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We studied genetic polymorphism and phylogeny using nuclear random amplified
polymorphic DNA markers (RAPDs) and mitochondrial DNA (mtDNA) restriction
fragment length polymorphisms (RFLPs) in the three California Closed-Cone Pines:
Pinus attenuata Lemm., P. muricata D. Don, and P. radiata D. Don. A total of 343 to
384 trees derived from 13 populations were analyzed using 13 mitochondrial gene probes
and two restriction enzymes, and more than 90 RAPD loci generated by 22 primers.
Southern hybridization was used to test homology among comigrating RAPD markers.
Segregation analysis and Southern hybridization were carried out to distinguish between
RAPD fragments of nuclear and organellar origin. Estimates of genetic diversity and
population differentiation, and phylogenetic analyses based on RAPD and RFLP markers,
were compared with those based on allozymes from a similar study.

Twenty-eight distinct mtDNA haplotypes were detected among the three species. All
three species showed limited variability within populations, but strong differentiation
among populations. Based on haplotype frequencies, genetic diversity within populations
(Hs) averaged 0.22, and population differentiation (Gst and 8) exceeded 0.78. Analysis of
molecular variance (AMOVA) also revealed that more than 90% of the variation resided
among populations. Species and populations could be readily distinguished by unique
haplotypes, often using the combination of only a few probes.

Twenty-eight of 30 (93%) comigrating RAPD fragments tested were homologous by
Southern hybridization. Hybridization with enriched mtDNA, and chloroplast DNA
(cpDNA) clones, identified one fragment as being of mtDNA origin and two as being of
cpDNA origin, among 142 RAPD fragments surveyed. RAPD markers revealed



moderately higher intrapopulation gene diversity and significantly higher total genetic
diversity and population differentiation than did allozyme markers for each species.
Simulation analysis to study effects of dominance on RAPD diversity suggested that
dominance substantially depressed values of diversity within populations and inflated
values of differentiation among populations. By comparison to our empirical analyses, we
inferred that the underlying diversity of RAPD markers is substantially greater than that
of allozymes.

Results of phylogenetic analysis of RAPD markers were largely consistent with those
from allozyme analysis, though they had many minor differences. Joint phylogenetic
analysis of both the RAPD and allozyme markers strongly supported a common ancestor
for P. radiata and P. attenuata, and south to north migration histories for all three
species. Dendrograms based on mtDNA analysis, however, strongly disagreed with those
based on allozymes, RAPDs, chloroplast DNA and morphological traits, suggesting

convergent genome evolution.
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PREFACE

The thesis is written in a manuscript format to facilitate submission of its main
chapters to scholarly journals for publication. It is organized into four chapters followed
by a bibliography and appendices. Chapter 1 provides general background and review of
literature related to the thesis. Chapter 2, entitled “Abundant mitochondrial genome
diversity, population differentiation, and convergent evolution in pines”, and chapter 3,
entitled “Nuclear DNA diversity, population differentiation and phylogenetic
relationships in the California Closed-Cone Pines based on RAPD and allozyme markers”
have been submitted in modified form for publication in Genetics (accepted) and
Genome, respectively. The introduction and discussion sections of both manuscripts
therefore include information that is used and/or discussed in the general review sections
of the thesis. Chapter 4 provides a summary of key results and major conclusions
common to the entire thesis and is followed by a bibliography containing all references
cited within the thesis. The appendices contain supplemental, useful information pertinent

to this thesis.



NUCLEAR AND MITOCHONDRIAL DNA POLYMORPHISM AND
PHYLOGENY IN THE CALIFORNIA CLOSED-CONE PINES

CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

THE CALIFORNIA CLOSED-CONE PINES

Geographic distribution

The California Closed-Cone Pines (CCCP) are composed of three species: one
montane, interior species, Pinus attenuata Lemmon (knobcone pine), and two maritime,
insular species, P. muricata D. Don (bishop pine) and P. radiata D. Don (Monterey pine)
(Figure 1.1). P. attenuata occurs at scattered locations on the dry, interior mountains of
southern Oregon and California, and at a single location in northern Baja California.
Pinus. radiata and P. muricata are distributed disjunctly along the coasts of California
and Baja California, and on four offshore islands: Guadalupe and Cedros Islands for
Monterey pine in Mexico, and Santa Cruz and Santa Rosa Islands for bishop pine in
California. The three species are sympatric in only a few locations; P. radiata and P.
muricata coexist on the Monterey Peninsula, while P. attenuata is associated with P.
radiata in a few stands near Pt. Afio Nuevo (Critchfield and Little 1966; Millar et al.
1988).

Studies on morphological traits, biochemical compounds, and crossability
Monterey pine includes three mainland populations (Afio Nuevo, Monterey and
Cambria) and two island populations (Guadalupe and Cedros Islands). Although there is

variability among the mainland populations in cone and seed size, growth rate, needle



traits, terpene composition, seed proteins, and disease and cold resistance (Axelord 1980;
Bannister et al. 1962; Forde 1964; Guinon et al. 1982; Hood and Libby 1980; Murphy
1981), most of the differences are relatively small; the three populations form a closely
related unit. The evolutionary relationships among the mainland populations are uncertain
because patterns of resemblance vary among different traits. The two island populations,
however, have diverged from one another and from the mainland populations in many
morphological and biochemical characteristics (reviewed in Millar 1986). The two-
needled pines on Guadalupe Island and pines on Cedros Island were once named P.
radiata var. binata (Mason 1932) and P. radiata var. cedrosensis (Axelord 1980),
respectively, because of their distinct differences from other populations. However, all
five populations of Monterey pine are interfertile (Critchfield 1967).

Bishop pine contains considerable variation both within and among populations, and
patterns of variation are both clinal and discontinuous (reviewed in Millar 1986). Based
on cone morphology, Axelord (1983) described P. muricata var. borealis, first proposed
by Duffield (1951), to describe the populations from Monterey northward. Populations
north of Sonoma also differ distinctly from those south of Monterey in many traits
including growth, stem form, cone abundance, cone sterotiny and bark characteristics,
while the Sonoma, Marin and Monterey populations have intermediate characteristics
(Doran 1974; Duffield 1951; Everard and Fourt 1974; Fielding 1961; Shelbourne et al.
1982). Pinus. muricata var. borealis was further separated into two distinct groups based
on needle color and anatomy: blue bishop pine for Trindad and Mendocino populations;
and green bishop pine for Sonoma, Marin and Monterey populations. The southern
mainland populations called P. muricata var. muricata form a distinct monoterpene type
and are cross compatible (Critchfield 1967; Millar et al. 1988) despite being
heterogeneous in many traits. Two island populations, Santa Cruz and Santa Rosa, form
another distinguishable monoterpene type (Mirov et al. 1966) and they also differ in cone
morphology (Mason 1930) and phenology from the mainland bishop pine populations.
They are, however, more closely related to southern bishop pine populations than to the

island or mainland populations of Monterey pine (Crowley 1974; Shelbourne et al. 1982).



Pinus radiata Pinus attenuata Pinus muricata

Figure 1.1 Distribution of Pinus radiata, P. attenuata, and P. muricata (Hong et al.
1993a) and the origins of sampled populations (*). All populations were studied for
chloroplast DNA polymorphism by Hong et al. (1993a).



The island populations were once named as P. remorata (Mason 1930) and P. muricata
var. remorata (Duffield 1951) due to the high frequency of trees with thin-scaled,
symmetric cones (Axelord 1983; Linhart 1978; Mason 1930).

Fewer investigations on geographic variation in knobcone pine have been made than
in the two maritime species. Less variation exists within and among populations of
knobcone pine in comparison to the maritime species (Mirov et al. 1966). Several authors
have described two patterns of variation of morphology and growth traits in knobcone
pine: clinal variation among the northern populations and discontinuous variation with
respect to the northern vs. southern California populations. Studies of crossability
indicate that knobcone pine populations are interfertile (Critchfield 1967).

Crossing experiments have revealed that Monterey pine can hybridize freely with
knobcone pine (Critchfield 1967; Millar et al. 1988). Southern populations of bishop pine
are interfertile and can also cross with knobcone pine and Monterey pine. However, the
Mendocino population of bishop pine does not cross with the southern mainland nor the
island populations, and is highly genetically differentiated from the other populations and
species (Critchfield 1967; Millar et al. 1988).

Allozyme studies

There have been several studies of allozyme variation in the CCCP (Millar 1983;
Millar et al. 1988; Moran et al. 1988; Plessas and Strauss 1986). Compared with other
conifer species, low to moderate levels of allozyme variation exist in Monterey pine (Hs
= 0.098 averaged for all five populations, Moran et al. 1988; Hs = 0.127 averaged for
three mainland populations only, Plessas and Strauss 1986). Substantial genetic
differentiation occurs among populations (Gst = 0.130, Millar et al. 1988; Gst =0.162,
~ Moran et al. 1988), primarily due to the differences between the island and mainland
populations. The three mainland populations form a closely related group, whereas the
two island populations are distinct from each other and from the mainland populations.
However, the relationships between the mainland populations are uncertain because
results from different studies are not consistent, and their affinities even differed when

two different methods of cluster analyses were used for the same data set. The genetic



distances between P. radiata populations and P. oocarpa, a widespread Latin American
species and putative progenitor of the CCCP, increases from south to north (Millar et al.
1988). The Cedros Island population is most divergent from the others and most
resembles P. oocarpa.

Knobcone pine also possesses moderate diversities within populations and
substantial differentiation among populations (Hs = 0.131 and Gsr = 0.120, Millar et al.
1988). A cline of allelic variation is apparent among populations of knobcone pine from
Sierra Nevada through the Klamath region and into the north and south coast areas. The
Sierran population is the closest to the progenitor, while the south coast population is the
most derived and distinct from others. A close relationship is also found between
geographic distances and genetic distances (Millar et al. 1988).

Bishop pine shows the largest genetic divergence among populations of the three
CCCP species (Gst = 0.22), though its intrapopulation genetic diversity is low (Hs =
0.118) (Millar et al. 1988). The large Gst is mainly attributed to its extensive and disjunct
geographic distribution, and lack of interfertility between northern and southern
populations. Clinal divergence with respect to P. oocarpa is consistent from south to
north, with the northern mainland populations being most divergent.

In sum, allozyme studies have revealed that considerable genetic diversity exists
within populations of the CCCP, though less than that of more widespread conifers
(Hamrick and Godt 1990). Population genetic differentiation, however, is often higher
than that of other conifer species due to their disjunct population distribution.
Phylogenetic analyses based on allozyme data indicate that populations are clearly
clustered into three monophyletic species groups, approximately equally differentiated

from each other.

Chloroplast DNA studies

Hong et al. (1993a; 1993b) comprehensively studied the nature and distribution of
chloroplast DNA (cpDNA) genetic diversity and phylogenetic relationships through
analysis of restriction fragment length polymorphisms (RFLPs) in the CCCP. Based on

the analyses of restriction site mutations, a majority of genetic diversity is attributed to



the differences among species [Gst = 0.84 (20.13)]. Almost no genetic variation is
detected within or among populations of knobcone pine and Monterey pine. Although
little variation is observed within populations of bishop pine, population differentiation is
substantial [Gst = 0.88 (+0.08)], which is explained by three distinct regional groups
(northern, intermediate and southern groups). Thus cpDNA RFLPs and allozymes
revealed discordant patterns of genetic variation. However, population genetic diversity
and differentiation based on RFLP length variants differed significantly from those based
on site mutations. Bishop pine showed no diversity and Monterey pine had high
intrapopulation gene diversity and low population differentiation, whereas knobcone pine
had high differentiation but low diversity. ‘

Hong et al. (1993b) included five taxa in their phylogenetic analyses: knobcone pine,
Monterey pine, and the northern, intermediate and southern races of bishop pine. Wagner
and Dollo parsimony analyses clearly distinguishes knobcone pine from Monterey and
bishop pines, and the northern and intermediate races of bishop from the southern race.
Interestingly, the southern race of bishop pine was found to be much closer to Monterey
pine rather than to its conspecific intermediate and northern races. This is inconsistent
with allozyme studies, but is supported by crossing studies (Critchfield 1967; Millar and
Critchfield 1988) and some morphological and biochemical traits.

MITOCHONDRIAL DNA DIVERSITY

Genome size variation

The mitochondrial genome, one of the two main extrachromosomal genomes in plant
cells, consists of a single closed, circular and double-stranded DNA molecule (mtDNA).
The mtDNA genome of animals is relatively small (16-20 kb) (Avise et al. 1987). In land
plants, however, mtDNA is much larger and highly variable (200 to 2500 kb). It is also
several times larger and much more variable in size than chloroplast DNA (cpDNA, 120-
217 kb), most of which are between 140-160 kb (Palmer 1990).

The variation in mtDNA genome size is not believed to be caused by large

differences in the number of different genes, but rather by variation in the amount and



distribution of repeated DNA (Birky 1988; Palmer 1990). Changes in the complexity of
intergenic spacer sequences play a major role in mtDNA size evolution (Gary 1989;
Palmer 1985). Some of these spacer DNAs are derived from the chloroplast and the
nucleus (Gary 1989; Lonsdale 1989). For example, maize mtDNA contains sequences
homologous to at least six regions of cpDNA, while spinach has at least 13 (Birky 1988).
However, sequences of cpDNA origin comprise less than 10% of the mtDNA genome
and thus can not account for the large differences in genome size. Palmer (1990)
suggested that nuclear DNA (nucDNA) was the source for the most of plant mtDNA and
could account for the variable mtDNA size. In contrast, the size of animal mtDNA and
cpDNA is very uniform. Two thirds of cpDNA size variation result from expansion or
contraction of the large rRNA-encoding inverted repeat (IR) of 10-76 kb (Birky 1988).
This IR, however, was lost or much reduced in conifer cpDNA (Strauss et al. 1988) and

some legumes (Downie & Palmer 1992).

Gene content and function

Animal mtDNA lacks short dispersed repeats and thus is tightly packed and gene
content is very conservative. It encodes a small and large rRNA, 22 tRNAs and 13
proteins. All of these proteins code for subunits of enzyme complexes that carry out
electron transport and ATP synthesis in the main energy-generating pathway, oxidative
phosphorylation of cells (Wallace, 1994). In contrast, plant mtDNA contains large and
small dispersed repeats, and often large untranscribed and/or untranslated regions. Many
foreign sequences from cpDNA or nucDNA are found in plant mtDNA. Only a small
proportion of the genome is conserved and is termed ‘core DNA’. The conserved
sequence encodes approximately 5% of the proteins found in the mitochondrion; the rest
are nuclear encoded and imported from the cytoplasm. Most (12-15) of the mtDNA-
encoded proteins are used for subunits of respiratory chain enzyme complexes. Plant
mtDNA also encodes IRNAs (26s, 18s, 5s), tRNAs and other proteins of unknown
functions (Palmer 1992). Ninety-four possible protein-encoding genes have been found in

the complete sequence of liverwort mtDNA (Oda et al. 1992).



Structural evolution

Unlike plant cpDNA and animal mtDNA that have compact gene arrangements and
very conservative gene orders, plant mtDNA evolves rapidly in gene structure and almost
every plant species has a unique gene order. Several factors may account for this
phenomenon (reviewed in Palmer 1990, 1992b; Sederoff 1987). First, plant mtDNA
contains large direct repeat elements that enable a high frequency of intragenomic and
intergenomic recombination. This causes a highly variable genome conformation and
composition. Almost all plant mtDNAs contain sets of direct repeats that mediate
production of subgenomic circles via intramolecular and intermolecular recombination.
Recombination between plasmids and other homologous sequences provides another
source of variability. For example, recombination between maize mtDNA and free
plasmids linearizes the majority of the normally circular genomes (Schardl et al. 1984).
Second, plant mtDNA is characterized by an abundance of short dispersed repeats that
can serve as sites of inversional recombination. This will accordingly promote a high rate
of rearrangement in mtDNA and changes in gene order. Finally, large intergenic spacer
sequences are present in mtDNA so that the high rate of inversions and structural
rearrangements can be tolerated without causing gene mutations. In addition,
transposition of sequences within and between molecules, and transfer of sequences from
foreign genomes such as cpDNA and nucDNA sequences present in mtDNA genomes,
are also responsible for the extensive variation in mtDNA genome structure (reviewed in
Birky 1988).

Opportunities for rearrangement of cpDNA genomes are limited due to a paucity of
dispersed repeats and short intergenic spacers. Furthermore, the large IR element of
cpDNA appears to inhibit certain types of inversions (Palmer 1990; Strauss et al. 1988).
Thus cpDNA has very slow structural evolution and strong constraints, mechanistic

and/or selective, are proposed to maintain its compact and mainly genic genome.

Sequence evolution
In contrast to the rapid changes in its genome organization, plant mtDNA evolves

very slowly in its primary sequence. Although the non-synonymous substitution rates are



similar in plant mtDNA and cpDNA, the rates of synonymous substitution are three-fold
lower in plant mtDNA than in cpDNA (Wolfe et al. 1987). In addition, the substitution
rates of nucDNAs of plants are at least two times higher than that in cpDNA and five
times higher than that in mtDNA. However, the change of primary sequences is the
fastest in animal mtDNA and its rate of synonymous substitution is 5-10 times higher
than that of nucDNA. Given that most of the plant mtDNA genome is noncoding DNA, it

is still a puzzle why sequence evolution is so slow (Palmer 1990).

Inheritance

Organelle genes are often inherited from one parent. Mitochondrial DNA is inherited
primarily or exclusively from the maternal parent in animals (Avise 1991). Many studies
have also revealed maternal inheritance in plant mtDNA (Neale and Sederoff 1989;
Rajora et al. 1992; Wagner et al. 1991). However, some exceptions have been found in
Cupressaceae and Taxodiaceae, where mtDNA is inherited paternally in Sequoia
sempervirens (Neale et al. 1989) and Calocedrus decurrens (Neale et al. 1991).

In most angiosperms, cpDNA is inherited maternally (Schaal et al. 1991). However,
cpDNA has shown predominant paternal inheritance in conifers studied to date, which
includes members of the families Cupressaceae and Pinaceae (e.g., Boscherini et al. 1994;
Neale and Sederoff 1988; Sutton et al. 1991b; Wagner et al. 1992). These findings are
generally consistent with ultrastructural observations of organelle transmission (Owens

and Morris 1990, 1991; Wagner et al. 1992).

MtDNA markers for population genetic studies

Restriction fragment length polymorphisms (RFLPs) are based on DNA fragment
size variation due to the presence or absence of restriction sites, changes in site
orientation, or insertions and deletions between sites. RFLPs have been particularly useful
in providing genetic information for organellar genomes in both plants and animals due to
their high copy number per cell and relatively simple polymorphisms compared to
nucDNA (reviewed in Avise 1994; Dong and Wagner 1993, 1994; Mitton 1994; Strauss
et al. 1993). In animals, mtDNA RFLPs have been used in a large number of studies
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engaged in questions of mating systems, kinship, population structure, geographic
variation, gene flow and speciation (reviewed by Avise 1994). Animal mtDNA is highly
variable because it accumulates mutations 5-10 times faster than nuclear loci. For
example, Avise et al. (1984) found 32 mtDNA haplotypes in a sample of 33 fishes called
menhaden, Brevoortia tyrannus and B. patrons. The degree of population differentiation
is also expected to be substantially higher in animal mtDNA than that in nucDNA
because the effective population size of mtDNA loci is considered to be approximately
one quarter that of nuclear loci due to the haploid genome and maternal inheritance of
animal mtDNA. Ggr values for animal mtDNA have been observed to be 3.3 to 80-fold
higher than those for allozymes (Crease et al. 1990; Davis 1986; DeSalle et al. 1987).

There have been few studies on genetic diversity and phylogeny using RFLP markers
from mtDNA in plants (Deu et al. 1995; Dong and Wagner 1993, 1994; Strauss et al.
1993). In general, mtDNA have shown high levels of population differentiation in
conifers. Strauss et al. (1993) detected nine mtDNA haplotypes by RFLPs with the coxI!
gene as a probe in a survey of 268 trees from 19 populations of three CCCP species.
Average intrapopulatibn haplotype diversity was low (Hs = 0.07), which was less than for
allozymes (Hs = 0.15, Millar et al. 1988) and for cpDNA length mutations (Hs = 0.17,
Hong et al. 1993a), and similar to cpDNA site mutations (Hs = 0.06, Hong et al. 1993a).
Population differentiation (Gst) for mtDNA, which varies from 0.75 (Pinus radiata) to
0.96 (P. muricata), is significantly higher than for allozymes which varies from 0.12 (P.
attenuata) to 0.22 (P. muricata). However, mtDNA Ggy values are comparable to those
based on cpDNA for P. muricata (0.88, Hong et al. 1993a).

Two mtDNA coxI- and coxlIl-associated RFLPs were used to investigate the patterns
of variation among 741 individuals from 16 allopatric populations throughout the ranges
of jackpine (P. banksiana Lamb), and lodgepole pine (P. contorta Dougl.) (Dong and
Wagner 1993). CoxI-associated restriction fragments revealed a diagnostic difference
between two species but no variation within populations or species. In contrast, coxlI-
associated restriction fragments demonstrated a high level of variation within P.contorta
species (Hs = 0.68), though only a small amount of variation within P. banksiana

excluding the Saskatchewan population which is a putative hybrid between the two
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species (Hs = 0.03). A majority of the variation within lodgepole pine resided among
populations within species (Fst = 0.66) and among subspecies (Fst = 0.31).

Hong et al. (1995) analyzed genetic diversity and population differentiation of three
genomes among 18 populations of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) in
three geographic regions of British Columbia, Canada. CpDNA and mtDNA were studied
by RFLP markers, while the nucDNA was analyzed by random amplified DNA markers
(RAPDs). MtDNA revealed the highest level of population differentiation (Gst = 0.45)
and geographic regional differentiation (Gsr = 0.29), whereas cpDNA showed the highest
total genetic diversity (Hr = 0.77) of the three genomes. However, only four trees were
collected and analyzed for each population in their study.

Aagaard et al. (1995) identified a large number of mtDNA-derived fragments in
RAPD profiles of Douglas-fir. Genetic differentiation between the coastal (var. menziesii)
and interior (var. glauca) varieties based on frequencies of haplotypes formed from the
combinations of those mtDNA RAPD fragments (Gst = 0.62) were considerably higher
than that obtained from allozyme frequencies (Gst = 0.26).

Several mechanisms have been proposed to account for strong population
subdivision in plant mtDNA genomes compared with nucDNA. First, maternally
inherited mtDNA can only be dispersed through seeds, while nucDNA and paternally
inherited organelle DNA can migrate via both seeds and pollen. Thus dispersal will
generally be less and population subdivision will be higher for organelle genes with
maternal inheritance than for nuclear genes and organelle genes with paternal inheritance
(Birky 1988). Indeed, like animal mtDNAs and most plant mtDNAs, maternally inherited
cpDNAs have also exhibited strong subdivision among populations (Mason-Gamer et al.
1995; Petit et al. 1993; Soltis et al. 1992). Second, the organelle genomes are haploid and
uniparentally inherited, and thus their effective population size is approximately one
fourth of that for nuclear genes in dioecious species and one-half in monoecious species
such as pines. Low effective population size will increase the probability and rate of
fixation of new variants, which will consequently accelerate population subdivision (Li
and Graur 1991). Third, Birky et al. (1989) showed that population subdivision at

equilibrium is inversely related to mutation rate. The rates of mutation are significantly
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lower for organelle genes than for nuclear genes, potentially leading to greater
differentiation than for nucDNAs. Finally, because organelle genomes do not undergo
sexual recombination, they can be subject to an exureme form of hitchhiking called
periodic selection. This results in a striking reduction of genetic diversity of a population
following natural selection for a new mutation, and can amplify population subdivision
when different variant genomes are selected in different populations (Maruyama and

Birky 1991).

MtDNA markers for phylogenetic studies

Animal mtDNA RFLPs have been successfully employed for many phylogenetic
analyses (reviewed by Avise 1987, 1994). However, RFLP markers from plant mtDNA
have been only rarely used for such studies. Strauss et al. (1993) found that three CCCP
species were all polyphyletic based on the phenogram produced from mtDNA RFLP
analysis, a result that was strongly incompatible with morphology and allozymes. Hong et
al. (1994) was unable to distinguish three races of Douglas-fir using mtDNA
polymorphisms and all three regions were polyphyletic. However, P. contorta and P.
banksiana did form their own species clusters on the basis of mtDNA data (Dong and
Wagner 1993), though populations often did not cluster within subspecies.

Because RFLP polymorphisms of plant mtDNA are mostly length mutations and
structural rearrangements, it is difficult to be confident of the evolutionary homology
among different haplotypes (or fragments) due to the complex and overlapping nature of
structural changes (Palmer 1992a). In addition, the recombinogenic sequences of plant
mtDNA will often lead to homoplasic and convergent evolution. Thus it is not surprising
that mtDNA restriction fragments often appear to cause misleading phylogenetic results
in plants. MtDNA site mutations might be as useful as animal mtDNA or cpDNA for

reconstruction of phylogenies; however, they are very infrequent and thus have not, to our

knowledge, been employed.
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RANDOM AMPLIFIED POLYMORPHIC DNA (RAPD)
POLYMORPHISM

Development and advantages of RAPD markers

Two related PCR-based molecular markers were developed almost simultaneously in
1990 for the detection of genetic polymorphisms, arbitrary-primer PCR (AP-PCR, Welsh
and McClelland 1990) and random amplified polymorphic DNA (RAPD, Williams et al.
1990). Both techniques utilize a single oligonucleotide primer of arbitrary sequence to
amplify DNA sequences between complementary inverted repeats within an amplifiable
distance. The RAPD procedure uses shorter primers (usually 10 bp) and lower annealing
temperatures (34-37°C), while the AP-PCR procedure uses longer primers (20 bp or
larger) and higher annealing temperatures (40-60°C).

RAPD has gained widespread applications since its development, which could be
attributed to its several apparent advantages: (1) no DNA sequence information is needed
for primer design; (2) a far smaller amount of genomic DNA is required than for RFLPs;
(3) no radioactivity is employed; (4) data can be produced quickly with much less
complex and labor-intensive procedures than RFLP; and (5) a potentially unlimited
number of RAPD markers can be generated. In addition, RAPDs may provide a more
arbitrary and representative sample of the genome compared to allozymes. Thus RAPDs

may provide a more accurate or complete measure of genetic variability in the genome.

Drawbacks, limitations and countermeasures

Despite their advantages over allozymes and/or RFLPs, RAPDs have some
drawbacks and limitations. Foremost is the problem of dominant allelic expression.
Heterozygotes are not usually distinguishable from dominant homozygotes and the
accuracy of estimates of genetic diversity is thus reduced relative to estimates obtained
from codominant systems. The problem of dominance may be somewhat overcome for
population studies by using large sample sizes and many loci (discussed below).
However, codominant markers can be identified among RAPD profiles, although they are
relatively rare. With the help of Southern hybridization, Rieseberg et al. (1993) found

about 7% of RAPD loci were codominant in their genome mapping study of Helianthus.
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Roehrdanz et al. (1993) identified codominant markers in RAPD profiles by digesting a
consistently amplified fragment with restriction enzymes having four-bp recognition sites.
Davis et al. (1995) obtained 10 codominant RAPD markers by detecting the common
occurrence of heteroduplex bands in individuals heterozygous for a codominant locus.
However, these methods are either labor-intensive or difficult to utilize when the RAPD
profiles are complex. Lack of homology between RAPD fragments with identical
molecular weight is another potential problem, especially when comparing different
species. The uses of RAPDs depend on the assumption that comigrating fragments are the
indicators of homologous loci. However, fragments comigrating in two species may not
represent homologous loci, especially on the basis of relatively low resolution agarose
gels. The use of more accurate resolution methods (e.g., polyacrylamide gels) and silver
staining could reduce the proportion of non-homologous comigrating fragments.
However, most current RAPD studies have used agarose gel electrophoresis and ethidium
bromide staining. Based on Southern hybridization, Williams et al. (1993) found nine of
10 comigrating fragments were homologous among several Glycine species. Thormann et
al. (1994) revealed that three of 15 fragments, scored as identical, were not homlogous
among six Brassica species, while all individuals showed the expected hybridization
patterns at the intraspecific level. Van de Zande and Bijlsma (1995) found that the
reliability with which fragment size could be equaled with homology was inversely
related to genetic distance. More recently, a relatively comprehensive study has been
made on the homology among RAPD fragments in three Helianthus species (Rieseberg
1996). As a result, 200 of 220 comigrating fragments were confirmed to be homologous
using Southern hybridization and/or restriction digestion of gel-isolated fragments.
However, 13% of these homologus loci were determined to represent paralogous loci
rather than orthologous loci. Paralogous loci are non-identical, but derive from common
genetic loci, and may thus bias estimates of phylogenetic relationships; only 174 (79.1%)
of the identified loci appeared to be useful for comparative genetic analyses (Doyle
1992). It appears therefore important to test homology of RAPD markers for reliable
genetic inferences, and is essential when RAPD are used for comparisons of species and

genera.
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The numbers, sizes and intensities of amplified fragments are very sensitive to
experimental factors, causing low repeatability of RAPD reactions. For