The suggested approach in the past is to test a hierarchical set of hypotheses 

culminating in a test of the hypothesis that there is non-random mating, directionality to inter-

specific matings, and a fairly young stand (Asmussen, Arnold and Avise 1987). However, this 

approach is simply not suitable in this case- even were this hypothesis found to be the most 

suitable, it does not provide the detail necessary in this case. Furthermore, the authors 

ordering of hypotheses in terms of complexity does not make allowances for the specific 

situation in this population. In fact, it could be argued that the 'simplest' hypothesis of random 

mating, if accepted, would be extremely difficult to explain. 

A general and useful approach to such a problem is to simulate the null hypothesis using a 

Monte-Carlo method. In this way,  the distribution of parameters of interest can be found. 

Clearly, it is intellectually less satis'ing than an exact approach, but is now an accepted way 

of parametric hypothesis testing. 

At the outset, the limitations of the following approach will be made clear. First and foremost, 

the estimate of h, the proportion ofF 1  individuals in the "17 1 " stand has been taken to be 0.76, 
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estimated from RAPD, chloroplast, and isozyme frequencies. No attempt to justify this as a 

maximum likelihood or unbiased estimator has been made. Instead, this estimate has been 

made purely for the purposes of hypothesis testing having already rejected the simplest models 

based on random mating or first generation mixed mating. 

Secondly, the expected frequencies of the genealogical classes, and thus the genotypic classes, 

are not independent of the size of the F 1  (N). This introduces yet another variable. As 

mentioned, it is justified to treat N as infinity as the simplest hypothesis and use the expected 

genealogical distributions without adjusting for genetic sampling (i.e. the third column in 

Table 5-6). As an aside, it was observed that the minimum X 2  estimator for N in this data set 

did not converge when solved iteratively on a spreadsheet- in other words, this (not necessarily 

best) estimate of N was infinity. However, the difference between X 2  at N=10 and N=1000 

was only 0.5- hence the declaration that an estimate of N from this data is not worth 

discussing. 

Mitochondria have been ignored as no variation is present in the population. However, the 

explanations given are all based on the observation that the seed contribution of European 

trees to these stands is negligible. 

Finally, though this parametric method can be informative, there is one unavoidable problem-

regardless of whether the parameters have a known distribution or just a simulated one. If only 

a particular set of parameters is of concern, then it is justified to test only these. However, in 

this case, the model must account not just for cytonuclear disequilibria, but all other 

associations- there must be 14 exhaustive parameters to completely summarise the data which 

can belong to any one of 15 possible genotypic classes. Testing just the cytonuclear 

disequilibria is only a beginning to testing any hypothesis. Thus, though the cytonuclear 

disequilibria, the allele frequencies, and the composite genetic disequilibria will be tested this 

way, a better approach will also be used. To avoid the issue of testing the same data set using 

two different tests, I point out that the parametric approach is included for completeness and 

to provide an understanding of how it may be achieved, whereas the better goodness-of-fit 

approach is regarded as the true test of the hypothesis. 
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The computer simulation (Appendix D) was originally  written to look at the long term 

behaviour of cytonuclear disequilibria, but has been substantially modified to apply it to this 

particular problem. That it, a test of the following hypothesis: 

HF2: The stand in question derives from random mating in a large population itself a 

mixture of F 1 s and pure Japanese parents, with all European genes deriving from pollen. The 

chance that an individual in the "F 1 " is hybrid is 0.76. Species diagnostic markers exist for 

both SKDH and the chloroplast, and an allele of GOT is specific for the Japanese parent with 

a frequency of 12/22. 

Rejection of this hypothesis would either have to lead to a re-evaluation of h, which could (but 

not necessarily) result in the same hypothesis with a modified h, or a total re-evaluation of the 

nature of the stand. 

The simulation simply calculates the probability that each of n individuals in the second 

generation is of a particular genealogical class (as in Table 5-6), and then based on this 

probability assigns each individual to a class. Based on the individual's class, its genotype is 

randomly generated from the laws of Mendelian inheritance. This approach is equivalent to 

assuming an infinite size in the F 1 - another model was used to simulate the effects of sampling 

in this first generation. As only 38 individuals were entirely scored in the sample, n was taken 

to be 38. The resulting population can be entirely summarised by a 3*3*2 contingency table. 

The output is then entered into a spreadsheet allowing easy calculation of disequilibria and 

frequencies. That the programme worked was checked against the results of random mating 

models (Fu and Arnold 1992) under various conditions. 

Table 5-7 shows some of the parameters in the first column (3 allele frequencies, 8 

cytonuclear disequilibria, and the digenic composite disequilibria between the two nuclear 

loci). The second column shows the average, over 1000 simulations, of these parameters. The 

third column is the 90% probability interval centred on the mean, calculated from the 

simulations. The final column contains the observed parameters, as presented in more detail in 

Tables 5-1 and 5-2. As can be seen, all the observed parameters fall within these boundaries, 

so taking them one at a time, none of these parameters are significantly different (even at the 

10% level) from the "expected" parameters from the computer simulation.. 

139 



Table 5-7: Genetic parameters in the 1933 stand, simulated and observed 

Parameter Simulated Average 90% Probability 
Interval  

Observed 

Pc 0.76 0.64 	0.86 0.78 

Ps 0.38 0.28 , 0.47 0.38 

PG 0.66 0.57, 0.75 0.59 
0.05 0.01 ' 0.08 0.05 

D5s 0.03 0.01 , 0.06 0.04 

Dcss  0.02 -0.04,0.08 0.03 

Do,. -0.06 -0.11 	0.00 -0.07 

DG 0.02 -0.02,0.06 0.03 

Dc, GG 0.03 -0.02 , 0.09 0.05 
-0.02 -0.07,0.04 -0.05 

Dcgg  -0.02 -0.06.0.03 -0.01 

D5G 0.03 -0.03,0.09 0.04 
Notes: The first three parameters are the allele frequencies of the three markers, the next S are 
cytonuclear (4 for each locus, starting with the allelic disequilibria), and the final one a nuclear 
disequilibrium. 

5.5.7.5 Testing The Hypothesis Using A Goodness Of Fit Test 
Though the fit of the observed disequilibria to the simulated disequilibria is encouraging, a 

better approach is a goodness-of-fit test such as the x2  test, which will test all the data rather 

than just a subset of its parameters. For this, the genotypic distribution under the null-

hypothesis is needed. This is found from the genealogical distribution calculated in Table 5-6, 

in conjunction with the laws of Mendelian inheritance. Again, RAPDs are ignored- no 

reasonable way of including them is evident. Partly, it would be problematic to perform a 

goodness of fit test using any more markers because the expected cell frequencies would 

become too low. 

There are 38 samples with complete genotypic data and 15 possible genotypes in the stand. 

The expected frequencies in the F 2  derived from an infinite F 1  are simply calculated by 

constructing a 2 way table of the 15 possible genotypes against the 4 possible genealogical 

classes. The probability that each genealogical class is a particular genotype (i.e. the 

probability of having a particular genotype contingent on that genealogical class) is readily 

worked out from Mendelian inheritance, and the probability that an individual is a particular 

genealogy has been shown in Table 5-6. The expected proportion in each genotypic class is 

then simply the sum of the 4 contingent probabilities multiplied by their respective 

genealogical class probability. Table 5-8 shows the results of the calculations based on 

h=0.76, using the parental allele frequencies, and a final population size of 38. 
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From these values, a 	test can be performed. It is sometimes stated that individual 

frequencies must be at least 1, or even 5 for x2  to be an adequate approximation to the X 2  

statistic. However, more detailed studies have suggested the following criteria for such a test 

being suitable. 

d.fl, n>9, and n2/(no. of cells)>9 , then the x2 approximation is valid (DAgostino 

and Stephens 1986) 

The other issue is the calculation of d.f. There are 15 genotypic classes, giving 14 d.f. The 

only parameter to be estimated was h. However, this is not a minimum chi-squared estimator 

(its estimate was based on raw allele data and other RAPD data), and it is therefore not true 

that the x2 distribution is entirely valid. However, critical points will lie between d.f=13 and 

df14 (DAgostino and Stephens 1986). 

From table 5.8, X 2  can be calculated. 

X2= 12.9 

From statistical tables using 13 and 14 d.f, 

22.4< X20  05,23.7 

so, 	X 2  <x2  and HF2  is accepted. 

Actually, because the simulation has already run, it is easy to obtain a "simulated" critical 

value making no assumptions about the suitability of the x2 assumption. If this is done, the 

critical value is shown to be 24, and the x2  approximation and the simulated distribution are in 

close agreement. 
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SKDT-T-th alleles, and 'J' to SKDH-lc alleles  .T(11.T..1 'P' rfer tc, both  SKflT-T-1 an(1 Notes: For 	 refers 	--------- ------------------- les 
(as before). For GOT-1, the alleles are denoted conventionally. For the chloroplast, the European 
chiorotype is denoted by 'E' and the the Japanese by T. 
Appendix C shows how the contingent probabilities were calculated. Genealogical probabilities are 
from table 5.6, with h set to 0.75, and N to infinity. Expected genotypic frequencies are the sum of 
the genealogical probabilities x the contingent probabilities, multiplied by 38 to provide expected 
frequencies. Bcm means Backcross to the Japanese as male, Bcf means the Japanese parent acts as 
female. 

Genotype Probability Contingent on 
Genealogical Class  

Frequency 

SKDH-1 GOT-i CP Jap F2  Bcm Bcf Exp. Obs 

EE aa E 0 0.13 0 0 2.90 4 

EE ab E 0 0.10 0 0 2.18 3 

EE bb E 0 0.02 0 0 0.41 0 

EJ aa E 0 0.26 0 0.17 6.95 5 

EJ ab E 0 0.20 0 0.26 6.16 7 

EJ bb E 0 0.04 0 0.07 1.33 3 

EJ aa J 0 0 0.17 0 1.15 0 

EJ ab J 0 0 0.26 0 1.80 2 

EJ bb J 0 0 0.07 0 0.52 1 

JJ aa E 0 0.13 0 0.17 4.05 4 

JJ ab E 0 0.10 0 0.26 3.98 1 

JJ bb E 0 0.02 0 0.07 0.92 3 

JJ aa J 0.21 0 0.17 0 1.60 1 

JJ ab J 0.49 0 0.26 0 2.89 3 

JJ bb J 0.30 0 0.07 0 1 . 1 7 i 

Genealogical Probs. 0.06 0.58 	0.18 	0. 1 8 

Table 5-8: Genotypic probabilities contingent on genealogical class, and genotypic 
frequencies 

5.5.7.6 The 1933 Stand: Conclusion 
Simple considerations showed that the 1933 stand could not be first generation. The next 

simplest hypothesis (HF2) was taken to be that the stand was planted with seed taken from a 

large, random mating population with a proportion of hybrids and a proportion of Japanese 

trees. This proportion was taken to be 0.76, estimated from and consistent with both 

chioroplast frequencies and 'm', the estimated contribution of each parental gene-pool. The 

sampling distribution of disequilibria is complex, so a simulation was used to generate the 

distribution of disequilibria under this hypothesis, and all two-locus disequilibria as well as 

allele frequencies were found to be within the 90% Probability Interval. The more powerful-

because not just a subset of parameters are being examined- goodness of fit test was used to 

test the hypothesis, which was accepted. This conclusion is consistent with the PCA and 

AMOVA, which suggested a closer relationship between the stand and the Japanese parents 
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than the European parents, and the character index, which suggested the possibility of there 

being several Japanese individuals in the population. 

5.5.7.7 The 1936 Stand 
Eliminating the possibility that this stand is from a random mating mixed parental population 

(again, the mitochondria is fixed for the Japanese type, and there are significant disequilibria), 

the next hypothesis is that it is a mixed F 1 / pure parental type. There are only 3 individuals 

that cannot be explained under this hypothesis (unlike the 25 in the 1933 stand). This calls for 

an element of judgement in how best to proceed. Clearly, it is possible that these represent 

mis-scored (though each was duplicated) individuals or products of Non-Mendelian 

inheritance. Variation in the European parents does not explain any of these genotypes, and 

variation in the Japanese parents can be ruled out as all parents have been analysed. However, 

the procedure adopted above necessitates testing that this hypothesis is the random mating 

product of an F 1  (i.e. a test of HF2). 

This hypothesis can be rejected on two grounds. Firstly, there is still one individual which 

cannot be explained (the individual with a European nuclear genotype and a Japanese 

chioroplast). Secondly, it has already been demonstrated that this stand is not the product of 

random mating, as it has a significant heterozygote excess at both isozyme loci (Table 5.1). 

Following the procedure described in 5.5.7, HF2  is now tested after removal of the one aberrant 

genotype. Technically, the H-W disequilibria could be recalculated to confirm that this 

hypothesis is still to be rejected. However, it is desirable to test this hypothesis using the same 

methodology as the test for HF2 in the 1933 stand, that is a goodness of fit test. Following the 

same procedure as before, the test statistic X 2  was calculated as 32.5. This is significant at 

0.5% if the x2 
distribution is assumed, and significant at 1.5% if the simulated distribution is 

used. However, this has used the same estimated value of 'h' as the 1933 stand of 0.76, and a 

value for N of infinity. To reject HF2, we must use the values of h and N that minimise X2  

(DAgostino and Stephens 1986). This is easy to perform iteratively on a spreadsheet. The 

values of h and N that minimise X 2  are 0.76 (very close to the 1933 value) and 2(!) 

respectively, which reduce X 2  very little (to 30.5). This is still highly significant, and we can 

reject HF2  even after removal of the one "aberrant" individual. 

The next hypothesis is that the stand is a mixed F 1 , but with three aberrant individuals that 

must be removed (this was tested after HF2, as more data needed to be removed). Clearly, by 

definition, every individual in this population can now be classified as an F 1  or a pure 

Japanese tree, and this hypothesis must be accepted. The ratio of hybrids: Japanese individuals 
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under this hypothesis, counting those scored at both SKDH-1 and the chioroplast, is 7:22, 

suggesting a value of 'h' of 0.74. 

While not made explicit in the hypothesis, nor an essential part of the model, it was assumed 

that the mating to produce the F 1  was random. It was suggested by the GOT-i data that this 

was not the case. As this suggestion was made after inspection of the data, formal testing of 

this hypothesis is not possible on this data set. However, the evidence is suggestive. Firstly, in 

this 1936 stand, all but two (out of 18 scored for GOT-1) hybrid individuals are heterozygous. 

These individuals are not expected to be in H-W equilibrium. However, based on the 

frequency of GOT-la in the Japanese parents of 0.45 (it is fixed in the Europeans), one would 

expect 10 heterozygotes. It seems plausible that the Japanese parents of the hybrids are not 

random and that the GOT-lb homozygotes on Kennel bank are enjoying more reproductive 

success, at least as far as being maternal parents of the hybrids is concerned. This situation is 

also suggested within the 1933 stand. In both cases, the allele frequency of GOT-lb in the 

hybrid stand is somewhat higher than the expected frequency based on the frequency in the 

Japanese parents. However, it is acknowledged that this hypothesis was formed after 

observing the data and further studies- such as monitoring the reproductive output of the 

Japanese parents- would be needed to test this. 

Some explanation of the three 'aberrant' genotypes is offered. The 1936 stand, planted 

adjacent to the 1933 stand could easily have received some seed from this stand. In fact, as it 

is a planted stand, it could easily have received a mixture of seed from all over the estate, 

effectively making it possible to formulate any hypothesis regarding the nature of any 

individual that one wishes. Thus, it is possible to explain away any individual that does not fit 

with the hypothesis. This is not desirable, but unavoidable, given the unnatural nature of the 

stands. Effectively, it is more of a subjective matter than a statistical one how such individuals 

are treated. However, I would argue that while these individuals make the hypothesis less 

satisfactory, they do not invalidate the general conclusion that this stand is essentially F 1  in 

character. 

In conclusion, this stand appears to be first generation rather than second generation like the 

1933 stand. Furthermore- and possibly, coincidentally- the proportion of hybrids in this stand 

is almost exactly the same as that hypothesised for the parents of the 1933 stand. It is 

plausible that this indicates that a fairly consistent 75% hybrid output is achieved by the 

Japanese parents at Kennel bank, though this may be after selection for hybrids at the seedling 

status by the foresters of the time. Finally, it is suggested that the GOT-lb homozygotes in the 
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Japanese parents may be more fecund with regards to hybrid offspring than their neighbours, 

though this has not been tested. 

5.5.8 Consistency Of The RAPD Data 

It is now possible to test whether the RAPD data is consistent with these hypotheses. Rather 

than make complex predictions about their expected distribution in each stand based on their 

proposed ancestries, simple observation shows they are either uninformative, neither 

supporting nor rejecting the hypotheses, or inconsistent. 

OPK16c is inconsistent with both hypotheses in both stands. This was the marker that was 

eliminated from the estimate of in discussed earlier, as it was present in such a high proportion 

in both hybrid stands. As a European specific band, it should have been missing in the 8 

putative Japanese trees in the 1936 stand. In fact it was present in all of those scored. This 

suggests that either the stand is not a mixed parental-F i  as suggested, it is not inherited in a 

predictable fashion, or it is not being scored reliably. This is purely a matter of judgement. 

This RAPD was duplicated, and in both cases gave the same scoring pattern apart from 

individuals that failed to amplify at all in one or other run, so the scoring is believed to be 

safe. That it is not inherited in a predictable fashion has already been demonstrated from the 

controlled crosses. It is not easy to explain how the marker was absent in all 10 of the 11 

Japanese parents scored, but present in all of the putative Japanese offspring, without invoking 

extremely non-Mendelian inheritance. The situation is similar in the 1933 stand, where it is 

present at far higher frequency than predicted. One possibility is that the band should be 

amplified in all or most individuals, but that the DNA extractions of the Japanese trees-

collected much earlier on in the project from older trees- contained contaminants that inhibited 

the amplification of this band. In this case, the variation seen between the two parents may be 

due to non-genetic effects. Another possibility is that it was a bacterial or fungal marker that 

had not infected the Japanese parents but was present everywhere else. Both of these are 

speculative, but certainly too much faith should not be put in one RAPD marker when its 

inheritance has not been adequately tested. 

The two Japanese specific markers, OPAL 14a and OPA7, present in all Japanese parents but 

not the Europeans also present a problem. In the 1936 stand, the 8 individuals of hypothetical 

Japanese nature should contain both bands. In fact, 4 individuals are missing one or the other 

(but not both) bands. Though this could be due to non-Mendelian inheritance- for example, 

inhibition by a competing and variable European locus, it is also possible that these are 

consistent but uninformative. As an example, opall4a was scored for 6 of the 8 supposed 
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Japanese trees in the 1936 stand, and missing in two of these. We have no way of knowing 

whether this is due to heterozygotes in the 11 parents (an excess which could easily exist by 

chance alone), or an inconsistency in our hypothesis. Either way, the RAPD distribution in the 

population cannot be used to disprove the hypothesis. 

Statistical treatment of the RAPD data is not tackled. The complexity was sufficient in co-

dominant data to suggest a rigorous treatment of this RAPD data, even were the sample size 

greater, to be unprofitable. This is not simply due to the small sample size in the populations, 

but the small parental Japanese genepool. Even under the hypothesis that these Japanese 

parents derived from random mating, large heterozygote excesses or deficiency would be 

common through chance alone. Ultimately, the only solution to this would have been to obtain 

allelic distributions for the parents (by analysing pure offspring of these Japanese trees in a 

series of controlled crosses, for example). This would have enabled the RAPD data to be used 

in the hybrids to test hypotheses. If the allelic frequency in the parents was known with any 

great confidence, then the expected pattern of dominant markers in each stand could be 

constructed. Without this information, there is simply too much uncertainty in estimates of the 

allelic distribution to be able to do this. 

This criticism of the RAPD data set begs the question of whether the estimates of 'h' and 

character indexes should be re-evaluated. This would not be justified statistically, as it is 

simply removing data that does not agree with the hypothesis. However, it is reassuring to 

note that the goodness of fit tests, not based on the RAPD data, provided their own (not 

necessarily least squares or unbiased) estimates of 'h' that were in close agreement with the 

values used. 

In conclusion, it is unfortunate that the use of RAPDs was not very profitable. Partly, this was 

due to the inability to find as many well-behaved species specific markers as expected. More 

importantly, it became evident that the Japanese parents at least would have had to be more 

thoroughly analysed before expecting RAPDs to assist the analysis of hybrids. However, the 

maternal marker discussed earlier was interesting and useful, and these RAPD markers could, 

with more extensive inheritance checking, be informative in future studies. 

5.6 Conclusion 
Two adjacent hybrid stands of unknown origin were analysed with two isozvme markers, 

organellar markers, and RAPD markers. There were significant differences in these two stands 

in terms of genotypic distributions. Both consisted of large numbers of individuals with 
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European chioroplasts, some Japanese chioroplasts, and all Japanese mitochondria. SKDH 

heterozygotes also demonstrated the existence of many hybrids. 

A method for estimating parental contributions of nuclear genes to a hybrid population was 

modified from previous work, to allow the incorporation of RAPD data. This estimated that 

similar proportions (between 60 and 65%) of the gene-pool derive from the Japanese parents. 

These values suggest that the European trees must have provided between 70 and 80% of the 

pollen, as no European contribution through seed was detected. These values are in close 

agreement with the observed chloroplast frequencies as independent estimates of the European 

pollen contribution. 

The 1936 stand fitted with the hypothesis that it derived from planting seeds from Japanese 

trees, 75% of which had been fathered by European trees, with the possibility of some 

Japanese trees being preferred over others. The 1933 stand appeared to be the offspring of a 

very similar stand (i.e. second generation rather than first generation). 

The fit of various parameters, especially cytonuclear disequilibria parameters, to these 

hypotheses was checked using a computer simulation, but an exact goodness-of-fit test was 

found to be more satisfactory. This computer simulation could, however, be used to examine 

the behaviour of cytonuclear disequilibria under a wide range of conditions to see under what 

circumstances disequilibria are useful tools. 

Cytonuclear disequilibria do not appear to be a particularly useful way of analysing this form 

of data- where the populations are very young- and it is suggested that too much weight has 

been given to them in much of the literature. If a pattern of mating is occurring that not only 

affects cytonuclear disequilibria but other parameters, it is preferable to test the hypothesis 

directly rather than calculate the expected disequilibria and then test these. 

That neither stand contained any European seed suggests either a rather low dispersal for 

European seed on the estate (which was surprising, given the predominance of this species), or 

difficulty in establishment. That the European genomic contribution in the F 2  was no greater 

than in the F 1  suggests also a limited pollen dispersal into these two stands- an even more 

surprising result. These hypotheses will be tested by looking at regeneration occurring in these 

two stands (chapter 6). 

These results suggest that on this estate at least, hybrid stands consist of backcrosses, parents 

and F 2s as well as just F 1 s. and that planting hybrids round the estate has also led to 

distribution of pure Japanese trees round the estate. The effect of these stands on European 

plantations has not been touched upon, but would be an interesting study. 
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6. W'oOecr Charcterston Of RegeneraMs In Two 

Stands Of Hybrid Larch On The Athofifi Estate 
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6.1 Introduction 
Two stands of larch on the Atholl estate, planted in 1933 and 1936, were found to differ 

significantly in their genetic structure (chapter 5). These two stands have been fenced off for 4 

years to encourage natural regeneration by keeping out the deer that normally graze on the 

seedlings. This has been extremely successful- both stands have areas with a high density of 

young seedlings. The existence of such regeneration allows an analysis of some aspects of the 

mating system of these populations, and the possible future for similar hybrid plantations to be 

assessed. 

6.2 Aims 
The marker systems developed for parental species and controlled crosses (chapter 3) and 

applied to hybrid stands (chapters 4 and 5) were used to examine young regenerants in the 

1933 and 1936 hybrid stands. This enabled a qualitative assessment of the viability, and 

mating system, of these hybrid stands in a semi-natural environment. In particular, it was 

hypothesised that much of the regeneration may be European seed from other stands, or have 

been fathered by a significant European pollen contribution. The consequences of this would 

be the gradual dilution of hybrid plantations with European genetic material. The main aim of 

examining the regenerants was to test this hypothesis. 

6.3 Materials And Methods 
Detailed protocols for all methods used are in Appendix A. 

The location of the two stands from which the regenerants were sampled was described in 

chapter 5. 

As isozyme and needle collections had to be made separately, the ideal solution would have 

been to label each regenerant when collecting needles and buds. However, this was not 

practical, for two reasons. Firstly, no simple way of securely labelling such young seedlings 

was suggested- it seemed likely that were such a task undertaken, a significant amount of 

seedlings would not be identifiable by the second visit. More importantly, particularly for the 

younger seedlings, the entire seedling was taken for the DNA extraction. Thus, as part of the 

initial assessment of the regeneration, cytonuclear data were foregone and different individuals 

were sampled for isozyme and DNA analysis. 

Fifty individuals from each stand were sampled for DNA analysis. This sampling was only 

semi-random, as it was deliberately decided not to sample regenerants in close proximity. This 

was to prevent over-sampling the progeny of a tree which happened to be enjoying 
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reproductive success as a result of the environment in its vicinity (i.e. canopy cover, 

groundwater e.t.c.). Thus, individuals in large patches of regeneration were less likely to be 

chosen than individuals in smaller patches of regeneration. Also, there was likely to be a bias 

to larger, more visible individuals, though efforts were made to avoid this. 

DNA extraction was performed using the Scotlab Phytopure kit on 0. ig of needle tissue. 

Mitochondrial and chioroplast probes were used as previously (chapters 3-5) on genomic 

blots. 

Originally, 50 individuals from each stand were sampled for isozyme analysis. However, as 

will be discussed, the collection had to be repeated and ultimately just 30 individuals from 

each stand were analysed. 

RAPD analysis of the regenerants was attempted at length, using the same methods and 

primers as before. 

6.4 Results 
Figure 6-1 shows a sample autoradiograph from the Bel enzyme / K140 chioroplast probe 

RFLP analysis. It is immediately apparent that these results were less than satisfactory. In 

contrast with previous autoradiographs, there exists much variation in the migration distances 

of each band from lane to lane. It is easily seen that this is most likely due to impurities that 

are tightly associated with the DNA. Every band in each 'bad' lane, including the undigested 

DNA at the top of each lane, is shifted relative to its neighbour. This makes it more difficult to 

score, and this is reflected in a large number of missing data (because scoring could not be 

carried out with a great deal of certainty). A more disruptive effect of this is the possibility 

that the scoring is biased. In this case, it might be that the frequency of the minority Japanese 

chloroplast is underestimated- the doublet band of the European chlorotype is fairly obvious, 

whereas it is not easy to distinguish a Japanese individual from poorly digested European 

individuals when the migration distances are so variable. A subsequent PhenollChloroform 

extraction was conducted in an attempt to remove contaminants followed by a repeat blot but 

this was unsuccessful. 

All regenerants scored had the Japanese mitochondrial haplotype, implying that little of the 

regeneration has derived from seed from neighbouring European stands. Secondly, there was 

variation in the chioroplast genome- most regenerants contained European chloroplasts as did 

their parents, though there were still some individuals containing Japanese chlorotypes. 

Isozvme analysis was unsuccessful in the first year of collection. SKDH results were not 

comparable with previous work, with apparent expression of another locus. Though collection 
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was carried out at the same time of year as previous samples, the winter had been somewhat 

milder than usual. Though not proved, or tested, this might suggest a switchover from 

expression of a 'winter' form of SKDH to a 'spring' form. This switchover may have 

occurred earlier than in previous years due to the mild winter and confounded the results. 

Expression of another locus was suggested also in a study of a larch seed orchard (Wirawan 

1997). Successful isozyme analysis was carried out in the following year, when samples were 

collected earlier in the winter. 

Finally, RAPD analysis, which occupied a great deal of effort, was largely unsuccessful. Gels 

were less reproducible than before and did not amplify consistently. This may have been due 

to external effects (water quality, Taq, contaminants etc.) but it is thought more likely that it 

was an effect of poor DNA quality, already suggested by the variability in the Southern blots 

that examined cpDNA variation. Unfortunately, no RAPD data could be collected for these 

regenerants. 

Single locus results for the organellar markers and the two isozyme loci are shown in Table 6-

1. For the two isozyme loci, the H-W disequilibrium and its significance level in each case is 

shown. In the regenerants from the 1933 stand, both disequilibria are non-significant. The H-

W disequilibrium in the 1936 regenerants is significant at SKDH, and indicates a heterozygote 

deficit at this locus. However, this cannot be taken to prove that this population does not 

derive from random mating (see discussion). This table also shows the overall allele 

frequencies in the regenerant generation. 

In Table 6-2, for ease of reference, these allele frequencies are shown alongside the allele 

frequencies in the planted stand (from Chapter 5). The p-value in this table refers to the 

significance of the exact test performed by Genepop (Raymond 1997) for genic differentiation 

at each locus between the regenerant and planted populations. No significant differences are 

seen. However, this is not the correct approach for testing the hypothesis that there has been 

no external European contribution to the regenerants. This hypothesis will be discussed in the 

following section. 

Finally. 	cytonuclear data were not collected, the usual disequilibria could not be calculated. 

However, Table 6-3 shows the composite genotypic disequilibria between GOT and SKDH 

and the significance of the exact test of independence- in neither case was a significant 

association detected between genotypes. 
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Figure 6-1: Autoradiograph of Southern blot of Bcl digested genomic DNA from 
regenerants in 1933 and 1936 stands, probed with Bcl chloroplast probe 
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Notes: Poor DNA quality meant that band migration was not consistent from one sample to the next. 
Lane I: A European parent 	Lanes 2-13: Regenerants 
Samples 3 and 8 have Japanese chioroplasts. based on the distance beteen the Ro fastest running 

bands (e.g. compare lanes 3 and 5. or lanes 8 and 7). The others have European chloroplasts. 

Table 6-1 :Single-locus results for regenerants, showing allele frequencies and testing for 
Hardy-Weinberg disequilibrium 

Locus Allele Frequency In Allele FrequencY In Overall Allele Frequency. From 

1933 Regenerants 1936 Regenerant Pooling Regencrants In Both 
Stands 

SKEW-I- 1.2 2660 = 0.43 2456 = 0.43 50 116 	0.43 

H. WI) 0.048 n 0. 101 * 17 ci 

GOT-1 42 60 = 0.70 3550 -0-70  77 110 	0.70 

H. WI) 0.01 n.s 0.030 n.s ii 

Chior. E 22 26 -  0.85 22 27 = 0.81 4453 	0.83 

Mile. E 1 023 	0.00 1 026 	- 000 049 	0.00 

Notes: As usual. the frequencies are shown with tlieir acnommators 10 inaicale sample sue. rw  C1L1I 

isoznle locus, the Hardy-Weinberg disequilibrium (D) is calculated. and presented alongside its 
significance. 

Table 6-2: Comparison of allele frequencies between regenerants and planted trees, and 
significance level of exact test for genic differentiation between them 

Locus 1933 Stand  1936 Stand  

Regens I Parents p-vakte Regens Parents p-value 

SKDH- L2 0.43 0.38 0.61 n.s 0.43 0.47 0.73 n.s 

GOT-I 0,70 0 . 51,) 0. 16 n.s 0.70 058 0.20 it  

Chlor. E 0.85 0.79 0.57 n.s 0.81 0.78 0.71 n.s 

M Ito. E 1,00 1,00 iila 1.00 1 	1.()() n/a 

Notes: The allele frequencies in the regenerants (irotu taoie b-i) are sHown aioiigsiue the 

corresponding frequencies in the planted stands (from chapter 5). The p-alue indicates the 
significance level of the exact test for differences between these two (based on the actual sample 
numbers). 
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Table 6-3: Composite genotypic disequilibria (AsG) between SKDH-1 and GOT-1 in 
regenerants from 1933 and 1936 stands 

1933 Stand 1936 Stand 
Abs. D. Norm D Sig. Abs. D. Norm.  

SG 0.05 0.27 n.s -0.08 -0.23 n.s 
Notes: See previous chapters for details of how normalised and absolute disequilibria are calculated. 

6.5 Discussion 
Table 6-2 shows that the regenerants are broadly similar in terms of allele frequencies to their 

parental stands. At both isozyme loci and also for the chloroplast type there is an increase in 

the European allele, but these increases do not appear significant when simply testing for 

frequency differences. However, the simple test for genic differentiation as performed in Table 

6-2 is not appropriate for testing whether these populations are derived only from their 

respective parents. 

6.5.1 Composition Of Regenerant Populations 

In the previous chapter, a parameter m was calculated that estimated the proportion of nuclear 

alleles that derive from the Japanese parents. It was noted that this is consistent with the 

observed chloroplast frequencies, but it was not based on these frequencies. Indeed, the 

chloroplast frequency could only be included in the analysis when a particular model for the 

origin of the stand had been generated. 

m based on just the two nuclear loci was calculated for each population as in chapter 5. For 

both the 1933 and 1936 regenerants, m was calculated to be 0.57 (i.e. 57% Japanese alleles). 

This value is slightly lower than the parental estimates of 63% and 60%- representing a slight 

increase in the observed frequency of European alleles- but unlikely to be significantly so. 

However, the assumptions used to generate the variance of m, as mentioned in chapter 5, are 

felt to invalidate this approach as a method of hypothesis testing. 

6.5.2 Testing For Immigration From Neighbouring Stands 

As stated at the outset of this chapter, the main point of interest was to determine whether the 

regenerants had been fathered largely by the individuals in the planted stand, or whether there 

was a significant pollen contribution from the many European plantations that surrounded 

these stands. For this reason, it is necessary to test the hypothesis that there is an increase in 

European alleles from one generation to the next. 

Testing m alone is not appropriate for detecting European pollen, even if the distribution is 

known, as the chioroplast frequency also depends on the proportion of immigration. As an 
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interesting aside, it is not the case that, as might be expected, pollen specific markers provide 

a more sensitive test of pollen immigration in this situation. In fact, simple calculations or 

'experimentation' on a spreadsheet demonstrates that this is only the case when immigration 

and initial European allele frequencies are low. If all the planted stand had been hybrids, the 

initial European chloroplast frequency would be one and European pollen could only be 

detected by its impact on the regenerants nuclear composition. Furthermore, the statistical 

significance of a change in chloroplast frequency is limited relative to a change in isozyme 

frequency as only one allele rather than two is sampled. This caveat aside, it is still essential to 

include the chloroplast frequency in a test of pollen immigration. 

It is not justified to simply test for genic differentiation at each locus (all non-significant) and 

conclude that there is no significant contribution from the European trees that form much of 

the estates forestry, as the three loci are far from independent. This approach would assume 

that the frequencies at each locus in the planted stand varied independently, whereas it is clear 

that if the European proportion at one locus had decreased, any increase at another locus 

would become more significant. A stringent approach, is outlined below, in the absence of a 

rigorous multi-locus method. 

The first point is that the hypothesis that there was no significant seed contribution from 

European trees on the estate can be accepted. This is because no European mitochondria were 

detected in the regenerants. 

The next step is to test for a significant European pollen contribution. The parental 

populations are assumed to be exactly as hypothesised in Chapter 5, such that the chloroplast 

frequency in each is exactly 76% and in (the proportion of Japanese nuclear alleles) is exactly 

62%. This gives a chloroplast frequency of 76%, a European SKDH allele frequency of 38%, 

and a GOT allele frequency of 66%. These are taken to be known without error (the reason 

this test is so stringent), and used to generate expected allele frequencies in the regenerant 

population under the hypothesis of no immigration of pollen. Each of the three loci is then 

tested. 

As sample sizes were far lower than the desired 50 per site, the counts were bulked over sites. 

This is justified, as in terms of all three locus frequencies, the two sites are very similar 

(coincidentally, the two isozvme loci have identical observed frequencies). These frequencies 

are shown in Table 6-1. 

The null hypothesis is that the regenerant population derives from the parental population 

described above, with the alternative hypothesis being that there was a European pollen 
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contribution. Noting that this is a one tail test, we use the Binomial distribution rather than a 

X goodness of fit test. The results of this analysis are shown in Table 6-4. The cumulative 

binomial probabilities were obtained using Excel. 

Table 6-4: Distribution of European allele frequency at each locus under hypothesis of no 
external European pollen contribution, observed allele frequency, and test for significant 

increase in European allele frequency 

Locus Distribution of European Allele under H 0  Observed Count (Ob) Pr(X>=Ob) 

Chioroplast X—B(53,0.76) 44 0.08 

SKDH XB(l16,0.38) 50 0.11 

GOT X—.B(ll0,0.66) 77 0.17 
Notes: The distribution of each allele count under the null hypothesis is binomial, with number of 
trials given by the number of scored individuals for the chloroplast or twice this for the nuclear loci. 
The probability of success is simply the allelic frequency under the hypothesis that the parental 
population is, or derives from, an infinite population of 76% hybrids (with European fathers) and 
24% pure Japanese trees. 

The hypothesis has been accepted in all cases, so regardless of the non-independence of these 

loci, there is no significant evidence for an external European pollen source. It is stressed that 

the stringency of this test, taking the parental frequencies to be known without error, means 

that rejection of this hypothesis would not be the same as rejection of the hypothesis that the 

regenerants derived from the observed populations. However, acceptance of the 'stringent' 

hypothesis can be taken to demonstrate that this, more relevant, hypothesis can also be 

accepted. 

It is, however, pointed out that the power of this test on this data set is not high. This is partly 

because the sample size was only half that collected. Had the frequencies been the same in the 

initial, planned samples sizes of 50 per site, both the changes in chiorotype frequency and 

SKDH- 1 allele frequency would have been significant. The other reason for the low power of 

this test is also due to the unexpectedly high hybrid composition of the parental stands making 

it harder to detect a further increase in the next generation. Routine calculations using the 

same one tailed test as above demonstrate that the minimum detectable immigrant pollen level, 

given the initial frequency, would be about 25% to show a significant change in the SKDH 

frequency and as high as 40% to show a change in the chloroplast frequency, with these 

sample sizes. If the sample sizes were doubled, these drop to 18% and 27% respectively. 

6.5.3 Least Squares Estimate Of The Proportion Of European Pollen 

Having failed to reject the hypothesis that no pollen came from European plantations, the 

following procedure should be regarded as a way of formulating hypotheses for future studies 
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rather than a further analysis of these small samples. Thus, though the least squares estimate 

will not be significantly different from zero, it is still instructive to see how it might be 

calculated. 

A least squares-estimate of the proportion of immigrant pollen is easy to construct, following 

methodology from chapter 5. Equations 7-11 from chapter 5 can be used, resulting in an 

estimate h of the proportion of regenerants that were fathered by European pollen. Table 6-5 

shows how this is achieved. Again, the regenerants are assumed to derive from an infimte 

population where the allele frequencies are known without error and calculated by assuming 

the populations derive from a population of 76% hybrids and 24% pure Japanese trees. 

Table 6-5: Allele frequencies in regenerants and parents (bulked over both sites), and 
estimates of the proportion of immigrant pollen (h) calculated for each locus 

Locus Frequency in 
regenerants (P h) 

Estimated Frequency in 
1933/1936 Parents (Pb) 

Frequency in 
European trees 
(Pa) 

h Var(h) 

SKDH 0.43 0.38 1.00 0.165 0.011 

GOT 0.70 0.66 1.00 0.235 0.034 

CP 0.83 0.76 1.00 0.292 0.046 
Weighted 	U.199 

Average  

This gives a value of about 20%. No claims are made for it being unbiased. 

As with previous estimates of m and h , no error is calculated as the parental allele frequencies 

are not known without error. This is particularly true in this case. However, it has already 

been shown that the European pollen contribution is not significant, so the error is not 

important in any case. 

6.5.4 Genetic Structure Of Regenerants 

Unlike in previous populations, where cytonuclear data allowed considerable analysis of the 

genetic structure of these populations (beyond simple allele counts), there is a limit to the fine 

detail that can be looked at in these samples. 

Table 6-3 shows that there is no significant association between the two isoz me loci in either 

regenerant population, which provides one line of evidence that the regenerants are the product 

of random mating. 

Finally. Table 6-I indicates that SKDH is not at H-W equilibrium in the 1936 regenerants. 

However, this is misleading. The correct approach for purposes of determining whether the 

regenerants are the random mating product of their parents is a global test. This can be 
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achieved using a Bonferroni procedure as in chapter 5. In this case, as there are two 

(approximately) independent tests, the correct significance level for each test is 1(1_0 . 05) 112  = 

2.5%. The p-level for SKDH in the 1936 population was just below 5%. Thus, if correct 

statistical procedures are adhered to, there is no evidence that these populations are not at H-

W equilibrium. Again, there is no evidence that the regenerants are not the product of random 

mating. 

Without the cytonuclear data which, in hindsight, should have been collected despite the 

difficulties, it is not possible to perform the same in-depth analysis of the multi-locus 

genotypes as was carried out in chapter 5. Had such an analysis been performed, and still 

failed to detect non-random associations, more confidence could be put in the conclusion that 

these regenerants have no genetic substructure and are simply the products of random mating 

amongst their respective parental populations. 

6.6 Conclusion 
This survey was somewhat limited in its scope, partly because of the disappointing loss of 

data leading to low sample sizes, loss of RAPD information, and failure to collect cytonuclear 

data. However, there are interesting conclusions to be drawn. 

The procedure adopted means there is no evidence for a pollen contribution from elsewhere on 

the estate. However, this may well be due to the larger than expected sample sizes necessary to 

detect such a contribution, and it would require further testing to eliminate the possibility that 

anything up to 25% of the regenerants were fathered by pure European trees. A least squares 

estimate suggests that, if further data are to be collected, large enough sample sizes to detect 

an immigrant pollen proportion of 20% should be analysed. Furthermore, it was discovered 

during the analysis that isozymes alone would provide a more sensitive means of detecting 

pollen that chloroplasts alone. 

The hybrid stands are viable and fertile, and can produce plenty of regeneration with little or 

no contribution from other stands. Seed dispersal from other stands is ver 7  low, and pollen 

dispersal is, if not necessarily low, non-significant in this sample. 

Further work on determining the evolution of the hybrids on the estate would require a larger 

sample of regenerants, preferably with cytonuclear data. Characterisation of flowering times 

would also be useful in determining whether the non-significant pollen input could be due 

simply to dispersal ranges or, more interestingly, whether a genetically determined mating 

barrier exists between hybrids and parents. Such a barrier, though very unlikely to be evolved 
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as such (given that the two parental species have evolved in allopatry), might well increase the 

opportunity for the hybrids to evolve as a separate race. 

The results highlight that even in situations where hybrids and parents are in close proximity, 

the fate of a hybrid population can only be determined if its mating system and dispersal 

mechanisms are well characterised. In this particular instance, the data are not conclusive, but 

the possibility that the hybrid populations could evolve with little input from either parent 

population is clear. 
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7.1 Introduction 
The work presented in the previous chapters can be discussed by considering four questions. 

Firstly, how did the various methods used perform in this study? Secondly, what has been 

learnt about the nature of the larch on the Atholl estate? Thirdly, what is the likely future of 

larch on the estate, and indeed in the whole of Scotland, in the light of this knowledge? Finally, 

what are the consequences of this study for the general question of plant hybridisation, and in 

particular how should it be approached? 

7.2 Tools For The Study Of Plant Hybridisation 
A wide range of molecular methods have been used in this study. Many technical difficulties 

were found and much work was put into researching or testing various methods for detecting 

variation, and it is these and their implications that will be discussed first. 

7.2.1 Morphological markers 

Despite some morphological work performed on the two parental species, it was never deemed 

appropriate to extend this to the field study. This was partly because the cone and seed 

characters depended on a good cone crop for collection purposes, microscopic characters 

proved prohibitively difficult to utilise on a large scale, and other morphological characters 

were simply not discriminatory enough to justify further work. 

There is also a general problem with utilising morphology to study hybrid zones. If the 

makeup of the zone is unknown, it is, in most cases, impossible to use all but the most 

powerful traits to classify individuals. A study that can convincingly use morphology to 

discriminate F 1 s, F2s and backcrosses in the wild is not known to this author, and arguing that 

because an individual tends to one parent it cannot be, for example, an F 1 , is clearly suspect. 

Morphology is thus of limited use in determining the nature of a hybrid population- not 

necessarily because variation is not there, but interpretation of these traits is impossible. 

On the other hand, I would suggest that if molecular work is carried out first to build up a 

description of the composition of the hybrid population, it is morphology and ecology that then 

become the most valuable tools. If molecular tools can be used to identify and describe hybrid 

populations, the more difficult morphological approach might allow some real insights into the 

nature of the selective and reproductive forces operating on the species and their hybrids. 

Though morphological approaches will never identify hybrid individuals reliably, molecular 

approaches alone may never get beyond identification. 
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7.2.2 Isozymes 

The advantage of isozymes lie in their comparative technical simplicity. There is simply not as 

much to go wrong as with DNA techniques. Though, in this study, only two useful loci were 

discovered, these two were utilised from the outset with few problems. Inheritance patterns are 

usually unambiguous, and though scoring requires experience, the method is reliable in that 

once a system is working, the results can be reproduced without difficulty. 

However, there was one unforeseen problem with isozymes. As was discovered, there appear 

to be differences in expression throughout the season. This makes it important to ensure 

collection at a constant stage in the growing season. More significant, for this study and any 

other on hybrids, is that the stage an individual is at in its growing season depends on its 

species. Thus, if collection is taken at around the point where expression is switching from one 

locus to another, one species and/or the hybrid may have switched or lost activity prior to the 

other. This could, plausibly, introduce a systematic bias into the study whereby one species 

consistently fails to produce results leading to an under-representation of that species' 

genotype. This is not speculative, as this occurred at one stage in this project when none of the 

pure Japanese trees gave an isozyme pattern consistent with expectation. The following year, 

after resampling earlier on in the season, the results were as expected. 

That environmental factors could effect the phenotype scored is, of course, a well known 

phenomenon as far as morphological traits are concerned. It is known to occur with isozymes, 

but precautions are rarely taken. In future, not only should the inheritance of isozymes be 

verified, but their temporal stability as well. Given this precaution, a screen for variation 

between two species using isozymes can be done in two weeks and is a sensible starting point 

for any such study. 

7.2.3 DNA Isolation 

One benefit of DNA techniques is that once DNA has been isolated (generally the most time-

consuming part of such a study) it can be used extensively, in a variety of ways, without the 

need for re-collection or re-extraction. At least, that is the theory. In reality, this does not 

emphasise the prime importance of the DNA extraction step itself. Students of model 

organisms forget just how much method development has gone into the most basic steps 

geared towards that species alone. With hindsight, one of the greatest improvements to this 

project would have been the early development and optimisation of DNA extraction 

techniques, rather than just finding one that worked. The great advantage of DNA techniques, 

that the same source can be used as the start for a variety of studies, presupposes that the 



same DNA is suitable for all studies. In this case, it was discovered that CTAB extractions 

were ideal for restriction analysis, but, with this species and this protocol, unsuitable for 

RAPD analysis. Thus, some samples needed to be re-extracted several times, and some could 

not be re-extracted at all. 

This is not a problem confined to this project alone. Often, it seems, more time is spent trying 

to overcome the problems associated with poor quality DNA than in solving the root of the 

problem itself Trees, and coniferous trees in particular, are often harder to work with because 

of high levels of tannins and polyphenols in their leaves and needles. The time of collection 

also appears to be critical. It is suggested that if one species is going to be studied intensively, 

it is prudent to spend several weeks, if not months, purely on optimising DNA extractions, to 

avoid settling on a method that may be adequate at the start but turn out to be inadequate 

subsequently. 

7.2.4 RAPDs 

A great deal of time and effort was put into developing RAPDs for use with these samples. 

RAPDs were not originally chosen for this study largely due to their dominant inheritance, a 

problem that has already been discussed. However, when it became clear that more nuclear 

markers would benefit the analysis, RAPDs were chosen as the only feasible method to apply 

to a species for which no other nuclear markers exist. 

The technical difficulties involved with a RAPD analysis are many. First and foremost, they 

are extremely sensitive to the quality of the DNA template. It is this factor that hindered their 

successful use the most. As mentioned earlier, the ideal solution to this would have been to 

spend a considerable amount of time optimising the DNA extraction for use with RAPDs. At 

this stage, however, the samples had already been extracted for use with other DNA methods 

and it was decided to try to optimise the RAPD analysis for use with these samples. The 

consequence of this was that the regenerants simply failed to amplify, presumably because of 

differences in the leaf cell biology of young trees or the stage in the growing season that they 

Were collected. Secondly, reproducibility of many of the bands was poor. It is acceptable in a 

survey of this kind to simply choose markers that do appear reproducible from run to run, but 

that there is such variation at all must be a cause for concern. This is partly responsible for the 

third major problem, that of scoring. Scoring gels from run to run is often near impossible, as 

the overall profile may be substantially different even though the markers of choice are 

reproducible. 



These technical difficulties aside, as many highly successful RAPD surveys have been carried 

out in the past, it remains to question the suitability of the technique from a theoretical 

viewpoint. The dominance of RAPDs, if nothing else, means that even a survey of genetic 

variation would require 10 times the sample size of a co-dominant marker study to produce the 

same accuracy of results (Lynch and Milligan 1994). In a study of the structure of a hybrid 

population, however, the problem is more severe. If each marker is considered as being a 

single locus, it is impossible to determine the heterozygosity of any locus. How severe this 

problem is depends on the nature of the project, and partly on luck. If each species can be 

found to have several species specific RAPD markers fixed within them, it would be possible 

to use them to distinguish between F 1 s, parents and backcrosses- assuming no competition and 

reliability of amplification. In this project, this did not occur, and the RAPDs could not be 

used even to distinguish parents from Fls. 

Another difficulty associated with the use of RAPDs, again owing to their dominance, is that 

the mathematical tools for analysing data are not well developed. This means that many 

models which can be applied with co-dominant markers cannot be easily modified to include 

RAPDs- this was found when it became desirable to develop the best fit model categorising 

each individual into genealogical classes. At the outset of a project, this may seem like a 

distant and surmountable difficulty. When faced with actually having to make sense out of the 

data, it often appears that the analysis would have been best performed on far less, but co-

dominant markers. 

Indeed, the most common and successful method for analysing RAPD data is the use of PCA 

or AMOVA, neither of which can be easily fitted into genetic models. Rather, they treat the 

RAPD profile as a phenotype and analyse it in this sense. This is suitable for most studies, but 

not where the difference at a single locus can be the difference between two genealogical 

classes. 

The demonstration that if DNA from two hybridising species is mixed, the profile is not 

additive (Hallden etal. 1996) is the most convincing demonstration of the lack of suitability of 

RAPDs in studies of hybrids. If a band can disappear simply due to competition from an 

almost identical genome, there is little hope of being confident in interpreting the RAPD 

profile of a hybrid. 

One only needs to read a few papers on RAPDs to realise that a large proportion of them draw 

conclusions pertaining only to the inheritance and suitability of RAPDs for further studies 

rather than to actually tackling the problem at hand. Considering the studN of hybrid 
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populations, it may be more profitable to spend time developing a single co-dominant marker, 

using sequencing where necessary, than collecting and attempting to analyse dozens of RAPD 

markers. The data set will look a lot smaller, but the conclusions that can be drawn will be far 

more robust. 

7.2.5 Organellar Markers 

Of all the methods and markers considered, the organellar markers have been the most 

informative. This is not surprising, as the processes governing natural hybridisation depend on 

the mating system, and the mating system is most easily determined (from a genetic point of 

view) by considering uni-parental markers. Much of the further work that will be suggested 

could be carried out using only organellar markers, and it is the fact that two such markers 

exist in Larch that make it such an interesting organism for the study of hybridisation. 

However, it would be useful to be able to analyse this variation without the time consuming, 

expensive and hazardous use of radioactivity. Blots can be very variable, and often hard to 

interpret. A worthwhile extension of the work on organellar markers would be to locate the 

sequence responsible for the variation, design primers to this region, and perform PCR-RFLP 

rather than Southern blotting and RFLP. 

Whatever the technical approach used, it is hard to see how a molecular analysis of 

hybridisation would be complete without making use of organellar markers- mitochondrial in 

animals, either in most plants, and both of them in species such as larch where the inheritance 

is through both seed and pollen. 

7.2.6 Cytonuclear Disequilibria 

I include cytonuclear disequilibria in a section about the tools available to researchers 

deliberately. It was my belief, deriving from their treatment in the literature, that they describe, 

in a fundamental way, associations between organellar genes and nuclear genes. Thus, by 

determining the values of disequilibria, and even testing them, some of the essential points of 

the genetics of a given system are discovered. 

My original, naive approach is not uncommon. However, it is clear from this work that this is 

far from true. C tonuclear disequilibria summarise some of the associations that exist in that 

population. Nothing else is claimed for them by those who developed them, but there appears 

a danger that they can be used to confuse rather than enlighten. Disequilibria can be due to a 

variety of causes, and are affected by population sizes and allele frequencies (even when 

normalised disequilibria are used), not just those more interesting influences such as selection, 
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assortative mating and so on. Testing of disequilibria is particularly confusing, as the sample 

sizes needed to justify using the approximations that are made are often extremely high. This 

study demonstrated that it is possible to use organellar and nuclear data in conjunction without 

attempting to parameterise them into cytonuclear disequilibria (chapter 5). That work which 

requires both nuclear and organellar data does so not because cytonuclear disequilibria are of 

importance, but because associations between nuclear and organellar genes may elucidate the 

mating system of the population. Cytonuclear disequilibria have not been shown to be the best 

device for presenting such associations, and they are definitely not the only or even the best 

way of testing for them. 

7.3 The Status Of Larch Plantations On The Atholl Estate 
The Atholl estate is extensively planted with European larch as well as plantations designated 

as hybrid larch, with no deliberate planting of Japanese larch apart from ornamental trees such 

as those on The Avenue, which have previously been studied in depth morphologically (Laing 

1947). These Japanese trees were examined using molecular tools and shown to share 

mitochondrial, chloroplast and nuclear markers which distinguished them from some old but 

healthy European trees planted in proximity. 

Given that, until recently, Japanese larch was not planted on the estate apart from these 

ornamental trees, it could be assumed that all hybrids on the estate descended from these 

individuals on the maternal side. The paternal parentage of the hybrids could not be so 

definitively assigned, as pollen could have arrived from anywhere in the vicinity, though it was 

considered likely that the nearby trees on Kennel Bank would supply the majority of the 

hetero-specific pollen reaching these trees. 

Bearing in mind these considerations, a supposed F 1  stand (which formed the stock for two 

further generations) was examined. However, it was shown in chapter 4 that this stand 

contained no hybrids apart from obvious regenerants. This leads to the conclusion that 

previous descriptions of individual stands as hybrid could not be relied upon to give a true 

indication of their nature. Thus, even before any attempt to unravel the process of 

hybridisation was embarked upon, it was realised that the (necessary) use of semi-natural 

material (as opposed to, for example, provenance trials) introduced an added layer of 

complexity. This made it necessarN,  to change the focus of the project somewhat. Rather than 

going straight to an examination of the process of hybridisation on this estate, it became 

necessary to analyse and qualiT at least some of the hybrid plantations. Owing to this, the 

project could not focus on process as much as it was hoped. Rather, it should be seen as the 
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necessary backdrop to further work to determine in detail the processes governing the 

consequences of forced genetic contact. 

Subsequent study sites were chosen on the basis of age, health, suspected planting history, and 

quantity of regeneration. These criteria led to two adjacent stands planted in the thirties being 

chosen for analysis. Both these stands were found to be more in line with expectation, having 

a large hybrid nature, though they differed in the genetic structure present. Several 

assumptions were made in order to form hypotheses about the nature of these sites. One was 

that they were each formed from seed collected from a single site. This is the most suspect of 

the assumptions used, as it may well not be the case. This is a particular issue with the 1933 

site, which was shown to contain many individuals that could not be F 1  hybrids. The analysis 

demonstrating the fit of this stand to one derived by random mating from an F 1  generation 

holds only if the parents were from a single population. If this assumption is violated, it 

remains the case that the two stands differ in composition and that the 1933 stand cannot be 

F 1 , but further conclusions about its nature may be invalid. 

The study of regeneration in these two stands demonstrates clearly that the hybrid populations 

are fertile and viable, up to the point where there was no detectable genetic input from other 

populations. If this regeneration is indicative of the hybrid seed still being collected and 

planted on the estate, it is clear that the hybrid potentially has a future and will not, as might 

be supposed, simply be eliminated by the more numerous European trees on the estate. 

The planting of these hybrids also has implications for the effective fecundity of Japanese 

trees. Though there has been no deliberate large-scale planting of Japanese larch on the estate 

(in contrast to Scotland as a whole), many of the trees in hybrid stands were shown to be pure 

Japanese trees. Thus, the planting of hybrids has not only increased the range of Japanese 

genetic material but of pure Japanese trees as well. 

In conclusion, hybrids of more than the first generation are being produced and planted on the 

estate leading to the real possibility of an evolutionary future for them. A more detailed picture 

of the nature of more stands, using the tools developed in this project, would clarify the 

background essential to the analysis of the process of hybridisation. 

7.4 The Future Of Hybrid Larch On The Estate 
A major point from chapter 1 was that a knowledge of the early processes of hybridisation 

should allow a more accurate analysis of the pattern of hybridisation pointed at by many 

phylogenetic studies. One purpose of this study was to determine the consequences of 

hybridisation immediately after first contact (in a specific case) in an attempt to provide at 
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least one example of hybridisation that may, ultimately, lead to such a pattern. It is therefore 

useful to attempt to extrapolate the results of this study to produce a plausible prediction for 

the evolutionary future of hybrid larch at Atholl. This extrapolation does not take into account 

the most important factor, that is the desired forestry outcome (which is reducing the emphasis 

on all larch in any case). Rather, it is an attempt to put the results of the study into an 

evolutionary context. 

7.4.1 An Evolutionary Dead-End? 

In fact, there are several plausible outcomes. The first is that the numerical superiority of 

European larch, combined with some supposed hybrid inferiority in later generations will 

result in the hybrid being simply an ephemeral phenomenon, existing for only as long as it is 

deliberately produced and planted. This situation would be similar to that found when two 

allopatric species meet and produce less fertile or viable progeny in the contact zone. The 

evolutionary significance (or lack) of such zones has been discussed in chapter 1. In fact, it 

was evident from the examples of hybrid zones discussed that whatever the pattern of 

molecular markers, it was extremely difficult to find convincing evidence that the evolutionary 

effect of hybridisation would be significant (Goulson and Jerrim 1997; Paige, Capman and 

Jennetten 1991; Watano, Imazu and Shimizu 1996). Only in one case, the irises (Arnold 

1993b), was there any really strong evidence that hybridisation was having an effect on the 

distribution and nature of the flora in the vicinity. Similarly, this situation may be analogous 

to that found in many animals where the existence of hybrids is immaterial to the evolutionary 

path of either parent and unlikely to lead to a novel hybrid taxon. 

7.4.2 Creation Of A Novel Hybrid Species 
While this study has not looked at viability and fitness of hybrids, an extremely demanding 

undertaking in any case particularly given the prohibitive life-history of trees, there is evidence 

that the above 'dead-end' scenario is, though plausible, not likely. This situation differs in two 

fundamental ways from the usual natural situation. Firstly, both European larch and Japanese 

larch are exotic, and therefore not especially well adapted to conditions in Scotland. Indeed, 

the forestry interest in the hybrid is due to the fact that both pure species have traits that are 

unsuited to Scotland. It is exactly this sort of situation that should allow hvbridisation to have 

a 'creative' role in evolution. It is analogous to the cases where hybrids appear to proliferate 

in disturbed environments to which neither parent is adapted (Anderson 1949). The hybrids 

would possess more genetic variation and, if isolated from both parents, may well adapt to 
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Scottish conditions far quicker. Without studies on selective factors, which are unfortunately 

largely impractical in this case, this could not be proved. However, it is a major difference 

from the normal situation where both parental species can be presupposed to be relatively well 

adapted to the conditions. 

Secondly, seed from hybrid populations has been preferentially planted. This is analogous, in 

the natural situation, to ensuring that first generation hybrids have a large selective advantage. 

This ensures a greater number of hybrids for natural selection to operate on, increasing the 

chance that some hybrids that outperform either parent are established. That this could occur 

is shown by the fact that the regeneration from a second generation hybrid swarm appeared to 

have involved little or no input from the nearby European trees (chapter 6). This suggests that 

there would be ample opportunity, in the absence of other influences, for the hybrids to evolve 

without much competition or input from the parents. 

It could therefore be argued that hybrid larch on the Atholl estate may rapidly evolve into a 

recognisable taxon, distinct from its parents, in much the same way as J.nelsonii has in 

Louisiana (Arnold 1993b) where it exists in close proximity to its parents. The Atholl hybrid 

has been artificially established in large numbers and at least two populations have shown to 

be relatively resistant to seed or pollen flow from the European parent, overcoming one 

difficulty to the formation of a long-lived taxon. The novel conditions relative to either parent 

certainly provide an opportunity for selection to be effective. The interesting point is that this 

is plausible even when one parent- the European- is planted in large numbers and close 

proximity. This shows how important one aspect of further work is- to examine in more detail 

the seed and pollen dispersal of the trees, for without this, the essential ecological data 

emphasised in chapter 1 is missing. 

Finally, one tantalising possibility which should be addressed is that though the low genetic 

contact between hybrid and parent may simply be due to low seed and pollen dispersal, it is 

possible that there exists another mating barrier between hybrid and parent. This is by no 

means implausible. Even a small difference in, for example, flowering time (a difference which 

is present between the two parents) could reduce the ability of the trees to form backcrosses 

with the European parents. This is entirely speculative and would need careful testing, but if 

true, could strengthen the case for the Dunkeld hybrid as an incipient hybrid species, and one 

that could be described as a native British species. 
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7.4.3 Creation Of A New Variety Of European Larch 

The scenario outlined above is made more likely if the genetic contact between the artificially 

established hybrid populations and the European populations is low. It should be remembered 

that this is not a prerequisite- that genetic contact does not prevent separate evolutionary 

trajectories has been emphasised before (e.g. Goulson and Jerrim 1997). However, there is no 

doubt that isolating hybrids from their parents enhances the chances that they diverge from 

them. 

That this contact is surprisingly low has already been suggested, though not proven beyond 

doubt, by the results of Chapter 6. However, it may be that a more likely scenario is that 

pollen and seed flow, though statistically insignificant, will be enough to homogenise the 

hybrid and European populations. As collection of hybrid seed consists of taking seeds from 

any population designated as hybrid and replanting them, it would be expected to become 

progressively 'more European'. Eventually, the larch at Atholl would be a more or less 

homogenous group, with a largely European genetic makeup. It would undoubtedly contain 

neutral genes, and most likely have some selective Japanese traits as well. In essence, it would 

be a variety of European larch that has adapted to the conditions at this locality. An important 

point is that it will be isolated from the vast majority of the natural range of either parent and 

is very much a localised phenomenon. The rest of this section will assume that, many 

generations down the line, a future biologist is attempting to classify this putative 'Atholl 

larch'. 

How this taxon, if it arose, should be viewed depends on ones approach to classification, and 

continuing the approach from Chapter 1, I would suggest is an insurmountable problem using 

traditional classification schemes. One approach would be to classify it as a new hybrid 

species, based purely on the fact that it would contain genes (selective or neutral) from two 

species. This appears to be the approach taken by the majority of authors (e.g. Rieseberg and 

Ellstrand 1993). This is justifiable only if the utility of species classification is simply to 

describe phylogenetic history. 

A second approach would be to describe this as a new race, variety, population or other taxon 

of European larch that has arisen by introgression of Japanese genes into European larch. For 

many authors, this is logically equivalent to the approach taken above, introgression and inter-

specific hybridisation being extremes of the same continuum (Abbott 1992). Alternatively, if it 

is desired to maintain a special place in classification for hybridisation, it may be better to 

simply view hybridisation as a mechanism other than mutation for introducing new genetic 
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variation into a taxon. The Atholl larch remains European larch for as long as the criteria for 

that species, which must be independent of the fact that some individuals contain genes 

derived from another species, are satisfied. However, it would be a race that has evolved with 

the additional influence of introgression. In this case, hybridisation has clearly been influential, 

but it is not helpful to describe European larch or (the imaginary) Atholl larch as a hybrid 

species. 

One possible problem pertains to the cytoplasmic genes. Even were selective Japanese genes 

largely eliminated from the gene pool, it would be likely that the population would maintain a 

large number of Japanese neutral genes and mitochondria, which have been found in all 

individuals of hybrid populations examined. Were the future biologist to examine the 

mitochondria of the European larch at Atholl, she might rightly conclude that the European 

larch had, at this location, 'captured' Japanese mitochondria (the exact analogue of 

chioroplast capture in most plants, where the chloroplast is maternally inherited). However, if 

the reasoning of many authors (e.g. D'Orado 1992) was followed, explanations for how such 

a mitochondria had established itself and spread throughout a population would be sought. 

The taxonomic 'purity' of European larch might also be questioned, the Atholl larch 

demonstrating the importance of hybridisation in the evolution of the genus Larix. 

In reality, the Japanese mitochondria has not spread throughout a European population, rather 

it has become associated with European genes - the 'nuclear capture' process described in 

chapter 1. Secondly, without examining variation at the nuclear locus, the special status of the 

mitochondrial capture as a process that requires explanation would be void. Finally, any 

temptation to review the classification of this Atholl larch based on the discovery of these 

Japanese organelles should be treated with extreme caution. If the criteria for species do not 

specify (as they do not and should not) a particular organellar haplotype, then this should not 

be used as a basis for a classification. The biologist could infer that hybridisation with 

Japanese larch may have happened, but not that it had been important. 

In summary, I believe that the (unintentional) production of a distinct variety of European 

larch at Atholl is probable within a few generations. Furthermore, this variety would better be 

considered to be a European larch that has evolved adaptively and neutrally through 

introgression from Japanese genes, rather than to be a hybrid species. 

7.5 Future Of Hybrid Larch In Scotland 
Most of the arguments applied above apply to the consideration of hybrid larch throughout 

Scotland (and, indeed, Britain as a whole). However, a major difference between the 



distribution on the Atholl estate and the majority of other plantations in Scotland is obvious 

from Table 2-3. Whereas on the estate the majority of non-hybrid larch is European, the 

general pattern elsewhere is that it is the Japanese larch that is planted in bulk. In fact, much 

of the larch around the country is designated simply as 'hybrid! Japanese larch'. This means 

that not only is there potential non-hybrid genetic material from Japanese rather than 

European larch, it is likely to be planted in even greater proximity to the hybrid itself 

The consequence of the greater intermingling is that the formation of a distinct hybrid species 

is made less likely. Furthermore, it has not been verified that a hybrid population will not 

backcross extensively to neighbouring Japanese populations as they do not with European 

populations. However, it remains possible that in Scotland as a whole, a new hybrid species 

could evolve, either through natural or artificial selection providing selective advantages for 

individuals with combinations of traits from both exotic species. 

More likely is the widespread creation of a distinct Scottish race of Japanese larch. Unlike at 

Atholl, where the predominant genetic background is European, the rest of Scotland would 

involve the backcrossing of the widely spread hybrid with largely Japanese parents. The 

viability of hybrid populations has been experimentally verified, as has the ability of hybrid 

individuals to backcross to Japanese parents (Chapter 5). It seems inevitable that the end 

result in Scotland will be a variety of Japanese larch with a number of European nuclear genes 

and a proportion of individuals with European organellar genes. Whether this will allow 

adaptation to Scottish climes is uncertain, but it does seem likely that such widespread genetic 

contact will result in the Japanese larch absorbing, for example, the winter-frost tolerance of 

the European species. 

The most likely outcome of larch planting in this country since the turn of the century is, I 

believe, a rapid adaptation to the Scottish environment of both European and Japanese larch. 

On the Atholl estate, as well as any other estate that plants both hybrids and European larch 

extensively, the European larch may incorporate the tolerance of Japanese larch to late frost 

and larch canker, both of which cause silvicultural problems for the planting of European 

larch. Likewise, and perhaps more convincingly, the widely planted hybrid should allow the 

Japanese larch to adapt to the cold winter frosts that so limit it in Scotland at the moment. 

Hybridisation, through introgression, may therefore be altering the evolutionary path of larch 

in Scotland to an appreciable and important extent. 
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7.6 Further Work 
There remains much work of value to be carried out both on the estate, and possibly 

throughout Scotland, in order to extract as much information as possible about the process of 

hybridisation between Japanese and European larch. Here, I will outline suggestions for such 

work that could be carried out without further method development. 

One important extension is to extend the work on regeneration throughout the estate. The goal 

of this would be to determine the pollen and seed input from European larch elsewhere on the 

estate. To this end, only organellar genes need be surveyed. If the need to collect buds for 

isozymes is removed, it would be feasible to sample 100 regenerant individuals! population 

(and, if desired, extend the parental sample) and test the hypothesis that the frequency of 

European mitochondria is zero and the hypothesis that the European chloroplast frequency in 

the regenerants is larger than that in the parental population (which, assuming no contribution, 

we would expect to be rejected). If we still failed to uncover evidence of a substantial 

European pollen/seed pool, the case for possible divergence of a hybrid taxon would be 

strengthened. 

In a similar vein, it would be extremely valuable to survey regenerating European populations. 

This way, it could be determined if the hybrid was fathering seed in European stands. If so, we 

might conclude that the idea that hybrids are less viable than their parents is false. 

The process of hybridisation could be further dissected through analysis of the seed of the 

regenerating populations. A particularly interesting question would be whether the seed from 

the pure Japanese trees in the populations had the same paternity as the seed from hybrid 

individuals. A greater proportion of Japanese chioroplasts, for example, in the seed from pure 

trees would suggest some degree of pre-zygotic mating barrier, such as a flowering-time 

effect. Though a very large sample and a very large effect might lead this to producing 

detectable and significant cytonuclear disequilibria that could be observed using the 

approaches already described (i.e. examining the pattern of variation present in regenerants), 

this more direct analysis of seed would be more sensitive. Furthermore, only the chloroplast of 

the fertilised seed need be analysed if this approach is used, rather than using nuclear markers 

to detect cytonuclear disequilibria. 

Moving beyond the estate, it would be valuable to perform a wide-scale survey of the 

'Japanese/Hybrid larch' in Scotland, and determine unambiguously how much of this is hybrid 

and how much Japanese. This in turn could identify areas where it would be valuable to 

examine the process of hybridisation in the detail described above. 
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Very importantly, but omitted up till now because of the practical difficulties and long term 

nature of such an experiment, fitness analyses of the parents and various classes of hybrids 

should be carried out as a starting point for ecologically relevant hypotheses. A restricted 

version of this approach would be using controlled crosses to produce seed and perform an 

assay for germination and viability after 1 year of the two parents and their F 1 s, using  the 

same individuals as a starting point. This would allow assessment of three important factors. 

Firstly, the fertility of each of the parents and the F 1  with respect to pollen from either of the 

parents or the F 1  (for example, is the F 1  more receptive to other F 1  pollen or to a particular 

parent). Secondly, the germination rate of pure, F 1 , backcross and F 2  seeds. Finally, the early 

viability of each of these classes. While by no means an exhaustive or ecologically detailed 

fitness analysis, this approach -feasible in a short-term timescale- allows at least some 

informed discussion about possible hybrid viability/ fertility effects. That the controlled cross 

is carried out correctly could be assayed using SKDH and the K140 chloroplast marker. A 

version of this approach is the reason that the study of hybridisation in Louisiana irises was so 

successful, and as has been argued, is an important element of hybridisation studies. 

Finally, the approach of computer modelling has demonstrated its utility at analysing the 

behaviour of genetic parameters. It is possible that this simple model could be used to provide 

means and variances of disequilibria under many conditions, including selection and 

migration, and all forms of unusual' situations can be simply incorporated as the starting 

conditions. Furthermore, it may also be possible to determine a range of selective values, 

migration rates (from parents) and population sizes under which a recently formed hybrid 

population might diverge from its parents. Time constraints have meant this has not been 

possible, but in principle this might be achieved using this or a similar approach. 

7.7 Approaches To The Study Of Plant Hybridisation 
Specific suggestions as to how to extend this project have been made above. There are also 

some general points arising that are pertinent to the study of plant hybridisation in general. 

The first point is that no study designed to examine the dynamics of hybridisation is complete 

without an analysis of multiple generations. Indeed, the main weak spot of this project was 

that the need to identify new study sites after the first was found to be unsuitable severely 

limited the time available to spend on the regenerant population (in particular, it was not 

possible to go on to develope the techniques to look at seed genomes). Even so, it was this 

(limited) analysis of regenerants that promises the most in the way of fruitful study. Without 

this, the results of the survey, though interesting, are confined entirely to the Atholl estate with 
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no broader application, as they relate only to the pattern present at that particular site. With it, 

the ongoing process of hybridisation can begin to be dissected. 

It might seem obvious that analysis of more than one generation is important. However, as 

discussed in chapter 1, not all studies even acknowledge that such work could add 

qualitatively to the value of the results. Probably because of an emphasis on the modelling of 

hybrid zones, researchers have often been preoccupied with the difficulties in inferring process 

from pattern, without attempting to examine the process itself 

The situation at the Atholl estate does, of course, lend itself readily to the analysis of multiple 

generations as there is such a distinct age structure (in my study sites, all trees were either 60 

years old or under 5). This is clearly rare in nature, but the importance of this approach is that 

ways round this should be found. One would be to estimate the age of individuals and see 

what patterns exist in the temporal dimension. Also, and the only route available if the plant 

under consideration is an annual, examination of seed genotypes and germination rates could 

simultaneously look at the genetic changes occurring in the population (or indeed, determine if 

it is reasonably stable) and provide some valuable fitness information. 

A second point is that, where possible, ecological data must be collected. None has been 

attempted within the confines of this project. Indeed, it might be thought that there is no useful 

data to collect, as the trees have been planted and managed. However, it would be helpful to 

know, in detail, the flowering times of each individual and relate that to its genotype, as the 

two parents do differ. With insect dispersed plants, the behaviour of the pollinators could be 

very valuable. Without in depth fitness analysis, mating-behaviour is about the only life-

history trait that can be analysed in depth. 

In general, it appears that the tools used to study plant hybridisation are far more sophisticated 

than the approaches used. The same tools that are used to study hybrids themselves (be they 

genetic, ecological, or morphological) should be used to analyse hybridisation. While this 

project itself does not go much further than some, it is considered to be simply the beginning 

of a study of hvbridisation. Previous work often sees the description of morphological or 

genetic variation in hybrid zones as the end, whereas it should be just the start. 
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Appendix A: Materials And Methods 



.1 DNA Extraction Techniqes 

.a CTAB Based Extraction 
The most common DNA extraction methods, at least in conifers, are based on the use of 

Hexadecyltrimethyl ammonium bromide (CTAB). CTAB solubilises DNA in high salt 

concentrations, but makes it insoluble  when salt concentrations are low. This property is the 

basis of the original CTAB extraction method (Doyle and Doyle 1987), which used a large 

drop in salt concentration to desolubilise and spin out the DNA. A simplified method was 

developed (Whittemore and Schaal 1991), which simply uses the CTAB to solubilise the DNA 

and extractions are performed with the DNA in solution. PVP (Polyvinylpropylene) beads are 

added, which bind to and help remove many carbohydrates. 

A version of this method was being regularly and successfully used to extract DNA from 

Scots Pines needles (Morman 1994) but did not work in larch. DNA yield was extremely low 

(sometimes not visible on gels). However, the replacement of the organic solvent chloroform 

with the related dichloromethane, as suggested from work with tropical trees (Gillies pers 

comm 1995 ), resulted in high yields. The reason for this is unknown, but it may suggest a 

carbohydrate or secondary compound of some form that solubilises DNA in chloroform but 

not DCM. To formulate an improvement on the extraction method would, presumably, require 

research into the nature of this hypothetical contaminant. 

Following the initial extraction, a phenol based clean-up step was undertaken (Sambrook et al. 

1989). This step removes proteinous contaminants (visible as a white layer) but its 

contribution to the suitability of DNA for amplification or digestion was uncertain. 

This method, replacing the chloroform in the lab protocol with DCM, is described below. 

Materials 
2 x CTAB buffer 
DNA wash buffer 
1 x TE 
3M Sodium acetate 
RNaseA (5mg/mI) 

DCM (dichloromethane) 
Phenol: Chloroform 1:1 
IPA (Isopropanol), stored at -20°C 
Absolute ethanol 
Liquid Nitrogen 

Method: 

The water bath and 2xCTAB were pre-warmed to 65°C. Meanwhile, 1-2 g of frozen needle 

from each sample was ground to a fine powder in a pre-cooled mortar and pestle using liquid 

nitrogen. Each sample was transferred to a 15m1 polypropylene tube with a chilled spatula and 

stored at -80°C until all the samples were prepared and the water bath was ready. Then, Sml 
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of warm 2X CTAB buffer was added to each sample and mixed well before incubating for 45 

nuns. 

After incubation, the tubes were removed and cooled to room temperature (this step was 

necessary to avoid a violent reaction on addition of DCM). Extraction of proteins and 

carbohydrates was carried out by adding Sm! of DCM, mixing well, and centrifuging at 3,200 

rpm on a bench-top centrifuge for 10 mins. The top aqueous phase, containing the DNA, was 

decanted (or removed using a pipette, depending on the nature of the interface) to a new tube, 

and the DCM extraction repeated a second time to further clean up the preparation. The 

supernatant was again removed to a new tube, and the DNA precipitated by addition of an 

equal volume of ice-cold IPA. This was stored at -20°C for at least lhr, or overnight if 

required. 

If the DNA was clearly visible as a fibrous precipitate it could be 'spooled out' with a shaped 

glass pipette. Otherwise, and more usually, it was spun for 10 minutes to pellet the DNA and 

the liquid poured off. The DNA was transferred to a 1 .5m1 eppendorf and suspended in 1 ml 

of wash buffer for 10 minutes, before centrifuging for 10 minutes in a micro-centrifuge. This 

step removes IPA and excess salt. The wash was decanted and the pellet air-dried for approx. 

30 minutes, and then suspended in 480.tl of 1xTE and 20il of 25xRNAase. This was 

incubated at 37'C, for 1-2 hours or until the pellet was fully dissolved. 

This crude extraction could be followed by repeated Phenol-Chloroform extractions 

(Sambrook, Fritsch and Maniatis 1989) to remove protein, ensuring a final extraction with 

just chloroform to remove residual phenol. 

.b Scotlab Extraction 
The parents, crosses and the 1912 'hybrid' stand (chapters 3 and 4) were extracted as above, 

and these extractions were used successfully in RFLPs and some PCR work. However, CTAB 

extractions on a trial batch of the individuals from the 1933 and 1936 stands (chapter 5) 

resulted in DNA that was very variable as regards to its ease of digestion with restriction 

enzymes. Why this occurred is unknown, though it now seems likely it was due to the stage in 

the season that the collections were made. The collections from the 1933 and 1936 stands 

were made earlier in the season, and though the needles appeared fully expanded there may 

have been some biochemical difference between these younger needles and the slightly older 

ones used before. 

It was decided to try a kit designed for the extraction of DNA from plants. This kit, the 

Scotlab phvtopure kit, used SDS in the lvsis phase and modified silica beads to bind to plant 
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carbohydrates. Though the yield from this method was much lower than that from the CTAB 

method, the DNA was consistently easier to digest. The method shown below is taken from the 

manufacturers instructions (Scotlab 1996), with one modification. DCM has replaced 

chloroform in the initial extraction steps, as this seemed to improve the yield as it did with the 

CTAB method. 

It was realised that much lower quantities of DNA were needed than had been achieved from 

the CTAB extractions on 2g of needle. Thus, only 0.2g of needle tissue was used. However, 

the kit was successfully used on larger scales similar to those used in the CTAB extractions. 

The method has been slightly modified from the manufacturers instructions, and is therefore 

described below. 

Scotlab DNA extraction of Larch DNA 

Materials: 

Nucleon Phytopure kit (Scotlab) 	 DCM (at 4°C) 
-Reagent A (SDS based lysis buffer) 	IPA (at -20°C) 
-Reagent B (salt solution for lysis) 	Ethanol 
-Silica Suspension (binds impurities) 	Liquid nitrogen 

1 x TE 	 DNA Wash buffer 

Method: 

The water bath was pre -warmed to 65°C. Meanwhile, 0.2g of frozen needle tissue from each 

sample was ground to a fine powder, in liquid nitrogen and transferred to a 1 .5m1 eppendorf 

with a chilled spatula. 500d of Reagent A was added and mixed well, followed by addition of 

16041 of Reagent B. These combined to form the active SDS lysis buffer. This was inverted 

several times until homogenised and incubated, with frequent shaking, at 65°C for 20 mins. 

After lysis, the samples were incubated on ice for 20 mins, which increased the relative 

solubility of carbohydrates and proteins in the organic phase. An initial extraction with an 

equal quantity of DCM (approx. 750 1.11) was performed, spinning at 13,000 rpm for 10 mins 

to separate the cell debris and organic solvent from the aqueous layer. The aqueous 

supernatant was removed to a fresh tube, and 40pJ of silica suspension and another equal 

volume of DCM added. This was shaken gently for 10 minutes to allow the modified silica to 

bind carbohydrates, and the organic soluble compounds to dissolve. Gentle spinning at 2,000 

rpm was carried out, and the aqueous phase removed with a pipette, avoiding the silica rich 

interface. 
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As with the CTAB extraction, the DNA was precipitated with an equal volume of IPA, 

washed, and dissolved in TE (50.tl). RNAase was no longer used, as tests indicated it did not 

affect either PCR or restriction digestion. 

c Plasmid DNA Extraction 
The use of the K140 chloroplast probe, as well as the PTEE5 ribosomal probe, required the 

purification of plasmid DNA from E. Coil hosts. The basis of this method is that after lysis 

with a suitable alkaline solution, the bacterial DNA will remain associated with bacterial 

proteins and the cell membrane and precipitate whereas the lighter plasmid DNA will remain 

soluble. The method used was the alkaline lysis method of Maniatis (Sambrook, Fritsch and 

Maniatis 1989) 

.11 Agarose Gel Electrophoresis And DNA Visualisation 
After DNA of any sort was extracted, or manipulated (e.g. digested, amplified etc.) agarose 

gels were used to visualise DNA (to estimate concentration or determine the success of a 

reaction). Agarose gels were also used for Southern blots. 

The basis of this method is that heavier (i.e. longer) DNA fragments take longer to migrate 

through an agarose under the influence of an electric field. By using ethidium bromide, a 

compound which 'intercalates' DNA and fluoresces under UV light, it is possible to see how 

far each size class of DNA molecules has migrated. By comparison with a reference sample 

containing fragments of known sizes (a 'ladder') the length or range of lengths of DNA 

molecules in the sample can be determined. 

Ethidium bromide is highly carcinogenic and care must be taken in its handling. In particular, 

large quantities should not be disposed of down the sink until deactivated by UV light. For this 

reason, EtBr was used as a stain rather than a component of gel and running buffer, making it 

manageable. 

Unless specified, gels were 1% agarose. Mini gels were 8cm x 6cm, with a volume of 25m1 gel 

and 8 wells. Midi gels were 15cm x 11cm. with a volume of lOOml and 14 wells. Gel moulds 

and running chambers were Scotlab's horizontal submarine electrophoresis components. 
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Materials: 

50 x TAE 	 10 x Loading Dye 
EtBr (10 mg/ml) 	 Marker (1kb or lOObp, l.tg/pJ) 
Agarose 
Method: 

Horizontal agarose gels were prepared (generally 1% v/v gels) in 1 x TAE using a microwave 

to heat and dissolve agarose. 20jiJ of sample (1041 for mini-gels), was loaded, after dilution 

with loading buffer and IxTAE. They were run at a constant voltage of 90v (60v for mini-

gels), usually for 3-3 1/2 hrs (1 hr for mini-gels). Staining was achieved by placing gels in a 

dedicated tray containing 0.5 tg!ml EtBr in TAE for 40 mins (20 mins for mini-gel). The EtBr 

was decanted (for re-use and eventual disposal), and the gel destained (if desired) in water for 

10 mins, before visualisation by UV transillumination. 

.111 Polyacrylamide Gel Electrophoresis 
Occasionally, greater resolution than that provided for by agarose gels was required. In such 

cases, polyacrylamide gels were used. For SSCP and Heteroduplex analysis, mini-gels (8cm x 

6cm) were used. For larger gels (e.g. for RAPD analysis) the Hoefer SE 600 midi-gel rig was 

used, capable of loading 28 samples and running up to four gels simultaneously under the 

same conditions. Gels were set-up as according to the manufacturers instructions, with the 

added refinement of shining a bright lamp during setting. It was found that on dark days, the 

gel did not set correctly and wells were often mis-formed- the lamp corrected this problem (by 

speeding up the production of free-radicals in the polymerisation reaction). Gels were 8% 

Acrylamide, with a 39:1 bis-acylamide:acyrlamide ratio. Gels were run in 0.5xTBE buffer, at 

constant 20mAIgel for 3-4 hrs depending on the separation required. Gels were removed, 

stained in EtBr for 20 mins., rinsed, and photographed. 

.iv Assessment Of DNA Concentration and Quality 
Initially, the concentration of DNA was assessed using a UV spectrophotometer to determine 

the absorbances at 260 and 280nm (Sambrook, Fritsch and Maniatis 1989). For DNA 

extractions, this was achieved by diluting approximately 11.11  of DNA solution in lml of 5mm 

Tris-HC1, and using a scanning spectrophotometer to measure absorbances. The concentration 

of the sample can be easily related to its absorbency at 260nm (A7 60) and its purity to the 

A760 :A, 80  ratio. 

However, it was discovered that samples diluted to equal concentrations on the basis of this 

method were often recorded as very different in concentration. It has been noted that plant 
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material extracted by CTAB often fails to lead to reliable UV determination and this appeared 

to be the case here. 

Instead, concentrations were equalised by comparing intensities of fluorescence on a gel. 

These concentrations were compared against a series dilution of marker of known 

concentration to enable an estimate of the samples concentration to be made. Occasionally, the 

'spot' method was used (Sambrook, Fritsch and Maniatis 1989). This involved placing, on 

paraflim, a series of drops of standards of known concentration with 0.5 ng/p.l of EtBR added. 

Viewing under a transilluminator enabled comparison of the sample with the series dilution to 

determine concentration. 

In order to provide a very rough guide to the quality of extracted DNA, approx. 0.5ig of each 

sample was digested with 1/2 unit of EcoR 1 restriction enzyme (following manufacturers 

instructions), and run on an agarose gel. This enzyme, fairly sensitive to impurities, enabled 

very poor quality, indigestible DNA to be discovered early on and re-extracted. 

.v Isozyme Gels 
Starch gel electrophoresis of isozymes has been commonplace since the 1960s. It is based on 

the differential migration of proteins, due to differences in shape and charge/weight ratio, 

through a starch gel under an electric field. All of the methods for running and staining 

isozyme gel systems were derived from Cheliak (Cheliak and Patel 1984). However, there 

were variations in the procedure used to pour and set gels, which will be described below. 

Gel moulds and running trays were made especially by the workshop, to the specifications of 

Cheliak. Loading Wicks were made by cutting Whatman 3mm filter paper into small strips, 

approx. 3mm x 5mm. Gels were prepared in the evening before the day of use. 

Materials: 

Potato starch, electrophoresis grade 	 Electrode Buffers: 'B' and 'H' 
Gel Buffers: 'B' and 'H' 	 Stains: SKDH, GOT, and PGM 
Isozyme extraction buffer 	 Bromophenol blue and Xylene Cyanol marker 

Method: 27.5g of starch and 255ml of the desired gel buffer (B buffer for GOT, H for SKDH 

and PGM) was mixed (by shaking) in a SOOml side-arm flask. This was a slight excess of the 

250m1 for which the gel moulds were designed, but the excess ensured enough solution when 

small amounts were lost. The buffer was heated slowly over a bunsen, shaking constantly, 

until the starch had all dissolved and the solution was changing in consistency (becoming clear 

and more viscous). The solution was allowed to reach boiling point, before removal from heat. 

A tap vacuum-line was applied to the side-arm and a vacuum applied for approx. 30 sec. (or 
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as needed) to degas the solution, before it was poured smoothly but quickly into the mould. 

The solution was allowed to cool for 30 sec., before a plastic plate was lowered over the gel. 

The plate was place by firmly holding at one corner and lowering slowly to ensure an even 

distribution of gel throughout the mould. The gel was allowed to cool for 1/2 hr, before being 

wrapped in cellophane to prevent drying out and left to set overnight. 

The next day, large trays of ice with small glass pestles were prepared. Approximately two 

buds for each sample were placed in each pestle. It was found useful- sometimes essential- to 

prepare the buds by removal of their scales, which appeared to contain enough sticky residue 

to impede solubility and mobility of the samples. This was best achieved by peeling off the 

bud-covering from a shoot with a pair of tweezers, and then picking or scooping out the naked 

bud. Subsequent procedures are exactly as described by Cheliak (Cheliak and Patel 1984). 

Samples were ground in 2 drops of extraction buffer, and the cellulose wicks used to soak up 

the sample. The wicks were wiped on tissue to remove debris, and inserted into the gel (which 

was sliced across, approximately 5cm from one end). Two or three samples of marker dye 

were also loaded to visualise progress of the electrophoresis. Gels were run in the fridge, with 

a safety cut-out, at 40mA constant current. SKDH gels were run for approximately 7 hours, 

until the slow marker had migrated approximately half-way up the gel. GOT and PGM gels 

were run for 4 hours, until the fast marker had reached the end of the gel. 

After electrophoresis gels were sliced using a fixed cheese wire into two layers (necessary for 

examining two stains at once, but useful even for singly stained gels to provide a back-up). 

The gel, trimmed to size, was placed in the smallest tray that would hold the gel and the 

relevant stain poured over. The gels were incubated at 37°C until bands appeared, 

approximately an hour for GOT, up to 3 hours for SKDH and PGM. Scoring was achieved 

over a light box if necessary. 
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.vi PCR Amplification Of Single-copy Genes 
The Polymerase Chain Reaction (PCR) (Mullis and Faloona 1987) was used to amplify 

single-copy genes for two purposes. First, it was used to produce 0RF25 probe for use in the 

detection of mitochondrial variation. Secondly, it was used to amplify products which were 

then screened for variation directly. Here, the protocol used for amplifying such products will 

be described 

Materials: 

Promega Taq enzyme (5 units/jii) 	10 x dNTPs (2.5mM in each nucleotide) 
Promega x 1 KC1 buffer 	 Doubly distilled water 
Promega 25mM M902 	 Mineral Oil 

1 x Primer (concentration dependent on primer) 
Methods: 

PCR reactions were carried out in a Perkin-Elmer 480 thermal cycler, in thin-walled 0.6ml 

reaction tubes. Most reactions were carried out in a 25tl volume, though 50.tl reactions, 

where used, were equally successful. 

Generally, DNA was diluted to an approximate concentration of lOngIp.l and 1 jil was used 

for the PCR reaction. However, it was often necessary to increase or decrease this. Depending 

on the purity of the template, the nature of the primer, and the accuracy of the assessment on 

concentration, anything between 1 / 10th and 10 times this concentration was used. 

A 'pre-mix' consisting of the required amount of enzyme, buffer, dNTP and M902  (for a final 

concentration of 1.5mM) was made, and added to each tube pre-loaded with template DNA. 

Primer was the last component to be added, followed by mixing, centrifugation and an overlay 

of 25 tl of mineral oil to prevent evaporation. 

Amplification was then carried out, the programme being used depending on the primer (see 

Appendix Table A-I). 
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.vii RAPD Analysis 
The PCR reaction (described above) was used at low temperatures with single, short (1 Obp) 

primers to amplify up uncharacterised regions of the genome, and is based on the method of 

Allnutt et at. (1998). 

Materials: 

Promega Taq enzyme (5 units/gil) 	 10 x dNTPs (2.5mM in each nucleotide) 
Prornega x 1 NH 4CI buffer 	 Doubly distilled water 
Promega 25mM MgCl 2 	 1 x Primer (concentration dependent on primer) 

Methods: 

Reactions were carried out in a Perkin-Elmer 9600 thermal cycler, in volumes of 1 0l.tl.  lOng 

of DNA was used, to which a premix containing 1.5mM MgC1 2, 250 p.M dNTP, lx N11 4C1 

buffer, and 0.5 units of Taq was added. 

The PCR cycle used in this case was 30 secs each at 94°C, 72°C and 42°C. The cycle was 

repeated 40 times. 

Appendix Table A-i: Programmes used for PCR amplification in a PE480 thermal 
cycler 

Primer (approx. Melting Annealing Phase Extension Cycle Reference 
lOOnM) (at 940C)  (at 72°C) s 

0RF25 1 min 90 sec. at 60 °C 60 sec. 35 (Sinclair, 1998) 

COX1 1 min 90 sec. at 60 °C 60 sec. 35 (Sinclair, 1998) 

RUBISCO 1 min 90 sec. at 5 0-65 90 sec. 35 - 

OC  

Taberlet ab 1 min 90 sec. at 55 °C 60 sec. 35 (Gielly and 
Taberlet) 

Taberlet cd 1 min 90 sec. at 55 °C 60 sec. 35 (Gielly and 
Taberlet) 

Taberlet ef 1 min 90 sec. at 55 °C 60 sec. 35 (Gielly and 
Taberlet) 

ADH 1 min 90 sec. at 45°C 90 sec. 30 (Strand, Leebens- 
Mack and 
Milligan 1997) 

Calmodulin 1 min 90 sec. at 45°C 90 sec. 30 (Strand, Leebens- 
Mack and 
Milligan 1997) 

Glceraldehyde 3- 1 min 90 sec. at 45°C 90 sec. 30 (Strand, Leebens- 
dh Mack and 

Milligan 1997) 

Mitochondrial I min 90 sec. at 45- 90 sec. 35 (Demesure, Sodzi 

primers  60°C  and Petit 1995) 
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.viii Screening For Variation in Single-copy Genes 
After amplification of a PCR product was confirmed by agarose gel electrophoresis, screening 

for variation was carried out. There were a number of ways of doing this, which are detailed 

below. 

a Restriction Analysis 
Approximately 8j.tl of PCR reaction was sufficient. It was not found necessary to remove the 

PCR buffer before digestion, though it is possible that with some enzymes, restriction may 

have been inhibited to some extent. 1 unit of enzyme, sufficient buffer, and ddH 20 were added 

to make the PCR product up to 25.ti and incubated overnight at the required temperature 

(according to manufacturers instructions). The digestion DNA was ran and visualised on a 2% 

agarose gel, aiding separation of smaller fragments. 

b SSCP 
Single Stranded Conformational Polymorphism is widely used in medical research to screen 

for disease causing mutations (Cotton 1993), though has found its way into ecological and 

evolutionary genetics (Lessa and Applebaum 1993; Watano et al. 1995). It is based on the 

fact that in single stranded form, DNA is capable of taking up a secondary structure through 

intra-molecular base pairing. Thus, sequences of the same length and weight but slightly 

different sequence composition may take up different structure and have differing mobilities in 

subsequent electrophoresis. 

Though generally a radioactive method, it was possible to modify a cold SSCP method (Yap 

and McGee 1992) for use as a preliminary screening method utilising available lab-equipment, 

as described below. 

Materials: 

0.5 M NaOH, 10 mM EDTA 
	

lOOng PCR product 
Loading Dye 
	 8% Polyacrylamide Mini-Gel 

Methods: 

Approximately bOng (usually about 8 lii ) of PCR product was mixed with l.tl of 0.5M 

NaOH, 10 mM EDTA and heated to 42°C for Smins. This denatures the DNA. 1jtl of loading 

dye was added, and the sample immediately loaded into the mini-gel. The gel was run for 

approx. 1 1/2 hr at 50V, until the slower dye ran off. Time between denaturing and running of 

the gel was minimised as much as possible. The gel was stained in EtBr for 10 minutes and 

visualised under UV. 
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.c Heteroduplex Analysis 
Heteroduplex analysis (Gross and Nilsson 1995; Lessa and Applebaum 1993) is a relatively 

simple way of screening for sequence variation in PCR fragments. The putative variants are 

mixed together in equal quantities (approx. 8}.il of each PCR reaction) and melted by heating 

for 3 mins to 95°C. On reannealing, a fraction of the resultant double stranded DNA will be 

'heteroduplex; due to complementary strands from the different PCR products annealing. If 

there is any mismatch, a 'bubble' of single stranded DNA is formed, which retards the motion 

of the duplex through a polyacrylamide gel. 8% Mini polyacrylamide gels, as described for 

SSCP, were used. Double stranded samples run quicker than single stranded samples, so they 

were run for only 1/2 hr at 50V, until the marker had reached the bottom of the gel. The first 

two samples were controls, a PCR product from each parent being melted and reannealed. The 

third sample was a mix of these two. If this sample showed a slower band not present in either 

of the other two samples, the presence of a mismatch could be inferred. 

.d Sequencing 

A 50p.l PCR reaction with the required primers was carried out. The product was cut out from 

the gel under UV with a clean scalpel blade. The slice was weighed, and the Qiagen Gel 

extraction kit was used, according to the manufacturers instructions (Qiagen 1997), to purify 

clean reaction product. This was diluted into 30.tl, and 241 was run on a 1% agarose gel to 

estimate concentration. For the sequencing, for a 'half-reaction', approx. 50ng of DNA was 

required which was usually approximately 5 .d of purified product. The Amersham fluorescent 

sequencing kit was used according to manufacturers instructions (Amersham Life Sciences ), 

using a PCR PE thermal cycle to perform the thermal cycling. The product was then sent to a 

University based sequencing laboratory where the sample was run, visualised, and the 

resulting chromatogram digitised and returned for analysis. 

.ix Transformation Of E.coli 
In order to produce probes for use in surveying for variation at the rDNA locus, plasmids 

containing the required probe sequence were obtained. These were transformed into E. co/i 

host, which were then grown and harvested as described in Maniatis, using ampicillin and 

chloramphenicol media for selective purposes (Sambrook, Fritsch and Maniatis 1989). 

Transformation was carried out using an electroporation method. The protocol followed was 

exactly as the manufacturer's instructions, using a dedicated machine. Pre-prepared competent 

E.Coli cells were mixed with the plasmid, and shocked in a 50.tl capacity cuvette. These cells 
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were then serially diluted (neat, 1: 10 and 1:100) and spread on chioramphenicol/ampicillin 

plates. The plasmid carried resistance to both antibiotics, and colonies were seen on all plates 

representing transformed cells. These cells could then be used to grow and produce large 

quantities of the plasmid. 

.x Preparation And Labelling Of Probe Templates 

a From Plasmid DNA 

Chioroplast probe K140 and rDNA probe PTEE5 were prepared by extracting plasmid DNA 

(pg. 179) from the host E. co/i. The plasmid DNA was then incubated overnight with the 

required restriction enzyme (KpnI). The product of this digestion was run on a mini-gel, and a 

gel-extraction kit (Qiagen 1997) used to extract the probe DNA (e.g. the 9.8 kb fragment for 

K140). The extracted DNA was then quantified by agarose gel electrophoresis and diluted to 

1 00ngI.tl. 

b From PCR Reactions 
Mitochondrial probe 0RF25 was prepared by amplifying a Japanese larch parent with 0RF25 

primers to produce 200p1 of reaction. This was then purified using a PCR purification kit 

(Qiagen), and quantified by agarose gel electrophoresis and diluted to 1 OOngIpJ 

.c Labelling 
Labelling was based on the method of random priming (Feinberg and Vogelstein 1983). This 

method uses a mixture of short oligonucleotides which randomly bind to denatured template 

DNA. Incubation with a polymerase and radioactive CTP (labelled with 32P) incorporates 

radioactivity into the double stranded product. The procedure was greatly simplified by use of 

the 'Ready-to-go' labelling kit (Pharmacia Biotech ), which uses dry beads containing all the 

necessary components apart from the template and the radioactive CTP. The procedure simply 

involves heat denaturing the required amount of probe (about 500 ng) at 94°C for 3 minutes, 

dilution with water, and addition of CTP and the labelling bead followed by incubation for 

Mr. This labelled probe is then ready for use. Full details are given in the manufacturers 

instructions (Pharmacia Biotech). 

xi Southern Blotting and RFLP Analysis 
Southern blotting is the process of transferring single stranded DNA from an agarose gel onto 

a nitro-cellulose filter to which it can be irreversibly bound. Following this, radioactively 

labelled probe is incubated with the filter, and binds to complementary regions of the DNA 
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bound to the filter. Washing removes unbound probe, and overlaying with a suitable film 

allows the pattern of radioactivity on the filter to be visualised. 

If the agarose gel is of a restriction digest of the genomic DNA, and the probe to a particular 

gene, only those fragments containg a region of the gene will show up. Thus, if the gene 

straddles or is in a region where the samples differ in their restriction pattern, there will be a 

difference in the banding pattern seen on the autoradiograph. This makes Southern blotting a 

suitable method for Restriction Fragment Length Polymorphism analysis. Strictly, RFLP 

analysis does not require Southern blotting- any method that allows differences in restriction 

sites to be assessed is RFLP (indeed, PCR-RFLP, as was attempted above, is becoming more 

common). 

a Southern Blotting 
The basic protocol for Southern blotting is out of Maniatis (Sambrook, Fritsch and Maniatis 

1989), with some modifications 

Materials: 

Denaturing solution 	 Hybond N Nitrocellulose filter 
Neutralising solution 	 Whatman 3M Filter paper 
20x SSC 	 Paper towels 
Hybridisation solution 
Methods: 

Genomic DNA was digested overnight with the required enzyme. For mitochondrial blots, 

approx. 15ig of DNA were used, and the enzyme used was KpnI (5 units). For the chloroplast 

blot, only 5 g of DNA was required, and was digested with Bcl (5 units). The reaction was 

performed in 20ii, with water and buffer as required. 

Digested DNA was run on a 0.8% agarose midi-gel (15cm x 11cm) for 3 1/2 hours at 90V. 

After visualisation to check the digestion had occurred correctly, the gel was placed in a tray 

and covered with denaturing solution for 45 minutes. The denaturant was then decanted, the 

gel rinsed in water, and the tray filled with neutralising solution. Neutralisation was allowed to 

proceed for 45 minutes. 

Meanwhile, the blotting apparatus was set up. Perspex plates were placed in a tray as the 

support (about 1.5cm high). The support was entirely wrapped in filter paper, wetted with 

20xSSC. Five filter papers cut to size (15cm x 11cm) were wetted in 20xSSC and placed on 

the support. A 15cm x 11cm Hybond filter was cut, labelled with a pencil, and wetted in 

water. A notch cut in the corner of the filter allowed orientation. 
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The neutralised gel was cut at the corner to match that in the filter paper, and placed face 

down on the filter papers. Air bubbles were smoothed out, and the Hybond filter carefully 

lowered over the gel. This was then topped with 3 wetted filter papers, and a stack of paper 

towels cut to size was placed above these. This was weighted by a 500g weight. The tray was 

filled up to the top of the support with 20xSSC, and left for 14hrs (overnight). 

The following morning, the Hybond filter was rinsed in 1OxSSC, and while wet (not dripping) 

was placed in a EJV cross linker following the manufacturers instructions to bind the DNA to 

the filter. The filter was then ready for use. 

.b Probing 
The blot was soaked in 6xSSC and sandwiched with nylon membranes. In this way, multiple 

blots (up to 3) could be layered and probed together. These were rolled up to fit into glass 

tubes. 20-40 ml (depending on the number of blots) of hybridisation buffer, warmed to 65°C, 

was poured in. The tubes were sealed and place in a Hybaid hybridisation oven, rotating 

slowly and warmed to 65°C. Pre-hybridisation proceeded for 1-2 hrs. 

The radioactive probe was heated to 94°C for 3 minutes to denature it, and pipetted into the 

tube. 20 .tl of probe was sufficent/ 50 ml of hybridisation buffer. Hybridisation proceeded 

overnight. 

c Washing and Visualising 

Washing the blot to remove spurious signal was the most important part of the process. The 

chloroplast blots required more washing than the mitochondrial blots, and mitochondrial blots 

were often underwashed to ensure a readable signal. 

Stringency of washes was varied by increasing SDS and reducing SSC concentration, both of 

which made the wash more stringent. All washes were at 65°C. 

The radioactive hybridisation buffer was decanted and stored for disposal. The first 2 washes, 

of 5 minute duration were in 2xSSC and no SDS. These low-stringency washes were followed 

by two 20 minute washes in 2xSSC and 0.5% SDS. For the chioroplast blot, 2 further 20 

minute washes in 1xSSC, 0.5% SDS were also carried out. Radioactivity of the filter was 

monitored at this stage, and if very high (suggesting a high intcnsiity of background signal), 

the high stringency washes were repeated. 

Finally, the blot was washed in 2xSSC at room temperature for 10 minutes. The moist blot 

was then sealed in a plastic bag (with no air bubbles) and laid down in Hybaid chemi- 

lumescent cartridges with x-ray film overlaid. Two films were used for the mitochondrial blots 
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to allow further exposure if the first was under exposed. For chioroplast blots, 4 hrs exposure 

was often suflicent, whereas mitochondrial blots were examined after 2 weeks. 

Films were developed in an automatic developer, and scored. 
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.xii Recipes 

.a DNA Extraction, Storage and Visualisation 

50 x TE: 0.5M Tris-Hcl 	0.05mM EDTA 	pH 7.4 

2 x CTAB buffer (not autoclavable): 2% (w/v) CTAB 1 .4M NaCl 	20mM EDTA,Na2 

lOOml\4 Tris-HCI pH 8.0 	5% (w/v) PVP 

DNA Wash Buffer: 30% (v/v) 0.3M Sodium Acetate 70% Ethanol 

5xTBE: 24g Tris base 	27.5g boric acid 	10mM EDTA in 11 water 

5OxTAE: 242g Tris base 	57. 1 m glacial acetic acid 	50mM EDTA in liwater 

.b RFLP And Southern Blotting 

20xSSC: 175.3gNaCl 	88.2g Citric acid 	pH 7.0 	in 11 water 

Gel Denaturing Solution: 1.5M NaCl 	0.5N NaOH 

Gel Neutralising Solution: IM Tris-Ci pH 7.4 	1.5M NaCl 

Hybridisation Buffer: 4xSSC 2xDenhardt's reagent 1% SDS 	10%Dextran 

Sulphate 	20mM Tris(pH 7.6) 

.c Isozymes 
Vegatative Extraction Buffer: 8% (wlv) PVP 	0.3M sucrose 	0.5mM EDTA 1mM 

dithiothreitol 	iniM Ascorbic acid 0.1% (w/v) BSA 	0.2mM 	Pyridoxal 	5- 

phosphate 	0.4mM NAD 	0.3mM NADP 

H gel buffer: 4. 19g/l L-Histidine pH 7.0 with NaOH 

H running buffer: 11 7.64g/1 Citric acid pH 7.0 with NaOH 

B gel buffer: 12. 1g/1 Tris base pH 8.5 with citric acid 

B running buffer: 2W!  NaOH 18.5g11 Boric acid 

SKDH Stain: 50m1 0.2M Tris-Cl pH 8.0 	25mg SKDH 	0.02% MgCl2 

0.5 ml oflomg/mi NADP 1 ml of 10mg/mi NBT 	0.5m1 of 5mg/mi PMS 

GOT Stain: SOmi 0.2M Tris-Cl pH 8.0 300mg Aspartic acid 	150mg ketoglutaric acid 

7.5mg Pyridoxa! 5-phosphate 225mg Fast blue BB salt 

PGM Stain: 25ml Tris-HCI, pH 8.0 150mg glucose-I-phosphate 	25 units glucose-6- 

phosphate dehyvdrogenase 	0.02% MgCl2 	0.5m1 NADP 	0.5m1 NBT 	0.5ml PMS 
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Appendix B: Sequences And Primers 

.1 Consensus sequence of Taberlet Fragment ab in Japanese and 
European larch, Chinese larch (from Hu 1998), and Tamarack 

Chinese CTCCTCTGAGCTAiGCAG3CTC.TGGAA ATkkCT0CTCiTTTC1TTGGCGTGA 
Lan ica ra 0GGCTCTGGAATATCTCCTC,TTT CAT T00TGTGk 

70 	 o: 	 iCC 	110 

Janeseard Eu r.t'? 	r 0T 
C.: . ICC 	31:T:TTT' 	ICJ.T::T.CX0T1C0C3_TCA 77 :.TA0U 

La ri carS GAT 
130 	14 , 150 	 io:' 	170 

Osparese and Eu rean 
Chinese 
iizna AA ci0G3J 

- 180 	190 	200 	210 	220 
I 

.7 paneae 
I 	 I 

.3;oo:oo T 	:;OCTCAATTCiA.IAT CArCGT'TTTACTCTCTATT0.0ATC3 

Chinese 
La ci cans PGGG3.GTAAGGGTCTATT:ATATCGATCGTTTTP,CTCACTATTcCA.TCG 

2cu 	26u 	70 

•r,' a rj 	Eur 	r - ar 
I 	 I 

C0TA7ATTJPT3..C.T.TTGCATT0A3.AT03JTI.ATTT0.ATATTCC 

Chinese ACT AGGG0A3 GAT ATPJaCkrTGcATTG0TGC?TPJATAAT GATT CuA 

La ri cars 
340 

Japanese and Eurcpe-ar 
I 	 I 

Oh 1 ran a C 
La ci cans CT CTATTCGTTGGGGTTa1\f-ATAGAGTGGC.GAGAAG1.GGAGTANGJGATCAT 

350 	360 	373 	350 	390 

Japanese and EurDpean 
Chinese 

ri :na P 
400 	410 	420 	430 	440 	45:' 

Jaranese and 	Euc: 	CSr. TC,P.TA7..TTP0AT0P.7CTAT0ATCTCC7T ..TTCP.TAACG3GTATGG73AAA7C 

Chinese TAATAGGPTTPGATCAAGGTATGATCTCGTTCTCTGATAAGGGGATATGGCGAAATC 

Laricana TPATPJ?.TTP0ATCPGTATGPTCTCGTTCTCT 'G07PTATGGCGT 

Japanese and European GGTP 

Notes: The Japanese and European sequence is a consensus from two individuals of each species. 
both forward and reverse. 
The Chinese sequence is a consensus froin three individuals, forward and reverse. 
The Laricana sequence is a consensus from two individuals, both forward and reverse. 
Sequences in italics represent primer sites. 
Laricana differs from the other species at 2bp. at positions 156 and 354. 
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.11 Consensus sequence of Taberlet Fragment ef in Japanese and 
European larch, and in Chinese larch (from Hu 1998) 

I 	 I 	 I 

Ja p anese and Eurear. CPATTCCGT TAG TTCGTCCTTCTCCTTCTCGATTCTTTTACCTCACTATTTTA 
Chinse 	 C?TTC2CTTAGTTCCATCCATTCTCA1'TTCT2 GATT 0TTT TA ,  2CTCACTATTTTA 

70 	 80 	 90 	 100 	110 	 120 

I 	 I 	 I 	 I 	 I 	 I 

Eu 	can 
Chinese 

	

130 	14 	 150 	160 

JaEanese and European TTGGGTTGATCGTTGATCATPTGATLkAATCATTTTGTGPTATATGATCCCATAG 

Oh tnese 
160 	 1'J'2 	210 	 210 	 230 

I 	 I 	 I 	 I 	 I 

Jar anese ar,d Eu rope-an 	TGATATCATTTG3,TTATTC2ATCG'AGTCP.TTTTTTATCATP.TT1.GTGGCTT 

Chinese 
240 	250 	 260 	 270 	 280 	 290 

I 	 I 	 I 	 I 	 I 

Japanese and European ccAr3ATcAAAT?jTpAACArr 
Chinese 

	

300 	 310' 	 j 330 	 340 

Japanese and Europe an 
ri 	 '1 	 ATArTTCJ T 	""a 	 A 

350 	360 	 370 	 380 	 390 	400 

ar,i EuL- or•e ar rJ0T0TC7TTNTAGGCJ2PGGAJTrJ\MTCCTCGT.. OJTTCOAATC 
1 I-T TGG'7AGAGCAGAGG44~CTGAA-AAT I--'.TC  ST -,.T 

Notes: The Japanese and European sequence is a consensus from two individuals from each species. 
using both fonard and reverse primers. 
The Chinese sequence is a consensus from three individuals, using both forward and reverse primers. 
Sequences in italics represent primer sites. 
Notice the lhp difference between Chinese larch and both European and Japanese larch at position 
256. 
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iii Primer Sequences for amplifying targeted regions of the genome 

Target Direction Sequence 

Taberlet ab Fonvard CATTAC?kTGCGATGCTCT 

Reverse TCTACCGATTTCGCCATATC 

Taberlet cd F CGTCGGTAGACGCTACG 

R GGGGATAGAGGGACTTGAAC 

Taberletef F GGTTCAAGTCCCTCTATCCC 

R ATTTGAPCTGGTGACACGAG 

0RF25 F CAAGWRACTCCTCGACGGA 

R GTCTTTTCGCPCTTAGGCGC 

COXI F ATTATCACTTCCGGTACTGG 

R AGCATCTGGATAATCTGG 

Calmodulin F AGCCTNTTCGACAGGATGG 

R AGTGANCGCATAACAGTT 

Glvceraldehvde 3-pdh F GATAGATTTGGATTGTTGAGG 

R GCTTCCAGCCTTGG 

Alcohol dehvdrogcnase F TAOTT IT GGGAACG IAAGGTA 

R TCICCIACACTCTCIACAAT 

Rubisco F ATGCATGCAGGTGTGGC 

R GTTGTCGAATCCGATGAT 

.iv RAPD primer sequences 

l'rinier Scqzwncc Primer Sequence 

OPA7 GAACGGGTG OPAL 16 CTTTCGAGGG 

OPAL 14 TCGCTCCGTT OPKI6 GAGCGTCGA 
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Appendix C: Disequilibria and Calculations Of Expected 
Genealogical Class Frequency 
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J Disequilibria 
All the definitions and derivations of cytonuclear disequilibria are from Asmussen (Asmussen, 

Arnold and Avise 1987; Asmussen and Basten 1996), except those for RAPDs which have 

been modified from these definitions (Dean and Arnold 1996). However, some of the notation 

has been modified. The composite genotypic disequilibria between two nuclear genes is taken 

from Weir (Weir 1990), though the use of maximum and minimum  bounds is my own. 

Cytoplasmic disequilibria (between mitochondria and chloroplast) follow naturally from other 

disequilibria. 

.a Notation 
Due to the large numbers of disequilibria possible in this project, a consistent notation is 

necessary, which is explained here. All notations are for bi-allelic systems. 

D refers to a disequilibrium. 

P refers to a frequency (either allelic or genotypic, depending on subscript). 

n refers to count (either allelic, or genotypic, depending on subscript). 

The subscript M refers to the mitochondria, and C to the chloroplast. The subscripts G, S, and 

P are used to denote the 3 nuclear markers GOT, SKDH and PGM. More generally, A and B 

are used to denote nuclear markers. Nuclear and cytoplasmic allele frequencies are denoted by 

a single subscript. Nuclear genotype frequencies are denoted using two subscripts (e.g. PAA  

means frequency of the A homozygote). Cytonuclear allelic disequilibria or frequencies are 

denoted by two subscripts, one for each system. Cytonuclear genotypic disequilibria or 

frequencies are denoted by three subscripts, one for the organelle and two to denote the 

genotype of the nuclear marker. Capitals are used to denote the (arbitrary) positive allele, and 

lower case the negative allele. In the context of this project, capitals are used to denote the 

allele that is most common in the European parents, usually species-specific or diagnostic. 

Reference to haploid cytonuclear frequencies is made (e.g. PCA).  This is interpreted as the 

frequency of the A allele in the presence of a C cytoplasm, and is therefore equal to the 

genotypic frequency of the A homozygote in the presence of a C cytoplasm plus half the 

genotypic frequency of the heterozygote. 

i.e. 	PCA = Pc + 0.5PCAa  

The only nuclear disequilibria are composite- not genotypic disequilibria- and can simply be 

denoted by the two nuclear systems involved. 
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.b Cytoplasmic Disequilibrium 

The disequilibria between two uniparentally inherited markers is most naturally defined as the 

departure from the expected frequency of a chosen genotypic class, in the simple case of a bi-

allelic system: 

DCM = PCM - PCPM 

This is the only disequilibrium for these two markers. Using the convention of choosing the 

positive alleles to be representative of the same species, a positive value indicates that con-

specific markers are associated. 

Appendix Table C-i shows the relationship between cytoplasmic genotypic frequency, the 

expected frequencies, and the disequilibrium. 

Appendix Table C-i :Cytoplasmic frequencies in terms of disequilibrium (Dcr, i) 

Mito type 
Chlorotype M 	 m Marginal Total 

C PCPM + D01 	P0( 1PM) - D01  Pc 
C (lPc)PM - DCM 	(i'Pc)(iPM) + DCM (I -PC) 

Marginal Total PM 	 (I -PM) 1  

c Normalised Cytoplasmic Disequilibrium 
The normalised cytoplasmic disequilibrium is found by determining the maximum and 

minimum boundaries for D. For a positive absolute disequilibrium, the normalised value is 

found by dividing by the maximum D. For a negative absolute disequilibrium, the normalised 

value is found by dividing through by the magnitude of the minimum D. 

Maximum values are found by maximising PCM  within the constraints given by the marginal 

totals PM and P0 . Appendix Table C-i shows that if the frequency of the positive chloroplast 

allele is greater than that of the mitochondrion, then the maximal DCM  is given by maxPOM 

P otherwise maxP CM  = Pc. The minimum disequilibrium arises from minimising PCM,  within 

the constraints given by the marginal totals (i -P c) and (IPM). If P c+Pm  <1, then the minimum 

frequency is 0. If P c  + PM> I, then the minimum frequency is Pc + PM -1. 
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Appendix Table C-2 shows the results of calculating D from these values. 

Appendix Table C-2: Conditions for maximising or minimising Dcm  

Condition Minimum D Maximum D 

Pc + PM> 1 =-(I -P)( I-PM) 
PC + PM < 1 =-PCPM  

PC>PM PM(l-Pc) 

Pc<PM  P0( 1-PM) 

.d Cytonuclear Disequilibria 
Asmussen, Arnol and Avise (1987) break the association between nuclear and cytoplasmic 

genes into four components. The three genotypic disequilibria, measuring associations 

between each of the three possible nuclear genotypes and the cytotypes, are defined in the 

following way. These definitions are for the association between chloroplast and nuclear locus 

A. 

DcAA = Pc - PPc 

DCAa  = PCAa  PAaPC 

D aa  PCaa - PaiPC 

The relationship between these disequilibria, the expected genotypic frequencies and the actual 

frequencies is shown in Appendix Table C-3. It can be seen from this table that 

DcAJ + DCAa + Dcaa = 0 

Appendix Table C-3: Cytonuclear genotypic frequencies in terms of disequilibria 
(Asmussen, Arnold and Avise 1987) 

Nuclear Genotype 
Gytotype AA 	 Aa 	 aa Marginal Total 

C PAAPC + DcAA 	PAaPC + DCAa 	PaaPC + Dc.. PC 

C PAAPC - DcAA 	PAaPc  - DCAa 	PaaPc - Daa Pc  

Marginal Total I 	PAA 	 PAa 	 Paa  1 

The fourth cytonuclear disequilibria is the allelic disequilibria. 

DCA = PCA - PCPA 

This measures the association between the cytotype and each nuclear allele. It is possible to 

use this even though gametic information is not present, as the haploid nature of the organelle 

genome makes 'phase' an irrelevance. From this, and the definitions of the genotypic 

disequilibria, it is easily shown that 

DCA Dc + DCAa 
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Along with the relationship between the three genotypic disequilibria, it means that these four 

disequilibria actually break down into just two independent measures, the other two being 

calculable from these via the following equations 

DCA = Dp+ 1 DCAa  = 1 D 1 	Daa = - DCAa  - Dcaa 

The convention of calculating and testing all four must be viewed cautiously, as it may 

suggest a greater degree of information from these measurements than actually exists. 

However, this parameterisation can help to understand the nature of the genetic structure. 

.e Normalised Cytonuclear Disequilibria. 

Using the same approach as above for the cytoplasmic disequilibrium, normalised cytonuclear 

disequilibria can be found by calculating the maximum and minimum disequilibrium for a 

given data set (constrained by the genotypic marginal totals). If positive, the absolute 

disequilibrium is divided by the maximum disequilibrium to obtain the normalised value. If 

negative, it is divided by the magnitude of the minimum D. The following results in Appendix 

Table C-4 are from Amussen (Asmussen and Basten 1996). 

Appendix Table C-4: Maximising and minimising cytonuclear disequilibria (Asmussen 
and Basten 1996) 

D minimum D Condition Maximum D Condition 

DcAA -PP Pc 	1- P, (1 -P)P0  P0 	PAA  

Pc 	1- PAA PAX -P0) Pc 	Pp 

DCAa  PAaPC Pc 	1 PAa (lPAa)PC Pc 	PAa 

(lPAa)(lPC) PC 	1 	PAa PAa(1PC) Pc 	PAa  

Daa -PAPc Pc 	Paa (1 PA)Pc Pc 	Pp 

-{PP +Paa(lPc)}/2 Paa!~ P !~ I  -PAA {Pp(1Pc)+PaaPc }/2 :!~ P 	:~ lPaa  

-(l-PA)(l-Pc) Pc ~! 	1- P, PA(l-Pc) Pc ~ 1- P aa  

.f Composite Nuclear Disequilibria 

Without gametic information, it is impossible to calculate the linkage disequilibrium normally 

used to measure associations between two nuclear alleles. However, it is possible to calculate 

composite' genotypic disequilibria which uses the fact that though the digenic frequencies 

representing alleles in repulsion and alleles in coupling cannot be observed, their sum can be. 

These definitions are from Weir (Weir 1990). 

'AB = D + DAIB  

This defines the composite nuclear disequilibria between loci A and B to be the sum of the 

gametic and nongametic linkage disequilibria, which cannot actually be observed in this 
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situation. However, the maximum likelihood estimator for this (the parameter used throughout 

the main text as A) is given by 

AAB = P - 2PAP13 

where PAB  is interpreted as the frequency of AB alleles in repulsion + the frequency of 

AB alleles in coupling, so 

PAB = 2p I  + P2 + p4  +p5/2 (refer to Appendix Table C-5) 

Appendix Table C-5: Notation used for genotypic frequencies 

BB Bb bb Marginal total 

AA Pi P2 P3 t 
Aa P4 P5 P6 t2 
aa P7 pg pq t3 
Marginal total I 	t4 t5 t6 1 

This digenic disequilibrium is not the only one that can be calculated. There are also trigenic 

and quadrigenic disequilibria. However, these have not been included in this analysis, as they 

are smaller, have larger variances, and are harder to interpret. 

.g Normalised Composite Disequilibria 
Normalised composite disequilibria are derived here. Again, the minimal/ maximal values of A 

are needed. However, the approach is somewhat different as the situation is more complicated. 

Consider Appendix Table C-5 which shows how the various genotypic classes are numbered. 

The following approach shows how to work out the values that maximise A. The genotypic 

frequencies for the 'maximum A contingency table' must be calculated in the order given. 

To maximise A, we must first maximise P1  (as it contributes the most to A), then P2  and p4  

(whose coefficients are both one, but are independent and can be maximised independently), 

and finally p. This maximisation must, of course, be carried out constrained by the marginal 

totals denoted by T. Appendix Table C-6 shows how this is done. 
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Appendix Table C-6: Calculating the maximum A from a nuclear contingency table 

Genolypic Frequency Frequency to maximise zl 

Mp 1  Min 41,0 
Mp2  mm 	(ts,t i -Mp i ) 
Mp4  min 42,t1-Mp i ) 
Mp5  mm 	(t5-Mp2,t2-Mp4) 

Notes: Mp refers to the genotypic frequency that will maximise ; refer to Appendix Table C-5 to see 
which genotypic class each p and t refer to. 
Minimismg A is more complicated. I show a heuristic method that I have used, but it is likely 

that rather more efficient heuristic or algebraic methods exist. The basis of this method is to 

repeatedly try and 'remove' as much of the counts from each of the genotypic frequencies in 

turn (starting at the 'least important' p5 and finishing with p t ), followed by a redistribution to 

allow yet more to be removed. The steps are shown below, and it is assumed that a 

contingency table of the form in Appendix Table C-S has been set up. It has not been formally, 

proved, but agrees with solutions found using the iterative solver of Excel 5.0. 

Algorithm for Finding the Genotypic Frequencies that Minimise A 

I .Reduce p 5  and p9  by min(p5 , pg). Increase P6  and P8  by this amount. 

2.Reduce P2  and P6  by mm (P2, P6). Increase p3 and p5 by this amount. 

3.Reduce p4  and p 8  by mm (P4, P8). Increase P7  and  P5  by this amount. 

Reduce Pi  and p5 by mm (P1, P5). Increase P2  and p4  by this amount. 

Reduce P6  and p8  by mm (P6, P8). Increase P5  and p9 by this amount. 

6.Repeat steps I to 5 until there is no change. 

The contingency table thus arrived at can be used to calculate the minimum A. In all real 

cases, and many hypothetical ones, the results of applying this algorithm was checked against 

the solution found by Excel and agreed in every case. 

.11 Expected Frequency of Genealogical Classes Under 'F2 ' 

hypothesis 
In chapter 5, was proposed that a second generation hybrid population (the 1933 stand) was 

derived from a first generation hybrid population which was produced by mixed pollination of 

one species by another, with seed from one species only. The proportion of hybrids produced 

by the maternal species under this system was denoted h, and the size of a resulting F 1  

population N. The expected genealogical composition of the F 2  produced by random mating 

within this population is derived below. Note that the 'F 1 ' is purely hypothetical. 
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Let 	h be the chance that an individual in the F 1  generation is hybrid 

H be the number of hybrids in the putative F 1  population. 

N be the size of the F 1  population 

Then, 

	

H B(iV,Jz) 	(i.e. H is distributed Binomially, N trials and probability h) 

:.E(H)=IzN 

Var(H) = 1,(1 - h)N 

..E(H 2 )=hN(IiN+1—Ii) 

This result is used in the following derivations. 

The probability that a tree in the F 2  generation is an F 2  individual, E(F2), is the probability 

that both its parents are F 1 . Each of these probabilities is (HIN), so 

E(F2)=EEx) 

AT 2 

17 	

=E(H 

=(h(N—)+1) 	(2) 
Af 

=h 2 	(asN —co) 

The probability that a tree in the F 2  generation is a backcross, E(BC), is the probability that 

one of its parents is pure maternal ((1-1-1)/N) and the other is hybrid(HJN), so 

H 
E(BC) = E(2 x H - x (1 

N N 

—2E(H H2 

	

N 	AT 

= -- (hN - h(hN +1—/i)) 
N 

=(N-1)(1—h) 	 (3) 
N 

=2h(—h) 	 (asN — cc) 

Half of these are backcrosses with the F 1  as seed parent, the other half with the F 1  as pollen 

parent. 

Finally, there can be no F 1 s in this generation, as the putative F 1  population contained parents 

of only one species. Thus, the expected proportion of pure parents is found by subtraction: 

E(P)= 1—E(BC) 

2h 
= l—(--(N 

AT  

= 1 (AT +h( 

= (I - 

—E(F2) 

- 1)(1—h))—(h(N—I)+ I) 

12N)+h(N1)) 	(4) 

(as N - c,D) 
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The results 2-4 are the results displayed in Table 5-6 and subsequently used to calculate the 

expectations of each genotypic class frequency, in Table 5-8. 

.111 Genotypic Probabilities Contingent on Genealogical Class 
Table 5-8 uses these expected genealogical class frequencies in conjunction with the 

contingent probabilities of genotype given genealogical class. These contingent probabilities 

are calculated using Mendelian laws in a simple fashion, based on the '17 2 ' hypothesis. 

Using the same notation as previously to represent allele and genotype frequencies, but with 

the added notation of a superscript J to represent frequency in the seed parent and E to 

represent the frequency in the pollen parent, the following section shows how these are 

calculated. 

There are four possible genealogical classes (Parent J, F 2, BC 1  to parent J as pollen parent, 

and BC  to parent J as seed parent). There are 3 possible genotypes at each of the two nuclear 

loci, and 2 for the paternally inherited marker. There is no variation at the maternal marker, as 

all trees descend from the same species on the maternal side. Appendix Table C-7 below 

shows the probability of each single locus genotype given genealogical class. 

Appendix Table C-7:Singte locus genotypic probabilities contingent on genealogical class 

GENEALOGICAL 
AA 

NUCLEAR GENOTYPE 
aa 

CLASS Aa  

PureA PA 
J 	.1 J 2 

F2 (pJ pE )2 2(!P + !P)(1_!P_±P') (1_p_!p5)2  

BCltoAMaIe P(!P ~ -P) (l_P)(1_!P_-P) 

BCltoAFemaIe P(!P + !P) (l_P)(l_P-JP) 

CHLOROPLAST GENOTYPE 

C c 

Pure  P 1-Ps 

F2 P 1—Ps'  

BCItoAMale P '  I— Pi 

BCltoAFemale P 1—Pt  

It is a simple matter to calculate these probabilities by substituting in the relevant observed 

frequencies (e.g. P ' =O, P =1). The expected multi-locus genotypic frequency is 

calculated by multiplying these probabilities together for each locus (in this case, two nuclear 

loci and the chloroplast locus). The calculations giving rise to the results used in Table 5-8 

were performed using a spreadsheet version of Appendix Table C-7. 



Appendix D: Computer Model 
This program was written in C minus minus, a shareware programme available on the 

internet. It is similar to C, but without pointers, making it easier and more flexible to 

programme. Thus, it will not run in C without modification. 

/* HYBRID SWARM SIMULATION / 
7* initialise the global variables now 
/'supply aduitnum, seednum, locino*/ 
/*supply toten, and totsim*/ 
/'Uses aeedgenome(individual,locus, chromosome) and adultgenome(.,.,., ) to describe 
each individual'/ 
/fitstrings name the selective effects included'/ 
/*fiteffect name what the effect is on/ 
/'selection (fitstring, fiteffect) 'I 
/*adultfitfless(individual,seed fitneess(0)pollen fitness)*/ 
fiteffect[0["Seed fitness" 
fiteffect[l[="Pollen fitness" 
fiteffect[2[="seedling viability" 
fitatring[0]="Additive nuclear" 
seedno=4 8 
locino=2 
adultno=48 
totgen2 
tots i m= 1 00 
totmetaaim=ll 
gen=l 
a i m= 1 
metasim=l 
RANDM=RANDMAX+l 
#detine MTLOC locino] [0 
#define CPLOC locino+l] [0 
#define QUANT locino+2[ [C 
main) 

printf("Seed?\n") 
scanf("%d",seed) 
srand (seed) 

0

fp=fopen("sim3.dat","w") 
print header(ofp( 

/-START OF METSIMLOOP (used to vary starting conditions)*/ 
for (metasim=l;metasim<totmetasim;++metasim){ 

/*START OF SIMLOOP (repeats each initial condition 'totsim' times)/ 
for )sim=1;sim<totsim;++5im( 
printf("metasim:%d sim:%d 	",metasim,slm) 

/*initialise pop. assuming 11 native(initial conditions are set here)'/ 
for (i=l;i<12;++i)) 
for )j=0;j<2;++j({ 
adultgenome[i] [j[ [0(=l 
adultgenome[i] [j] [l]=l} 

adultgenome (i] [CPLOC] =1 
adultgenome)i] [MTLOC]=l 
adultgenome[i] [QUANT(l00.00} 
adultnoll 

/initialise selective coefficients (0, in this case)'/ 
for (i=0;i<3;±±i({ 
selection)0[ [i)=0} 

/ - start of generation(in this case, the effect of varying migration rates is being 

tested) 
polmig1=0. 75- )merasim-l) l.0/20 
polmiq2=(0.75-pclmigl(/(l.OPOlmiql/2.0) 
simend=0 
gen=0 
calc stats )adultno, adultgenome, stats) 
print stats )stats,ofp) 
while )simend==0) 
±±gen 
simend=l 
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if (gen==l) polmig=lOOpolmigl 
if (gen==2) polmig =100*polmig2 

printf)"gen %d\n",gen) 
printf)".") 

/MateAdults'/ 
for (i=l;i<=seedno;++i){ 
mother=rand( ) *adultno/fDM+lO 
father=rand ( *adu1tno/fDM+lO 
/ , allow pollen migration of migrant with frequence pollenmig/ 
If )rand))*100/R.ANDM+l>pOlmig) 
seedgenome[i] [CPLOC]=adultgenome[father] [CPLOCI 
seedgenome[i] [MTLOC]=adultgenome[mother) [MTLOC] 

seedgenome[i] [QUANT]=)sdultgenome[father) [QUANT]+adultqenome[mother] [QUANT] )/2 
for )j=O;j<locino;++j){ 
pallele=rand ( )2/RANDM 
mallele=rand) ) 2/RANDM 
aeedgenome[i][j)[O]=adultgenOme(father][i][psllele] 
seedgenome[i] [j] [l]=adultgenome[mother] [j] [mallele] 

else 
seedgenorne[i] [CPLOC]=O 
seedgenome[i] [MTLOCJ=adultgenome[mother] [MTLOC] 
seedgenome[i] [QUANT]=)sdultgenome [mother] [QUNT])/2. 
for (j=O;j<locino;++j){ 
mallele=rand) ) 2/RNDM 
seedgenome[i] [j] [O]=O 
seedgenome[i] [j] [1] =adultgenorne [mother] [j] [rnsllele] 

/*grow seedlings unselectively(replace by module at end of file to include 
selection) / 

if )gen==l) adultno=48 
for )i=l;i<=adultno;++i) 
sdultgenome[i] [MTLOC]=seedgenome[i] [MTLOC) 
sdultgenome)i] [CPLOC]=seedgenome[i] [CPLOC] 
adultgenome)i] [QUANT]=seedgenome[i] [QUiNT] 
for )j=O;j<locino;++j 
adultgenome [i] [j] [0] seedgenome [i] [j] [0] 
sdultgenome[i] [j] [l]=seedgenome[i] [j] El] 

/*end of g enerstion*/ 
cslc stats ) sdultno, sdultgenome, stats) 
print _stats )stats,ofp) 
if )gen<totgen) simend=O 

/end of sim/ 

/*end of me t a sim*/ 

fclose)ofp) 
getch)); 

cumulative—prop (number,probability) 

cumulstiveprob[l]probability[l[ 
for )i=2;i<=number;++i) 
cumulativeprob[i]cumulatiVeprob[il]+Probability[i] 
for )i=l;i<=number;++i) 
cumulativeprob[i]=cumulati.VeprOb[i]/cumulativeProb[number] 
return cumulativeprob 

/this calculates disequilibris and allele frequencies'/ 
calc stats (number,genome, stats) 

stats. cpfre=O.0 
stats. mtfre=0.0 
stats. qusn=0.0 
for  
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stats.nucfre(j ]=0.0 
stats.hetero[j ]=0.0 
stats. homo[jJ0.  0) 
for (i=0;i<2;++i){ 

for (j=0;j<4;++j){ 
for (k=O;k<3;++k) { 
stats.contab[i([j][k]=0}}} 

pab=0 
pam=0 
pac=O 
for (i=l;i<=number;++i){ 
for (j=locino-1;j>=0;--j){ 
alleles=genome[i][j][0]+genome[i][j][ 1 1 
stats. nucfre [j ] =stats . nucfre [j ] + (alleles) / (2. 0*number) 
stats.hetero[]=stats.hetero[j]+(genOme[i][j][ 0 1 	genome]i]]j][l])/)l 0* number) 
stats.contab[0] [alleles] [genome]i] [CPLOC] ] = 
stats. contab]0] [alleles] [genome]i] [CPLOC] (+1 
stata.contab[l][alleles]]genome[i([MTLOC]1 = 
stats.contab[l][alleles]]genome[i][MTLOC]]+l 
pab=pab+genome [i] [0) ]0] *genOme  [i] [1] (0] +genome (i] [0] [1] *genome  (i] [1] Il] 
s t a t a . quan= s t a t s . quan+l.0*genorne[i] [QUANT]/number 

for )j=0;j<=l;++j 
stats .contab[j ] [3] ]0]=stats.contab[j]  ]0] [0]+stats.contab[j] ]l] [0] +stata contab[j] [2] 

0] 
stats .contab]j ] [3] ]l]=stats.contab[j] ]0J [l]+stata.contab[j] ]l] [1] +stats contab[j] [2] 
I  
stats.contab[j] [0] [2]=stats.contab[j] ]0] ]0)+stats.contab[j] [0) [1] 
stats.contab]j] [1] [2]=stats.contab[j] ]l] [0]+stats.contab[j] [1] [1] 
stats.contab]j] [2] [2]=stats.contab]j] [2]  [0]+stats.contab[j]  [2] (1] 
stats. contab]j ] [3]  [2]=stats.contab[j] [0] [2]+stats. contab[j] [1] [2] +stata contab[j] [2]] 
2] 

stats.cpfre=stats.contab]0] [3] [0]*1.0/number 
stats.rntfre=stats.contab]l1 [3] [0] *1.  0/number 
stats. cpdiv=stats . cpfre (1-stats. cpfre) 
s tata.mtdiv=stats.mtfre*)l_atats.mtfre) 
stats.D=pab/)2.0*number)_Stats.nUCfre]0]*Stats.nUCfre[l] 

stats.Dc]1]=)stats.contab[ 0 ] [0] [0]*1.0 +stats.contab[0][1]]03*0.5(/number_ 
stats.cpfre*stats.nucfre[0] 
for )j=2;j<=4;++j) 
stats. Dc[j ]=(stats.contab[0] [j2] [0] *1.  0/number)-stats.contab]0] [1 -
2]]2]*atats.contab[0][3][0]*l.0/(number*nUmber( 

stats.Dm]1]=)stats.contab[l] [0] [0]*1.0 +stats.contab]l][1]]0]*0.5)/number_ 
stats. mtfre*stats . nucfre [0] 
for )j=2;j<=4;++j) 
stats.Dm[j](stats.contab]l] ]j-2] (0]*l.0/nurnber)_stats.contab]l] [j-
2][2]* s t a t s . cont ab[l][3][0]*l.0/)nUmber*nUmber) 

for )j=0;j<locino;++j)( 
stats.nucdiv[j]=stats.nucfre[j[*(1_stats.nuCfre]j])} 
stats. popsize=number 

print header(ofp) 

fprintf(ofp,"ll 12 op rnt ho 12o CpO mto D Dc DcIA Dc\a Dcaa Urn DmAA DmAa Dmaa Pop Qu 
gen aim metasim\n") 

print stats)stats,ofp) 

fprintf(ofp,"%f %f %f %f %f %f %f %f %f %f %f %f %f %f %f %f %f %f %d %d %d %d 
\n",stats.nucfre(0[,stats.nucfre[1),Stats.Cpfre,stats.mtfre,atata.nucdiv]O] , stata.nUc 
div]1],stats.cpdiv,stats.rntdiv,stats.D,stats.DC)1],stats.Dc[2],statS.Dc]3],5t5t5.Dc[4 
] ,s t a t s. Dm ]1], s t a t s .Dm )2), s t a ts.Dm[3[,50ats.Dm)4],Stats.pOpSiZe,Stats.qUafl,Ben,aim,me 

t as Ira) 

/SELECTIVE BIT this is not used in this study, but can be included. It assumes 
different fitness traits are rnu1oip1icative/ 
/ 	calculate fitnesses/ 
/ for (i=l;i<=adultno;*±i( {'/ 
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/trait/ 
/ 	for (trait0;trait<3;++trait){ 
adultfitness[traitj [i]=l.O*/ 
/* additive nucle ar*/ 

/ 	for (j=0;j<2;++j){ 
adultfitnesstrait][i]=adultfitfleSS[trait][i]+Se 1 eCtiOn 0 )[trait](adU 1 tgefl0me[i)[j]( 
O]+adultgenome[i] [j}[l])/(locino' 2 ) 

/*make seedlings incorpoating pollen output (adultfitness[O] ) and seed output 
(adultfitness[l] 

pollenprobcumulativeprop(adultno,adUltfitfleSS[O] 
seedprob=cumulativeprop(adultflo,adultfitneSS[l] 
for (i=l;i<aeedno;++i) 
r=rand C) *1.0/RAND MAX 
moth e r= 1 
while (seedprob[mother]<r) 
++mother} 

r=rand ( ) l . 0/RAND MAX 
father=l 
while (pollenprob[fatherj<r) 
++father} 

ENDOF SELECTIVEBIT*/ 
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