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In order to better understand the evolutionary patterns revealed by molecular

markers, we studied genetic diversity and differentiation of populations and races of

Douglas-fir using randomly amplified polymorphic DNA (RAPD) markers of nuclear and

mitochondrial origin. We conducted a range-wide survey of RAPD diversity and

differentiation, and compared RAPDs and published allozyme data at the population and

race level. Southern hybridization using enriched organelle DNAs as probes was used to

screen RAPDs for cytoplasmic DNA markers, allowing us to distinguish between RAPD

bands of nuclear, mitochondrial, and putative chloroplast origin.

RAPD markers of mitochondrial origin were found to be frequent among

Douglas-fir RAPD profiles. In our range-wide survey, nearly half (45 %) of all

polymorphic RAPDs scored exhibited maternal inheritance; the chioroplast genome is

known to exhibit paternal inheritance in Douglas-fir. Hybridization of RAPD blots with

mitochondrial genome enriched DNA identified 16 % of a total of 237 RAPD fragments

as being of mitochondrial origin. Failure to distinguish between nuclear and



mitochondrial RAPD origins could seriously bias estimates of population genetic

parameters. When a nuclear origin was assumed for all bands, differentiation among

populations and races was nearly 1.5-fold greater then when only nuclear RAPDs were

analyzed (GST=O.47 and 0.34, respectively). We infer that the large number of

mitochondrial R.APD markers we observed are indicative ofa large, complex, and

polymorphic mitochondrial genome in Douglas-fir.

Nuclear RAPD markers were considerably more polymorphic within populations

than mitochondrial RAPDs (Hs=O.22 and 0.03, respectively), however mitochondrial

RAPDs were much more highly differentiated than nuclear RAPDs (GSTO.91 and 0.34,

respectively). Both markers indicated similar phylogenetic relationships among

populations and races. Estimates of diversity and differentiation were higher for RAPDs

than for allozymes, though not significantly so (P>0.05; H5O.22 and 0.16, HT=O.32 and

0.22, and G1=0.34 and 0.29, respectively, for RAPDs and allozymes). However,

simulations showed that Hs and HT for dominant biallelic markers such as RAPDs are

expected to be approximately half that of a codominant, multiallelic marker with

equivalent levels of underlying molecular diversity to that of our allozyme data set. This

suggests that RAPDs reflect considerably higher amounts of diversity at the molecular

level than do allozymes. The simulations also suggest that our estimates of population

differentiation (GST) for RAPD markers are essentially unbiased at the sample sizes used.
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GENETIC DIVERSITY AND DIFFERENTIATION IN DOUGLAS-FIR
FROM RAPD MARKERS OF NUCLEAR AND

MITOCHONDRIAL ORIGIN

CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

OBJECTIVES AND GOALS OF THESIS

The objective of my research is to help understand the genomic origin of RAPD

markers in Douglas-fir, and to compare their population genetic structure to that of the

widely studied allozyme markers. The long evolutionary history of Douglas-fir provides

an opportunity for studying how functionally different molecular markers may reveal

distinct patterns of evolution. My specific goals were: (1) to describe the genomic origin

of RAPD markers in Douglas-fir from studies of inheritance and hybridization with

enriched organelle DNAs; (2) to investigate range-wide RAPD diversity in the coastal,

north interior, and south interior races of Douglas-fir; (3) to compare RAPD diversity and

differentiation to that of allozyme markers using a published allozyme data set; and (4) to

use RAPDs to compare nuclear diversity and differentiation in Douglas-fir with

mitochondrial diversity at the population and race level.



ORGANIZATION OF THESIS

This thesis is organized into 5 chapters followed by appendices. Chapter 1

provides a review of literature pertinent to the thesis. Chapter 2, entitled, "Mitochondrial

DNA products among RAPD profiles are frequent and strongly differentiated among

races of Douglas-fir," has been published in Molecular Ecology (volume 4, pages 441-

447). The manuscript is included here with permission of the publishers. Chapter 3,

entitled "Nuclear RAPDs and allozymes show similar levels ofdifferentiation and

diversity in Douglas-fir," and chapter 4, entitled "RAPD markers of mitochondrial origin

exhibit lower population diversity and higher differentiation than RAPDs of nuclear

origin in Douglas-fir," are unpublished. We expect to submit these manuscripts for

publication to the journals Heredity and Molecular Ecology, respectively. Chapter 5

provides comprehensive conclusions drawn from the thesis research and is followed by a

bibliography containing all references cited within the thesis.

The appendices include supplemental information pertinent to the thesis.

Appendix A lists all abbreviations and acronyms used in the thesis for easy reference.

Appendix B provides additional data on organelle DNA enrichment and repeated

mitochondrial sequences. Appendices C and D provide laboratory protocols and a

description of the resampling programs used in Chapter 3, respectively. Appendix E

identifies the storage location within the Strauss lab of DNA stocks used in thesis work.
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Appendix F describes the location on the FSLAN of electronic copies of the computer

program described in Appendix D, data files used in thesis work, and a copy of the thesis.

MOLECULAR MARKERS IN POPULATION GENETICS

Population genetic studies before molecular markers

Prior to the development of molecular markers, population genetic studies were

limited principally to model systems and simple morphological traits. Population

geneticists such as Dobzhansky focused on Drosophila as a model system for

investigating genetic variation and the evolutionary forces acting on populations (for a

review see Lewontin et al. 1981). Similarly, the well developed corn pedigrees provided

plant geneticists such as McClintock with opportunities for detailed studies available in

few other plant species (reviewed by Fedoroff 1994). Simple Mendelian traits such as

shell markings and wing patterns were studied among natural populations of snails (Cain

and Sheppard 1954) and lepidoptera (Ford 1953). However, these studies provided only

a limited view of the extent of genetic variation among diverse biotic groups, and little

information on diversity at the gene or genome level.

Application ofprotein electrophoresis

During the mid-twentieth century, the rapidly expanding arena of molecular

genetics provided new tools which have revolutionized population genetic studies. Harris

(1966) and Hubby and Lewontin (1966) independently described the methods and

3
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interpretation of protein electrophoresis in relation to population genetics.

Electrophoretic methods provided an ideal tool for the study of genes in populations.

Allelic caused differences among proteins (allozymes) were readily identifiable and were

considered to be an unbiased representation of the entire genome (Hubby and Lewontin

1966). Protein electrophoresis was inexpensive and simple compared to studies requiring

complex pedigrees and detailed morphological analyses. Electrophoretic methods would

move population genetic studies beyond model systems and simple morphological traits:

as discussed by Hubby and Lewontin (1966), "It should be pointed out that techniques

like these are applicable to most other organisms and thus provide the means for similar

analysis of other kinds of species." Over ensuing decades, protein electrophoresis has

been applied to many hundreds of species (e.g., reviewed in Nevo et al. 1984, and

Hamrick and Godt 1989).

Impact of molecular markers on population genetics

Early protein electrophoretic studies also marked a milestone in perceptions of

genetic variation within populations. Previously, genetic variation was often assessed

through phenotypes that were lethal or partially deleterious, rare alleles appearing at low

frequencies on the order of 1 2 to 1 .3
within populations (Harris 1966). The resolution

of a large amount of genetic variation within populations of Drosophila as well as other

organisms (e.g., Harris 1966), where roughly 30 % of loci were polymorphic, and

individuals were polymorphic at over 10 % of loci, produced a paradigm shift supporting

the view of individuals within populations as being highly heterozygous (Lewontin
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1991). Studies finding large amounts of genetic variation provoked various complex

theories of selection (e.g., Lewontin and Hubby 1966) and stimulated the development of

the neutral theory of evolution (Kimura 1968, Kimura and Ohta 1971). The neutral

theory provides the basic paradigm through which molecular population and phylogenetic

data are today interpreted (Ohta 1992).

REVIEW OF EVOLUTIONARY FORCES

It was recognized quite early (e.g., Dobzhansky 1937) that populations are

important functional units of evolution and adaptation: mutation and migration provide

new alleles within populations, mating systems shuffle alleles among genotypes, and

selection and drift act on novel genotypes producing patterns of both stasis and evolution.

An appreciation of these basic evolutionary mechanisms is critical for design of

biological conservation programs (Elistrand and Elam 1993).

Mutation

Genetic changes at the gene and genome level ultimately provide the diversity

upon which evolutionary forces act. Mutations may take the form of single nucleotide

substitutions within either coding or non-coding sequences, as well as insertions or

deletions of longer sequences, including portions of entire genomes. Mutation rates vary

between different regions of genomes and between different genomes within a cell (i.e.,

cytoplasmic versus nuclear). Comparing synonymous (silent, non amino acid changing)
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substitutions among nuclear and cytoplasmic encoded genes of plants, Wolfe et al. (1987)

found substantially different rates of mutation. The mutation rate of nuclear (nDNA)

substitutions are approximately two-fold higher than chloroplast (cpDNA) substitutions,

which were roughly three-fold higher than mitochondrial (mtDNA) substitutions

(measured in nucleotide substitutions per site per year, these rates translate into 0.2-1.0 x

i0 for mtDNA, 1.0-3.0 x i0 for cpDNA, and 5.0-30.0 x i0 for nDNA; Wolfe et al.

1987). Rates of non-synonymous substitution show substantially less variation between

genomes. Interestingly, animals show an inverse pattern of mutation rate, with

synonymous substitutions in mtDNA being roughly five-fold higher than in nDNA;

nDNA of plants and animals show roughly similar mutation rates, though rates may be

somewhat higher among plants (Wolfe et al. 1987).

Among repetitive DNA, unequal crossing over and slippage replication can cause

extremely rapid evolution, and frequently lead to high levels of heterozygosity or fixation

within populations, depending on the characteristics of particular loci (see Charlesworth

et al. 1994 for a review). These types of mutations and their subsequent rapid spread in

populations and species are termed "molecular drive" (Dover and Tautz 1986). The high

rates of mutation within repetitive loci may lead to levels of polymorphism that are not

concordant when compared with non-repetitive loci (e.g. Scribner et al. 1994).

Migration

Similar to mutation, migration provides novel genetic variants within populations.

Generally, very low migration rates (i.e., less than a single individual or gamete per
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generation) provide substantial genetic influx and prevent interpopulation differentiation

unless selection is strong (Nei 1987). Migration rates are a function of the mechanisms of

gamete dispersal and mobility of individuals (for reviews see Hamrick and Godt 1989,

and Avise et al. 1987). Methods of estimating migration rates depend on the inheritance

of molecular markers used for study (i.e., nuclear -vs- cytoplasmic origin; Avise et al.

1987). Rates of gene flow in plants can differ strongly among gametes (i.e., seed -vs-

pollen; reviewed by Adams 1992).

Mating system

The associations of alleles within and between loci are largely a function of a

population's mating system (relative amount of selfing -vs- outcrossing). Monoecious

plants may show highly structured mating systems with rates of selfing ranging from near

zero to 100 % (Hamrick and Godt 1989). In addition, mating systems may change

depending on population characteristics (e.g., Schmitt 1983). Frequently, a reduction in

fitness is associated with inbreeding. This inbreeding depression is generally assumed to

result from changes in heterozygosity at loci containing deleterious recessive alleles,

though more complex genetic interpretations, including overdominance, may apply in

some cases (Lynch 1991). The strong linkage disequilibrium provided by selfing can be

important to maintain coadapted gene complexes of locally adapted populations (see

Barrett and Shore 1991 for a review).



Selection

The importance of natural selection relative to other evolutionary forces has been

vigorously debated since early in the history of population genetics (see Nei 1987, and

Ohta 1992 for reviews). When genetic variation is present and populations occupy

different environments, selection generally works to differentiate populations. However,

the effectiveness of selection ultimately depends on the intensity of selection, population

size, and the mode of gene action (degree of dominance) at a locus. When selection

intensities are high and stable, they produce a rapid shift in allele frequencies.

Alternately, low episodic selection intensities may provide little differentiation or be

overwhelmed by drift or migration. Selection is particularly effective at fixing alleles in

populations when effective population sizes are small, and may have little effect when

gene flow into populations is large (Elistrand and Elam 1993). When rare, recessive

deleterious alleles are masked in heterozygotes, thus the degree of dominance determines

the effectiveness of selection. Thus, selection is strongly affected by mating system, and

may therefore be extremely complex in natural populations (Lande et al. 1994).

Genetic drift

Similar to directional selection, genetic drift promotes differentiation between

populations and loss of diversity within populations (see Ellstrand and Elam 1993 for a

review). Drift is a stochastic process whereby random sampling of individuals or

gametes lead to changes in allele frequencies within populations over time. The

effectiveness of drift in changing allele frequencies is a function of the initial allele

8
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frequency and the population size. Rare alleles may be rapidly lost through drift in small

populations, which typically occurs during colonization or periods of severe stress (e.g.,

Pleistocene glaciation of North America). However, other demographic characteristics

may offset small populations' susceptibility to drift; rapid population growth following a

population bottleneck or founder event limits further differentiation and loss of genetic

variation (Barrett and Shore 1991). Migration will tend to offset drift by reintroducing

lost alleles. Mutation can provide some new adaptive genetic variation, but mutation

rates are generally far too low to replace most diversity lost through drift, particularly

when the effective population size is small (Lande 1995).

Applications in conservation

Biological conservationists have adopted the tools and theories of population

genetics. With the widespread use of molecular markers in conservation programs, a

major emphasis has been to identif' the causes and results of rarity. O'Brien (1994)

reviewed the application of molecular markers and population genetic studies to rare

mammals. A major emphasis has been the study of pedigrees and inbreeding as a threat

to survival of species. Lacy (1987) reviewed the interactions between evolutionary forces

including drift, mutation, migration, selection, and population subdivision. He concluded

that drift was the major genetic risk 'within small populations of rare species. Ellstrand

and Elam (1993) reviewed the effects of genetic drift, inbreeding, and gene flow on small

populations of plants. They emphasized the characteristically small size of rare or

threatened species, and how the outcome of evolutionary forces is influenced by
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population size. Lande (1995) reviewed the role mutation rates play in reintroducing lost

genetic variation within small populations. He concluded that advantageous genetic

mutations are extremely rare, and the comparably greater rate of deleterious mutations

cannot be easily purged through inbreeding. This requires that population sizes in

threatened species be an order of magnitude larger than previously suggested (i.e.,

Ne5,000 rather than 500; Lande 1995).

Some reviews have emphasized the need for a shift in the focus of population

genetics when applied to conservation. Rather than focusing on the genetic causes or

results of rarity among species, Lande (1988) emphasized that demographics (population

size and age distribution) are the principal immediate concern for threatened species; only

after an understanding of demographic dynamics and ascertainment of demographic

stability should genetic considerations be the emphasis of conservation. Milligan et al.

(1994) reach a similar conclusion: while genetic patterns and consequences of rarity are

often hard to predict, the importance of small populations and disrupted age structure are

clear. Accordingly, the role of population genetics in conservation should entail

consideration of the evolutionary forces within a predominantly demographic context.

MEASURES OF POPULATION SUBDIVISION

Evolutionary forces shape genetic diversity both among and within populations.

Interpreting these forces begins with a quantitative description of the distribution of
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genetic variation. Though there have been several attempts at developing theory for the

analysis of subdivided populations, the basic methods of Wright (1965) and Nei (1973)

have received the most use. New methods of analyses have also been developed that may

better suit particular classes of molecular markers (e.g., RAPDs; Huff et al. 1993). A

general description of each of these methods will be discussed in order to provide

background on analyses used in later chapters of this thesis.

Wright's F statistics

Wright's (1965) method of quantifying population subdivision builds largely on

Hardy-Weinberg principles and F statistics that describe deviations from random mating.

Wright was interested both in quantifying systems of mating and in identifying the extent

of population substructuring. Working from cattle pedigrees in earlier studies, Wright

defined a coefficient F to be the correlation between alleles of uniting gametes under a

given mating pattern relative to the total pool of alleles in thepopulation. It describes the

probability of the identity of alleles by descent relative to a specified ancestor (Wright

1921). Two levels ofF (F1s and FIT) measure these correlations relative to the

subpopulation to which an individual belongs and the total population, respectively. Both

measures can be calculated either from pedigrees (Wright 1965) or from the variance in

allele frequencies (Weir and Cockerham 1984) at different levels of population

subdivision. In addition, a correlation between alleles from different subpopulations

(F1) can be calculated from F1 and FIT. The former parameter (F51) has received much

attention as a measure of the relative degree of genetic. differentiation among populations.



However, Wright's initial method was directed principally towards identifying mating

systems and the impact of population subdivision on departures from random mating.

Nei 's gene diversity analysis

Nei (1973) developed a conceptually different method focusing on gene diversity

in extant populations. Nei proposed a shift in emphasis from heterozygosity to the more

general concept of gene diversity, which is free from assumptions of mutation, selection,

migration, and mating system; unlike heterozygosity, gene diversity is applicable to

populations regardless of the mode of reproduction (i.e., sexual or asexual), whether

gamete or diploid phases are considered, and whether nuclear or organelle genomes are

studied. Gene diversity is simply calculated from the expected heterozygosity under

panmixia within and between populations, and can be calculated for multiple alleles at a

locus. Average subpopulation diversity is referred to as H, average between population

diversity is DST, and the sum comprises the total gene diversity, HT. The analog of

Wright's (1965) FST is then defined by Nei as a coefficient of gene differentiation (GsT),

and is calculated as the ratio of gene diversity between populations to total gene diversity.

This is the measure of population subdivision most commonly used to quantify the

distribution of genetic variation in species (Hamrick and Godt 1989).

In addition to diploid markers, Nei's analysis of gene diversity has been used to

study diversity and differentiation using markers from haploid cytoplasmic genomes

(chloroplast and mitochondrion). Cytoplasmic markers may either be scored as alleles of

multiple distinct loci within an organellar genome (i.e., standard for nuclear markers), or

12
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cytoplasmic DNA can be considered a single locus with all combinations of cytoplasmic

markers used to identify alleles (haplotypes; Nei 1987). The latter method is frequently

used (e.g., Dong and Wagner 1993, Strauss et al. 1993) due to the complexity of site and

length polymorphisms in cytoplasmic RFLP studies (see Molecular Markers section). In

addition, due to the uniparental inheritance and lack of sexual recombination in

cytoplasmic genomes of most species (see Nuclear and Cytoplasmic Genomes section),

each organelle is in effect a single genetic locus. However, the ability to detect haplotype

diversity is strongly influenced by physical size of the particular cytoplasmic genome

under study, the number of markers used to identify variants, and the number of

individuals studied (Nei 1987). Thus, estimates of haplotype diversity vary widely

between studies, and can not be easily compared with diversity among distinct

cytoplasmic loci or diversity among nuclear loci.

Nei emphasized the need for studying many nuclear loci, as well as many

individuals, to provide a clear picture of the extent of genetic differentiation between

populations. Perhaps the fundamental difference between Nei's and Wright's (1965)

method is in the conceptual basis; rather than emphasizing mating systems, Nei focuses

on extant gene diversity to formulate a quantitative framework of population subdivision,

then proposes that this framework serve as a skeleton for investigating various

evolutionary hypotheses (Nei, 1977). Despite these differences, both Nei's (1973) and

Wright's (1965) methods are similar, and when calculated for a single locus both FST and

GST are mathematically equivalent (Nei, 1977).



Weir and Cockerham (1984) redefined Wright's (1965) F statistics in order to

provide parameters of population subdivision that could be more readily compared

among studies. They pointed out that Nei's (1973) method focused on estimated gene

diversity, which can be influenced by sample size (Weir and Cockerham 1984; though

see Nei 1978, and Nei 1986 for small sample size corrections). Accordingly,

comparisons between studies would be influenced by the particular sampling

characteristics of the populations under study. Weir and Cockerham advocated a

traditional weighted analysis of variance approach which corrects for differences in

population sample size, and suggested a resampling technique (jackknifing over loci) to

provide estimates of parameter variances. Similar to Nei's (1973) approach, Weir and

Cockerham's technique allows for coefficients of differentiation to be calculated at

multiple levels of population subdivision. Despite Weir and Cockerham' s criticisms of

Nei's method, simulation studies (e.g., Slatkin and Barton 1989) have shown that both

provide similar estimates of population subdivision, and sampling bias is minimal.

A MO VA

Because Mendelian interpretations of molecular phenotypes can be complicated

by dominance and other factors, applying gene diversity and F statistic approaches may

be inappropriate in some circumstances. Dominance of markers requires that allele

frequency estimates from diploid tissues rely on mating system assumptions. In addition,

both population sample sizes and null homozygote frequencies strongly influence

calculations of allele frequencies (Lynch and Milligan 1994). Despite these limitations,

14
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Lynch and Milligan (1984) have proposed unbiased estimators for traditional F statistics

using dominant markers. These methods require that loci with low frequency null alleles

be removed from analyses (loci with null allele frequency < N13 are removed, where N is

the number of diploid individuals in a population), as well as requiring increased sample

sizes relative to codominant markers (number of individuals and loci studied). To date,

however, Lynch and Milligan's (1994) methods have seen only limited application, in

part due to the extreme culling of loci (e.g., Szmidt et al. 1996).

Excoffier et al.'s (1992) analysis of molecular variance (AMOVA) has been more

commonly used to analyze data from studies employing dominant markers. Excoffier et

al. (1992) extended the analysis of variance to calculate F statistic analogs (c1 statistics)

from distance matrices based on molecular markers. AMOVA focuses on the hierarchical

distribution of variance (diversity) calculated from pairwise squared distances among

individuals of hierarchical population subdivisions; the sum of squared differences

(distances) between all observations (individuals) at a given level of the hierarchy

provides an estimate of the variance at that level. Decomposition of the variance

components into variance between populations, variance between individuals within

populations, and variance within individuals follows standard analysis of variance

methods (Weir and Cockerham 1984). The ratio of the variance component due to

differences among populations relative to the total variance provides an FST analo

Excoffier et al. 1992, Michalakis and Excoffier 1996).

g (s;
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Any type of distance measure may be used in the AMOVA analysis (e.g., the

Euclidian distance measures of Excoffier et al. 1992), and distance measures do not

require that mating system assumptions or calculation of allele frequencies be made. For

example, molecular markers may either be treated as independent loci with multiple

alleles and allelic variance averaged over loci as is done in Weir and Cockerham's (1984)

method (Peakall et al. 1995), or markers can be treated as phenotypes in which case

variance components are calculated from individual genetic fingerprints. Regardless,

permutation analysis at each level of the hierarchy allows for the testing of the

significance of variance components relative to a null hypothesis.

AMOVA has been particularly appealing to studies employing randomly

amplified polymorphic DNA markers (RAPDs). RAPDs are dominant markers (see

Molecular Markers section), and accordingly can cause biased estimates of population

genetic parameters (Lynch and Milligan 1994). Though Excoffier et al. (1992) originally

applied AMOVA to the analysis of mitochondrial haplotype diversity, Huff et al. (1993)

adopted this method to study the distribution of variation in RAPD phenotypes. Since

then, AMOVA has been applied in several population genetic studies using RAPD

markers (e.g., Haig et al. 1994, Moreau et al. 1994, Nesbitt et al. 1995, Vicario et al.

1995, Yeh et al. 1995). In addition, theoretical work on the relationship between

AMOVA and other methods of analyses is continuing (e.g., Michalakis and Excoffier

1996). Despite the versatility of the AMOVA approach, many RAPD studies still employ

more traditional methods (e.g., Szmidt et al. 1996, Tuskan et al. 1996), which retain their

appeal due to their well understood genetic interpretations. However, until the sources of



17

bias associated with dominant markers are fully understood and can be compensated for,

AMOVA will continue to be an important method for describing the distribution of

RAPD variation.

MOLECULAR MARKERS

The development of molecular markers has been prominent in the expansion of

population genetic approaches. However, different types of molecular markers may

exhibit different responses to evolutionary forces, and different evolutionary histories.

For example, the short tandemly repeated arrays of microsatellites (or simple sequence

repeats, SSRs) show extremely rapid evolution (Charlesworth et al. 1994), whereas many

amino acid coding sequences (e.g., rbcL; Olmstead and Palmer 1994) usually exhibit

relatively slow rates of evolution. The characteristics of different categories of molecular

markers will be reviewed to provide background on the molecular markers used in later

chapters of this thesis. Additional reviews can be found in Avise (1994) and Bacbmann

(1994).

Allozymes

Different forms of an enzyme that carry out the same catalytic function are called

isozymes. When the genes encoding them occur at a common locus, they are called

allozymes. Though allozymes represent coding DNA sequences, polymorphism is

usually considered to be nearly neutral (though see Mitton 1995), and accordingly they
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are often used to study evolutionary processes such as genetic drift and mating systems

(see Hamrick and Godt 1989 for a review). Despite their widespread use, several

technical limitations have limited the utility of allozymes. First, only a limited number of

allozyme loci can be easily resolved, and most studies include around 20 loci (Hamrick

and Godt 1989). Second, because synonymous substitutions do not change the amino

acid sequence, many amino acid substitutions don't alter the electrophoretic mobility of

allozymes, and approximately one half of polymorphism at the nucleotide level goes

undetected in conventional allozyme studies (Neel 1984). Despite these limitations,

allozyme studies have been prominent in the development of population genetics, and

remain a method of choice in many cases due to their low cost, technical ease, and the

codominance of most alleles.

RFLPs

Restriction fragment studies employ restriction enzymes and cloned probes to

access information on both insertion/deletion mutations and nucleotide substitutions

within restriction-sites. Restriction-site mutations assay polymorphism at the nucleotide

level, avoiding many of the problems of allozymes. Site mutations can be converted to

nucleotide substitution rates (Nei 1987), allowing for direct comparisons in mutation rate

between studies of distantly related species. Restriction fragment length polymorphisms

(RFLPs), however, are relatively time consuming and require the use of labeled DNA

probes. In addition, because of the complexity of RFLP allelic phenotypes, and common

multi-gene families, Mendelian interpretation of RFLPs can be challenging for population
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studies of diploid organisms. Technically simpler (e.g., allozymes) and faster (e.g., PCR

based markers) have limited the application of RFLPs in population studies.

RAPDs

The development of RAPDs (Williams et al. 1990, Welsh and McClelland 1990)

has led to a recent expansion of studies quantifying genetic diversity at the DNA level. A

polymerase chain reaction (PCR) based marker, the RAPD technique employs single

decamer oligonucleotide primers of random sequence to amplify DNA sequences nested

between complementary inverted repeats (Williams et al. 1990). RAPDs access genomic

regions poorly sampled by other types of markers (e.g., repetitive DNA; Williams et al.

1990), and resolve a high level of polymorphism. Only minute quantities (picograms) of

template DNA are required, markers are easily scored with non-radioactive staining

techniques, and an essentially unlimited number of markers are available due to the

random nature of primers. Unfortunately, assay costs are high as a consequence of the

current patent on Taq polymerase, and the large majority of RAPD fragments are

dominant. These are significant impediments to many kinds of population studies.

Other types of PCR based markers

The PCR technique has been used in a large number of molecular markers in

addition to RAPDs. Some of these have built on the RAPD technique (e.g., SCARS),

while others target specialized genomic regions including microsatellites (Rafalski and

Tingey 1993). Conserved sequences have provided information for the construction of
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primers to assay nearby polymorphic regions (e.g., the internal transcribed spacer of

nuclear ribosomal DNA; Baldwin et al. 1995), and recently has lead to novel cytoplasmic

markers (Taberlet et al. 1991, Demesmure et al. 1995), which may exhibit useful

polymorphism within populations (e.g., McCauley et al. 1996).

Comparative studies of molecular markers

As new types of molecular markers develop, there have been many attempts to

compare population diversity and differentiation between markers. In particular, the large

body of allozyme studies represents an unparalleled source of information (e.g., Hamrick

and Godt 1989) for comparisons with DNA based markers. However, inferences from

these comparisons are complicated by a number of factors. First, standard allozyme

electrophoresis does not detect many types of polymorphism at the DNA level (Neel

1984). It only samples amino acid coding DNA, and non-synonymous substitution rates

are generally much lower than synonymous substitution rates (Wolfe et al. 1987).

Second, various types of novel selective regimes have been proposed (e.g., balancing

selection; reviewed by Altukhov 1991) which can maintain allozyme polymorphism

within populations and limit their differentiation relative to other markers. Third, the

rapid types of sequence evolution characteristic of highly repeated non-coding DNA

(Dover and Tautz 1986, Krontiris 1995), which constitutes large portions of genomes

(Wang et al. 1994), suggests that markers accessing these genomic regions may show

different patterns of evolution than allozymes. Finally, empirical studies (e.g., Szmidt et

al. 1996) have shown that dominant markers such as RAPDs can show downwardly



biased population diversity and upwardly biased population differentiation relative to

codominant markers as a consequence of null alleles of low frequency. Results and

inferences from studies which have compared different types of molecular markers,

particularly allozymes and RAPDs, are described below.

Greater polymorphism and differentiation of RAPDs

Several studies have measured RAPD diversity and differentiation, and made

qualitative comparisons with earlier allozyme studies of the same or similar populations.

Most of these studies emphasize the greater polymorphism of RAPDs, which often is

highly differentiated among populations. Despite variability at only 15 % of allozyme

loci studied (20), Puterka et al. (1993) found 69 polymorphic RAPD markers amplified

from 7 RAPD primers among worldwide populations of Russian wheat aphid (Diuraphis

noxia). The contrast between allozymes and RAPDs led the authors to conclude that

allozymes do not reveal the true level of genetic variability in aphids. Using RAPDs,

Moreau et al. (1994) found greater differentiation in allele frequencies between species of

oaks (Quercuspetraea and Q. robur), including fixation at some loci, than previously had

been found for allozymes. Similarly, Huen et al. (1994) found that RAPDs provided a far

greater number of polymorphic markers for distinguishing among accessions of wild oats

(Avena sterilis), than did allozymes. Vicario et al. (1995) also found higher levels of

RAPD differentiation between Abies a/ba populations, as well as between A. alba and a

relic population of A. nebrodensis, relative to allozymes; GST for allozymes was 0.11,

21
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whereas AMO VA's tsi was 0.16. These trends are in general accordance with other

reviews (e.g., Peakall et al. 1995).

A few studies have compared allozymes and RAPDs directly. Liu and Fumier

(1993) compared allozymes, RFLPs, and RAPDs in trembling aspen (Populus

tremuloides) and bigtooth aspen (P. grandidentata). RAPDs showed a similar level of

expected heterozygosity within populations of trembling aspen compared with allozymes

and RFLPs (HepO.3O±O.O3, 0.32±0.06, and 0.35±0.04, respectively) and RAPD diversity

was slightly higher in populations of bigtooth aspen (Hep=O.35±O.08, 0.28±0.11, and

0.19 ± 0.03, respectively). Greater RAPD diversity was surprising considering that

dominant RAPDs were expected to show downwardly biased expected heterozygosity

due to dominance. In addition, RAPDs and RFLPs provided a greater number of

diagnostic species markers in aspen (5 and 21, respectively) than allozymes (two).

Peakall et al. (1995) compared distributions of allozyme and RAPD diversity in

buffalograss (Buchloëdachtyloides) directly by transforming allozyme data to provide a

RAPD-like allozyme fingerprint for individuals, and analyzing both markers with an

AMOVA approach (Excoffier et al. 1992). Transformation of data allowed for direct

comparisons between markers without making mating system assumptions in order to

calculate RAPD null allele frequencies (Peakall et al. 1995). To our knowledge, this is

the only comparative study which has used AMOVA to analyze the distribution of both

RAPD and allozyme diversity. RAPDs showed a greater proportion of variation among

regions than allozymes (58.4 % and 45.2 %, respectively), and less variation within
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populations than allozymes (31.9 % and 45.2 %, respectively), though variation among

populations was similar for RAPDs and allozymes (9.6 % and 9.7 %, respectively).

Szmidt et al. (1996) compared allozymes to RAPDs in haploid and diploid tissues

of two populations of Scotch pine (Pinus sylvestris); the use of haploid tissue (allele

frequencies calculated "directly") of megagametophytes provided an assessment of how

dominance in diploid tissues ("indirect" estimate of allele frequencies) affected

comparisons. Similar levels of within population diversity was found for RAPDs

calculated directly in one population (He0.30± 0.04) compared to allozymes

(He0.28±0.05), though slightly higher RAPD diversity was found in a second population

(He0.36±0.03 and 0.26±0.05 for RAPDs and allozymes, respectively). RAPDs always

revealed less within population diversity when calculated indirectly (He0.22± 0.05 and

0.19±0.05, respectively, in the two populations). Differentiation between populations

was similar for allozymes and direct RAPDs (GST=O.O2 and 0.02), though differentiation

was substantially higher (three-fold) for indirect RAPDs (GST=O.O6). This suggests some

of the discordance between RAPD and allozyme markers in other studies may be due to

dominance of RAPDs. However, Szmidt et al. (1996) used very small sample sizes (20

maternal trees per population, 20 allozyme loci, 22 direct RAPD loci, and 12 indirect

RAPD loci), thus sampling error may have substantially influenced comparisons.

In contrast with these general trends, some studies have reported little or no

difference between allozymes and RAPDs. Mosseler et al. (1992) found allozymes and

RAPDs revealed nearly identical levels of diversity and differentiation in red pine (Pinus
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resinosa). However, this may be a special case, as red pine is monomorphic at nearly all

loci examined, and is generally understood to exhibit little polymorphism (Mosseler et al.

1992). Isabel et al. (1995) similarly reported complete congruence between RAPD and

allozyme diversity in populations of black spruce (Picea mariana; mean H0=0.35 and

0.34, respectively). In this study, dominance is unlikely to have affected comparisons

due to the use of haploid megagametophyte tissues for resolving heterozygous

individuals. Within population gene diversity was very similar, but differentiation among

populations was higher for RAPDs (FST=O.O3 and 0.01 for RAPDs and allozymes,

respectively; standard errors from jackknifing over loci = ± 0.01 in both cases). Thus as

in other RAPD studies, RAPDs appear to be more highly differentiated among

populations than allozymes.

RESAMPLING APPROACHES FOR ESTIMATING SAMPLE VARIANCE

Sampling with different molecular markers

Allozyme studies have generally followed the suggestions of Nei (1987):

sampling efforts should be focused on increased numbers of loci sampledwhen

measuring population genetic parameters, rather than the number of individuals, as inter-

locus variance is larger than inter-individual variance. He suggests that approximately 25

allozyme loci and 20 to 30 diploid individuals should be sampled within each population

studied. Lynch and Milligan (1994) have shown in simulations that dominant markers
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such as RAPDs can require 2- to 10-fold more individuals within populations, as well as

more loci, to offset the potential bias of dominant markers. Besides the work of Lynch

and Milligan (1994), there have been few theoretical or empirical investigations of the

sample sizes needed to provide unbiased estimates of population diversity and

differentiation with molecular markers.

Bootstrapping

Resampling (e.g., bootstrapping; Efron and Tibshirani 1991) has recently been

applied to genetic studies investigating the number of markers needed to accurately

determine similarity among genotypes. This technique may also prove adaptable for

studying the effects of sample size on measures of population diversity and

differentiation. The bootstrapping approach is introduced here to provide background for

simulation studies carried out in later chapters of this thesis (Chapter 3). In addition,

molecular marker studies which have used bootstrapping to estimate adequacy of sample

sizes are reviewed.

Bootstrapping is one of several resampling techniques (e.g., jackknifing,

permutation analysis) which allow statistical tests to be carried out free from assumptions

of sample distribution (Crowley 1992). The conceptual basis ofbootstrapping is simple:

resampling the data with replacement emulates the actual sampling process when the data

being resampled reflect true population distributions (i.e., are a random sample).

Resampled data sets are referred to as bootstrap populations. Repeated resampling

provides many bootstrap populations, and accordingly many estimates of a population



26

statistic that can be used to estimate the variance for that statistic in the original data,

calculated as the variance among bootstrap populations. Efron and Tibshirani (1993)

have shown that between 250 and 500 bootstrap populations are adequate for estimating

population variance. For further background on bootstrapping and other resampling

techniques, see Efron and Tibshirani (1986, 1991, and 1993).

Bootstrapping has been applied in several studies to assess the adequacy of

sample sizes. The technique was originally described by Bros and Cowell (1987), and

later modified by Manley (1992), to find an optimal range of sample sizes in order to

guide sampling effort in studies which use costly sampling techniques. Simulated data,

or data from pilot studies, are resampled at a range of bootstrap population sizes. For

example, 250 bootstrap populations of 10 data points each might be drawn with

replacement from an original sample of 30 data points, followed by 250 bootstrap

populations of size 20, and 250 of size 30. At each level of resampling (i.e., 10, 20, and

30), a statistic such as the mean is calculated for each bootstrap population and a variance

is calculated as the variance among bootstrap populations at that level of resampling.

Plots of bootstrap population size versus variance provide a graphical representation of

how variance changes as a function of sample size. Such plots generally show an L- or

inverse J-shaped function where variance decreases rapidly to a point, beyond which

variance decreases very little.

Bros and Cowell's (1987) resampling techniques have been applied to several

studies comparing the ability of different molecular markers for studying genetic

similarity. Dos Santos et al. (1994) calculated genetic similarity among 45 genotypes of
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Brassica oleraceae using 56 RFLP markers and 181 RAPDs. They bootstrapped over

RFLP and RAPD loci separately at different levels of sampling, and found that variance

in genetic similarity decreased at the same rate for RFLPs and RAPDs; 55 markers of

either type were adequate for determining similarity among genotypes. Hailden et al.

(1994) carried out a similar study in Brassica napus using 50 RFLP and 92 RAPD

markers. Bootstrapping over RFLP probes and over RAPD primers, they also found that

RFLPs and RAPDs provided similar resolution of genetic similarity and that either 30

RFLP probes or 30 RAPD primers were adequate for resolving genetic relationships.

Similar studies have been carried out comparing RFLPs and RAPDs among other crucifer

species (Thormann et al. 1994), comparing chioroplast DNA, isozymes, RFLPs, and

RAPDs among solanum species (Spooner et al. 1996), comparing RFLPs generated from

restriction with different enzymes among corn genotypes (Tivang et al. 1994), and to

estimate the number of RFLP markers necessary to identify ecotypes of Arabidopsis

thaliana (King et al. 1993). These studies provide examples of the utility of the

bootstrapping approach for studying the adequacy of sample sizes when resolving genetic

relationships among genotypes with molecular markers.

Bootstrapping has also been applied to studying genetic relationships at the

population level. Bonnin et al. (1996) studied the number of RAPD markers necessary to

identify all genotypes represented by 200 individuals distributed among 4 populations of

the selfing plant species Medicago truncatula. From bootstrapping over RAPD loci, they

determined that between three and 16 polymorphic RAPD lociwere adequate for

identifying all RAPD genotypes, depending on the population. Bonnin et al.'s (1996)



study emphasizes the potential utility of bootstrapping in population studies;

bootstrapping can be applied to population studies using molecular markers both to

estimate adequacy of current sample sizes used for identifying genetic diversity in

populations and to provide empirical evidence of the sample sizes necessary in future

studies.

By analogy, bootstrapping over individuals can also be carried out, as well as

bootstrapping over populations, in order to determine how each of these units of sampling

affect population genetic parameters. These include standard population genetic

parameters such as mean within population gene diversity (Hs), total gene diversity (HT)

and statistics of population differentiation (e.g., GST). Jackknifing, a resampling

technique related to bootstrapping, has been advocated for some time to determine the

variance in population genetic parameters such as FST (Weir and Cockerham 1984). As

improved theoretical approaches to bootstrapping of molecular data are developed (e.g.,

van Dongen 1995), we anticipate that more flexible and robust approaches to resampling

of molecular data sets will appear.

NUCLEAR AND CYTOPLASMIC GENOMES

The nuclear, mitochondrial, and chioroplast genomes of plants exhibit contrasting

modes of inheritance, ploidy levels, mechanisms of recombination, and physical

characteristics. Accordingly, evolutionary forces affect these three genomes differently,
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resulting in contrasting patterns of differentiation and diversity among populations

(reviewed by Mitton 1994). For example, maternal inheritance of the cytoplasmic

genomes may restrict cytoplasmic gene flow between populations. Thus drift can act

disproportionately on cytoplasmic genomes, and migration may have only limited

opportunity to offset its effects.

Inheritance

The nuclear genome of plants is a biparentally inherited, diploid (or polyploid)

genome which undergoes sexual recombination and Mendelian segregation during

meiosis. In contrast, the haploid mitochondrial and chloroplast genomes are both

uniparentally inherited. The mitochondrial genome is maternally inherited in nearly all

plant species, though the chloroplast genome can be paternally inherited, as in the

Pinaceae (reviewed by Wagner 1992). Animals also exhibit maternal inheritance of the

mitochondrion (reviewed by Avise 1991). Uniparental haploid inheritance results in a

lack of sexual recombination and thus virtually complete linkage disequilibrium of

organellar polymorphisms (Maruyama and Birky 1991).

Physical characteristics

Physical characteristics are remarkably different between the three genomes of

plants. The extremely large and complex nuclear genome hosts various non-Mendelian

recombination processes which promote substantial redundancy in certain genomic

regions (Charlesworth et al. 1994). There appear to be only weak functional constraints
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on the size or complexity of the nuclear genome. For example, ploidy levels can increase

rapidly, particularly during interspecific hybridization (Soltis and Soltis 1993). Similarly,

the copy number of nuclear ribosomal genes can show substantial variation; copy number

varies nearly 5-fold among widely separated populations of Douglas-fir (Strauss and Tsai

1988). Short tandem repeats (STRs) of mono-, di-, tn-, and tetra-nucleotides also show a

high degree of size variation, and are expected to be frequent (e.g., every 20 to 60 kb) in

nuclear noncoding DNA as well as coding sequences (primarily tri-nucleotide repeats;

Wang et al. 1994).

Mitochondria, the small cytoplasmic organelles responsible for cellular

respiration, appear in many copies within eukaryotic cells and contain their own DNA for

replication and coordination with the nuclear genome (see Schuster and Brennicke 1994,

for a review). Relative to the nuclear genome (e.g., diploid genome sizes among

Pinaceae species are 38 x lO9to 53 x i09 bp; O'Brien et al. 1996), the mitochondrial

genome of plants is extremely small and ranges in size from 0.2 x 106 to 2.0 x 106 bp

(reviewed by Palmer et al. 1992). This is, however, substantially larger than animal

mtDNAs, which range in size from 1.6 x iO3 to 2.0 x iO3 bp (reviewed by Avise et al.

1987). The large range in plant mitochondrial genome size appears to be a function of

mtDNA intermolecular recombination, which promotes frequent rearrangements and

duplications (e.g., Palmer and Herbon 1988, Palmer et al. 1992). Chloroplast DNA

sequences may constitute a large portion of mitochondrial DNA (e.g., 16 kb in maize;

reviewed by Sederoff 1987), however transfer of chloroplast DNA does not appear to be

directly related to fluctuations in mitochondrial genome size (Sederoff 1987). Despite its
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high degree of variability in physical size, plant mtDNA exhibits very slow sequence

evolution compared to animal mtDNA or plant chioroplast DNA (Wolfe et al. 1987).

Similar to the mitochondrion, plant chioroplasts exist in multiple copies within a

cell and contain their own self replicating DNA which is coordinated with the nuclear

genome (reviewed by Gruissem 1989). The chloroplast genome, however, is

substantially smaller than the mitochondrial genome and shows less size variation,

averaging approximately 1.5 x 10 base pairs among most angiosperms (reviewed by

Hipkins et al. 1994, and Olmstead and Palmer 1994). The chloroplast genome of conifers

is somewhat smaller due to the lack ofone of the large inverted repeats characteristic of

angiosperm cpDNA (Strauss et al. 1988). The structural arrangement and gene order of

cpDNA is relatively conserved, though conifer cpDNA contains characteristic dispersed

repetitive DNA which is associated with structural rearrangements (Tsai et al. 1989). The

conservation of chioroplast gene sequence and genome structure have resulted in its use

in many evolutionary studies, particularly at the species level and above (reviewed by

Olmstead and Palmer 1994).

Studies comparing nuclear and cytoplasmic genomes

The different characteristics of nuclear and cytoplasmic genomes have stimulated

interest in comparisons between genomes. Jack et al. (1995) compared nuclear,

mitochondrial, and chioroplast RFLP markers among accessions of oil palm (Elaeis

guineensis). They found no variation among or within accessions for chloroplast RFLPs,

though ribosomal spacer (nuclear genome) and mitochondrial RFLPs showed substantial
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differences among accessions; only low copy number nuclear RFLPs showed

polymorphism both within and between accessions. Abbott Ct al. (1995) also found

contrasting patterns between nuclear and cytoplasmic genomes. Though allozymes

revealed a high level of within population diversity (mean expected heterozygosity, He =

0.2) in Silene acaulis, only two chioroplast haplotypes were identified based on two site

and two length mutations; a single population showed chloroplast polymorphism with a

rare haplotype comprising 7 % of the population. Similar to Jack et al.'s (1995) findings,

Vicario et al. (1995) found no polymorphism in chloroplast markers (spacer region

between t-RNA genes) in Abies alba and Abies nebrodensis. However, extensive

variation within and between populations, and between species, was found for both

allozymes and RAPDs from the nuclear genome.

Hong et al. (1993) investigated chloroplast variability and made comparisons with

allozymes in the well studied California closed-cone pines (Monterey pine, Pinus

radiata; knobcone pine, P. muricata; bishop pine, P. attenuata). Using restriction site

analysis, they found nearly twice the differentiation (Gs1) among species than was found

for allozymes. In contrast to results from allozymes, within most species there was little

chloroplast differentiation observed within or among populations; bishop pine was

exceptional and showed substantial and fixed differences between sets of populations that

corresponded to the known races, though they also had little polymorphism within

populations. Diversity and differentiation based on length polymorphisms, however, had

a unique pattern. Bishop pine showed no polymorphism, knobcone pine again showed

little diversity and high differentiation among populations, and Monterey pine showed



33

little differentiation though high intrapopulation diversity. Allozymes, in contrast,

showed greater levels of within population diversity relative to differentiation. When

compared with chioroplast length polymorphisms, allozyme diversity and differentiation

was similar in Monterey pine (Millar et al. 1988). Concordance between allozyme and

chloroplast restriction length polymorphisms have also been reported for white spruce

(Picea glauca; Fumier and Stine 1995) and Douglas-fir (Pseudotsuga menziesii; Ponoy et

al. 1994).

In addition to comparisons of chioroplast and nuclear (allozyme) markers, Strauss

et al. (1993) provided comparisons of mitochondrial diversity and differentiation in the

California closed-cone pines. A comparison with mitochondrial RFLPs showed a pattern

similar to chloroplast restriction site data: substantial differentiation between .species and

populations of bishop pine. Within populations gene diversities were lower than for

chloroplast length mutations, though roughly similar compared with chloroplast site

mutations. These comparisons highlight the remarkably different patterns of

differentiation and diversity found among genomes, and how different kinds of variation

can show distinct patterns.

Effects ofgamete dispersal on gene flow

Several studies of nuclear and cytoplasmic markers have emphasized the role that

the mode of genomic inheritance and gamete dispersal plays in structuring diversity.

McCauley et al. (1996) studied fine scale distribution of nuclear and organelle markers in

a population of Silene alba. Using a polymorphic chioroplast marker from the intron of
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the trnL gene (Taberlet et al. 1991) and standard allozyme electrophoresis, they found

clumped distributions of chloroplast haplotypes and thus substantial subpopulation

structuring. However, allozymes indicated a random distribution and random mating.

Substructuring of chloroplast markers within the population appeared to result from

limited seed dispersal, whereas the more widely dispersed pollen gametes provided high

gene flow for nuclear genes.

Differences in population structure due to gamete dispersal can also be observed

at the scale of entire populations, and is useful for phylogeographic studies. El Mousadik

and Petit (1996) studied chloroplast and mitochondrial haplotype diversity among

populations of the endemic argan tree (Argania spinosa) of Morocco using restriction

digests of PCR products amplified from conserved regions of the organelle genomes

(Taberlet et al. 1991, and Demesure et al. 1995). They found no restriction site

polymorphism in the mitochondrial markers. However, the chioroplast markers exhibited

polymorphism in more than half of the populations (63%). Chloroplast markers showed

haplotype differentiation (Gs1) among populations that was more than two-fold higher

than had been found for allozymes. El Mousadik and Petit (1996) used this comparison

of chioroplast and nuclear genomes to estimate the effects of gamete dispersal (seed -vs-

pollen) in structuring phylogeographic characteristics for the argan tree relative to other

tree species. Though average nuclear gene dispersal through pollen (i.e., allozymes)

appeared to be greater than through seeds (i.e., chioroplast markers), the argan tree

showed much more equitability than other tree species, apparently as a result of highly

effective seed dispersal mediated by animals (El Mousadik and Petit 1996).
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Other causes of cyronuclear disequilibria

In addition to the underlying characteristics of nuclear and cytoplasmic genomes,

interactions between genomes may play a major role in observed contrasts. Arnold

(1993) provides an extensive review of studies which investigate both nuclear and

cytoplasmic genomes. He concludes that these cytonuclear studies clearly show that

interactions between genomes play a large part in the observed patterns of genetic

diversity and differentiation among populations. However, Burton and Lee (1994)

emphasize that caution should be used when cytonuclear disequilibria are investigated

with nuclear allozyme markers, as are used in many studies. They contend that allozymes

may exhibit balancing selection which appear as cytonuclear disequilibria, but when

nuclear DNA markers are used cytonuclear comparisons may be concordant.

Wagner et al. (1987) studied chloroplast RFLPs among allopatric and sympatric

populations of lodgepole pine (Pinus contorta) and jack pine (P. banksiana). Though

allozymes and other markers from the nuclear genome provided evidence of

introgression, chloroplast variants did not transcend species boundaries. Wagner et al.

(1987) concluded that, though hybridization clearly occurs, there may be intrinsic barriers

to cytoplasmic genomes. In contrast, Dawson et al. (1996) found evidence of

mitochondrial introgression between leguminous tree species (Gliricidia sepium and G.

maculata). Introgression was directional and haplotype specific depending on population

location, suggesting complex cytonuclear interactions. A reverse situation to that of

Wagner et al. (1987) has been reported for Drosophila, where mitochondrial genomes
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appear to be exchanged relatively frequently between species despite no evidence of

nuclear gene flow (Powell 1983). In this case, barriers to gene flow appear to be specific

to the nuclear genome.

Paige et al. (1991) provided a finer scale investigation of cytonuclear interactions.

Investigating mitochondrial inheritance across a hybrid zone of cottonwood species in

Utah (Populusfremontii and P. angustfolia), they did not find intrinsic barriers to

cytoplasmic gene flow, nor was there evidence of nuclear-cytoplasmic incompatibility, as

both fremontii and augustfolia haplotypes were found in trees of mixed genotypes.

However, they did find that F1 hybrids and backcrosses with high proportions of

heterozygous loci contained the fremontii mitochondrial haplotype. Accordingly, Paige et

al. (1991) suggested that an intrinsic interaction between level of heterozygosity and

mitochondrial haplotype affected fitness of hybrids.

DOUGLAS-FIR

Present and historical distribution of Douglas-fir

The genus Pseudotsuga is comprised of 8 species located in North America (two

species) and eastern Asia (Strauss et al. 1990). Douglas-fir [Pseudotsuga menziesii

(Mirb.) Franco] is the most widely distributed species in the genus (Figure 1.1), and is

comprised of two distinct races or varieties, distinguished by growth and morphological

characteristics such as cone size, foliage color, phenology, and crown form (reviewed by
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Figure 1.1. Distribution of Douglas-fir in western North America (adapted from
Hermann and Lavender, 1990).
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Hermann and Lavender 1990), as well as allozymes (Li and Adams 1989). The coastal

variety (var. menziesii) stretches from central California north to central British Columbia

where it overlaps with the interior variety (var. glauca). In this region a zone of

hybridization and introgression occurs that extends south into north central Washington

(Li and Adams 1989). The interior race stretches southward following the Rocky

Mountain Range into central Mexico. The Great Basin effectively separates the races

throughout the central and southern portions of their range, though there is limited

contact in central Oregon (e.g., Li and Adams 1989). Though the coastal race is nearly

continuous and appears to be limited by low temperature (see Rehfeldt 1977), the interior

race in its southern range has a patchy distribution and is restricted to moist high

elevation sites (Schnabel et al. 1993). Various chemical marker studies (e.g.,

monoterpenes; Zavarmn and Snajberk 1973) have confirmed these two major races. In

addition, allozymes (Li and Adams 1989) and biochemical markers (Zavarmn and

Snajberk 1973) have revealed two major racial groups (north and south interior races)

within the interior variety.

The distribution of Douglas-fir has been strongly influenced by Pleistocene

glaciation over the last two million years. Based on paleobotanical evidence, the coastal

race of Douglas-fir may have diverged from the interior race as early as I 3 million years

ago (Critchfield 1984). However, from allozyme data Li and Adams (1989) calculated

that the races may have diverged as recently as 300,00 to 500,000 years ago. During the

last glaciation (Wisconsin, approximately 80,000 to 10,000 years ago), the coastal race

was apparently restricted primarily to a large refugium near the present-day Willamette
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Valley (Tsukada 1982, Critchfield 1984, Li and Adams 1989), though the paleobotanical

pollen record in the central coast range of Oregon makes the location of such a refugium

unclear (Worona and Whitlock 1995). Similarly, several refligia for the interior race may

have existed east of the Great Basin near Idaho or Utah (large refugia), and scattered

throughout the southern Rocky Mountains (smaller refugia; Li and Adams 1989). At the

end of the Wisconsin glaciation (approximately 10,000 years ago) the races migrated

northward rapidly, coming into contact no more than 7,000 years ago (Tsukada 1982).

Biology and ecology of Douglas-fir

Similar to most Pinaceae, Douglas-fir is a long lived monoecious species,

reaching sexual maturity at around 15 years (Hermann and Lavender 1990). Populations

are outcrossing, and gene flow via seed and pollen appears extensive. Within stands,

approximately 80 % of pollen and seed are distributed within 50 to 80 m of parent trees

(Adams 1992), though occasional gene flow over greater distances or between isolated

populations may occur (Schnabel et al. 1993). Natural reproduction is closely tied to fire,

and regeneration generally does not occur within closed stands. In the absence of fire,

coastal Douglas-fir is a seral species, replaced by shade tolerant species such as sitka

spruce (Picea sitchensis) and western hemlock (Tsuga heterophylla). However, in the

interior portion of its range where stand densities are lower Douglas-fir may act as a

climax species.
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Genetic structure of Douglas-fir

Studies of the genetic structure of Douglas-fir have employed quantitative traits as

well as Mendelian traits. Studies with adaptive traits such as bud phenology and growth

rate have shown that the large amounts of genetic variability in Douglas-fir are strongly

distributed along environmental gradients (e.g., Campbell 1979, Sorensen 1979, Rehfeldt

1989). In particular, elevation, latitude, and longitude appear to be strongly correlated

with diversity in adaptive traits. These reflect variation in temperature and length of

growing season (latitude, elevation) and moisture (longitude). In addition, there is

extensive adaptive genetic variability within families and among families in populations

(Campbell 1979). Genetic variability for allozyme markers within populations is high

(HO.14 in a rangewide study of populations; Li and Adams 1989), comparable to other

forest tree species (mean He=O. 17 for gymnosperms; Hamrick and Godt 1989). Despite

large differences in adaptive traits along environmental gradients, Merkle and Adams

(1987) found no evidence of environmental or geographic structuring of allozyme

variation. In sum, allozymes and adaptive traits suggest discordant patterns of

differentiation among populations, though both show that high genetic variability is

present within populations.

A range-wide survey of genetic structure and differentiation using allozymes (Li

and Adams 1989) provides detailed information on population structure. Populations of

the coastal race of Douglas-fir have higher levels of allozyme diversity (He0.17) than

interior populations (He=O. 15 for northern populations, and 0.08 for southern
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populations). Within varieties, populations with the greatest genetic diversity tended to

be close to the center of distribution. Genetic differentiation was slightly higher among

coastal populations (G5T=O.O7, D=O.02) than among northern populations of the interior

race (GST=O.O4, D=O.O1), though much less than among southern populations of the south

interior race (Gs1=O.12, D=O.O1). Northern populations of the interior race were more

similar to coastal populations thanwere the south interior populations to coastal

populations. Genetic distance showed no significant correlation with geographic location

among coastal populations; however, significant positive correlations were found among

populations of the interior race (r=O.70). Schnabel et al. (1993) suggested that levels of

genetic diversity may be somewhat higher and population differentiation somewhat lower

among south interior populations than were reported by Li and Adams (1989), in part due

to their limited sample sizes in these populations.

Organelle studies in Douglas-fir

As with other species of Pinaceae, chioroplast DNA is paternally inherited in

Douglas-fir (Neale et al. 1986) and mitochondrial DNA is maternally inherited (Marshall

and Neale 1991). Ponoy et al. (1994) provide an opportunity to compare chioroplast

DNA diversity and differentiation with Li and Adams' (1989) allozyme study. In an

RFLP study using cloned chloroplast DNA fragments covering 96 % of the chioroplast

genome of lodgepole pine (Lidholm and Gustafsson 1991), Ponoy et al. (1994) found no

restriction site variability among populations from the coastal and interior races

(including hybrid region) of Douglas-fir in British Columbia. However, they did find
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length polymorphism which indicated substantial haplotype diversity within populations;

haplotype diversity within populations was large overall (mean gene diversity = 0.62),

and was higher in the hybrid transition zone than in populations of the coastal or interior

races. The extensive chloroplast haplotype diversity within populations is surprising

considering the small number of individuals studied (4 trees per populations), and is

apparently a result of using probes covering nearly the entire chloroplast genome.

Differentiation among populations was due primarily to population differentiation rather

than race differentiation (GPR=O. 13 and GRT=O.07), and overall differentiation among

populations (GST=O.l5) was nearly identical to that found by Li and Adams (1989) for

allozymes among these populations.



CHAPTER 2

MITOCHONDRIAL DNA PRODUCTS AMONG RAPD PROFILES ARE
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Modified from article published in Molecular Ecology (1995) volume 4, pages 44 1-447
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ABSTRACT

Racial differentiation and genetic variability were studied between and within the

coastal, north interior, and south interior races of Douglas-fir using RAPD and allozyme

markers. Nearly half of all RAPD bands scored (13: 45%) were found to be amplified

from mitochondrial DNA. They exhibited maternal inheritance among hybrids and

backcrosses between the races, and were much more highly differentiated (GST.62 for

haplotype frequencies) than were allozymes (G51=.26). No evidence ofhybridization or

introgression was detected where the coastal and interior races come into proximity in

central Oregon.

INTRODUCTION

Studies of population genetic structure and genetic variation using randomly

amplified polymorphic DNA (RAPDs) are becoming increasingly common. For many

uses, the limitations of RAPDs as a consequence of dominance and low reproducibility

are clearly outweighed by the essentially limitless number of genome markers (reviewed

by Newbury and Ford-Lloyd 1993). As empirical and theoretical approaches to the

treatment of RAPDs in population genetic studies develop (Lynch and Milligan 1994),

concurrent studies are needed that compare RAPD diversity to the well established and

far more prevalent studies using allozymes (for reviews see Hamrick and Godt 1989).
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Population studies which have considered both RAPDs and allozymes show

broadly consistent patterns; similar phylogenetic relationships are elucidated by both

molecular techniques, though RAPDs tend to emphasize greater differentiation among

populations than allozymes (e.g., Peakall et al. 1995, Heun et al. 1994, Moreau et al.

1994, Mosseler et al. 1992, Puterka et al. 1993). Possible explanations for the increased

differentiation resolved by RAPDs include selective constraints on coding DNA

(reviewed by Altukhov 1991) and the limitations of conventional starch gel

electrophoresis to detect amino acid substitutions (Neel 1984). In addition, because

RAPDs by design amplify sections of the genome containing repetitive DNA, RAPD

frequencies may reflect processes of genomic turnover such as non-reciprocal exchange

(reviewed by Dover and Tautz 1986) which accelerate the spread of mutations through

populations (Stephan 1989). Finally, RAPDs can amplify organelle polymorphisms

(Lorenz et al. 1994), which may show distinct patterns of differentiation from nuclear

genes (e.g., Strauss et al. 1993, Hong et al. 1993).

Allozyme variation in Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) has

been well characterized, including a range-wide study of populations throughout western

North America (Li and Adams 1989). Patterns of allozyme variation are similar to those

of other conifers, exhibiting limited and primarily quantitative differentiation in allele

frequencies between populations (Hamrick and Godt 1989). In contrast, a preliminary

screen with several RAPD primers suggested large and qualitative differences in RAPD

markers might exist between the coastal variety (var. menziesii) and interior variety (var.

glauca) of Douglas-fir. These varieties have been recognized based on cone and needle



46

morphology, growth characteristics (Rehfeldt 1977), and terpene chemistry (von Rudloff

1972). Allozyme studies have further substantiated varietal differences, identifying the

coastal and interior variety, as well as two distinct racial groups within the interior variety

(Li and Adams 1989). Despite a long history of differentiation that may extend back as

far as the Miocene (13 million years ago: reviewed by Critchfield 1984), the varieties

readily cross, both under controlled pollination and in the wild (Rehfeldt 1977).

MATERIALS AND METHODS

Seeds from the three major divisions (races) of Douglas-fir identified by the

allozyme study of Li and Adams (1989) were sampled from throughout the Western

United States (Figure 2.1). To sample the coastal variety and north interior race of the

interior variety, three seeds (one seed per maternal tree) were selected from each of 20

sources spanning an east-west transect which crossed the putative transition zone between

the two varieties in central Oregon (mean latitude 44° 45'; see Sorensen 1979 for more

details). Trees sampled within locations (sources) were separated by approximately 50 to

100 m, and most sources were separated by more than 10 km. Seeds from the south

interior race of the interior variety representing 9 distinct geographic locations throughout

Arizona, New Mexico, and Utah (2-3 seeds per source) were obtained from bulked seed
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Figure 2.1 Locations of Douglas-fir seed sources and populations used for the
RAPD and allozyme analyses. Seed sources used in the RAPD study come from 29
locations representing the coastal (C), north interior (N), and south interior (5) races. The
approximate locations of the 31 populations taken from Li and Adams' (1989) allozyme
study are shown as numerals. All populations and seed sources are located within the
states of Arizona (AZ), Idaho (ID), New Mexico (NM), Oregon (OR), and Utah (UT).
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collections stored at the Lucky Peak Nursery (Boise National Forest, Idaho). South

interior sources were widely separated, and many were located in separate ranges of the

Rocky Mountains (Figure 2.1).

Seeds were soaked overnight in water, embryos removed, and embryo DNA

extracted according to a modification of the CTAB protocol of Wagner et al. (1987) in

which the DNA was further purified by 4 phenol/chloroformlisoamyl alcohol (25:24:1)

extractions and a final ethanol precipitation. Reagents used in the RAPD amplifications

(final volume 25 .tl) were 100 M dNTPs, 0.2 jM primer, 1.8 mM Mg, 1 unit Taq

polymerase, and 2 ng template DNA. Increasing template DNA up to 25 ng had little

effect on RAPD profiles of several primers tested. The thermocycle protocol consisted of

denaturation for 1 minute at 93° C, annealing at 37° C for 1 minute, and extension at 72°

C for 2 minutes repeated over 45 complete cycles using an MJ Research thermocycler

(model PTC- 100-60).

Pre-screening of 105 random decamer primers (UBC, Vancouver, British

Columbia) revealed 10 primers producing 41 bands that were chosen for further study

(UBC primers 266: CCACTCACCG, 268: AGGCCGCTTA, 275: CCGGGCAAGC, 300:

GGCTAGGGCG, 409: TAGGCGGCGG, 414: AAGGCACCAG, 419: TACGTGCCCG,

428: GGCTGCGGTA, 438: AGACGGCCGG, and446: GCCAGCGTTC). These

primers were chosen on the basis of 100 % reproducibility of selected bands between

replicates and ability to amplify DNA from all seed samples (seeds were in freezer
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storage for 5 to 20 years). Negative controls included in primer screening showed no

amplification artifacts and established that all bands resulted from template DNA.

Initial scoring of RAPD phenotypes assumed bands of like phenotype (mobility,

intensity) result from dominant alleles at independent nuclear loci, and are in Hardy-

Weinberg equilibrium within populations. Dominance of most RAPD bands is widely

known (Waugh and Powell 1992, Heun and Helentjaris 1993). With few exceptions,

conifers, including Douglas-fir (e.g. Moran and Adams 1989), show only minor and

transient departures from Hardy-Weinberg proportions. However, because RAPD bands

amplified from total genomic DNA of plants may also be of cytoplasmic origin (Lorenz

et al. 1994), we examined inheritance of several bands in inter-racial crosses of Douglas-

fir made previously (unpubi. data). Parents studied were all F1 hybrids between the north

interior and coastal race, and their progeny were the result of crossing to another hybrid

or "backcrossing" to each race. In addition, we analyzed the maternally derived, haploid

conifer megagametophytes of the seed from these crosses. Diploid embryos and their

associated haploid megagametophytes were studied in 44 progeny (4 from each of 11

crosses; 4 F1 hybrids and 7 backcrosses). Because chloroplast DNA is paternally

inherited (Neale et al. 1986) in Douglas-fir, shows extremely low genomic diversity

within or among races (Ali et al. 1991), and mitochondrial DNA is maternally inherited

(Marshall and Neale 1992), the genomic origin of uniparentally inherited bands could be

unambiguously defined.

RAPD data were analyzed for genetic differentiation and diversity. Calculations

were made for maternally inherited markers based on haplotype frequencies at a single
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locus as done previously (Strauss Ct al. 1993), and for the remaining RAPD markers

assuming nuclear origin and dominance. For most calculations, individuals were pooled

into one of three racial groups disregarding taxonomic hierarchy (coastal, north interior,

or south interior races: Li and Adams 1989). Only those loci showing polymorphism

among one or more races (0.99 criterion) were used in the analysis. Null allele

frequencies were corrected for sampling (Lynch and Milligan 1994). Parameters

calculated included Nei's (1973) gene diversity statistics corrected for sample size and

population number, and Nei's (1978) unbiased genetic distances (D) between racial

groups and between seed souxces (locations) of the coastal and north interior races. The

latter was calculated solely to illustrate the sharpness and location of the racial boundary,

and all RAPD bands were included regardless of their inheritancepattern (i.e., all bands

were treated as nuclear loci). Measurements of diversity included gene diversity (H5)

and both mean (n) and effective mean (ne) number of alleles per locus. The effective

mean number of alleles per locus weights an allele according to its frequency to provide a

measure of allelic evenness (Hedrick 1983). Genetic differentiation between races using

Nei's (1973) GST is nearly equivalent to the familiar FST of Wright (Wright 1965) and

the two may be treated interchangeably in most cases (Nei 1977). The computer program

Gene Stat-PC 3.3 (Lewis 1994) was used for all calculations.

To compare genetic differentiation and diversity between RAPDs and allozymes,

we re-analyzed data from Li and Adams' (1989) range-wide allozyme study of Douglas-

fir (provided by P. Li and W. T. Adams, personal communication). The 29 seed sources
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of our RAPD study were geographically matched with 31 populations from Li and

Adams' study (roughly 15 maternal trees per population; see Li and Adams 1989 for

more details), and for quantitative analysis were pooled into one of three racial groups

based on Li and Adams' cluster diagram (Fig. 1; coastal: 16-23; north interior: 25-28, 65-

69, 73, 75, 78; and south interior 84-87, 97-102).

RESULTS

RAPDs

Of the 41 fragments analyzed in the RAPD study, 29 showed variability between or

within the coastal, north interior, and south interior races of Douglas-fir. Of these, 10

exhibited race-specificity. All of the fragments agreed as to the position of the racial

boundary between the coastal and north interior races (i.e., coastal and interior variety) in

central Oregon; the break occurred between the lowest elevation Santiam population (915

m) and the Grizzly population (1,555 m), which are separated by 55 km (described in

Sorensen 1979). In no cases were unique combinations of fragments found that might

indicate introgression or inter-racial hybridization (Figure 2.2).

Based on strict maternal inheritance, 13 RAPD markers (45%) generated from 7

primers (UBC primers 266, 268, 275, 409, 419, 428, and 438) were of mitochondrial

origin (data not shown). Both the dominant RAPD allele (7 markers) and the null RAPD

allele (6 markers) exhibited this pattern of maternal inheritance. Of the remaining bands,
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5 showed clear biparental inheritance and 11 were ambiguous in the crosses available.

Using the 13 maternally inherited markers we identified 9 distinct haplotypes among the

coastal, north interior, and south interior races (Table 2.1). Only a single haplotype was

found in the coastal race whereas 6 haplotypes were found in the south interior race.

Gene diversity ranged from a high of 0.76 in the south interior race to 0.00 in the coastal

race (Table 2.2). Greater than 60 % of the observed haplotype diversity resulted from

differentiation between populations (GST=0.62; Table 2.3).

Differentiation between races of Douglas-fir was also extensive when the remaining

16 polymorphic RAPD bands were considered. Differentiation between races accounted

for more than 70 % of the total diversity observed (GST=0.73; Table 2.3). Paired

comparisons of the races showed that differentiation between the coastal and either the

north interior or south interior race was similar to the total differentiation between all

races (GST=O.76 and 0.82 respectively). Differentiation between the interior races was

less (GST=O.52). Similarly, genetic distance was substantial between the coastal and

either interior race, but modest between the interior races; mean genetic distance ranged

from a high of 1.01 (coastal x south interior) to a low of 0.24 (north interior x south

interior).

Allozymes

The degree and pattern of racial differentiation and diversity based on allozymes

differed dramatically from that of RAPDs (Tables 2.2 and 2.3). Of 20 loci analyzed by Li
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Figure 2.2 Nei's (1978) genetic distances between the 8 coastal and 12 north interior
sample locations (seed sources). Genetic distances were calculated in a pairwise manner
between the source furthest east and all other sources (A) and between the source furthest
west and all other sources (B). Also shown are RAPD phenotypes from primer UBC 275
exhibiting strong race-specificity for three coastal and 4 north interior seed embryos (2-3
replicates per embryo).

and Adams (1989), 19 loci exhibited polymorphism between or within races and 5 loci

showed race-specific alleles. Of the total genetic variability found for allozyme data, less

than 30 % (GST=O.26) was attributed to racial differentiation. Also in contrast to results

from RAPDs, the coastal and north interior races had a similar amount of differentiation

as that found between north interior and south interior races (GST=O.2 1 and 0.19,

respectively), whereas coastal and south interior races were nearly twice as differentiated
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Table 2.1 Mitochondrial haplotypes and haplotype frequencies. The 9 haplotypes
were identified among the three races of Douglas-fir (coastal, north interior, and south
interior) based on 13 RAPD fragments which exhibited strict maternal inheritance in
crosses. The RAPD primers used to amplify mitochondrial fragments and approximate
sizes of fragments are given. A "+" indicates presence of the RAPD fragment in the
haplotype and "-" indicates absence of the fragment. Haplotype frequencies within the
three races of Douglas-fir are listed below.

54

RAPD Primer Haplo- Haplo- Haplo- Haplo- Haplo- Haplo- Haplo- Haplo- Haplo-
and Fragment type 1 type 2 type 3 type 4 type 5 type 6 type 7 type 8 type 9

Size (kb)

UBC 266, 0.88 + + + + + +

UBC268, 1.50 +

UBC 275, 0.61 +

UBC 275, 0.76 + + + + +

UBC 275, 0.88 + + +

UBC275, 1.90 + + + + + + + +

UBC275,2.25 + + + + + + +

UBC 409, 0.72 +

UBC419, 1.99 + + + + + + + +

UBC 428, 1.25 +

UBC 438, 0.69 + + + + + + + +

UBC 438, 0.88 + + + + + + + +

UBC 438, 1.09 + - -

Coastal 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

North Interior 0.00 0.94 0.06 0.00 0.00 0.00 0.00 0.00 0.00

South Interior 0.00 0.00 0.00 0.41 0.14 0.09 0.23 0.09 0.05



Gene diversity (H5) calculated within races

RAPDs Allozymes Mitochondrial

(SE) (SE) RAPDs

For mitochondrjal RAPDs, the number of alleles refers to the number of mitochondrial haplotypes.
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Table 2.2 Racial genie and allelic diversity based on RAPDs and allozymes between
or within races of the coastal and interior varieties of Douglas-fir. Calculations of
diversity for mitochondrial RAPDs are based on 9 mitochondrial haplotypes identified
from 13 maternally inherited RAPD markers.

-coastal
il fl fl flç ii

1.25 1.12 2.79 1.36
(0.11) (0.07) (0.22) (0.10)

-north interior
1.44 1.25 2.95 1.31 2 1.13

(0.13) (0.09) (0.19) (0.10)
-south interior

1.44 1.29 2.53 1.15 6 3.86
(0.13) (0.09) (0.21) (0.08)

Mean number of observed and effective alleles per
locus averaged over races1 1.38 1.22 2.75 1.27 3 2.00

(0.06) (0.05) (0.12) (0.06)

-coastal 0.07 0.21 0.00
(0.04) (0.04)

-north interior 0.15 0.17 0.11
(0.05) (0.05)

-south interior 0.18 0.09 0.76
(0.05) (0.04)

Mean gene diversity (Hg) averaged over races 0.13 0.16 0.29
(0.03) (0.03)

Total gene diversity (HT) 0.49
(0.05)

0.21
(0.05)

0.76

Observed (n) and effective (ne) number of alleles
per locus within races'



Table 2.3 Racial differentiation (GST) and genetic distances based on RAPDs and
allozymes between or within races of the coastal and interior varieties of Douglas-
fir. Standard errors (SE) are calculated for Gs1 from variance among locus-specific
estimates. Calculations of differentiation and diversity for mitochondrial RAPDs are
based on 9 mitochondrial haplotypes identified from 13 maternally inherited RAPD
markers.

Differentiation (GST) between races

RAPDs Allozymes Mitochondrial

(SE) (SE) RAPDs

(GST=O.36). Genetic distances concurred with these patterns, ranging from a high of

0.10 (coastal x south interior) to a low of 0.04 (north interior x south interior).

56

-coastal x north interior x south interior 0.73 0.26 0.62
(0.09) (0.03)

-coastal x north interior 0.76 0.21 0.89
(0.12) (0.03)

-coastal x south interior 0.82 0.36 0.45
(0.09) (0.04)

-north interior x south interior 0.52 0.19 0.39
(0.11) (0.03)

Neis genetic distance (D) between races

-coastal x north interior 0.49 0.06

-coastal x south interior 1.01 0.10

-north interior x south interior 0.24 0.04
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Surprisingly, an inverse pattern of genic and allelic diversity between races was found

for allozymes relative to RAPDs. Allozyme gene diversity was highest in the coastal race

(0.21) and lowest in south interior race (0.09), whereas the reverse was true for RAPDs

(Table 2.2). Mean and effective mean number of alleles per locus paralleled these trends

with the greatest values in the coastal race (2.79 and 1.36, respectively) and the lowest in

the south interior race (2.53 and 1.15, respectively).

DISCUSSION

We found several striking contrasts between estimates of racial differentiation and

diversity with RAPD and allozyme markers. Most notable was the much greater

differentiation reflected in GST values found for RAPDs (Table 2.3). This may result

from several distinct causes. First, because conventional starch gel electrophoresis fails

to detect many allozymes distinct in their amino acid sequence, some allozyme

differentiation often remains cryptic (Neel 1984). RAPDs, on the other hand, are

theoretically sensitive to many kinds of mutations, including those that affect sequences

of priming sites and their relative positions. Second, allozymes represent variation in

functional gene-products (enzymes) whereas the majority of RAPD variation is likely to

result from non-coding DNA. Thus, natural selection may act more strongly on

allozymes. Balancing selection has been proposed as an agent for maintaining allozyme

polymorphism (Altukhov 1991, Karl and Avise 1992); it may retain allozyme frequencies
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at similar values between isolated populations or racial groups while neutral loci

differentiate due to genetic drift. Third, because RAPD products represent portions of the

genome that contain repetitive DNA, specifically regions bounded by complementary

inverted repeats, its evolution may be fundamentally distinct from genes encoding

allozymes. Processes such as unequal exchange may allow repetitive DNA to

differentiate between isolated populations in a concerted and rapid manner termed

"molecular drive" (Dover and Tautz 1986, Stephan 1989, Cabot et al. 1993).

Complementary inverted repeats are nearly universal footprints of transposable elements,

which on evolutionary time scales can invade genomes rapidly (Charlesworth et al.

1994). Thus, it would not be surprising ifsome kinds of RAPD variants could increase in

frequency more rapidly than allozymes.

Dominance of RAPD markers may also contribute to the greater differentiation we

found relative to allozymes. Recent studies in Scotch pine (Szmidt et al. 1996) have

shown that comparisons between RAPDs and allozymes can be greatly influenced by

dominance Szmidt et al. (1996) found differentiation and diversity were similar between

allozymes and RAPDs when RAPD null allele frequencies were calculated directly using

haploid megagametophyte tissue. However, RAPD allele frequencies calculated

indirectly from diploid tissues assuming Hardy-Weinberg equilibrium showed

substantially greater differentiation (G51=O.02 for direct RAPDs and 0.06 for indirect

RAPDs, respectively). Though we corrected null allele frequencies according to Lynch

and Milligan (1994) where possible, many RAPD loci in our study were fixed for

different alleles between races (i.e., no correction for dominance can be made).
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Accordingly, dominance may play a role in the large RAPD differentiation we found

among races of Douglas-fir.

Finally, the mitochondrial genome contributed strongly to the RAPD phenotypes we

observed. RAPDs may readily amplify mitochondrial DNA fragments from total

genomic DNA because of the common occurrence of complementary inverted repeats in

plant mitochondrial genomes (e.g., Thormann and Osborn 1992, Lorenz et al. 1994). The

mitochondrial genome exhibits rapid changes of structure (for reviews see Sederoff 1987

and Schuster and Brennicke 1994) and has been found to be much more highly

differentiated among populations than allozymes (e.g., Strauss et al. 1993). The large

number of variable mitochondrial RAPD bands found, and the diverse primers that

amplified them, suggests that the mitochondrial genome of Douglas-fir is large, complex,

and dynamic. In support, the mitochondrial genome of hybrid larch (Larix x

leptoeuropaea), a genus closely related to Douglas-fir (Strauss et al. 1990), is larger than

1.0 x 106 base pairs (Kumar et al. 1995).

Surprisingly, allelic and genic diversities between races were inverted for RAPDs

relative to that for allozymes. The coastal race was more diverse for allozymes than was

the south interior race, but less diverse for RAPDs (Table 2.2). We believe that this

results, at least in part, from pooling RAPD samples of the south interior race over

several populations derived from isolated mountain ranges in three states (Fig. 2.1).

Inter-population differentiation for allozymes is much stronger in this region than for the

coastal or north interior regions (Li and Adams 1989). Based on the present results, this

differentiation is likely to be even greater for RAPDs. Pooling over locations in the south
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interior race may therefore enhance diversity for RAPDs greatly; RAPD diversity within

populations of the south interior race might still be less than that for the coastal race, as

allozyme studies predict (Li and Adams 1989).

The sharp boundary found between the coastal and north interior races in central

Oregon based on RAPDs (Fig. 2.2) agrees with most results from other genetic analyses.

Li and Adams' (1989) allozyme study also demonstrated strong racial differentiation, but

did indicate that a narrow zone of transition might exist between the races in central

Oregon. Sorensen's (1979) nursery study found a gradual transitional zone for some

growth traits but strong differentiation for others along the same transect that we sampled

in our RAPD study. Terpene composition agreed most strongly with our RAPD data,

suggesting a pronounced racial boundary in nearby populations (Zavarin and Snajberk

1973). Because intervarietal hybrids are known to readily occur in zones of contact

(Rehfeldt 1977) and gene flow through pollen and seed dispersal is extensive in conifers

(reviewed by Adams 1992), this suggests that the close proximity of the varieties in

central Oregon may be a geologically recent event.

In sum, it appears that RAPDs provide considerably greater sensitivity than allozymes

for the detection of genetic differentiation, at least for long-isolated gene pools such as

races of Douglas-fir. Mitochondrial DNA has provided a major portion of this strong

differentiation. Additional research is needed to determine whether nuclear DNA

amplified by RAPDs is also more highly differentiated than are allozymes. Although

substantial differentiation was also observed for the 16 bands that did not show maternal

inheritance, many of these could also be of mitochondrial origin. To enable use of



RAPDs in population genetic studies genomic origin must be demonstrated; our results

show that a nuclear origin for most RAPD bands cannot be assumed. Regardless of

origin, however, RAPDs provide a powerful means for racial identification.
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CHAPTER 3

NUCLEAR RAPDS AND ALLOZYMES EXHIBIT SIMILAR LEVELS
OF DIFFERENTIATION AND DIVERSITY IN DOUGLAS-FIR

Jan E. Aagaard and Steve H. Strauss
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ABSTRACT

We used RAPD and allozyme markers to compare the genetic structure of

populations and races of Douglas-fir. RAPD markers of mitochondrial and putative

chioroplast origin were identified using enriched organelle DNA probes in a sequential

screening technique described below (Chapter 4), allowing for the unambiguous scoring

of nuclear RAPD markers. Nuclear RAPDs and allozymes exhibited similar diversity

within populations (H5=O.22±0.03 and 0.16±0.03, respectively; P=0.21) as well as

similar overall differentiation (GST=O.34 ± 0.07 and 0.29 ± 0.07, respectively; P0.24).

Total gene diversity for RAPDs was substantially higher than for allozymes and

approached statistical significance (H1=0.32±O.03 -vs- 0.22±0.03, respectively; P=0.06).

When we simulated the effects of RAPD dominance and biallelism on diversity

parameters using our allozyme data set, H and HT were half that for the codominant,

multiallelic allozymes regardless of sample size. In contrast, GST did not show significant

bias at the population sizes employed in the RAPD study. However, the presence of

RAPD fragments of mitochondrial origin in Douglas-fir causes a substantial overestimate

of nuclear gene differentiation, necessitating their identification.
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INTRODUCTION

The utility of allozymes for describing the genetic structure of populations has

been questioned for several reasons. First, allozymes reflect variability in protein coding

sequences and accordingly may be constrained in ways non-coding regions are not

(reviewed by Clegg 1989). Second, the resolution of allozymes are generally low.

Standard starch gel electrophoresis can miss as much as half of all nucleotide

substitutions in coding regions of studied genes due to synonymous substitutions and

amino-acid substitutions which do not alter electrophoretic mobility (Neel 1984).

Finally, there is evidence that balancing selection may act on allozymes (Karl and Avise

1992, Raybould et al. 1996), which would maintain similar allele frequenciesbetween

populations which are diverging at neutral loci (reviewed by Altukhov 1991).

The now common application of randomly amplified polymorphic DNA (RAPD)

markers (Williams et al. 1990) to population studies enables comparisons between

allozymes and these DNA-based markers. Though there have been only a few studies

comparing the markers directly, most qualitative comparisons have suggested that

RAPDs and allozymes reveal similar patterns of genetic diversity, but that RAPDs tend to

provide more diagnostic population, race, or species-specific markers (e.g., Liu and

Fumier 1993, Peakall et al. 1995). However, RAPDs have significant limitations. First,

the large majority of RAPDs are biallelic, dominant markers (Williams et al. 1990).

Recent empirical studies (Isabelle et al. 1995, Szmidt et al. 1996) have suggested that
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inferring RAPD allele frequencies from diploid tissues may result in overestimates of

population differentiation. In addition, RAPDs of organellar origin have been found in

several studies (e.g., Lorenz et al. 1994, Aagaard et al. 1995), which if treated as nuclear

markers may cause discrepancies between RAPDs and allozymes due to the unique

population structuring of organellar genomes (e.g., Strauss et al. 1993).

In the present study, we compare the genetic architecture of populations and races

of Douglas-fir [Pseudotsuga menziesii (Mirb.) Franco] using RAPD and allozyme

markers. Douglas-fir is a long-lived, monoecious species and is the dominant forest tree

throughout most of its range in western North America. A coastal variety (var. menziesii)

and an interior variety (var. glauca) of Douglas-fir are distinct based on needle and cone

morphology, terpene chemistry (von Rudloff 1972), growth characteristics (Rehfeldt

1977), and allozymes (Li and Adams 1989), though they readily hybridize (Rehfeldt

1977). Allozymes also distinguish two separate races within the interior variety (north

interior and south interior; Li and Adams 1989). The two varieties have a long

evolutionary history, and may have been distinct since the miocene (13 million years ago;

reviewed by Critchfield 1984), though allozymes suggest more recent divergence (Li and

Adams 1989). Glacial episodes of the Pleistocene Epoch have caused repeated range

contractions and expansions, and the most recent interglacial period (Holocene)permitted

only limited inter-racial contact (Li and Adams 1989). We report on genetic diversity

and differentiation at both the racial and population levels. Allozymes and nuclear RAPD

markers showed very similar patterns of diversity. However, RAPD markers of

mitochondrial origin are strongly differentiated, as reported earlier.



MATERIALS AND METHODS

Douglas-fir populations

Seeds representing two populations from each of the three races of Douglas-fir

(coastal, north interior, and south interior; Li and Adams 1989) were selected from

existing seed collections for RAPD analysis. Coastal and north interior populations

(Figure 3.1) were selected from single tree seed collections stored at the USDA Forest

Service PNW Research Station (Corvallis, Oregon). Coastal seed collections were

originally made from natural populations in western Washington (Smith Creek; 34

maternal trees) and western Oregon (Lacomb; 22 maternal trees). Maternal trees were

separated by approximately 50 to 100 m. Each of two north interior seed collections were

originally made from three contiguous natural stands (5 to 13 maternal trees per stand)

separated by approximately 300 m of elevation in central (Wildcat Mountain; 36 maternal

trees in total) and east-central Oregon (Baldy Mountain; 30 maternal trees in total). Trees

sampled within stands were separated by approximately 50 to 100 m. Collections from

contiguous stands were pooled for analyses into populations and treated as panmictic,

assuming no significant differentiation exists among stands within a location. Other

studies (e.g., Moran and Adams 1989) have not found significant differentiation among

stands for allozymes. Tests of significant stand differentiation were conducted to validate

this assumption by comparing RAPD diversity within and among stands using

permutation analysis in the WINAMOVA computer package (Excoffier 1993).
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South interior populations were selected from bulked seed collections stored at the

USDA Forest Service Lucky Peak Nursery (Boise, Idaho). The southern Arizona bulked

seed collection (Coronado) was made from a single stand of 30 maternal trees, and the

southern Utah bulked seed collection (Dixie) was made from two contiguous stands of 22

maternal trees each; 30 and 29 seeds were analyzed from the Coronado and Dixie

collections, respectively.

Figure 3.1 Locations of Douglas-fir populations used for the RAPD and allozyme
studies. The 6 populations in the RAPD study (Cl--Smith Creek, C2--Lacomb, Ni--
Wildcat Mountain, N2--Baldy Mountain, S 1--Coronado, S2--Dixie) were geographically
matched with 6 populations from Li and Adams' (1989) allozyme study (C1--37, C2--20,
N1--24, N2--27, Sl--102, S2--87). All populations are located within the states of
Arizona (AZ), Oregon (OR), Utah (UT), and Washington (WA).
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DNA extraction and RAPD ampl/Ication

Total genomic DNA was extracted from diploid seed embryos using a modified

CTAB protocol described previously (Aagaard et al. 1995, Chapter 2). A total of 9

RAPD primers prescreened in a related study (Chapter 4; UBC 234, UBC 328, UBC 330,

UBC 336, UBC 411, UBC 428, UBC 460, UBC 504, and UBC 570) were used to

amplify RAPD fragments using our standard RAPD protocol (Aagaard et al. 1995,

Chapter 2). Prescreening of primers established both the reproducibility of RAPD bands

and identified RAPD markers which are likely of organellar origin (Chapter 4).

Scoring of RAPD bands

Only those RAPD bands which were distinct and highly reproducible over

multiple (4) amplifications were scored. Prescreening of RAPD primers using RAPD

blots sequentially probed with enriched mitochondrial and chioroplast DNAs allowed us

to identify RAPD fragments of organellar origin (Figure 4.3; Chapter 4); the former are

frequent among RAPD profiles of Douglas-fir (Aagaard et al. 1995, Chapter 2). Nuclear

RAPD fragments were considered to be those RAPD bands showing no evidence of

hybridization to either organelle DNA probe. Bands which showed strong hybridization

were scored and analyzed separately from nuclear RAPD bands. Nuclear RAPD bands

were treated as dominant Mendelian markers under Hardy-Weinberg equilibrium. Allele

frequencies were calculated from null homozygote frequencies and corrected for

dominance according to Lynch and Milligan's (1994) equation 2a.
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Like most conifers, Douglas-fir exhibits high outcrossing rates and conforms well

to assumptions of random mating when seed embryos are examined (Neale and Adams

1985). However, to examine whether modest departures from Hardy-Weinberg

equilibrium would significantly disturb our diversity estimates, we also calculated null

allele frequencies assuming an excess of heterozygotes (F=-O.2) and a deficiency of

heterozygotes (F=O.2) using Wright's (1921) method for correcting the null homozygote

frequency [q= q2 (1-F) + qF; where q is the frequency of homozygotes].

Data analysis

Nei' s (1973) gene diversity statistics were calculated for nuclear RAPDs and were

corrected for small sample size (Nei 1978) and small number of populations (Nei 1986)

using the computer program Genstat PC 3.3 (Lewis 1994). We also pooled all RAPD

bands together, regardless of genomic origin (i.e., cytoplasmic markers treated as

Mendelian) solely to study the extent of bias caused by failure to distinguish between

nuclear and cytoplasmic markers. A hierarchical analysis of differentiation due to

population and race subdivision employed only the small sample size correction (Nei

1986). Most calculations were made with completely monomorphic loci excluded (99 %

criterion), though population diversity parameters were calculated both with and without

monomorphic loci. Standard errors for GST values were calculated by jackknifing over

loci according to the method of Weir and cockerham (1984).

RAPD differentiation was also analyzed with the Analysis of Molecular Variance

(AMOVA) approach of Excoffier et al. (1992) using the metric distancemeasure
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(1 - % matching) of Apostol et al. (1993). AMOVA computes fractional variance

components and F-statistic analogs (1-statistics), and tests for the significance of

variance components using permutation analysis. We used Black's (1996) computer

program RAPDPLOT 2.4 to calculate the fraction of matches (M) using the formula:

M=NAB/NT

where NAB is the total number of matches in individuals A and B (i.e., both bands absent

or present) and NT is the total number of loci scored in the overall study. This distance

measure considers both the shared presence and the shared absence of bands. The

computer program WINAMOVA (Excoffier 1993) was used for all AMOVA

calculations.

In order to compare RAPD diversity and differentiation with allozymes, we

reanalyzed data from Li and Adams (1989) Douglas-fir allozyme study. The 6

populations sampled with RAPDs in this study were geographically matched to the

closest populations from Li and Adams study (Figure 3.1); these paired populations are

referred to below as if they were the same population sampled with both RAPDs and

allozymes. Statistical comparisons of mean within population diversity (Us) and total

diversity (HT) calculated from RAPD and allozyme data were made using a non-

parametric rank sum test (Mann-Whitney test) applied to single locus estimates of each

parameter. This non-parametric test was used in order to avoid assumptions of equal

variance for RAPDs and allozymes. In addition, a G-test for goodness of fit for multiple

classes (Sokal and Rohif 1981) was used to compare the distribution of RAPD and
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allozyme diversity (Hs and HT). For the G-test, diversity at single loci were rounded and

pooled into one of 6 classes (0.0, 0.1....., 0.5); the expected frequency within classes was

calculated as the mean of RAPD and allozyme frequencies in that class. Since diversity

for RAPDs cannot exceed 0.50, allozyme loci with diversity above 0.50 were pooled into

the 0.5 class for the G-test. Comparisons of population differentiation (Gs1) for RAPDs

and allozymes were also made with the rank sum test using single locus estimates of GST,

and the jackknifed variance was used to compare Gs1's using a two sample t-test.

Assessment of sample size

In order to determine the adequacy of sample sizes (loci and individuals) in the

RAPD study, we used a resampling approach (bootstrapping; Efron and Tibshirani 1991)

carried out with the help of two computer programs written by J. Sceppa (Appendix D).

Bros and Cowell (1987) originally described the use of bootstrapping for studying

sampling variance at different sample sizes, and for determining the adequacy of sample

sizes in ecological studies. Since then, several molecular marker studies have adopted

their methods to determine the number of markers necessary to identify genotypes in

germplasm collections (e.g., dos Santos et al. 1994, Tivang et al. 1994, Thormann Ct al.

1994), and the number of RAPDs required to identify all genotypes among populations of

plant species (Bonnin et al. 1996). In the present study, bootstrapping with replacement

separately over loci and over individuals while varying the number of loci and individuals

within bootstrap populations provides estimates of the variance in population genetic

parameters (Hs, HT, and GST) associated with different sample sizes (Figure 3.2). We



varied sample size (loci or individuals) between 5 and 50 in increments of 5 in order to

bracket the sample sizes used in the RAPD study (mean = 30 individuals per population

and 31 loci). The variance at each level of resampling (i.e., 5, 10, 15....., 50) was

calculated from the variance among 250 bootstrap populations.

2 natural populations from each
of 3 races of Douglasflr..

6 representative population
samples of size N scored for
31 nuclear RAPO loci

BOOTSTRAPPING OVER INDIVIDUALS
Within each population, subsample n individuals
from N a total of B times for B bootstap populations
of size n - n = 5, 10. 15 50 and B = 250

BOOTSTRAPPING OVER LOCI
Subsample I loci from a total of 31 loci B times
for all N Individuals within all 6 populations -
1=5.10,15 5OandB=250

Allele frequencies are calculated within each bootstrap
population of size n for all 31 loci, parameters of population
diversity and differentiation calculated from allele frequencies,
and a variance Ia calculated among bootstrap populations at
each level of n (5, 10. 15 50)

Figure 3.2 The resampling strategy used to asses adequacy of sample sizes. The 6
populations of Douglas-fir (2 populations each from the coastal, north interior, and south
interior races; N = 22 to 36) were scored individually at 31 prescreened nuclear RAPD
loci. Bootstrapping with replacement separately over individuals and over loci provides
estimates of the sampling variance associated with different sample sizes. Sample sizes
(bootstrap population size) were chosen arbitrarily to bracket the actual sample sizes and
were varied in increments of 5 between 5 and 50. In all cases 250 bootstrap replications
were used.

Allele frequencies at the I loci are calculated
within each bootstrap population sampled,
parameters of population diversity and
differentiation calculated from allele frequencies,
and a variance is calculated among bootstrap
populations at each level of 1(5. 10, 15......50)

Plots of variance -vs- sample size
(loci or individuals) reveal adequacy
of sample sizes
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Simulating dominance of markers

Comparison of population diversity and differentiation between RAPDs and

allozymes can be influenced by RAPD dominance (e.g., Szmidt et al. 1996). To

determine the possible effects in our study of RAPD dominance and biallelism, and to

facilitate comparisons between RAPDs and allozymes, we simulated dominance using a

computer program written by Drs. K. Krutovskii and S. Erofeeva, Oregon State

University (unpublished data). From allozyme allele frequencies in the 6 Douglas-fir

populations, the program generated 6 populations of 1,000 individuals each with

genotypes that maintained the original allele frequencies within populations. A total of

250 subpopulations (analogous to bootstrap populations) of n individuals were drawn

with replacement from each of the 6 populations, and population genetic parameters (Hs,

HT, and Gs1) were calculated for each set of 250 subpopulations three ways. First, for a

codominant data set, calculations were made from all alleles present in each

subpopulations. Second, the same subpopulations were used to construct a dominant

biallelic data set intended to mimic the methods used in scoring and calculation of RAPD

allele frequencies. For the dominant data set, all but one allele were randomly selected to

be recessive alleles in all 250 subpopulations, from which a synthetic null allele

frequency was calculated from null homozygote frequencies assuming Hardy-Weinberg

equilibrium, and diversity and differentiation parameters calculatedas standard for RAPD

data. Finally, null allele frequencies were corrected for dominance using Lynch and

Milligan's (1994) equation 2a. Means and variances of H5, H1, and Gs1 were calculated



from the 250 bootstrap populations, and represent the variance associated with

resampling individuals. We varied the number of individuals within subsamples (n)

between 10 and 200 to study the relative effect of sample size on diversity and

differentiation calculated from the codominant, dominant, and corrected dominant data

sets.

RESULTS

Organelle DNAs among RAPD profiles

Of the 47 RAPD bands scored, 11 bands were determined to be of mitochondrial

origin (23%). Two RAPD primers (UBC 428 and UBC 460) amplified most of these

bands (8); another primer amplified two mitochondrial markers (UBC 234), and a fourth

amplified one mitochondrial marker (UBC 504). Two putative chloroplast markers were

amplified by two primers (UBC 328 and UBC 330), but their organellar origin could not

be confirmed by inheritance as had been done for mitochondrial bands, and they were

therefore excluded from further analysis (see Chapter 4 for a comprehensive summary of

organelle DNAs among RAPD profiles).

Pooling of stands and adequacy of RAPD sample size

We found no evidence of RAPD differentiation among stands of either north

interior population (Wildcat Mountain and Baldy Mountain). AMOVA variance

components showed that a negligible amount of RAPD variation resided within
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populations (-8.8 1%). Permutation analysis provides strong statistical support for our

pooling of stands within locations of north interior populations (P=l .00).

Variance in population genetic parameters (Hs, HT, and GST) did not decrease

substantially when sample sizes larger than 31 loci and 30 individuals (the actual sample

sizes used in the RAPD study) were generated from bootstrapping the data (Figure 3.3).

Variance decreased sharply when sample sizes increased from S to 15 loci or 5 to 20

individuals, and above these levels variance decreased only slowly with increasing

sample size. Variances from bootstrapping over loci were approximately 5-fold higher

than variances from bootstrapping over individuals throughout the range of sample sizes

studied.

RAPD diversity and differentiation

Of the 36 nuclear RAPD bands scored, 5 bands (14 %) were completely

monomorphic. Based on the remaining 31 RAPD markers, two of which were race-

specific, average within population gene diversity (Hs) was 0.22 and total diversity (HT)

was 0.32 (Table 3.1). When monomorphic loci were included, H and HT decreased to

0.19 and 0.27, respectively. Diversity in coastal and north interior populations were

similar, and were consistently higher than in south interior populations. Differentiation

of populations within races showed an inverse trend to that for intrapopulation diversity.

G1 and genetic distances were lower among both coastal and north interior populations

than among south interior populations (Table 3.2). The majority ofdifferentiation was

due to variation among races (G5T for races =0.25) which was approximately 5-fold
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higher than among populations within races (GST=O.05). Results from AMOVA gave a

nearly identical pattern of population and racial differentiation; 8 % (P0.002) of the

RAPD variation was distributed among populations within races and 29 % (P=0.004) was

distributed among races.

Of the 11 mitochondrial markers scored, two (18 %) were completely

monomorphic. When the remaining 9 mitochondrial bands were combined with nuclear

markers and included in analyses ("All RAPDs"; Table 3.1), diversity estimates were

consistently lower within populations than for nuclear RAPDs (H5=0. 18 and 0.22,

respectively), though total gene diversity was unaffected. Differentiation was also

strongly affected by including mitochondrial markers (Table 3.2); racial differentiation

was 1.4-fold higher (GST=O.35) than for nuclear RAPDs alone (G5..=0.25).

Moderate deviations from Hardy-Weinberg equilibrium (F=±0.2) would not

substantially affect our estimates of RAPD diversity and differentiation (Table 3.3).

Compared to panmixia, assuming a 20 % excess of heterozygotes decreased both H and

HT slightly, and increased G1 slightly. Similarly, correcting for a 20 % deficiency of

heterozygotes increased GsT slightly, though the difference is nearly undetectable when

rounding diversity estimates to two decimals.
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Table 3.1 Genetic diversity in Douglas-fir. Within population gene diversities and
total diversity were calculated among 6 populations from three races of Douglas-fir for
nuclear RAPDs, allozymes, and all RAPDs based on polymorphic loci (99 % criterion; 31
loci, 18 loci, and 40 loci, respectively), and with completely monomorphic loci included
(36 loci, 20 loci, and 47 loci, respectively).

Population Nuclear RAPDs
He (SE), polymorphic

He (SE), monomorphic

Allozymes
He (SE), polymorphic

He (SE), monomorphic

All RAPDs
He (SE), polymorphic

He (SE), monomorphic

COASTAL 0.27 (0.03) 0.20 (0.05) 0.22 (0.03)

Smith Creek, N=34 0.23 (0.03) 0.18 (0.04) 0.19 (0.03)

Lacomb, N=22 0.25 (0.04) 0.20 (0.05) 0.19 (0.03)

0.21 (0.04) 0.19 (0.05) 0.16 (0.03)

NORTH INTERIOR 0.27 (0.04) 0.18 (0.05) 0.21 (0.03)

Wildcat Mountain, N=36 0.23 (0.04) 0.16 (0.05) 0.18 (0.03)

Baldy Mountain, N=30 0.24 (0.04) 0.22 (0.05) 0.20 (0.03)

0.20 (0.04) 0.20 (0.05) 0.17 (0.03)

SOUTH INTERIOR 0.15 (0.04) 0.08 (0.03) 0.14 (0.03)

Coronado, N=30 0.13 (0.03) 0.07 (0.03) 0.12 (0.03)

Dixie, N=29 0.15 (0.03) 0.10 (0.04) 0.13 (0.03)

0.13 (0.03) 0.09 (0.04) 0.11 (0.02)

H0.22 (0.03) H0.16 (0.03) H0.18 (0.02)

MEANS
HT=O.32 (0.03) H1=0.22 (0.05) H1=0.32 (0.03)

H0.19 (0.03) H0.15 (0.03) H0.15 (0.02)
HT=O.27 (0.03) H1=0.20 (0.05) HT=O.29 (0.03)



Table 3.2 Genetic differentiation in Douglas-fir. Calculations of genetic
differentiation (GST and Nei's genetic distance, D) were made for nuclear RAPDs (31
loci), allozymes (18 loci), and all RAPDs (40 loci; includes nuclear RAPDs and 9
mitochondrial RAPD markers).

Proportion of total
genetic differentiation
due to variation among
populations within
races

Proportion of total
genetic differentiation
due to variation among
races2

Genetic differentiation
among populations
without regard to races'

Nuclear RAPDs Allozymes All RAPDs
GST (SE) / D GST (SE) / D GST (SE) / D

Genetic differentiation
among populations
within races'

-coastal populations

-north interior
populations

-south interior
populations

0.34 (0.07) / 0.16 0.29 (0.07) / 0.08 0.47 (0.07) / 0.22

'Calculations of G1 employed corrections for both small sample size (Nei 1978) and small number of
?opulations (Nei 1986).
Hierarchical analyses of the proportion of differentiation due to differences among races and populations

employed only the correction for small sample size, as specified in Nei (1986).
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0.05 (0.02) I 0.02 0.10 (0.06) / 0.02 0.08 (0.02) / 0.02

0.07 (0.03) / 0.03 0.06 (0.04) / 0.01 0.18 (0.10) / 0.06

0.25 (0.08) / 0.06 0.17 (0.09) / 0.02 0.39 (0.11) I 0.10

0.05 (0.01) 0.05 (0.02) 0.08 (0.02)

0.25 (0.07) 0.22 (0.06) 0.35 (0.07)
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Allozyme diversity and differentiation

Of 20 allozyme loci, two (10 %) were completely monomorphic. There were no

diagnostic allozyme markers, though several loci had low frequency alleles restricted to a

single population. Based on the 18 polymorphic allozyme loci, average diversity within

populations (Hs) was 0.16 and total diversity (H1) was 0.22 (Table 3.1). As with RAPDs,

diversity for allozymes was highest in coastal and north interior populations and lowest in

south interior populations. Differentiation among populations for allozymes was also

similar to that found for RAPDs (Table 3.2). Differentiation was considerably higher

among south interior populations than among the north interior or coastal populations,

and population differentiation was principally due to variation among races (GsT=O.22),

rather than variation among populations within races (GsO.05).

Comparison of diversity and d/Jerentiation between RAPDs and allozymes

Both diversity and differentiation for RAPDs were higher than for allozymes

(Tables 3.1 and 3.2). Based on the rank sum test there is weak statistical support for

higher total RAPD diversity (HT) based on nuclear RAPDs only (P=0.06) and all RAPD

markers (P=0.03), but the observed higher average within population RAPD diversity

(Hg) is not statistically significant in either case (P=0.21 and 0.87, respectively).

Similarly, based on single-locus estimates of overall GST (differentiation due to

population and race differences) used in the rank sum test, differentiation for RAPDs is

not significantly different from allozyme differentiation (P=0.24), nor were GST'S

different using jackknifed variances (P>0.30). However, when all RAPD markers were



considered (nuclear and mitochondrial) weak statistical support was found for greater

RAPD differentiation based on the rank sum test (P=O.04). This difference was not

strongly supported based on jackknifed variances (P<O. 15).

The G-test did not show significant differences in the distribution of diversity

among RAPD and allozyme loci (Figure 3.4). Unlike RAPDs, no allozyme loci were
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Table 3.3 Effects of deviations from random mating. Genetic diversity (Hs and HT)
and differentiation (GST and Nei's genetic distance, D) among populations of Douglas-fir
based on 31 nuclear RAPD loci were corrected for modest deviations from Hardy-
Weinberg equilibrium. All monomorphic loci are excluded. Variance (SE) of GST values
are calculated from the variance among single locus estimates of GST.

RAPDs,
Panmixia (F=0.0)

RAPDs,
Heterozygote Excess

(F=-O.2)

RAPDs,
Heterozygote

Deficiency (F=0.2)

Average within
population gene

diversity, H5 (SE)

0.22 (0.03) 0.21 (0.03) 0.22 (0.03)

Total gene diversity, HT
(SE)

0.32 (0.03) 0.30 (0.03) 0.32 (0.03)

Among population
differentiation, G51 (SE)

0.30 (0.07) 0.31 (0.07) 0.31 (0.07)

Average among
population

differentiation, D

0.16 0.16 0.17
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monomorphic within populations (when completely monomorphic loci were excluded),

though allozymes did have a larger proportion of their loci in the 0.1 and 0.2

H classes than for RAPDs (50 % and 28 % -vs- 32 % and 16 %, respectively). Over all

H classes, the distributions for RAPDs and allozymes were not significantly different

(P=0.45). Similarly, allozymes had a larger proportion of total diversity (HT) in the 0.1

and 0.2 HT classes than for RAPDs (50 % and 22 % -vs- 23 % and 10 %, respectively),

though overall the distributions were not significantly different (P0.32).

Dominance simulations

When we simulated dominance using the allozyme data, diversity within

populations (Hs) and total diversity (HT) were approximately half the value for

codominant markers over the range of sample sizes investigated (Table 3.4, Figure 3.5).

H for the codominant allozymes was nearly constant, but H5 for the simulated dominant

markers (corrected according to Lynch and Milligan 1994) increased initially with

increasing sample size until approximately 30 individuals were sampled within each

population. H1 changed little over the sample sizes studied for either codominant

allozymes or simulated dominant markers.

Despite lower diversity for the simulated dominant markers, differentiation

among populations (GST) was greater for dominant markers than codominant allozymes

when sample sizes were smaller than 30 individuals per population (Table 3.4, Figure

3.5). When 30 individuals were sampled, G1 was nearly the same for both dominant and

codominant markers (GST=O.3l), though the variance for dominant markers was nearly
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Figure 3.4 Gene diversity based on RAPDs and allozymes in Douglas-fir. (A)
Distribution of single locus average within population gene diversities (Hs), and (B) total
gene diversities (HT) for nuclear RAPDs (31 loci) and allozymes (18 loci). Gene
diversities are calculated among all 6 populations from the three races of Douglas-fir.
For the G-test comparing the distribution of 11T for RAPDs and allozymes, allozyme loci
in the 0.6 class were pooled into the 0.5 class.
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Table 3.4 Genetic diversity and differentiation calculated for codominant
multiallelic allozymes and simulated dominant markers. Allele frequencies for 18
allozyme loci within the 6 populations of Douglas-fir we studied were used to generate 6
populations of 1,000 diploid individuals each. At each level of sampling (n, number of
individuals), 250 samples were drawn from these 6 populations, and calculations of
diversity and differentiation were made for all alleles as standard for allozyme studies
(Codominant), or by pooling all but one allele into a synthetic null allele class and
calculating diversity and differentiation based on null homozygote frequencies
(Dominant). Pooling of alleles simulates the scoring of biallelic dominant markers such
as RAPDs. Null allele frequencies were corrected according to Lynch and Milligan's
(1994) equation 2a. The variance due to number of individuals sampled was calculated
as the standard deviation among the 250 samples at each level of sampling.

Sample Size
(Individuals)

ILTJSD) (SD
Codominant Dominant Codominant Dominant Codominant Dominant

n= 10 0.160 0.073 0.219 0.107 0.308 0.357
(0.007) (0.007) (0.008) (0.008) (0.022) (0.059)

n=20 0.160 0.077 0.219 0.107 0.308 0.318
(0.005) (0.005) (0.006) (0.006) (0.014) (0.042)

n=30 0.160 0.079 0.219 0.107 0.306 0.303
(0.004) (0.005) (0.004) (0.006) (0.012) (0.033)

n=40 0.160 0.079 0.219 0.108 0.307 0.301
(0.003) (0.004) (0.004) (0.005) (0.011) (0.028)

n=50 0.160 0.080 0.219 0.108 0.307 0.300
(0.003) (0.004) (0.003) (0.004) (0.010) (0.024)

n = 75 0.160 0.081 0.219 0.109 0.307 0.295
(0.002) (0.003) (0.003) (0.003) (0.007) (0.0 19)

n = 100 0.160 0.082 0.219 0.110 0.306 0.292
(0.002) (0.003) (0.003) (0.003) (0.007) (0.0 16)

n= 150 0.160 0.082 0.219 0.110 0.307 0.290
(0.002) (0.002) (0.002) (0.003) (0.006) (0.013)

n =200 0.160 0.082 0.219 0.110 0.307 0.290
(0.002) (0.002) (0.002) (0.002) (0.005) (0.012)
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3-fold greater (standard deviation = 0.033 and 0.0 12, respectively). G51's for dominant

markers above sample sizes of 30 were smaller than for codominant allozymes because

H continued to increase slightly while HT remained nearly constant.

Lynch and Milligan's correction had little affect on H, HT, or G5T values

compared with uncorrected dominant markers (data for uncorrected dominant markers

not shown). H was consistently 1 % lower for uncorrected dominant markers than when

allele frequencies were corrected. In contrast, HT for uncorrected dominant markers was

1 % higher than for corrected dominant markers up to sample sizes of 30, above which

HT's were nearly identical. GST for uncorrected dominant markers was 2 % higher than

for corrected dominant markers up to sample sizes of approximately 50, above which 0ST

remained 1 % higher for uncorrected dominant markers.

DISCUSSION

RAPDs -vs- allozymes

Few population studies have attempted to make direct comparisons between

RAPDs and allozymes. In our study of Douglas-fir, we found close concurrence between

nuclear RAPDs and allozymes for most population genetic parameters. They exhibited

similar diversity within populations as well as similar population differentiation, though

there is weak statistical support for greater total nuclear RAPD diversity. These results

are concordant with most aspects of earlier studies.. Liu and Fumier (1993) found that
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diversity for allozymes and RAPDs were similar within populations of trembling aspen

(Populus tremuloides; Hep=O.32±O.O6 and 0.30± 0.11, respectively), but RAPD diversity

was slightly higher than for allozymes within populations of bigtooth aspen (Populus

grandidentara; Hep=O.35±O.O8 and 0.28± 0.11, respectively). In addition, Liu and Fumier

(1993) found many more species-specific RAPDs than allozyme alleles (5 and 2,

respectively), similar to our finding two variety-specific nuclear RAPD markers in

Douglas-fir despite no such allozyme alleles.

Peakall et al. (1995) compared RAPD and allozyme diversity in populations of

buffalograss (Buchloëdaclyloides) using an AMOVA approach to quantify the

distribution of variation in both markers. Peakall et al. (1995) found that RAPD

differentiation was slightly higher than allozyme differentiation among populations

(sT=O.6l and 0.55, respectively), and a smaller proportion of the total RAPD variation

was located within populations of buffalograss than for allozymes (32 % -vs- 45 %,

respectively). These trends are in general agreement with our results for Douglas-fir.

However, in contrast to our results where Douglas-fir racial diversities were identical for

nuclear RAPDs and allozymes, Peakall et al. (1995) found more RAPD variation than

allozyme variation among regional groups of buffalograss (58 % and 45 %, respectively).

Several studies have found that comparisons between RAPDs and allozymes can

be influenced by dominance of RAPDs. Isabel et al. (1995) found nearly identical

heterozygosity for RAPDs and allozymes within populations of black spruce (Picea

mariana) using RAPD allele frequencies calculated directly from haploid
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megagametophyte tissues (H0=0.35 and 0.34, respectively). RAPD differentiation was

more than 3-fold higher than for allozymes (GST=O.03 and 0.01, respectively). Isabel et

al. (1995) estimated that computing RAPD allele frequencies indirectly from inferred

diploid phenotypes of trees would have caused as much as a 2-fold downward bias in H

and a 1.8-fold downward bias in HT, while GST could have been upwardly biased by as

much as 8-fold. Szmidt et al. (1996) also used haploid megagametophyte tissues to study

two populations of Scots pine (Pinus sylvestris). Based on direct RAPD allele

frequencies from megagametophytes, one population had nearly identical RAPD and

allozyme diversity (He0.30± 0.04 and 0.28± 0.05), but the second population had greater

RAPD diversity (He=0.36± 0.03 and 0.26± 0.05 for RAPDs and allozymes, respectively).

Szmidt et al. (1996) estimated that indirect calculations of RAPD allele frequencies using

diploid tissues would have shown downwardly biasedRAPD diversity within both

populations (Hs from diploid tissues estimated to be 0.19 and 0.22, respectively).

Similarly, though GST values were nearly identical forRAPDs and allozymes when

RAPD allele frequencies were calculated directly (0.02 in both cases), computing RAPD

allele frequencies indirectly from inferred diploid phenotypes of trees caused an

overestimate of RAPD differentiation (Gs1=0.06). These studies show that the

dominance ofRAPD markers can influence comparisons between RAPDs and allozymes

when studying diploid tissues.
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Effects of RAPD dominance in our study

Though we calculated allele frequencies among populations of Douglas-fir

indirectly using diploid tissues and Hardy-Weinberg assumptions, we did not find the

large discrepancy between RAPDs and allozymes predicted by Szmidtet al. (1996).

Assuming diversity and differentiation for RAPDs and allozymes are indeed similar in

Douglas-fir, two reasons may explain the lack of expected bias in our study. First, we

used 50 % larger sample sizes than employed in the Szmidt et al. (1996) study, increasing

our likelihood of detecting null homozygotes and thus reducing expected bias in GST

(Figures 3.3 and 3.5). The importance of sample size for estimating allele frequencies

with dominant markers is widely known and has been discussed elsewhere (Lynch and

Milligan 1994).

Second, because of the lower proportion of loci in our study with low frequency

null alleles compared with that in Szmidt et al.'s (1996) study, our diploid RAPD data

should be less subject to bias from dominance. For most RAPD markers (80 %) in

Szmidt et al.'s (1996) study, the dominant allele was most common, whereas at nearly

half (44 %) of the RAPD loci in our study the null allele was most common. Bias due to

dominance when inferring allele frequencies in diploid tissues predominantly results from

low frequency null alleles (Lynch and Milligan 1994); when amplifying RAPDs from

diploid tissues, at least one null homozygote must be included in a population sample in

order to detect polymorphism at that locus within that population. This potential bias can

be described by summing binomial distributions [the sum of the probabilities of drawing
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a sample of size n=20 with 1 homozygotes = (n!/a!(n-a)!)(Q'(1-Q)), where Q is the

null homozygote frequency in the population; Weir 19961. For example, with a null

allele frequency of 0.22 (the minimal detectable null allele frequency in Szmidt et al. 'S

1996 study) in a randomly mating population, the probability of including at least one

null homozygote in a sample of size 20 is 63 %. In contrast, the probability of including

at least one null homozygote in a sample size of 20 is 99 % when the null allele frequency

is 0.67 (i.e., null allele twice as common as the dominant allele).

Codominant RAPD markers are unlikely to have significantly affected our

calculations of RAPD diversity. Though scoring codominant RAPD bands as if they

were dominant markers could increase null allele frequencies within populations,

providing upwardly biased estimates of H, codominant RAPD bands should be rare in

Douglas-fir RAPD profiles. In a genome mapping study of Douglas-fir inter-racial

crosses, only 2 to 3 % of polymorphic RAPD markers were found to be codominant (Dr.

K Krutovskii, Oregon State University, unpublished data). Similar results have been

found in other forest tree species (e.g., 3 % in slash pine, Nelson et al. 1994; 3 % in

maritime pine, Plomion et al. 1995). Based on these studies, we expect nearly all (i.e., 97

to 98 %) of the RAPD markers we studied to conform to expectations of dominant

markers.

Comparison between RAPD and allozyme data is also complicated by the biallelic

nature of RAPDs. The RAPD null allele is a synthetic allelic class, potentially resulting

from many types of mutations (alleles) which all confer the null RAPD phenotype (Lynch
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and Milligan 1994). When we simulated the combined effects of RAPD dominance and

biallelism using the Douglas-fir allozyme data, we found that diversity within populations

(Hs) and total gene diversity (HT) were half the value of multiallelic, codominant

allozymes (Table 3.4, Figure 3.5). Thus, although large sample sizes (or haploid tissues)

alleviate the problem of determining null homozygote frequencies with dominant

markers, the synthetic null allele continues to mask a large amount of actual

polymorphism. Reducing our estimates of allozyme diversity by one-half to enable direct

comparison to the phenotypic estimates from RAPDs gives values of 0.08 and 0.11 for H5

and HT, respectively. These are well below the 95 % confidence interval of our RAPD

data (lower limits of 0.16 and 0.26, respectively).

The high RAPD diversity we found, despite RAPDs inability to identify as many

alleles per locus as allozymes, might result from an inherently higher rate of mutation and

weaker degree of selective constraint at RAPD loci. RAPDs are presumed to result

primarily from amplification of non-coding DNA that comprises the bulk of eukaryotic

genomes. Gymnosperms, including Douglas-fir, have particularly large genomes

(O'Brien et al. 1996). Nucleotide substitution rates for non-coding sequences are

generally more than twice the rate for coding sequences, and are similar to synonymous

substitution rates (reviewed by Nei 1987, Moriyama and Powell 1996). Similarly, non-

coding regions host various forms of non-Mendelian recombination such as unequal

crossing over (reviewed by Charlesworth et al. 1994), which may provide much greater

polymorphism within populations at these loci relative to allozyme loci (Scribner et al.
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1994). RAPD markers are sometimes amplified from regions of repetitive DNA (e.g.,

Williams et al. 1990), and thus could reflect these high rates of mutation. In addition,

protein encoding loci are known to be under strong selective constraint, as evidenced by

the large differences typically observed between synonymous and non-synonymous

substitution rates (e.g., Moriyama and Powell 1996). RAPDs should be virtually free of

this strong constraint. The net result of these factors would be higher levels of RAPD

polymorphism relative to allozymes.

Finally, our simulations suggest that the downwardly biased diversity inherent

with dominant biallelic markers such as RAPDs does not preclude their use for

investigating differentiation among populations. We found that GST values differed only

slightly between allozymes and simulated dominant markers when 20 or more individuals

were sampled per population. Thus, the ratio of between population diversity to total

diversity (GST) still provides a reliable estimate of population differentiation. This

supports our contention that the 0ST values we found for RAPDs are reliable, and do not

differ substantially from that of allozymes in Douglas-fir.

Influence of mitochondrial RAPDs on genetic parameters

Our present study confirms our earlier findings (Aagaard et al. 1995, Chapter 2)

that a nuclear origin for RAPD markers can not be assumed in Douglas-fir. In our earlier

study, nearly twice the proportion of RAPD bands were of mitochondrial origin (45 %)

compared with the present study. The greater proportion of mitochondrial RAPDs in the

range-wide study of Douglas-fir is likely to be the cause of the lower Hs and higher GST
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values for all RAPDs (0.13 and 0.73, respectively) compared with the present study

(Hs0. 18, GST=O.47). In the present study, we found that 23 % of all RAPD bands scored

were of mitochondrial origin, 9 of which exhibited polymorphism among populations

(23 % of polymorphic RAPD bands). When RAPDs of mitochondrial origin were not

removed from Douglas-fir RAPD profiles, H5 was underestimated and GST was

overestimated relative to nuclear RAPD markers (Tables 3.1 and 3.2). Thus, population

genetic parameters for RAPDs would have been markedly different had the mitochondrial

RAPDs been unknowingly included, and would have led to the conclusion that RAPDs

show much greater population and racial differentiation than allozymes in Douglas-fir.

Though organellar RAPDs have been observed in other studies, most species

appear to have only a small proportion of RAPD fragments of organellar origin (e.g., 5 %

in Brassica napus; Thormann and Osborne 1992). The abundance of polymorphic

mitochondrial RAPD fragments in Douglas-fir may be a consequence of an unusually

large mitochondrial genome (Chapter 4), and the inclusion in our study of distinct races,

which can have fixed differences in their organellar genomes (e.g., Hong et al. 1993,

Strauss et al. 1993). Intraspecific studies and RAPD mapping studies that ignore all but

Mendelian polymorphisms would be expected to miss any monomorphic, mitochondrial

DNA caused RAPD bands that may be present.
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CHAPTER 4

RAPD MARKERS OF MTTOCHONDRIAL ORIGIN EXHTBIT LOWER
POPULATION DIVERSITY AND HIGHER DIFFERENTIATION THAN

RAPDS OF NUCLEAR ORIGIN IN DOUGLAS-FIR

Jan E. Aagaard and Steve H. Strauss
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ABSTRACT

We developed a method of screening RAPD markers for the presence of organelle

DNA products using enriched organelle DNA probes, then used these markers to compare

the structure of nuclear and mitochondrial RAPD diversity in Douglas-fir. Organelle

DNA probes readily distinguished most DNA sequences of known genomic origin, and

identified 16 % of RAPD bands as being of mitochondrial origin. Mitochondrial RAPD

markers exhibited low diversity within populations compared to nuclear RAPD diversity

(Hs0.03 and 0.22, respectively), but were much more highly differentiated than were

bands of nuclear origin at both the population (GST=O.l8 and 0.05, respectively) and

racial levels (G5T=O.72 and 0.25, respectively). Both nuclear and mitochondrial DNA

based phylogenies identified the varieties as monophyletic groups; the nuclear RAPDs

further separated the north and south interior races.

INTRODUCTION

Studies that utilize both cytoplasmic and nuclear DNA markers are common in

animal systems, and have been prominent in phylogeographic analyses (Avise 1994).

Despite extensive literature on allozyme studies in plants (Hamrick and Godt 1989), there

have been few that have compared patterns of diversity in nuclear and cytoplasmic

markers (for reviews, see Arnold 1993, and El Mousadik and Petit 1996). This is a

96
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consequence of the slow rates of nucleotide substitution in both the chioroplast and

mitochondrial genomes, and the complex structural dynamics of the mitochondrial

genome (reviewed by Hipkins et al. 1994). However, the abundance of gene sequence

information, and the advent of PCR techniques, have allowed efficient detection of

cytoplasmic polymorphisms (Taberlet et al. 1991, Demesure et al. 1995, Powell et al.

1995). This has prompted recent studies comparing these markers directly (e.g., Vicario

et al. 1995, McCauley et al. 1996) and has led to new insights on gene flow and the

structuring of genetic diversity.

Results from comparisons between cytoplasmic and nuclear markers have

generally conformed well to expectations from population genetic theory. The small

effective population size and limited dispersal of most cytoplasmic markers should

enhance differentiation among populations relative to nuclear markers (reviewed by

Moritz 1994). In most plant species where both organelle genomes are maternally

inherited, chloroplast and mitochondrial DNA markers exhibit this population level

structuring (e.g., McCauley 1996). However, in plant species such as conifers where the

mitochondrial genome is maternally inherited while the chioroplast genome is

predominantly paternally inherited (reviewed by Wagner 1992), the structure of nuclear

and cytoplasmic diversity may be more complex (e.g., Strauss et al. 1993).

In a previous study of Douglas-fir (Aagaard et al. 1995, Chapter 2), we found that

mitochondrial DNA markers were frequently amplified using the randomly amplified

polymorphic DNA (RAPD) technique (Williams et al. 1990). RAPDs of cytoplasmic

origin have been found by others (e.g., Thormann and Osborne 1992, Lorenz et al. 1994),
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and their common occurrence in Douglas-fir RAPD profiles, as well as high degree of

racial differentiation, suggested they might be a source of markers for population studies.

Our goals in the current study were: (1) to develop a technique allowing for the

identification of cytoplasmic DNA markers in RAPD profiles; (2) to quantify the

frequency of organelle DNAs in RAPD profiles of Douglas-fir; and (3) to compare

diversity and differentiation of organelle RAPDs with nuclear RAPDs at both population

and racial levels.

Douglas-fir [Pseudotsuga menziesii (Mirb.) Franco] is a long-lived, monoecious

species and is the dominant forest tree throughout most of its range in western North

America. As with most conifers, the mitochondrial genome is maternally inherited

(Marshall and Neale 1992) whereas the chioroplast genome is paternally inherited (Neale

et al. 1986). Though they readily hybridize (Rehfeldt 1977), the two recognized varieties

of Douglas-fir (coastal and interior) are distinct based on needle morphology and color,

terpene chemistry (von Rudloff 1972), growth characteristics (Rehfeldt 1977), and

allozymes (Li and Adams 1989). In addition, allozymes distinguish between two racial

groups within the interior variety (north and south interior; Li and Adams, 1989). At the

end of the Wisconsin glaciation (approximately 10,000 years ago), refugial populations of

the interior races were likely scattered along the eastern edge of the Great Basin and in

high elevation populations of the south-western United States (Critchfield 1984).

Patterns of allozyme diversity suggest a single large refugium for the coastal variety near

the Willamette Valley of western Oregon (Li and Adams 1989; though see Worona and

Whitlock 1995). Based on pollen distribution, the coastal and north interior races reached



their present distribution only 7,000 years ago (Tsukada 1982). Narrow zones of racial

intermediacy between these two races have been identified in central British Columbia

and Washington where Douglas-fir is continuously distributed, as well as between the

isolated high elevation populations of central Oregon (Zavarin and Snajberk 1973,

Rehfeldt 1977, Li and Adams 1989). Organelle markers should help to clarify the

locations and origins of racial boundaries.

MATERIALS AND METHODS

A. Electrophorese
RAPDs on agarose
gels and blot for
Southern analysis

B. Probe blot using
enriched mtDNA as
probe--mtDNA
markers are those
RAPD bands
showing a strong
signal

C. Strip blot and
record
residual activity

D. Probe blot using
enriched cpDNA as
probediscount
residual activity when
scoring cpDNA
markers

Figure 4.1 Sequential probing of RAPD blots to identify organelle DNA markers
among RAPD profiles. Enriched organelle DNAs (mtDNA and cpDNA) were labeled
by random priming and hybridized to blots using standard Southern procedures.
Phosphorimaging was used to quantify the signal from blots.
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Identfication of organelle DNA products among RAPD profiles

Sequential screening was used to identify organelle DNAs among RAPD profiles

(Figure 4.1). Application of this technique required the development of a mitochondrial

DNA extraction protocol for Douglas-fir, quantification of mitochondrial and chioroplast

DNA enrichment, and demonstration of the ability of organelle DNA probes to identify

genome specific sequences and RAPDs of known genomic origin.

Mitochondrial DNA extraction

Mitochondrial DNA was extracted from embryogenic suspension cultures of

Douglas-fir (Gupta et al. 1988) using a modified version of a protocol developed for

spruce by Dr. P. du Jardin, University of Gembloux, Belgium (personal communication).

Packed embryogenic suspension cultures less than two weeks old were provided by Dr.

Promad Gupta of Weyerhauser Co. (Tacoma, Washington). They were centrifuged 5

minutes at 3,000 rpm, the supernatant discarded, and 2 volumes of extraction buffer

added (30 mM MOPS, pH 7.4, 0.35 M mannitol, 2.5 mM MgC12, 1.25 mM EGTA, 0.3 %

w/v PVP-25, 2 mM sodium metabisulfite, 0.2% w/v BSA, 8 mM cysteine). Resuspended

cells (approximately 15 ml) were ground on ice 3 minutes with a mortar and pestle, 1

volume of ice-cold extraction buffer added, and homogenate was filtered on 1 layer of

miracloth and 4 layers of cheesecloth. Filtrate was centrifuged twice at 1,000 x g for 10

minutes, discarding the pellet each time; all centrifugation was carried out at 4° C.

Supernatant from the second centrifugation was transferred to a clean tube and

centrifuged at 16,000 x g for 15 minutes and the pellet resuspended in 10 ml of ice-cold
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wash buffer (10 mM MOPS, pH 7.2, 0.35 M mannitol, 1 mM EGTA, 2 mM sodium

metabisulfite, 0.1 % wlv BSA); pellets from up to 3 samples (15 ml starting volumes)

were combined and resuspended in the same 10 ml of wash buffer.

Resuspended pellets were centrifuged at 1,000 x g for 10 minutes after which

supernatant was transferred to a clean tube and centrifuged again at 16,000 xg for 15

minutes. The pellet was resuspended in 10 ml of freshly made DNAse I solution and

incubated at 15° C for 30 minutes [10 mM MOPS, pH 7.2, 0.35 M mannitol, 2 mM

sodium metabisulfite, 0.1 % w/v BSA, 25 mM MgC12, 200 .tg/m1 DNAse I (SIGMA)].

After incubating, 1 ml of 0.5 M EGTA was added and the solution centrifuged at 16,000

x g for 15 minutes. The pellet was resuspended in 10 ml of ice cold wash buffer,

transferred to a clean tube, and centrifuged at 16,000 x g for 15 minutes; resuspension of

the pellet in wash buffer and centrifugation were repeated twice. After the final

centrifugation, the pellet was resuspended in 2 ml of lysis buffer [40 mM Tris-HC1, pH

7.9, 150 mM NaCI, 15 mM EDTA, pH 8.0, 2 % w/v sarkosyl, 100 g/ml self-digested

proteinase K (2 hours at 37° C)] and incubated at 37° C for 30 minutes then at 55° C for

60 minutes.

After incubation, DNA was extracted with 1 volume phenol:chloroform:isoamyl

alcohol (25:24:1), the aqueous phase treated with RNAse (100 p.g/ml RNAse incubated at

37° C for 2 hours), and residual RNAse was removed with 1 volume of

phenol:chloroform:isoamyl alcohol. DNA was precipitated from the aqueous phase (150

mM NaCl) with 2 volumes of 95 % ethanol.
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QuantfIcarion of organelle DNA enrichment

The degree of enrichment of mitochondrial DNA, and of chioroplast DNA

extracted previously and kept frozen for up to three years (Hipkins 1993), was quantified

using Southern analysis and genome specific probes. We loaded 0.2 p.g of each organelle

DNA, and 1 j.tg each of total genomic DNA from embryogenic suspension cultures,

foliage, seed embryos, and seed megagametophytes, onto 0.8 % TAE agarose gels and

electrophoresed them for 30 minutes at 0.8 volts/cm. Total genomic DNA was isolated

from embryogenic suspension cultures using the same protocol as for mitochondrial DNA

extraction, eliminating the differential centrifligation and DNAse treatment steps. Total

genomic DNA was extracted from foliage using the modified CTAB protocol described

in Strauss et al. (1993). Total genomic DNAs from seed embryos and megagametophytes

were extracted using a modified CTAB protocol described previously (Aagaard et al.

1995, Chapter 2). DNA was blotted and probed using standard Southern blotting

techniques (Appendix C) with one of two probes. In order to determine mitochondrial

DNA enrichment, a 0.7 kb coxill fragment (labeled with [a32P]-dCTP and [a32P]-dATP)

was amplified from Douglas-fir and used as a probe; consensus primer sequences

(5'-GTAGATCCAACTCCATGGCCT-3', 5'-GCAGCTGCTTCAAAGCC-3') were

designed from the coxill sequences in Hiesel et al. (1994) by Dr. K. Krutovskii, Oregon

State University (unpublished data). Chioroplast DNA enrichment was determined using

a 1.6 kb chioroplast DNA clone in pUC19 (clone KpnIl.6DF; Hipkins 1993). In the

Douglas-fir chioroplast genome, this fragment is nested between the 23S ribosomal RNA



and the genes for rpsl2 and rps7 (Strauss et al. 1989). Phosphorimaging was used to

quantify the signal from organelle and total genomic DNAs, and the resulting signal

ratios were used to determine approximate organelle DNA enrichment.

Enriched organelle DNAs as probes

The ability of the enriched organelle DNAs to identify nuclear and organelle

genes was tested using mitochondrial and chloroplast fragments from Douglas-fir, high

copy number, conserved nuclear genes, and RAPDs of known inheritance. We loaded

onto 2 % TBE agarose gels 0.15 tg each of the 0.7 kb coxIII fragment, the 1.6 kb

chloroplast DNA clone in pUC19, two nuclear sequences (3.0 kb actin gene cloned from

soybean, Shah et al. 1982; 7.8 kb ribosomal DNA gene cloned from soybean, Varsanyi-

Breiner et al. 1979; both excised from plasmids), and RAPD amplification products that

include fragments of known mitochondrial and nuclear origin from 5 RAPD primers

studied previously (Aagaard Ct al. 1995, Chapter 2). The gels were electrophoresed at 30

volts/cm for 3.5 hours. Gels were blotted and probed with either enriched mitochondrial

or chloroplast DNA that was labeled using random primed labeling with 0.2 .tg of the

respective organelle DNA and both [a32P]-dCTP and [a32P]-dATP (Boehringer

Mannheim; Appendix C). Phosphorimaging plates were exposed to hybridized blots for

approximately 48 hours before scanning to enable weak signals to be detected on blots.

103
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Figure 4.2 Locations of Douglas-fir populations used for the RAPD study. The 6
populations (Si--Smith Creek, 52--Lacomb, Ni--Wildcat Mountain, N2--Baldy
Mountain, Si--Coronado, S2--Dixie) represent the three races of Douglas-fir (C=coastal,
N=north interior, and S=south interior). All populations are located within the states of
Arizona (AZ), Oregon (OR), Utah (UT), and Washington (WA).

Douglas-fir populations

Seeds representing two populations from each of the three races of Douglas-fir

(Smith Creek and Lacomb, coastal; Wildcat Mountain and Baldy Mountain, north

interior; Coronado and Dixie, south interior) were selected from existing seed collections.

Coastal and north interior populations (Figure 4.2) were selected from single tree seed
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collections maintained by the USDA Forest Service PNW Research Station (Corvallis,

Oregon). South interior populations were selected from bulked seed collections

maintained by the USDA Forest Service Lucky Peak Nursery (Boise, Idaho). All seed

collections were made from natural populations. Population sizes, locations, and seed

embryo DNA extraction were described previously (Chapter 3).

Screening RAPD primers

RAPDs were amplified from DNA of two seed embryos from each the three races

of Douglas-fir using 25 RAPD primers. These primers had been previously shown to

give clear amplification profiles in Douglas-fir. RAPDs were blotted, probed with

enriched mitochondrial DNA, and exposed to phosphorimaging plates for 48 hours and

scanned as described above. The probes were then stripped from the blots by treating

twice with 0.4 M NaOH at 420 C, and residual activity recorded by again scanning the

stripped blots. The blots were then reprobed with an enriched chioroplast DNA probe

and exposed to phosphorimaging plates for 48 hours before a final scanning.

Scoring of RAPD bands

Only those RAPD bands which were strong and reproducible were scored.

Mitochondrial RAPD markers and chloroplast RAPD markers were identified based on

strong hybridization signals relative to background; residual activity recorded from

stripped blots was discounted when scoring chloroplast RAPD markers. Nuclear RAPD

markers were considered to be those RAPDs which showed no evidence of hybridization
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to either organelle DNA probe. The total number of RAPD bands amplified by each

primer, including weak bands, and the number of mitochondrial RAPD and chloroplast

RAPD bands, were quantified for each primer. In addition, in order to assess possible

nucleotide bias among RAPD primers which amplify cytoplasmic sequences, the G+C

content of RAPD primers and the proportion of organellar RAPD bands they amplified

(mitochondrial or chioroplast) were compared using Spearman's rank correlation

coefficient (Sokal and Rohif 1981).

Scoring of RAPDs in population surveys

Using primers that amplified reliably (UBC 234, UBC 328, UBC 330, UBC 336,

UBC 411, UBC 428, UBC 460, UBC 504, and UBC 570), RAPDs were amplified from

all individuals within each of the 6 populations of Douglas-fir. Only those RAPD

markers amplified during screening of RAPD primers were scored; chloroplast markers

were not included because we were unable to verify their pattern of inheritance (see

Results). Nuclear RAPDs were treated as dominant Mendelian markers under Hardy-

Weinberg equilibrium. Allele frequencies were calculated from null homozygote

frequencies and corrected for dominance according' to Lynch and Milligan (1994), as

done previously (Chapter 3). Mitochondrial RAPDs identified solely on the basis of

hybridization results (no inheritance information) were treated as haploid markers from

which both allele frequencies (i.e., frequency of individual mitochondrial RAPD bands)

and haplotype frequencies (i.e., frequency of whole mitochondrial RAPD phenotypes)

were calculated within populations.
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Data analysis

Nei' s (1973) gene diversity statistics, corrected for small sample size (Nei 1978)

and small number of populations (Nei 1986), were calculated separately for nuclear

RAPDs and mitochondrial RAPDs. A hierarchical analysis of differentiation due to

population and race subdivision employed only the small sample size correction to allow

for the decomposition of gene diversities (Nei 1986). All calculations were made using

the computer program Genstat PC 3.3 (Lewis 1994). Most calculations were made with

completely monomorphic loci excluded (99 % criterion), though population diversity

parameters were calculated both with and without monomorphic loci. Standard errors for

GST values were calculated by jackknifing over loci according to the method of Weir and

Cockherham (1984). Nuclear and mitochondrial RAPD differentiation was also analyzed

with the Analysis of Molecular Variance (AMOVA) approach of Excoffier et al. (1992).

We used the metric distance measure (1 - % matching) of Apostol et al. (1993) and the

program WINAMOVA (Excoffier 1993) as done previously (chapter 3).

Allele frequencies from nuclear RAPDs and mitochondrial RAPDs were used to

construct separate nuclear and cytoplasmic phylogenies. Using the computer program

Phylip (Felsenstein 1995), we generated a distance matrix using the method of Nei (1972)

from which a neighbor joining tree was constructed (Saitou and Nei 1987) using the

Smith Creek population (coastal race) as an outgroup (intended to orient the two sets of

interior populations). In order to establish support for branch nodes, Phylip was used to

generate 100 data sets from the original allele frequencies by bootstrapping over loci.
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These data sets were used to create new distance matrices, neighbor joining trees, and a

consensus tree (Margush and McMorris 1981). We used RAPD allele frequencies rather

than haplotype frequencies to construct the phylogeny in order to assess the degree of

similarity between nuclear and mitochondrial genomes using multiple independent,

cytoplasmic markers. This allowed us to construct confidence intervals for branch points

of the mitochondrial phylogeny.

RESULTS

Mitochondrial DNA enrichment

The mitochondrial DNA extraction protocol we used yielded approximately 1 ig

of enriched mitochondrial DNA from 10 g of packed suspension cultures. Surprisingly,

mitochondrial DNA enrichment was only 2-fold over total genomic DNA isolated from

embryogenic suspension cultures (Table 4.1), but was greater than 30-fold over enriched

chloroplast DNA and total genomic DNA extracted from needle tissue. Earlier

extractions yielded mitochondrial DNA of similar enrichment (Appendix B), but only

results for mitochondrial DNAs used as probes in sequential screening are reported.

Enrichment of chioroplast DNA was estimated to be only 4-fold over total genomic DNA

from embryogenic suspension cultures and 5-fold over total genomic DNA from seed

megagametophytes, but was greater than 25-fold over enriched mitochondrial DNA and

total genomic DNA from needles and seed embryos (Table 4.1). Generally, enrichment



Estimate is approximate due to low signal intensities from some tissues.

ratios greater than 30-fold were difficult to accurately quantify due to low signal

intensities.

Ability of enriched mtDNA and cpDNA probes to identt5' genome-specflc markers

The enriched mitochondrial DNA probe did not detectably hybridize to the 7.8 kb

ribosomal DNA sequence, and weakly hybridized to the 3.0 kb actin gene sequence. It
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Table 4.1 Organelle DNA enrichment. Enrichment was determined using standard
Southern hybridization procedures with organelle specific probes. The proportional
signal intensities of the mitochondrial or chioroplast DNA preparation (top) relative to
other DNA sources (left column) were determined using phosphorimaging, assuming a
linear relation of intensity and target DNA.

Type of DNA Proportional Signal Intensity of
Mitochondrial DNA

Relative to Other DNA Sources
(left column)

Proportional Signal Intensity of
Chioroplast DNA

Relative to Other DNA Sources
(left column)

Probe DNAs

Enriched mitochondrial DNA 1.0 371

Enriched chioroplast DNA 591
1.0

Total Genomic DNAs

Somatic embryogenic cultures 2.0 4.0

Foliage (needles) 450' 351

Seed embryos N/A 25.0

Seed megagametophytes N/A 5.0
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Figure 4.3 Chioroplast, mitochondrial, and nuclear DNA sequences, and maternally
inherited (mi>) and biparentally inherited (bi>) RAPD markers probed with
mitochondrial (A) and chioroplast (B) DNA preps. The chioroplast sequence is a
cloned DNA fragment (in pUC19) from Douglas-fir (Hipkins 1993), the mitochondrial
sequence is a coxill PCR product from Douglas-fir, and the nuclear sequences are an
actin gene (Shah et al. 1982) and a ribosomal RNA gene (Varsanyi-Breiner et al. 1979).
Maternally and biparentally inherited RAPD markers were identified previously (Aagaard
et al. 1995, Chapter 2; lanes 1, 4, and 5 are coastal trees amplified using UBC primers
275, 268, and 266, respectively; lanes 2, 3, and 6 are north interior trees amplified using
UBC primers 275, 419, and 300, respectively). Identification of chloroplast DNA
markers (c>; lanes 7 and 8 are north interior trees amplified using UBC primers 328 and
330, respectively) are based solely on strong hybridization to the enriched cpDNA probe.
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hybridized moderately to both the coxill mitochondrial sequence and the 1.6 kb

chioroplast DNA clone (Figure 4.3, A). In all cases, the mitochondrial DNA probe

hybridized to the maternally inherited RAPD markers (mi; maternally inherited) but

showed no evidence of hybridization to biparentally inherited RAPD markers (bi;

biparentally inherited). It also hybridized strongly to several other RAPD bands of

unknown inheritance. Signal intensities from maternally inherited RAPDs varied widely

and did not appear to correlate with the molecular weight or intensity of RAPD bands.

The enriched chioroplast DNA probe hybridized strongly to the cpDNA clone, but

showed no evidence of hybridization to either the coxill mitochondrial sequence or the

3.0 kb actin sequence (Figure 4.3, B). Significantly, the chloroplast DNA probe did not

hybridize to either maternally inherited RAPDs or biparentally inherited RAPDs. It did

hybridize to several RAPD markers for which we had no inheritance information.

Organelle DNAs among RAPD profiles

Sequential screening of RAPD markers clearly identified organelle bands in most

cases (Figures 4.4,4.5, and 4.6; m> are mitochondrial and c> are chioroplast markers).

In our survey of 25 RAPD primers, we amplified 237 distinct RAPD bands. Of these, 39

bands (16 %) strongly hybridized to the enriched mitochondrial DNA probe and 8 bands

(3 %) strongly hybridized to the enriched chloroplast DNA probe (Table4.2). In several

cases (UBC primers 114,428, and 460), 50 % of the bands amplified by a single primer

showed strong hybridization to the mitochondrial DNA probe. For 16 of the 25 primers,

at least a single band hybridized to the mitochondrial DNA probe. Of the 8 RAPD
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A. Agarose Gel B. Southern Blot

Figure 4.4 Southern blot of a RAPD gel probed with mitochondrial DNA. Two
RAPD primers (UBC 504 and 530) were used to amplify RAPDs from two trees within
each of the three races of Douglas-fir (coastal, north interior, and south interior,
respectively; 6 trees per primer). RAPDs were electrophoresed on an agarose gel (A) and
transferred to a nylon membrane for Southern hybridization. The blot (B) was probed
with an enriched mitochondrial DNA preparation (Table 4.1) in the second step of
sequential screening. RAPD markers scored as mitochondrial (m>) are based on signal
intensity on the Southern, lack of background signal, and lack of hybridization when
probed with the enriched chloroplast DNA probe (Figure 4.6).

112



m> iZrn
m>

570 MM

595 133 145 146 F7H

Figure 4.5 Example of screening RAPDs for mitochondrial markers. The blot was
probed using an enriched mitochondrial DNA preparation (Table 4.1) and standard
Southern procedures in the second step of sequential screening. UBC primers (10;
numbers) were used to amplify RAPDs from two trees from each of the three races of
Douglas-fir (coastal, north interior, and south interior, respectively; 6 trees per primer).
RAPD markers scored as mitochondrial (m>) are based on signal intensity on the
Southern, lack of background signal, and lack of hybridization when probed with the
enriched chioroplast DNA probe (Table 4.6).
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Figure 4.6 Example of screening RAPDs for chioroplast markers. The same blot as
in Figure 4.5 was probed using an enriched chioroplast DNA preparation (Table 4.1) and
standard Southern procedures in the fourth step of sequential screening. RAPD markers
scored as chioroplast (c>) are based on signal intensity on the Southern, lack of
background signal, and lack of hybridization when probed with the enriched
mitochondrial DNA probe (Figure 4.5).

570 MM
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Table 4.2 Organelle DNA markers among Douglas-fir RAPD profiles. The total
number of bands amplified with each primer, as well as the number and percentages of
bands identified from hybridization as mitochondrial (mt) and putative chioroplast (cp)
DNA markers, were scored for 25 RAPD primers. Markers were amplified from two
trees within each of the three races of Douglas-fir (coastal, north interior, and south
interior).

'RAPD bands which hybridized to both the chioroplast DNA probe and the mitochondrial DNA probe

RAPD Primer and Primer Sequence Total Number of
RAPD Bands

Number of
mtDNA Bands
(% of total per

primer)

Number of
cpDNA Bands
(% of total per

primer)

OP-J1 CCC GGC ATA A 13 3 (23 %) 0
UBC 111 AGTAGA CGGG 6 0 0
UBC 114 TGACCGAGAC 6 3 (50%) 0
UBC 197 TCC CCG TFC C 14 2 (14 %) 0
UBC 234 TCCACG GAC G 9 2 (22 %) 0
UBC 264 ICC ACC GAG C 6 1 (17 %) 0
UBC 285 GGGCGCCTAG 6 2 (33%) 0
UBC 304 AGTCCTCGCC 9 0 0
UBC 323 GAC ATC TCG C 13 1 (8 %) 1 (8 %)
UBC 327 ATA CGG COT C 5 0 0
UBC 328 ATG GCC ITA C 5 0 1' (20%)
UBC 330 GOT GGT TTC C 5 0 1' (20 %)
UBC336 GCCACGGAGA 11 0 2 (18%)
UBC 337 ICC CGA ACC G 10 3 (30 %) 2 (20 %)
UBC 341 CTGGGGCCGT 15 2 (13%) 0
UBC372 CCC ACT GACG 13 0 0
UBC 387 CGC TOT CGC C 12 2 (17 %) 1 (8 %)
UBC 411 GAG 0CC COlT 10 0 0
UBC 428 GOC TGC GOT A 8 4 (50 %) 0
UBC 460 ACT GAC COG C 14 7 (50 %) 0
UBC 467 AGC ACG GGC A 12 3 (25 %) 0
UBC497 GCA TAG TGCG 10 0 0
UBC 504 ACC GIG CGTC 13 1 (8%) 0
UBC 530 AAT AAC COC C 3 2 (67 %) 0
UBC57O GGCCGCTAAT 9 1 (11%) 0

TOTAL 237 39 (16 %) 8 (3 %)
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markers identified with the chloroplast DNA probe, two also hybridized to the

mitochondrial DNA probe (Figure 4.3, B). Most of the remaining RAPDs identified with

the chloroplast DNA probe were difficult to reproduce in later RAPD amplifications,

whereas RAPDs identified with the mitochondrial DNA probe were all highly

reproducible. There was no apparent correlation between the G+C content of RAPD

primers and the proportion of bands of either mitochondrial (r=O.20, P0.34) or

chloroplast origin (r=-O.13, P=O.54).

Differentiation and diversity of nuclear and mitochondrial RAPDs

Many bands observed during screening of RAPD primers were too weak to score

in all samples, and were therefore excluded from further analysis. In our population

study, we selected 36 nuclearRAPD markers and 11 mitochondrial RAPD markers which

we were consistently able to score (Table 4.3). Five of the nuclear RAPD markers and

two mitochondrial RAPDswere monomorphic. Based on the remaining 31 polymorphic

nuclear RAPDs and 9 mitochondrial RAPDs, mean within population diversity (I-Is) was

higher for nuclear RAPDs than for mitochondrial RAPDs (Table 4.4; 0.22 and 0.03,

respectively), but total diversity (HT) was similar (0.32 and 0.28, respectively). Including

monomorphic loci in the analysis reduced ils to 0.19 and 0.02 for nuclear and

mitochondrial RAPDs, respectively, and reduced H1 to 0.27 and 0.23, respectively.

Calculations of diversity parameters based on mitochondrial RAPD haplotypes

resulted in levels of H similar to that of nuclear RAPDs (HsO.24) and H1 values that

were more than 3-fold higher (HT=O.86). Haplotype diversity was highest in the Baldy



0.60, 0.68, 0.72, 0.82, 1.051

'Monomorphic RAPD markers.
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Table 4.3 Nuclear and mitochondrial RAPD fragments scored from RAPD primers.
A total of 36 nuclear and 11 mitochondrial RAPD markers generated from 9 RAPD
primers were scored among 6 populations from the three races of Douglas-fir. The
number of fragments and approximate RAPD fragment sizes (kb) are indicated for each
primer.

RAPD Primer Number of Nuclear Markers
Scored and RAPD Fragment

Sizes (kb)

Number of Mitochondrial
Markers Scored and RAPD

Fragment Sizes (kb)

UBC 234 9: 0.24, 0.45, 0.49, 0.651,
0.72, 0.84, 0.98, 1.35, 2.35

2: 3.051, 3.50

UBC 328 3: 0.61', 0.75', 1.25 0

UBC 330 1: 0.62 0

UBC 336 5: 0.37, 0.58, 0.64, 1.45, 1.70 0

UBC 411 6: 0.50, 0.61, 0.68, 0.71,
0.82, 1.27

0

UBC 428 0 4: 1.06,1.28,1.70,2.80

UBC 460 0 4: 0.88', 1.28, 1.54, 1.66

UBC 504 3: 0.52, 0.63, 0.95 1: 2.25

UBC 570 9: 0.35, 0.401, 0.45, 0.54, 0



MEANS
Hs0.19 (0.03) H0.02 (0.01)
H=0.27 (0.03) H1=0.23 (0.06)
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Table 4.4 Nuclear and mitochondrial diversity in Douglas-fir. Within population
gene diversities and total diversity were calculated in 6 populations from the three races
of Douglas-fir for nuclear RAPDs and mitochondrial RAPDs based on 31 and 9
polymorphic loci, respectively, and with monomorphic loci included (36 loci and 11 loci,
respectively). Haplotype diversity was calculated from 14 mitochondrial haplotypes.

Population
(race)

Nuclear RAPDs
He (SE), polymorphic

He (SE), monomorphic

Mitochondrial RAPDs
He (SE), polymorphic

He (SE), monomorphic

Mitochondrial RAPD
Haplotypes

H

COASTAL 0.27 (0.03) 0.01 (0.01) 0.12

Smith Creek, N=34 0.23 (0.03) 0.01 (0.01)

Lacomb, N=22 0.25 (0.04) 0.02 (0.02) 0.17

0.21 (0.04) 0.02 (0.02)

NORTH INTERIOR 0.27 (0.04) 0.00 0.00

Wildcat Mountain, N=36 0.23 (0.04) 0.00

Baldy Mountain, N=30 0.24 (0.04) 0.08 (0.04) 0.58

0.20 (0.04) 0.07 (0.04)

SOUTH INTERIOR 0.15 (0.04) 0.02 (0.02) 0.19

Coronado, N=30 0.13 (0.03) 0.02 (0.01)

Dixie, N=29 0.15 (0.03) 0.04 (0.04) 0.39

0.13 (0.03) 0.04 (0.03)

H0.22 (0.03) Hs0.03 (0.01) HsO.24
H1=0.32 (0.03) HT=O.28 (0.07) HT=O.86
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Table 4.5 Mitochondrial RAPD haplotypes. The 14 haplotypes were identified among
6 populations from the three races of Douglas-fir (coastal, north interior, and south
interior) based on 11 RAPD fragments of mitochondrial origin scored in hybridization
studies (Table 4.3). A "+" indicates presence of the RAPD fragment in the haplotype and
"-" indicates absence of the fragment.

Mitochondrjal UBC UBC UBC UBC UBC UBC UBC UBC UBC UBC UBC
Haplotype 234,

3.05
234,
3.50

428,
0.88

428,
1.28

428,
1.54

428,
1.66

460,
1.06

460,
1.28

460,
1.70

460,
2.80

504,
2.25

Haplotypel + + + + + +

Haplotype 2 + + + - + + + +

Haplotype 3 + + + + + + + +

Haplotype 4 + + + + + + +

Haplotype5 + + + + + + + +

Haplotype6 + + + + + + + + +

Haplotype 7 + + + + + + + +

Haplotype8 + + + + + + + + + +

Hap!otype9 + + + - - + +

Haplotype 10 + + + + + +

Haplotype 11 + + + + + + +

Haplotype 12 + + + + + + +

Haplotype 13 + + + + + + +

Haplotype 14 + + + + + + + +



Table 4.6 Haplotype frequencies among 6 Douglas-fir populations. The 14
mitochondrial haplotypes (Table 4.5) were scored from 11 mitochondrial RAPD
fragments identified in hybridization studies (Table 4.3).

Mountain population (He0.58) where we found 5 mitochondrial haplotypes (Tables 4.5

and 4.6), and lowest in Wildcat Mountain, which was fixed for a single haplotype.
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Mitochondrial
Haplotype

COASTAL North Interior South Interior

Smith Creek Lacomb Wildcat
Mountain

Baldy
Mountain

Coronado Dixie

Haplotype 1 0.13

Haplotype 2 0.64

Haplotype 3 1.00

Haplotype 4 0.06

Haplotype 5 0.94 0.90

Haplotype 6 0.05

Haplotype 7 0.07

Haplotype 8 0.05

Haplotype 9 0.03

Haplotype 10 0.76

Haplotype 11 0.03 0.03

Haplotype 12 0.07

Haplotype 13 0.21

Haplotype 14 0.13 0.90
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Differentiation among coastal populations of Douglas-fir was low based on both

nuclear and mitochondrial RAPDs (GST=O.OS and 0.04, respectively; Table 4.5).

Although nuclear RAPD differentiation among north interior populations was also low

(GST=O.O7), mitochondrial RAPD differentiation was high (GST=O.75). A similar trend

was found among south interior populations (G5T=O.25 and 0.84 for nuclear and

mitochondrial RAPDs, respectively). Overall, genetic differentiation was nearly 3-fold

greater for mitochondrial RAPDs than for nuclear RAPDs (GST'O.9l and 0.34,

respectively), and in both cases differentiation among races accounted for a majority of

differentiation. These patterns of differentiation were nearly identical when the AMOVA

approach was used (over populations and races, ST=0.93, P=0.002, and ST°37

P=0.002, for mitochondrial and nuclear RAPDs, respectively).

Differentiation based on mitochondrial haplotypes was similar in most cases to

calculations based on mitochondrial allele frequencies (Table 4.7). Haplotype

differentiation and differentiation of mitochondrial allele frequencies were similar among

coastal populations (GST=O.00 and 0.04, respectively), among north interior populations

(GST=O.7l and 0.75, respectively), and among south interior populations (GST=O.7l and

0.84, respectively). Overall, haplotype differentiation was lower than for mitochondrial

allele frequencies (GST=O.74 -vs- 0.91, respectively), due to the lower proportion of

differentiation among races for mitochondrial haplotypes (GST=O.42 -vs- 0.72 for

mitochondrial allele frequencies).



Table 4.7 Nuclear and mitochondrial differentiation in Douglas-fir. Calculations of
genetic differentiation (OST and Nei ' s genetic distance, D) were made for nuclear RAPDs
(31 loci), mitochondrial RAPDs (11 loci), and mitochondrial haplotypes (14).

Genetic differentiation
among populations
within races'

-coastal populations

-north interior
populations

-south interior
populations

Proportion of total
genetic differentiation
due to variation among
populations within
races2

Proportion of total
genetic differentiation
due to variation among

2races

Genetic differentiation
among populations
without regard to races'

Nuclear RAPDs Mitochondrial RAPDs Mitochondrial RAPD
Haplotypes

GST (SE) / D GST (SE) / D GST

'Calculations of G51 employed corrections for both small sample size (Nei 1978) and small number of
populations (Nei 1986).
2Hierarchical analyses of the proportion of differentiation due to differences among races and populations
employed only the correction for small sample size, as specified in Nei (1986).
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0.05 (0.02) / 0.02 0.04 (0.03) I 0.00 0.00

0.07 (0.03) / 0.03 0.75 (0.52) / 0.13 0.71

0.25 (0.08) I 0.06 0.84 (0.15) / 0.21 0.71

0.05 (0.01) 0.18 (0.09) 0.29

0.25 (0.07) 0.72 (0.10) 0.42

0.34 (0.07) / 0.16 0.91 (0.03) / 0.08 0.74
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Figure 4.7 Nuclear RAPD and mitochondrial RAPD phylograms. Nei's (1972)
genetic distance was used to construct neighbor joining trees using Phylip (Felsenstein
1995) for six populations from the three races of Douglas-fir (coastal = C; north interior
N; south interior S) based on nuclear RAPDs (A), and mitochondrial RAPDs (B). A
coastal population (Smith Creek) was used as the outgroup in both cases. Bootstrap
values generated from bootstrapping over loci 100 times are listed at the branch nodes,
indicating support for each dade.
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Phylogeny ofpopulations and races of Douglas-fir

The pairs of Douglas-fir populations from the three racial groups clustered

together within races based on both nuclear and mitochondrial RAPDs (Figure 4.7).

However, bootstrapping indicated that the clusters were significant monophyletic groups

(P 0.05) only for the coastal race (both nuclear and mitochondrial) and the south

interior race based on nuclear RAPDs. The coastal and interior varieties (i.e., coastal -vs-

north and south interior together) were significant for both markers. Branch lengths

appeared more heterogeneous for the mitochondrial markers than for the nuclear markers.

Using populations from either the north or south interior race as an outgroup did not

affect cladistic relationships and their statistical significance (data not shown).

DISCUSSION

Evidence for the mitochondrial origin of RAPD markers

Two lines of evidence support our contention that the RAPD markers we

identified with the enriched mitochondrial DNA probe were amplified from the

mitochondrial genome. First, hybridization results (Figure 4.3) show that our enriched

mitochondrial DNA probe hybridized to all 5 RAPD bands known to be maternally

inherited (Aagaard et al. 1995, Chapter 2), and only the mitochondrial genome is

maternally inherited in Douglas-fir (Marshall et al. 1992). In contrast, three biparentally

inherited RAPDs did not hybridize to the enriched mitochondrial DNA probe, and the
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enriched chioroplast DNA probe did not hybridize to either the maternally or biparentally

inherited bands.

Although there is clearly some nuclear and chioroplast DNA contamination

present in the mitochondrial DNA preparation, it did not prevent us from identifying

bands of mitochondrial origin. The mitochondrial DNA probe hybridized weakly to

nuclear high copy number sequences (actin and ribosomal RNA sequences) and more

strongly to the 1.6 kb chioroplast DNA sequence. However, the low proportion of

chioroplast DNA present in the enriched mitochondrial DNA probe relative to the

enriched chioroplast DNA probe (approximately 3 %; Table 4.1), and the sequentialuse

of both enriched organelle DNA probes in screening of RAPD blots, allowed us to

exclude ambiguous RAPD fragments. The RAPD bands which cross-hybridized to both

probes may either result from chioroplast DNA contamination in the enriched

mitochondrial DNA probe, or alternately these bands may originate from chloroplast

DNA sequences transferred to the mitochondrial genome (Blanchard and Schmidt 1995).

Second, select mitochondrial RAPD markers scored in Douglas-fir populations

exhibit differentiation patterns expected for mitochondrial DNA markers. Mitochondrial

markers tend to show less diversity within populations than nuclear markers, and

characteristically exhibit greater differentiation among populations than either nuclear or

chioroplast DNA markers (Mitton 1994). For example, Strauss et al. (1993) found low

levels of mitochondrial haplotype diversity within populations of the California closed

cone pine species based on RFLP haplotype diversity revealed by a coxl probe (mean

Hs0.07), but strong differentiation among populations (GST varied between 0.75 and
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0.96). Similarly, Dong and Wagner (1993) found high differentiation among populations

of subspecies of lodgepole pine based on RFLP haplotypes revealed by coxl and coxil

RFLPs (FST=O.66). In Douglas-fir, maternally inherited RAPDs studied previously

(Aagaard et al. 1995, Chapter 2) showed mitochondrial differentiationamong races was

high (GST=O.62 based on haplotype frequencies), similar to what we found in the present

study (GST=O.74 for mitochondrial haplotypes).

Although chloroplast DNA can also show strong differentiation among disjunct

populations (Hong et al. 1993), this does not appear to be the case in Douglas-fir (Ponoy

et al. 1994). In addition, the small size and limited complexity of the Douglas-fir

chloroplast genome (Hipkins et al. 1994) compared to that expected for the mitochondrial

genome (see below), make it very unlikely that the many polymorphic mitochondrial

RAPD markers we identified could be of chloroplast origin.

Unlike mitochondrial RAPDs, there is little evidence that many RAPD bands

originate in the chioroplast genome. Of the three reproducible markers that hybridized to

the enriched chloroplast DNA probe, only one (UBC primer 328) showed polymorphism

(interior races fixed for the dominant allele, coastal populations fixed for the null allele).

Unfortunately, we were unable to verify its expected paternal inheritance (Neale et al.

1986) because the available pedigrees were constructed from matriarchal lineages.

Abundance of mitochondrial RAPD markers in Douglas-firprofiles

We found that 16 % of all RAPD bands amplified among races of Douglas-fir

hybridized strongly to the mitochondrial DNA probe, and are therefore likely to be of
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mitochondrial origin. A few studies have similarly found that mitochondrial DNA

sequences are amplified by RAPDs. Probing with cloned organelle DNA sequences,

Thormann and Osborne (1992) found that 5 % of RAPD bands amplified in Brassica

were of mitochondrial origin, and less than 0.5 % were of chioroplast origin. Similarly,

Lorenz et al. (1994) found mitochondrial RAPD bands in greater proportion than

chloroplast RAPD bands based on inheritance studies in sugar beet. In most reports of

strictly Mendelian inheritance for RAPDs, such as Jermstad et al. (1994) for Douglas-fir

and Lu et al. (1995) for Scots pine, segregation of RAPD markers was studied in haploid

megagametophytes of progeny from open pollinated crosses or crosses between parents

from close geographic proximity. Due to the expected low intrapopulation

polymorphism of cytoplasmic markers, RAPDs of uniparental inheritance would be

monomorphic in such studies and thus their genomic origin is cryptic.

There are two likely explanations for the higher proportion of mitochondrial

RAPD bands we found in an earlier study of Douglas-fir (Aagaard et al. 1995) compared

with our present results. First, in the earlier study where 45 % of RAPDs exhibited

maternal inheritance, we had primarily scored RAPD markers showing strong inter-racial

differences. Mitochondrial DNA characteristically exhibits inter-racial polymorphism

(e.g., Strauss et al. 1993), thus focusing on well differentiated markers is likely to have

preselected for RAPDs of mitochondrial origin. Second, in our earlier study we

principally scored the most intense and strongly amplified RAPD bands. Mitochondrial

RAPDs often appeared to be the most intense bands on ethidium bromide-stained agarose
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gels (unpublished data). Lorenz et al. (1994) have also reported strong amplification of

mitochondrial RAPDs relative to other RAPD markers.

The size and complexity of the Douglas-fir mitochondrial genome, as well as the

expected prevalence of mitochondrial DNA in seeds, may contribute to the large number

of mitochondrial RAPDs found. Mitochondrial genome size varies greatly in plants, and

is often several hundred kilobases or larger (reviewed by Sederoff 1987). Although the

size of the mitochondrial genome in Douglas-fir is unknown, recent studies have

indicated that it is in excess of one megabase in the closely related (Price et al. 1987)

genus Larix (Kumar et al. 1995). This would provide a large number of sites for

annealing of RAPD primers, especially as inverted repeats that promote RAPD

amplification are common elements of mitochondrial sequences (Sederoff 1987). We

found several high copy number restriction fragments in digests of mitochondrial DNA

(Appendix B), similar to reports in other species (e.g., Palmer et al. 1992), indicative of a

complex genome. Finally, mitochondrial DNA is expected to be highly enriched in

tissues such as seed embryos due to the need for rapid transcriptional capacity (Bendich

1987) and the formation of intergenomic mitochondrial molecules during intensive

replication (Oldenburg and Bendich 1996). Seed embryo genomic DNA may therefore

provide a template for RAPD amplification which is highly enriched in mitochondrial

DNA.
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Contrasting diversity and differentiation of nuclear and mitochondrial RAPDs

We found that diversity within populations was 7-fold higher for nuclear RAPDs

than for mitochondrial RAPDs despite comparable levels of total diversity (Table 4.4).

Limited mitochondrial RAPD diversity within populations can be expected based on lack

of recombination, limited dispersal, and small effective population size of a maternally

inherited haploid genome (reviewed by Birky et al. 1989). Similarly, periodic selection

for advantageous mitochondrial mutations is expected to rapidly reduce mitochondrial

diversity due to complete linkage of mitochondrial genes (Maruyama and Birky 1991).

Drift can also act to strongly differentiate mitochondrial genomes among

populations. GST for mitochondrial RAPDs was more than 10-fold higher than for

nuclear RAPDs among the north interior populations, and more than 3-fold higher among

south interior populations (Table 4.7). The effects of drift will vary widely depending on

population history, and may therefore be the cause of the heterogeneous branch lengths

observed in the mitochondrial phylogeny compared to the nuclear phylogeny (Figure

4.7), emphasizing the disproportionate impact drift has on mitochondrial differentiation

among populations. Though the geographic distance between populations of the north

interior race is less than between coastal populations, north interior populations are

restricted to isolated mountain tops of the Great Basin in central Oregon. Similarly, south

interior populations are located in separate ranges of the Rocky Mountains of southern

Utah and southern Arizona (Figure 4.2). Thus population fragmentation appears to have

predisposed populations of the interior variety to mitochondrial differentiation. In
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contrast, the close concordance between mitochondrial and nuclear differentiation among

coastal populations (GST=O.04 and 0.05, respectively) likely reflects both the contiguous

distribution of populations there, and the recent origin of these populations from a

common glacial refugium proposed to have been located near the Willamette Valley of

western Oregon during the Wisconsin glaciation (Tsukada 1982, Li and Adams 1989;

though see Worona and Whitlock 1995).

Mitochondrial diversity within populations calculated from allele frequencies was

much lower than for mitochondrial haplotype diversity (Table 4.4). This is not surprising

because diversity calculated from allele frequencies measures the average gene diversity

at loci, whereas haplotype diversity is an integrated measure of variation over all

mitochondrial loci, treating the entire mitochondrial genome as a single locus (reviewed

by Nei, 1987). However, both measures give a consonant picture of the distribution of

variation in mitochondrial genomes. Population differentiation based on GST was similar

for both methods of calculation, though racial differentiation was lower for mitochondrial

haplotypes (Table 4.7). The lower proportion of racial haplotype differentiation in the

present study compared to an earlier study (GST=O.42 and 0.73, respectively; Aagaard Ct

al. 1995, Chapter 2) results from our earlier scoring of only race-specific RAPD bands

which exhibited maternal inheritance in inter-racial crosses. In contrast, sequential

screening of RAPD bands using enriched organelle DNAs allowed us to resolve intra- as

well as inter-racial polymorphism at mitochondrial loci.



131

Utility of cytoplasmic markers in population studies

Due to the high degree of mitochondrial differentiation among populations,

mitochondrial phylogenies have been proposed for use in identifying phylogenetically

distinct populations for conservation (Evolutionarily Significant Units; Avise et al. 1987,

Moritz 1994). Our mitochondrial phylogeny was concordant with the nuclear phylogeny,

suggesting that mitochondrial DNA might also be a useful phylogenetic indicator in

plants. However, mitochondrial RFLP studies in pines (Strauss et al. 1993), including

recent intensive RFLP analyses with a number of mitochondrial DNA probes (J. Wu,

Oregon State University, unpublished data), have found mitochondrial DNA markers to

give misleading phylogenies. Regardless of their phylogenetic utility, because of their

high differentiation they may still provide useful markers for identifying races and

populations in breeding and conservation programs.
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CHAPTER 5

CONCLUSIONS

The major findings of this thesis are:

mitochondrial DNA sequences are readily amplified using standard RAPD procedures,

and are frequent among RAPD profiles of Douglas-fir,

mitochondrial markers can be identified among RAPD profiles using enriched

mitochondrial DNA as a probe in Southern hybridization,

RAPD bands of nuclear origin show much less population and racial differentiation

than RAPDs of mitochondrial origin, but much greater diversity within populations,

nuclear RAPDs and allozymes exhibit similar levels of both diversity within

populations, and differentiation among populations and races, and

simulations show that dominance and biallelism of RAPDs can cause diversity to be

severely underestimated relative to codominant multiallelic allozymes, but with the

sample sizes we used, the dominance of RAPD markers appears to have little effect on

estimates of GST.
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FUTURE DIRECTIONS

Mitochondrial RAPD markers

The large number of mitochondrial RAPD markers we found in Douglas-fir may

be of use in developing additional mitochondrial DNA markers. RAPD bands of

mitochondrial origin could be sequenced, and sequence information could then be used to

construct primers in order to amplify these mitochondrial regions with higher fidelity

than provided by short RAPD primers. Based on our studies of mitochondrial RAPDs,

such markers should be polymorphic. These markers would be ofuse in studies of

Douglas-fir biology such as constructing phylogenies of populations, as well as studying

gene flow mediated by seed movement.

Are there inherent characteristics of mitochondrion biology which promote RAPD

amplification of mitochondrial DNA sequences, or is Douglas-fir unique in exhibiting a

high proportion of mitochondrial RAPDs? Oldenburg and Bendich (1996) found that

when mitochondrial DNA rapidly replicates, long concatemers of intergenomic molecules

are formed. Perhaps replicating mitochondrial DNA molecules position repeated

elements in an inverted orientation, facilitating RAPD amplification. The sequential

screening technique we used could be applied to other studies where enriched

cytoplasmic DNAs are available. This would help in understanding whether RAPD

amplification of cytoplasmic sequences is a common phenomenon, or is unique to

Douglas-fir. Results from a broad survey of plant species are necessary for proposing a

general mechanism whereby mitochondrial sequences are amplified.
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Nuclear RAPD markers

The expectation of extensive hidden nuclear RAPD diversity raises questions of

the type of nuclear DNA sequences amplified by RAPDs, and the mutations which occur

at these loci. Hybridization studies (e.g., Williams et al. 1990) have suggested some

RAPD fragments originate from regions of repetitive DNA. Similar hybridization

experiments using the nuclear RAPD bands we studied as probes to determine the copy

number of loci amplified by RAPDs, as well as sequencing of nuclear RAPD markers,

would be useful in answering this question. Point mutations are thought to result in much

of the RAPD polymorphism observed (e.g., Clark and Lanigan 1993), though length

mutations clearly result in some polymorphism, as evidenced by the amplification of

codominant RAPD markers (e.g., Plomion et al. 1995). Sequencing of cloned DNA that

includes nuclear RAPD markers would also give information on the types of mutations

underlying these highly polymorphic loci.

IMPLICATIONS FOR DOUGLAS-FIR

In our studies, we concentrated primarily on the populations and geographic

regions from the central distribution of Douglas-fir. The wide distribution of Douglas-fir

across western North America (Figure 1.1) suggests future RAPD studies sampling a

wider range of populations may give insights into the patterns of diversity and

phylogenetic relations among these populations. Specifically, southern populations
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(California) and northern populations (British Columbia) of the coastal race could be

studied using both mitochondrial and nuclear RAPD markers; an allozyme-based

phylogeny of these populations showed little concordance with geographic distribution

(Li and Adams 1989), and RAPD markers may be able to clarify their phylogenetic

relationships. Similarly, RAPDs could be used to study populations of the south interior

race and populations from western and central Mexico. The extensive polymorphism for

RAPDs of mitochondrial origin there could provide new insights into their phylogenetic

relationships.

Development of reliable mitochondrial DNA markers from the mitochondrial

RAPDs we found may facilitate gene conservation studies in Douglas-fir. Particularly

among populations of the coastal race where little differentiation is found for allozymes,

RAPD markers might provide sufficient polymorphism to identify distinct populations or

geographic regions. Study of additional populations from a broad distribution within

western Oregon and western Washington is needed to assess this possibility.
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APPENDIX A: ABBREVIATIONS AND ACRONYMS

-AMOVA analysis of molecular variance

-EBTA Ethylenediaminetetraacetic Acid

-EGTA Ethylene Glycol-bis(3-aminoethy1 Ether) N,N,N' ,N' -Tetraacetic Acid

-MOPS (3-[N-Morpholino]propanesulfonic acid)

-PCR polymerase chain reaction

-RAPD randomly amplified polymorphic DNA

-RFLP restriction fragment length polymorphism

-SCAR sequence characterized site

-SSR simple sequence repeat

-STR short tandem repeats
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APPENDIX B: ADDITIONAL DATA

Relative enrichment tests

The Southern hybridization experiments used to determine relative enrichment of
organelle DNAs used as probes in sequential screening were described in Chapter 4. We
repeat the details of the hybridization experiments below, and additionally show the
Southern blots (Figure A. 1) used in quantification of enrichment. The enrichment of
mitochondrial DNA from two extractions not described in Chapter 4 is also presented
(see below).

Enriched organelle DNAs and total genomic DNAs isolated from embryogenic
suspension cultures, foliage (needles), seed embryos, and seed megagametophyteswere
probed with genome specific probes (Figure A. 1). DNA extraction protocols are found in
Chapter 4 and Appendix C. Using a 0.5 % TAE agarose gel, 200-500 ng of organelle
DNA and 500 ng to 1.0 p.g of total genomic DNA were loaded into gel lanes (see Figure
A.1) and electrophoresed 30 minutes at 0.8 volts/cm. In order to determine mitochondrial
DNA enrichment, a 0.7 kb coxIll gene fragment amplified from Douglas fir was used as a
probe in Southern hybridization (Appendix C). Primers used to amplify the coxill probe
were designed by Dr. K. Krutovskii, Oregon State University (unpublished data;
5'-GTAGATCCAACTCCATGGCCT..3', 5'-GCAGCTGCTTCAAAGCC-3') from
consensus sequences presented in Hiesel et al. (1994). A 1.6 kb chloroplast DNA
fragment in pUC19 cloned by Hipkins (1993) was used to determine chioroplast DNA
enrichment. In the Douglas-fir chioroplast genome, this fragment is nested between the
23S ribosomal RNA gene and the genes for rpsl2 and rps7 (Strauss et al. 1989).

Quantification of enrichment was presented in Table 4.1, and results of relative
enrichment tests were discussed in Chapter 4. We reported only the enrichment of the
mitochondrial DNA preparation and the chioroplast DNA preparation (mt2 and cpl,
respectively; Figure A. 1) used as probes in sequential screening of RAPD blots in
Chapter 4. Mitochondrial DNA enrichment was only 2-fold over total genomic DNA
from embryogenic suspension cultures, but was greater than 30-fold over enriched
chioroplast DNA and total genomic DNA extracted from needle tissue. Enrichment of
chioroplast DNA was estimated to be only 4-fold over total genomic DNA from
embryogenic suspension cultures and 5-fold over total genomic DNA from seed
megagametophytes, but was greater than 25-fold over enriched mitochondrial DNA and
total genomic DNA from needles and seed embryos. Generally, enrichment ratios greater
than 30-fold were difficult to accurately quantify due to low signal intensities.
Enrichment of the two additional mitochondrial DNA preparations not reported earlier
(mtl and mt3) were 87 % and 98 %, respectively, of that reported earlier (i.e., mt2). The
second chioroplast DNA prep (cp2) showed signs of degradation, making accurate
determination of the relative enrichment from this prep difficult.
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Figure A.! Relative enrichment of DNAs using genome specific probes. Enrichment
of mitochondrial (mt), chioroplast (cp), and nuclear (nuc) DNAs were determined using
standard Southern procedures and genome specific probes. DNAs mtl, mt2, and mt3 are
enriched mtDNAs from 3 separate extractions of Douglas-fir embryogenic suspension
cultures. DNAs cpl and cp2 are enriched cpDNAs from 2 separate extractions of
Douglas-fir needle tissue (Hipkins 1993). DNAs nuci, nuc2, nuc3, and nuc4 are total
genomic DNAs from Douglas-fir embryogenic suspension cultures, needle DNA, seed
embryo DNA, and seed megagametophyte DNA (all Douglas-fir), respectively. Blot A:
250 ng of DNA were loaded in each lane for lanes mtl, mt2, cpl, and cp2; 500 ng of
DNA was loaded into lanes mt3, nuc2, and nuc 1*; 1 tg of DNA was loaded in lane nuc 1;
blot A was probed with a coxill (mitochondrial specific) probe. Blot B: 200 ng of DNA
were loaded in each lane for lanes mtl-cp2 and 1 p.g for lanes nucl-4; blot B was probed
with a 1.6 kb cp probe in pUC 19 cloned from Douglas-fir (chioroplast specific).
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Repeated mitochondrial sequences

Southern blots of enriched mitochondrial DNA digests revealed several highly
repeated mitochondrial DNA fragments (Figure A.2). Three samples of total genomic
DNA from needle tissue (500 ng) and three samples of enriched mitochondrial DNA (500
ng; mt2 in Figure A. 1) were digested with three restriction enzymes (PstI, PvuII, and
Sail) used previously for mitochondrial DNA digestion (Palmer et al. 1992). The
restricted DNAs were loaded into separate lanes of an extended length (37 cm) 0.7 %
TAE gel along with HindlII digested ? DNA as a marker, and electrophoresed at 1.4
volts/cm. Following electrophoresis, the gel was cut in half to facilitate blotting, and was
blotted and probed (Appendix C) with the enriched mitochondrial DNA probe used in
Chapter 4.

Due to the low signal intensity, we were unable to clearly resolved all restriction
fragments, and thus were unable to estimate mitochondnal genome size. However, a
strong signal from three fragments resulting from digestion with PvuII suggests there
may be several regions of the Douglas-fir mitochondrial genome which are in high copy
number. Restriction with Psi'! and Sail resulted in incomplete digestion of the
mitochondrial DNA.
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Figure A.2 Restriction digest of mitochondrial and total genomic DNAs showing
three highly repeated mitochondrial fragments (>). For each digest (lanes 2-7), 500
ng of total genomic DNA from needle tissue (lanes 2-4) or mitochondrial DNA (lanes 5-
7) were digested with the indicated restriction enzyme. DNAs were then loaded onto an
extended length (37 cm) 0.7 % TAE gel and run overnight at approximately 50 volts.
The gel was cut at midlength to facilitate Southern transfer, and blots were probed with
enriched mitochondrial DNA. Sizes of marker fragments (2. HindlII) are indicated.



APPENDIX C: PROTOCOLS

Seed embryo DNA extraction

(from Strauss Lab)
Soak seeds in dH2O for 2+ hrs. to overnight - can be done dry, but it is more difficult
to get a clean separation of the embryo from the megagametophyte.
Remove seedcoat using a scalpel, dissecting forceps and dissecting scope.
Put the tissue from one seed in a 1.5 ml microcentrifuge tube (special grinding tube -
Brinkman eppendorf micro test tube cat.# 22 36 3 80-8) containing 3Oul CTAB wash
buffer. Keep tubes and wash buffer on ice until step #6 - room temp. from there on.
Homogenize the tissue with a pellet pestle and electric drill for about 20 sec/sample.
Add 8 volumes (240p1) of CTAB wash buffer.
Add 1/5 volume (54j.il) of 5% sarkosyl. Mix gently by inversion and incubate at room
temp. for 3-5 mm.
Add 1/7 volume (46tl) of SM NaC1 and mix gently by inversion.
Add 1/10 volume (37p.l) of 8.6% CTAB in 0.7M NaCl and mix gently by inversion.
Incubate for 15 minutes in a 65 C waterbath with mixing periodically.
Extract with one volume (4l0tl) of phenol:chloroform:isoamyl alcohol (25 :24:1).
Mix gently by inversion, and spin in a microflige at maximum speed (13,000 rpm or
14926 g) for 5-10 minutes. Transfer aqueous phase containing DNA (upper part) to a
new microfuge tube being careful to avoid whitish interface layer. Save phenol to
reextract for maximum yield.
Carefully add 50j.d of TE to tube with phenol and interface. Pull off aqueous layer as
before and add to the tube in #10. Discard phenol in appropriate container.
Add lOul of RNase (lmg/ml) and incubate in a 37° C waterbath for 30 minutes to 2
hrs.+. Germinated seed - use 20p.l of RNase (lmg/ml) and incubate for 1 hour or
more.
Extract with one volume (4lOj.tl) of phenol:chlorofonn:isoamyl alcohol (25:24:1).
Mix gently by inversion and spin in a microfuge at max. speed (13,000 rpm or 14926
g) for 6 minutes. Transfer aqueous phase containing DNA (upper part) to a new
microfuge tube being careful to avoid interface layer. Save phenol. Add 50u1 TE to
tube with phenol. Pull off aqueous layer and add to first tube.
REPEAT step #13. Add 20tl of SM NaC1. This is to adjust for the increase in
volume caused by adding S0tl of TE after each Phenol extraction. (1/7 volume of
volume change from step 7)
Precipitate DNA by adding 2.5 volumes (imi) of ice cold 95% ethanol and incubate
at -20 °C for 30 mm. to overnight.
Spin at max. speed, 4° C for 30 mm in microfuge. Pour off supernatant being careful
not to lose the pellet.
Wash the pellet in 1 ml of cold 70% ethanol being careful not to lose the pellet. Dry
in Speed Vac for 3-5 minutes.
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Solubilize pellet in SOul TE. (germinated megagametophytes - 25u1 TE) Optional -
Place in 65° C water bath for 5 mm. to dissolve pellet. Clean DNA usually dissolves
easily. I prefer to take Fluorometer readings after dissolved pellets sit overnight in the
refrigerator.
Determine DNA concentration with Fluorometer using a 100 ng/pJ standard.
Expect 1.5 - 3.Opg DNA/Douglas fir megametophyte.
Determine DNA quality - 0.8% TAE agarose gel - lul to 5u1 of sample depending on
DNA concentration.

Wash Buffer
0.64g Sorbitol (0.35M)
0.5ml 1M Iris pH8 (50mM)
0.5m1 0.5M EDTA (25mM)
8.36m1 d-H20
10il 2-mercaptoethanol 0.1% **add just before use

5% Sarkosyl
5g N-Lauroylsarcosine
d-H20 to 1 OOml

5MNaC1
146.13g NaC1
d-H20 to 500ml

8.6% CTAB in 0.7M NaC1
80m1 d-H20
8.6g Hexadecyltrimethylammonium Bromide (C-TAB)
heat gently to dissolve
4.09g NaCl
d-H2O to 1 OOml

10mg/mi RNase A
50mg RNase A
5Opi 1M Tris-HC1 pH7.5 (10mM)
15ti 5M NaC1 (15mM)
d-H20 to 5 ml
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Mitochondrjal DNA extraction

Mitochondrial DNA was extracted from embryogenic suspension cultures of
Douglas-fir (Gupta et al. 1988) provided by Dr. Promad Gupta of Weyerhauser Co.
(Tacoma, Washington). Packed suspension cultures were used in the extraction, and were
less than two weeks old since subculturing. The extraction protocol belowwas modified
from a protocol developed for spruce by Dr. P. du Jardin, University of Gembloux,
Belgium (personal communication).

Briefly spin down each of (6) 50 ml samples in table-top centrifuge at 3,000 rpm.
Pour off supernatant and add 1.5-2.0 volumes of extraction buffer (ideally 15 ml
volume in each tube).
Pour the entire contents of one tube (resuspended cells = not more than 15 ml) into a
pre-chilled mortar and pestle set in ice. Grind HARD for exactly 3 minutes.
Immediately after grinding, add an additional 10-20 ml of extraction buffer to the
homogenate in the mortar. Pour the homogenate into a funnel sitting over a 35 ml
Oakridge tube, filtered by 1 layer of miracloth and 4 layers of cheesecloth. Let the
homogenate run through the filter, and briefly squeeze the filtered material. Wash the
filter with additional extraction buffer and squeeze until Oakridge tube is filled. Cap
and keep on ice until centrifugation. Repeat for additional (5) samples.
Spin Oakridge tubes in the HB6 rotor at 1,000 x g at 4°C for 10 minutes (note: all
centrifugation done at 4°C, though hereafter spin temperature is not indicated in the
protocol). Pour supematant into a clean Oakridge tube, and respin at 1,000 x g for 10
minutes. Pour the supematant from this second spin into a third set of clean Oakridge
tubes and spin at 16,000 x g for 15 minutes.
Resuspend the pellets from (3) tubes in the previous step in 10 ml of wash buffer
(total volume for 3 tubes) using a clean paintbrush. Repeat for the second set of (3)
tubes (note: 6 tubes have now been combined into 2 tubes). Spin these tubes at 1,000
x g for 10 minutes. Pour supernatant into clean Oakridge tubes (2) and respin tubes at
16,000 x g for 15 minutes. While this last series of spins in progressing, measure out
DNAse and Proteinase K and add each to their respective buffer solutions. Put the
DNAse on ice until use, and begin the lysis buffer incubation (2 hrs. of self digestion
at 3 7°C).

Resuspend the pellets in 10 ml of DNAse I solution using a soft paintbrush, and
incubate at 15°C for 30 minutes (note: if using the centrifuge as an incubator, set the
temperature to 15°C when approximately 5 minutes are remaining on the last 16,000
x g spin--also, can use hot water jugs to quickly bring temperature of centrifugeup to
15°C). Add 1 ml of 0.5 M EGTA to each tube to inhibit DNAse, and begin washing
by spinning the tubes at 16,000 x g for 15 minutes. Discard the supematant and
resuspend the pellet in 10 ml of wash buffer, and respin at 16,000 x g for 15 minutes.
Repeat this washing step once more.
Discard the supematant after the last washing spin and resuspend the pellet in 2 ml of
1ysis buffer. Carefully pull the solution through a 1 ml pipette tip several times until
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all of the pellet is dissolved. Incubate at 37°C for 30 minutes. Move tubes to a
waterbath set at 55°C and incubate for 1 hour.
Do one phenol:chloroform:IAA extraction (25:24:1) using 1 volume phenol (i.e., all
three components) and spin at 10,000 x g for 10 minutes. Transfer the aqueous phase
to a clean Oakridge tube.
Add 25 j.tl of 10 mg/mi RNAse A (approximately 100 ug/ml final concentration) and
incubate at 37°C for at least 2 hours.

8. Do a second phenol extraction using 1 volume of phenol and spin at 10,000 x g for
ten minutes. Transfer the aqueous phase to a clean 15 ml Corex tube. Add 40 p1 of 5
M NaCl and 7.5 ml of 95% ethanol. Incubate overnight at -20°C. Precipitate DNA
by spinning at 12,000 x g for 30 minutes.
Wash the pellet two times with 70% ethanol and dry in speedvac. Dissolve DNA in
75 p1 of TE (10:1) and incubate at 37°C for at least 30 minutes before checking
concentration on fluorometer.

Extraction Buffer
30 mMMOPS (pH 7.4)
0.35 Mmannitol
2.5 mM MgC12
1.25mM EGTA
0.3 % PVP-25
2 mM sodium bisulfite
0.2%BSA
8 mM cysteine

Wash Buffer
10 mM MOPS (pH 7.2)
0.35 M mannitol
1 mM EGTA
2 mM sodium bisuifite
0.1% BSA

DNAse I Buffer
10 mM MOPS (pH 7.2)
0.35 Mmannitol
2 mM sodium bisulfite
0.1% BSA
25 mlvi MgC12
200 ug/ml DNAse I
NOTE: add DNAse I immediately before use, and store buffer on ice until incubation
begins



Lysis Buffer
40 mlvi Tris-HC1 (pH 7.9)
150mM NaC1
15 mM EDTA (pH 8.0)
2 % sarkosyl
100 ug/mi proteinase K
NOTE: add proteinase K 2 hours before use and incubate at 37°C for 2 hours

Large-scale alkaline lysis plasmidprep
(from Strauss Lab)

Centrifuge 35 ml of overnight culture in an Oak Ridge tube at 5,00 rpm in the SA-600
rotor for 5 minutes and discard supematant.
Resuspend pellet in 2 ml of ice-cold glucose solution; let sit 5 minutes at room
temperature.
Add 4 ml of freshly made NaOHISDS solution; close tube and mix gently by
inversion; incubate on ice 5 minutes.
Add 3 ml of KAc/HAc solution; vortex 10 seconds and incubate on ice 5 minutes.
Centrifuge 10 minutes at 12,000 rpm in the SA-600 rotor; transfer supernatant to a
clean tube
Do one phenol:chloroform:IAA (25:24:1) extraction using 1 volume of phenol.
Do an RNAse treatment by adding RNAse A to 20 .tg/m1 and incubate 2 hours at 37°
C.

Do a second extraction with 1 volume of phenol:chloroform:IAA.
Precipitate DNA using 150 mM NaC1 and 2 volumes of 95 % ethanol--let stand at
room temp 30 minutes.
Centrifuge at 12,000 RPM for 20 minutes and wash the pellet twice with cold 70 %
ethanol; dry in speedvac and redissolve pellet in 800 .tl ofTE (10:1).

Glucose solution
50 mM glucose
10 mM EDTA
25 mM Tris-HC1, pH 8.0

NaOH/SDS solution
0.2NNaOH
1%SDS

KAc/FJAc
5 M KAc
10 % acetic acid
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RAPD reaction

(from Strauss Lab)
Place 2 ng (5 p1 of 0.4 ng/p.1) template DNA in each PCR tube or well and add
cocktail to a final volume of 25 p1.

Add I drop (approximately 25 p1) of sterile mineral oil to the top of each well and
cover with saran-wrap.
Amplify RAPDs using the RAPD-L program (Aagaard et al. 1995, Chapter 2)
consisting of denaturation for 1 minute at 930 C, annealing at 37° C for 1 minute,
and extension at 72° C for 2 minutes repeated over 45 complete cycles using an MJ
Research thermocycler (model PTC-100).

Cocktail
1.3 mMBSA
lx Taq buffer
100 p.m dNTPs
0.2 p.m primer
1 unit Stratagene Taq enzyme ("Native Taq")
NOTE: vortex briefly after adding Taq enzyme and keep on ice until adding to DNA

Alkaline Southern transfer
(after Dr. Walt Ream's Lab)

After photographing the gel and notching the upper left-hand corner, wash the gel
twice for 8 minutes each in 0.25 M HCL; rinse the gel with distilled water after the
second wash.
Wash the gel twice for 15 minutes each in NaOH/NaC1 solution; rinse the gel with
distilled water after the second wash.
Wash the gel twice for 15 minutes each in Tris/NaC1 neutralization buffer.
Cut Zetabind membrane to exact size of gel, wearing gloves to keep the membrane
clean--mark one corner of the membrane to correspond with gel notch.
Float the membrane on distilled water to wet, then soak the membrane in lOX SSC
for 15 minutes.
Cut 4 sheets of Whatman 3 MM filter paper to the exact size of the gel and one piece
much longer as well as exactly cut paper towels (approximately 3 inch stack); saturate
the filters with lOX SSC and place the larger piece over a platform extended above a
glass dish filled with lOX SSC to act as a wick.
Layer 2 pieces of Whatman paper on top of this, followed by the inverted gel, the cut
membrane (corner notches aligned), and two additional pieces of Whatman paper;
remove all air bubbles, then stack paper towels on top plus one glass pyrex dish and a
0.5 kg weight.
Allow DNA to transfer approximately 12-24 hours; wash the membrane for 20
minutes with 0.2 M Tris, pH 7.5 plus 2X SSC.



9. Dry the membrane between Whatman paper 30 minutes then bakeat 800 C for 2
hours and store between Whatman paper.

NaOH!NaC1 solution
0.5 MNaOH
1 MNaC1

Tris/NaC1 neutralization buffer
0.5 M Tris, pH 7.5
1.5 MNaC1

2OXSSC
3 MNaC1
0.3 M sodium citrate, pH 7.0

Random primed DNA labeling

(Boehringer-Mannheim's Random Primed DNA Labeling kit)
Denature probe DNA by boiling 10 minutes
To a screwcap eppendorf tube, add 10 1 of dTTP :dGTP mix (1:1), 10 .ti of reaction
mixture, 15 pJ each of [a32P}-dCTP and [a32P]-dATP, 3 t Kienow enzyme, 200 ng of
denatured template DNA, and water to a final volume of 100 ul; the reaction volume
may be scaled down proportionally to a minimum volume of 25 j.ti according to
manufacturers specifications.
Incubate reaction mixture at 37° C for 3 hours.
Remove unincorporated dNTPs using a Nick column (Pharmacia Biotech); load the
sample onto the column, add 400 p.1 of TE (10:1), and elute probe with an additional
400 p.1 of TB.
Using 1 p.1 of probe, count disintegrations using a scintillation counter.
Heat denature probe by boiling 10 minutes, briefly spin down, and add directly to 25
ml of fresh prehybridization solution

Southern hybridization

(from Strauss Lab)
Prewash membranes in 0.1X SSC plus 0.5 % SDS for 1 hour at 65° C.
Prehybridize membranes using approximately 150 ml of prehybridization solution in
a shaker incubator 6 hours at 65° C; layer over-cut wedding veil material on outside
of membrane and roll into Robbins oven tubes--prehybridize an additional 3 hours in
Robbins oven at 65° C.
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Discard used prehybridization solution and add probe (diluted in 25 ml of fresh
prehybridization solution.
Hybridize 8-10 hours at 65° C; wash twice at low stringency and twice at high
stringency for 30 minutes each at 65° C.
Dry excess wash solution and wrap membrane in saran-wrap--do not let dry
completely; expose phosphorimaging plates (Molecular Dynamics) or X-ray film as
necessary.

Prehybridization solution for 50 ml

H20 29ml
20X SSPE 12.5 ml
50X Denhardt's 5 ml
20%SDS 0.5 ml
lXBlotto 2.Sml
Salmon Sperm DNA 0.5 ml of 10 mg/ml (boil 10 minutes before adding)

Washing solutions
low stringency, 2X SSPE plus 0.2 % SDS
high Stringency, 0.2X SSPE plus 0.2 % SDS

Stripping blots

(from Strauss Lab)
Soak hybridized membranes in 0.4 M NaOH solution for 30 minutes at 42° C.
Rinse membrane briefly in ddH2O and check for residual activity using Geiger-
Mueller counter--if excess residual activity, soak an additional 30 minutes in 0.4 M
NaOH solution at 42° C.
Soak stripped blot in 0.1X SSC plus 0.5 % SDS plus 0.2 M Tris (pH 7.5) for 30
minutes at 42° C, blot dry, and wrap in saran-wrap for storage.



APPENDIX D: RESAMPLING PROGRAMS

Assessment of sample size adequacy (program by J. Sceppa and .J. E. Aagaard)
In order to determine the adequacy of sample sizes (loci and individuals) in the

RAPD study, we used a resampling approach (bootstrapping; Efron and Tibshirani, 1991)
carried out with the help of 2 computer programs written in Turbo Pascal ("LOCIBOOT"
and "INDYBOOT"). Assessment of how number of loci and number of individuals
sampled affects population genetic parameters were made independently. Considering
loci first, from a matrix of RAPD phenotypes for each individual within each of the 6
populations (provided by the user as an input file), a preselected number of loci (1--
determined by user) are randomly chosen with replacement by the program (a bootstrap
population; see Figure 3.2). The program then calculates allele frequencies at these loci
corrected according to Lynch and Milligan (1994) assuming Hardy-Weinberg equilibrium
and calculates parameters of population diversity (Hs and HT) and differentiation (GST)
from allele frequencies.

The program repeatedly samples from the original data matrix until a preselected
number of bootstrap populations (B--kept constant at 250) have been generated all
comprised of 1 loci. From the B bootstrap populations, a mean and variance for each
parameter is calculated as the mean and variance among all bootstrap populations. The
program calculates parameters with no correction for small sample size (no subscript in
output file), corrected for small sample size (subscript "1" in output file; Nei 1978), and
corrected for both small sample size and small number of populations (subscript "2" in
output file; Nei 1986). In order to assess how the number of loci sampled affects
estimates of population parameters, we varied the number of loci (1) between 5 and 50 in
increments of 5, and analyzed plots of variance in Hs, H1, and °ST at different sample
sizes. We consider the sample size at which variance no longer decreases substantially to
indicate an adequate sample size, assuming our resampled RAPD data reflect the true
population distributions of gene frequencies.

We used a similar approach to determine whether the number of individuals
sampled were adequate. From the same original data matrix, the program randomly
chooses with replacement a preselected number of individuals (n--determined by user)
from each of the 6 populations, calculates allele frequencies from the RAPD phenotypes
of these individuals at all loci in the data matrix, and calculates population genetic
parameters as with resampled loci (a bootstrap population). Resampling is repeated a
predetermined number of times (B--kept constant at 250 in our simulations) and mean
and variance calculated from the mean and variance among all bootstrap populations.
Plots of variance versus sample size were assessed exactly as with resampled loci.

Directions for use

The resampling programs are written in Turbo Pascal version 6.0 (Borland
International) and can be easily edited to run new data files with various specifications.
Bootstrapping over loci is done using the LOCIBOOT program, and bootstrapping over
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individuals is done using the 1NDYBOOT program. To edit program specifications
including the total number of populations in a data file, the maximum number of
individuals in a population (population sizes do not have to be equal), the maximum
number of loci, or the number of bootstrap populations sampled, edit program lines 6, 7,
8, and 9, respectively. In both programs, program line 10 identifies the size of the
bootstrap populations; when resampling individuals, this refers to the number of
individuals in a bootstrap population, and when resampling loci, this refers to the number
of loci in a bootstrap population. Output is always written to an output file called
"gst.txt".

Data files can be easily written using a spreadsheet program, saving the file in text
format. An array of"0" 's and "1" 's corresponding to RAPD dominant alleles (0) or null
alleles (1) are arranged by population with individuals across the horizontal axis and loci
across the vertical axis. Populations are separated by a single number "7" (see datal .txt).
The name of the input data file is currently set as "datal .txt", but this can be changed in
the INDYBOOT program by editing program line 43 and in the LOCIBOOT program by
editing program line 46. When running either the INDYBOOT or LOCIBOOT program,
output is written automatically to a file called "gst.txt" which is appended when the
program is run consecutively. Running the program requires the use of TurboPascal
version 6.0. Both programs as well as a sample data file are included in the RESAMPLE
subdirectory of the T:/SHARE/THESES/AAGAjU directory of the Oregon State
University College of Forestry computer network, accessible on the Forest Science
Department FSLAN.

Sample of lines to edit in programs

INDYBOOT program:

Line 6: totpop=6; (* total number of populations *)

Line 7: maxr=30; (* maximum number of loci in any population *)

Line 8: maxc=36; (* maximum number of individuals in any population *)

Line 9: B=250; (* number of times resampling procedure is repeated *)

Line 10: z=30; (* number of individuals resampled for each subpopulation *)

Line 43: assign(datal,'datal .txt);

LOCIBOOT program:

Line 6: totpop6; (* total number of populations *)

Line 7: maxr=31; (* maximum number of loci in any population ")
Line 8: maxc=36; (* maximum number of individuals in any population *)

Line 9: B=250; (* number of times resampling procedure is repeated *)



Line 10: z=50; (* number of loci in each subsample *)

Line 46: assign(datal ,'datal .txt');

Sample input file (3 populations, 3 individualsper population, 12 loci)

0000001 10101
011110000101
011010111101
7
011111111000
000101010000
010100111111
7

110101 110111
001010101010
111000110101

Sample output file

Resampling loci 250 times
n= 50

av hs: 2.1564205843E-01
error: I .9253460575E-02
av ht: 3.1534367679E-01
error: 2.3 004 164457E-02
av gst: 3.1533570835E-01
error: 4.91 35980275E-02

av hsl: 2.1936753176E-01
error: I .9586087032E-02
av htl: 3.1595404419E-01
error: 2.3038546054E-02
av gstl: 3.0486133680E-01
error: 4.9791416899E-02

av ht2: 3.3527134668E-01
error: 2.5354640415E-02
av gst2: 3.4431325362E-01
error: 5.31 16327122E-02
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APPENDIX E: DNA SAMPLE STORAGE

Seed embryo DNA from Douglas-fir populations

DNA samples corresponding to the individuals and populations studied in
Chapters 3 and 4 have been placed in long term storage (800 C freezer; Strauss Lab 075).
Each of 6 boxes (1 population per box) is labeled in a generic format ("Jan Erik Aagaard,
Strauss Lab, 1997"), followed by unique population names. Samples within each box are
labeled consecutively with the first letter of the population name (Smith Creek = 5,
Lacomb = L, Wildcat Mountain = W, Baldy Mountain = B, Coronado = C, Dixie = D)
followed by the individual number; individuals represent total genomic DNA extracted
from seed embryos. Most samples have approximately 600 ng of DNA at concentrations
of 20-60 ng/pl. See Chapter 3 for a complete description of population locations, sizes,
and sources.

Mitochondrial DNA

Enriched mitochondrial DNA extracted from embryogenic suspension cultures
according to Chapter 4 and Appendix C have been placed in long term storage (-80° C
freezer; Strauss Lab 075). A single box labeled "Jan Erik Aagaard, Strauss Lab, 1997,
enriched mitochondrial DNA) contains three samples labeled consecutively. These three
samples (mtl, mt2, and mt3) comprise enriched mitochondrial DNA from three separate
extractions, and correspond to the samples tested for enrichment in Figure A. 1; sample
mt2 was used as the probe in Southems of RAPD blots in chapter 4. See Chapter 4 and
Appendix B for relative enrichment of mitochondrial DNA samples.
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APPENDIX F: ELECTRONIC FILE LOCATION

Resampling programs

Resampling programs and sample input files are stored in the RESAMPLE
subdirectory of the T:/SHARE/THESES/AAGAARD directory of the Oregon State
University College of Forestry computer network, accessible on the Forest Science
Department FSLAN.

Data files

The data files used for Genstat PC 3.3 and WINAMOVA are stored in the DATA
subdirectory of the T:/SHARE/THESES/AAGAj\ju directory of the Oregon State
University College of Forestry computer network, accessible on the Forest Science
Department FSLAN. Data files "allozyme.dat", "nucRAPD.dat", and "mtRAPD.dat"
correspond to the allozyme, nuclear RAPD, and mitochondrial RAPD data, respectively.
The data file "dougfir.dat" corresponds to the metric distance data file described in
Chapter 3 used in WINAMOVA; group files and population files are included and are
formatted according to standard WINAMOVA specifications.

Thesis

An electronic copy of the entire thesis including all text, tables, and figures is
stored in the THESIS subdirectory of the T:/SHARE/THESES/AAGAAJUD directory of
the Oregon State University College of Forestry computer network, accessible on the
Forest Science Department FSLAN as the file "thesis.doc" formatted for Microsoft Word
6.0.
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