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ABSTRACT 

The two organelle genomes of conifers, as in other land plants, display marked differences in their structure and 
evolution. Mitochondria1 genomes vary widely in size, structure, and gene organization, whereas chloroplast 
genomes only infrequently undergo major structural changes. Mitochondrial DNA size and structure remain 
relatively unstudied in conifers and other gymnosperms, however, results to date indicate that the genomes are 
large, contain dispersed repetitive DNA, exhibit a low nucleotide substitution rate, and undergo rapid structural 
evolution. Chloroplast genome inversions and length mutations often occur in localized areas of the genome 
containing repeated sequences and tRNA genes. These may be subject to frequent convergence and should thus 
be used cautiously as population and phylogenetic markers. The chloroplast genomes of Pinaceous conifers are 
distinguished from most other taxa by being significantly rearranged, lacking the large inverted repeat, and 
containing substantial dispersed repetitive DNA. Knowledge of the conifer chloroplast genome has recently been 
greatly extended through the sequencing of the entire chloroplast genome of Pinus thunbergii (Japanese black 
pine). Genes not identified in land plant chloroplast DNA (cpDNA) were found in black pine, including 
light-independent chlorophyll synthesis genes, while other genes common to land plant cpDNA have apparently 
been lost, including genes involved in the chlororespiratory pathway. 

Gene sequencing, primarily of rbcL, has been useful for dating ancient phylogenetic events such as the split 
between angiosperms and gymnosperms, reconstructing phylogenies, and studying variation in evolutionary 
rates. Based on relative rate tests, conifers and other perennial plant species tend to have substantially slower 
rates of evolution than annual species. Chloroplast DNA phylogenies using DNA sequence and restriction site 
data have significantly expanded concepts of phylogeny, especially in Pinus, as well as contradicted significant 
aspects of traditional taxonomies. Care must be taken when studying closely related species, however, because 
past hybridization and associated "chloroplast capture" can bias organelle phylogenies of conifers and other plant 
taxa compared to their nuclear genome phylogenies. 

Restriction fragment analyses have shown that although total diversity is limited compared to nuclear genes, 
high levels of population differentiation can accumulate, particularly when compared to the commonly studied 
allozymes, making conifer organelle DNA diversity potentially useful as markers for genetic conservation and 
breeding. Species- specific organelle restriction fragments have been useful for seedlot classification and studies 
of introgression and hybridization. Because of contrasting modes of organelle inheritance in Pinaceae (paternal 
cpDNA, maternal mtDNA, Mendelian nuclear loci), opportunities exist for studies of population subdivision and 
cytonuclear evolution. Research needs include studies of mitochondrial genome structure in conifers, PCR-based 
methods for assessing structural genome diversity, additional studies of interspecific chloroplast genome 
phylogeny, and critical assessment of mutation hotspots as organelle population genetic markers. 
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INTRODUCTION purpose of  this paper is  to provide a brief review and 
crit ique of  that work, and suggest some  areas where  

Because  of  their ease  of  study compared to nuclear additional work is  needed. 
genomes  and lack of  basic knowledge of  their genetic W e  first discuss basic genome structure, including 
biology, a great deal of effort has been applied to the gene content, gene evolution, and structural diversity; 
study of  diversity, inheritance, and phylogeny of  w e  then examine a variety of  other topics, including 
organelle genomes in  conifers in the last 10 years. T h e  m o d e  of inheritance, diversity within and among 
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populations, and use of organelles as phylogenetic 
markers. We conclude by nominating four areas where 
there are substantial needs and opportunities for addi- 
tional research. 

REVIEW 

GENOME STRUCTURE AND EVOLUTION 

Structure 

Although both chloroplast and mitochondrial genomes 
of land plants evolved from bacteria-like progenitors 
that were incorporated into nucleated host cells over 
one billion year ago, chloroplasts appear to be the 
reduced remnant of a cyanobacterium-like endosym- 
biont, while the closest contemporary to the mitochon- 
drion is purple photosynthetic bacteria (GRAY 1989; 
PALMER 1990). Its large size, high degree of dispersed 
repetitive sequences, and variable organizations have 
made studies of the mitochondrial genome difficult. The 
chloroplast genome has therefore received far more 
study to date. 

Chloroplast genome structure has been characterized 
by physical and genetic mapping in a variety of species. 
Restriction endonuclease cleavage site maps are avail- 
able for over 350 species of land plants (DOWNIE & 
PALMER 1992), and the chloroplast genomes of tobacco 
(SHINOZAKI et al. 1986), rice (HIRATSUKA et al. 1989), 
Marchantia polymorpha (liverwort) (OHYAMA et al. 
1986), Euglena gracilis (HALLICK et al. 1993), Epi- 
fagus virginiana (WOLFE et al. 1992), and the conifer, 
black pine (Pinus thunbergii) (WAKASUGI et al. 1994), 
have been completely sequenced. Typical cpDNAs of 
land plants and green algae vary in size between 140 
and 160 kb, have a highly conserved gene order, and 
exist as two circular, double-stranded genome isomers 
(PALMER 1990). A single, large inverted repeat (IR) of 
10-76 kb in length is present in these cpDNAs and 
undergoes recombination to create equimolar propor- 
tions of the two inversion isomers (PALMER 1991). 
Conifer cpDNA lacks one copy of the repeat, resulting 
in one master chromosome of correspondingly smaller 
size (about 120 kb) (STRAUSS et al. 1988; RAUBESON & 
JANSEN 1992). The IR loss has also occurred in other 
lineages of vascular plants, most notably some legumes 
(DOWNIE & PALMER 1992). An incomplete loss of the 
IR has been proposed in black pine as its genome 
retains a 495 bp IR (TSUDZUKI et al. 1992). 

Mitochondria1 DNA (mtDNA) structure has only 
been examined in several dozen angiosperms, a few 
green algae, and two nonflowering land plants (a fern 

and a horsetail) (PALMER et al. 1992). A complete 
mtDNA sequence has been determined for liverwort 
(ODA et al. 1992). We are aware of no published data 
on mtDNA genome organization for gymnosperms. 
Land plant mtDNA varies widely in size (200 to 2500 
kb), is usually several times larger than cpDNA, and 
can contain relatively large repeated sequences that 
recombine to generate multiple interconverting forms of 
master chromosomes and subgenomes. Species-specific 
assortments of master and subgenomes result from 
recombination between varied sizes and orientations of 
repeats (reviewed in PALMER 1990; LONSDALE 1989). 

Structural Evolution 

MtDNA contains large and small dispersed repeats that 
serve as sites of homologous recombination (LONSDALE 
1989). Unlike cpDNA, the plant mtDNA genome is 
likely tolerant of the high frequency of structural rear- 
rangements observed because large intergenic spacers 
exist that can accept mutations, and mtDNA does not 
contain a structural element like the cpDNA IR that 
generally prohibits inversions in the chloroplast genome 
(PALMER 1990; STRAUSS et al. 1988). 

In contrast to most angiosperms, conifer cpDNA not 
only lacks the IR, but also contains dispersed repetitive 
DNA that is associated with structural rearrangements. 
Six large dispersed repeat families several hundred 
basepairs in length found in Douglas-fir (Pseudotsuga 
menziesii) and Monterey pine (Pinus radiata) cpDNA 
cluster in four regions of the genome (TSAI & STRAUSS 
1989). Members of one family are located at the end- 
points of a large 40-50 kb inversion that distinguishes 
Douglas-fir from Monterey pine, two closely related 
genera of Pinaceae. These inversion border endpoints 
map near atpA and tmG (UCC) (STRAWS et al. 1988), 
sites of inversion endpoints in some angiosperm 
cpDNAs (e.g., grasses (Poaceae) (DOYLE et al. 1992)). 

In addition to large dispersed repeated sequences, 
conifer chloroplast DNA also possess a number of small 
repeats. Pinus contorta and l? banksiana cpDNA 
contain variable numbers of tandem repeats of 124 and 
150 bp in size which map to a polymorphic rearranged 
region near trnK-psbA where the psbA gene has been 
duplicated (LIDHOLM & GUSTAFSSON 199 1 b). cpDNA 
restriction maps of l? radiata and l? contorta are 
essentially collinear with the exception of the psbA 
duplication in P contorta (LIDHOLM & GUSTAFSSON 
1 9 9 1 ~ ) .  l? thunbergii cpDNA does not contain a 
duplicated psbA gene but does contain duplicated 
psaM, trnH (GUG), trnT (GGU), and trnS (GCU) 
genes (WAKASUGI et al. 1994). psaM is a green algal 

Abbreviations: cpDNA, chloroplast DNA; mtDNA, mitochondria1 DNA; PCR, polymerase chain reaction; RFLP, restriction 
fragment length polymorphism; RAPD, random amplified polymorphic DNA; kb, kilobases; IR, inverted repeat 



photosynthetic apparatus gene not identified in angio- 
sperms. In Douglas-fir and related species, a polymor- 
phic locus (ALI et al. 1991) is characterized by hun- 
dreds of base pairs of imperfect tandem direct repeats 
derived from a flanking trnY (GUA) gene (HIPUNS et 
nl. 1995). This length mutation hotspot varied by as 
much as 280 bp among trees within P menziesii, and up 
to 1,000 bp among congeneric species. The tandem 
repeats are less than 30 bp in length and their sequences 
resemble a region of the flanking trnY gene (Figure 1). 
This polymorphism has been used to identify paternity 
in Douglas-fir seed orchards (NEWTON et al. 1994). The 
majority of cpDNA variation, in any one species, 
resides in such localized mutation hotspots that are 
restricted to one or a few genomic locations (STRAUSS 
et al. 1988; TSAI & STRAUSS 1989; ALI et al. 1991; 
HIPKINS et a/. 1995; LIDHOLM et al. 1988; GOVIN- 
DARAJU et 01. 1989a,b; WHITE 1990a,b). 

trnS p s b l  rrnE rrnY 

Figure 1 Conifer chloroplast genomes are characterized by a 
high degree of repeated sequences. Large 482 bp dispersed 
repeats, duplicating the trnS and pshI genes, are found in 
three locations throughout the chloroplast genome of 
Douglas-fir (indicated by numbered, long arrows with filled 
heads), A length mutation hotspot is composed of dozens of 
small direct tandem repeats (herringbone arrows) located 
between a partial trnY gene duplication (unfilled closed 
arrows) (described in HIPKINS et al. 1995). These short, 
tandem repeats are themselves grouped into a variety of 
hierarchical, nested configurations (short arrows, solid heads). 

Gene Content 

The completely sequenced cpDNA of black pine was 
shown to contain 32 tRNA genes (one of which has not 
been found in any other cpDNA), 4 rRNA genes, 61 

protein coding genes, and 11 open reading frames 
(WAKASUGW al. 1994). Although a chlororespiratory 
pathway appears to exist in land plants based on the 
homology of chloroplast ndh genes to the mitochondria1 
respiratory-chain NADH dehydrogenase complex, 4 
functional ndh cpDNA genes in black pine have been 
lost while 7 others remain as pseudogenes. It is possible 
that either chlororespiration is not an essential function 
in conifers, or that the ndh genes have been transferred 
to the nucleus. A function that appears to be present in 
conifers and absent in other land plants is light-inde- 
pendent chlorophyll synthesis (ALOSI & NEALE 1992; 
YAMAMOTO et al. 1991). Homologues of genes re- 
quired for dark synthesis of chlorophyll in algae were 
identified in cpDNA of black pine (Chlamydomonas 
homologues chL ,  chlN, and chlB) (WAKASUGI et al. 
1994), Pinus contorfa, and Picea abies (green algal 
gidA and liverwort frxC homologues) (LIDHOLM & 
GUSTAFSSON 1991a). The presence of these genes in 
conifer cpDNA indicate that light- independent chloro- 
phyll synthesis may be occurring by the same or related 
mechanism in which it occurs in green algae. 

Though usually several times larger than cpDNA, 
land plant mtDNA encodes several times fewer pro- 
teins. The complete sequence of liverwort mtDNA 
contained 94 possible genes including those for rRNA, 
tRNA, and proteins (ODA et al. 1992). In a study of 
mtDNA inheritance in the conifer Larix, DEVERNO et 
al. (1993) confirmed the presence of sequences homolo- 
gous to the wheat mtDNA genes atpA, atp9, nad3lrps 
12. nad5, coxI, cob, and orj25. Additionally, mtDNA 
contains an abundance of nuclear and cpDNA derived 
genes and pseudogenes. 

Gene Evolution 

Although plant mtDNA evolves faster than cpDNA in 
size and structure, the reverse is true with respect to 
synonymous nucleotide substitution rates. Chloroplast 
genes generally evolve more quickly than plant mtDNA, 
yet more slowly than mammalian mitochondria1 and 
nuclear genes (WOLFE et al. 1987; BIRKY 1988; PAL- 
MER 1987). Silent substitution rates in protein genes are 
lowest in plant mtDNA, 4-fold higher in cpDNA, and 
4-fold higher still in the plant and mammalian nucleus 
(BIRKY 1989). Substitution rates differ among chloro- 
plast genes (PALMER et al. 1988), and most substitu- 
tions are silent changes at the third codon position 
(PALMER 1987). 

Comparisons of plant families suggest that perennial 
species have a lower cpDNA substitution rate than 
annual species (SMITH & DOYLE 1986; WILSON et al. 
1990), and the relative rate of sequence change may 
vary drastically in different, even closely related, plant 
lineages (GAUT et al. 1993; BOUSQUET et al. 1992). 
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rbcL sequences show a general slowdown of evolution- 
ary rates in conifers and perennial angiosperms (BOUS- 
QUET et al. 1992). 

The phenomenon of RNA editing has been observed 
in plant mitochondria and chloroplasts. In both organ- 
elles, the editing mainly results in the substitution or 
altering of specific cytidines of the primary transcripts 
to uridines in the mature mRNAs to preserve the 
conservative amino acid sequences encoded. Numerous 
editing events have been observed in mitochondria of 
land plants, including the gymnosperms Thuja plicata 
(GLAUBITZ & CARLSON 1992), Ginkgo biloba, Picea 
abies, and Cycas revoluta (HIESEL et al. 1994). Mito- 
chondrial rnRNA editing supposedly occurs in all major 
groups of land plants except the Bryophyta. Based on 
the comparative analyses of the cox111 region, RNA 
editing in the mitochondrial genome may generally be 
more frequent in gymnosperms than in angiosperms 
(see HIESEL et al. 1994). There have been relatively few 
observations of editing reported in angiosperm chloro- 
plasts (HOCH e ta / .  1991; MAIER et al. 1992; KUDLA et 
al. 1992). We are aware of no report of editing in the 
chloroplast of a gymnosperm. 

INHERITANCE 

In contrast to nuclear genomes, plant organelle genomes 
are haploid, uniparentally inherited, and do not undergo 
sexual recombination. In angiosperms, cpDNA is 
inherited maternally in over 70% of the plant genera 
and biparentally in about 25% of genera (HARRIS & 
INGRAM 1991). In dicotyledonous tree species, only a 
maternal mode of plastid transmission has been found 
(MEJNARTOWICZ 1991 ; RAJORA & DANCIK 1992). 

However, cpDNA shows predominant paternal 
inheritance in those conifers studied, which include 
species in the Cupressaceae and Pinaceae: Pseudotsuga 
(NEALE et al. 1986), Picea (NEALE & SEDEROFF 1988; 
STINE et al. 1989; SUTTON et al. 1991b; SZMIDT et al. 
1988; STINE & KEATHLEY 1990), Pinus (WAGNER et al. 
1987; WAGNER et nl. 1989; WAGNER et a / .  1992; 
NEALE & SEDEROFF 1989; DONG et al. 1992; BOS- 
CHERINI et a / .  1994), Larix (SZMIDT et al. 1987), 
Sequoia (NEALE et al. 1989), and Calocedrus (NEALE 
et al. 1991). Genetic data indicating paternal cpDNA 
inheritance in conifers is consistant with ultrastructural 
findings (OWENS & MORRIS 1990, 199 1 ; see WAGNER 
1992). Although it is generally assumed that an individ- 
ual plant is homoplastic for a unique chloroplast DNA 
molecule, unusual genotypes have been observed in 
some conifers (WAGNER et al. 1987; SZMIDT et al. 
1987; GOVINDARAJU et al. 1988; GOVINDARAJU et al. 
1989a; WAGNER et al. 1988; DONG et al. 1992; WHITE 
1990b). In some cases, heteroplasmy was suggested as 
a potential cause of the observation. Progeny with 

non-paternal cpDNA genotypes were observed in 
Pseudotsuga menziesii (NEALE et a/ .  1986), some 
hybrids in Larix Mill. (SZMIDT et a/ .  1987), Pinus 
contorta, I? banksiana (WAGNER et al. 1989; DONG et 
al. 1992), and Calocedrus decurrens (NEALE et al. 
1991). 

Dicotyledonous forest tree species have maternal 
inheritance of mitochondrial genomes as do most 
animals and plants (RAJORA et al. 1992). In Pinaceous 
conifers, predominant maternal inheritance has been 
found in Pseudotsuga menziesii (MARSHALL & NEALE 
1992), Larix (DEVERNO et a/ .  1993), Pinus (NEALE & 
SEDEROFF 1988; WAGNER et al. 1991; NEALE & SEDE- 
ROFF 1989), and Picea (SUTTON et al. 1991b). How- 
ever, in the Cupressaceae, mtDNA displays paternal 
inheritance in those species examined (Sequoia senzper- 
virens (NEALE et al. 1989) and Calocedrus decurrens 
( N E A L E ~ ~  a/ .  1991)). These studies are consistent with 
ultrastructural evidence (see WAGNER 1992; OWENS & 
MORRIS 1990, 1991). 

Because of the contrasting inheritance of organelle 
genonles in Pinaceous conifers, a unique opportunity 
exists to make evolutionary inferences from studies of 
cytonuclear disequilibria among all three genomes 
(ASMUSSEN et al. 1987; SCHNABEL & ASMUSSEN 1989). 
Paternal inheritance of chloroplasts and maternal 
inheritance of mitochondria in Pinus species can lead to 
unusual cytonuclear associations as well as to patterns 
of population subdivision that differ between mitochon- 
drial and chloroplast polymorphisms (DONG &WAGNER 
1994; PETIT et al. 1993). 

DIVERSITY 

Intraspecific Variation 

Most cpDNA variants are uncharacterized length or 
fragment changes, rather than site mutations. As dis- 
cussed above, such polymorphisms are often associated 
with localized hotspots that contain repetitive DNA 
(HIPKINS 1993; HIPKINS et a / .  1995). Relative to the 
genome as a whole, their rates of mutation are therefore 
likely to be variable and mutant alleles subject to 
reversion and homoplasy (cf. KIM et al. 1992). Because 
of their mutational complexity and lack of representa- 
tiveness of the genome, they can provide biased esti- 
mates of nucleotide diversity and thus may also give 
rise to incorrect estimates of genetic subdivision. HONG 
et al. (1993a) identified regions of the genome sub- 
jected to frequent length mutations and found that 
estimates of differentiation based on length variant 
frequencies differed strikingly from those based on site 
mutations or allozymes. These data are in a good 
accordance with results from GOLENBERG et al. (1993), 
who reported that a phylogenetic tree based on nucleo- 



tide substitutions was consistent with expectations from 
study of other characters, but a tree based on length 
mutations was not. 

Thus, population genetic estimates from such 
variants need to be treated cautiously. Although repeti- 
tive nuclear loci such as microsatellites suffer from the 
same problem, the study of multiple independent loci 
afforded by nuclear genes allows averaging over the 
homoplasies occurring at individual loci. In contrast, 
with cpDNA there is in effect only a single genetic 
locus, and usually only one or a very few repetitive, 
polymorphic regions in the genome. 

Chloroplast DNA variants have been detected in 
Picea glauca (SZMIDT et al. 1988; STINE et al. 1989), 
P. engelnzannii (STINE & KEATHLEY 1990), P. sit- 
chensis (SZMIDT et al. 1988), Euga canadensis (WANG 
1990), Pseudots~~ga nzenziesii (ALI et al. 1991; PONOY 
et al. 1994), Calocedrus decurrens, Sequoia semper- 
virens (ALI et al. 1991), Juniperus scopulorum, J. 
virginiana, Pinus hartwegii, P. edulis (see WAGNER 
1992), I? taeda (WAGNER et al. 1992), l? elliottii 
(WAGNER et al. 1992; NELSON et al. 1994), l? carihaea 
(NELSON et al. 1994), and R rnonticola (WHITE 1990b). 
In the last study, frequencies of two cpDNA variants 
were significantly different in interior versus coastal 
populations of I? rnonticola. TSUMURA et al. (1994) 
found a north-south cline of cpDNA variants in Abies 
mariesii. 

Chloroplast DNA diversity has been intensively 
studied in Pinus banksiana and l? contorta by WAGNER 
and coworkers. Thirteen cpDNA variants were detected 
among 363 trees sampled from sympatric and allopatric 
zones .(WAGNER et al. 1987). Many of these variants 
plus some novel types were detected among 902 trees 
from the sympatric zone (WAGNER et al. 1988; GOVIN- 
DARAJU et a[. 1989a). Additional variants were detected 
using a Pinus contorta cpDNA probe containing psbA 
(DONG & WAGNER 1994). These variants likely re- 
sulted from insertions/deletions in what has been 
characterized as a hotspot (LIDHOLM & GUSTAFSSON 
199 lb). As a part of a large survey of nearly 2,300 trees 
from 152 populations of Pinus banksiana and l? con- 
torta (WAGNER 1992; DONG & WAGNER 1994), 14 
cpDNA RFLP variants located near the duplicated psbA 
gene were found among 745 individuals from 16 
allopatric natural populations (DONG & WAGNER 
1994). Within population variabilities were substantial 
and similar in both P. contorta and l? banksiana; 
unbiased gene diversity was 0.44 and 0.43, respectively. 

In some cases, no intraspecific cpDNA variation in 
coniferous species was found: Larix decidua, L. lepto- 
lepis (SZMLDT et al. 1987); Picea piingens (STINE et al. 
1989); Pinus eclzinata (46 trees from 7 populations, 
WAGNER et al. 1992); P. michoacana (see WAGNER 
1992); P. palustris (44 trees from 6 populations, 

WAGNER et al. 1992); l? taeda (NEAL, & SEDEROFF 
1989; 30 trees, ALI et al. 1991); R tabulaeformis, P. 
yunnanensis, I? rnassoniana (WANG 1992; WANG & 
SZMIDT 1990, 1993), and l? torreyana (WATERS & 
SCHALL 1991). An apparent contradiction is the lack of 
intraspecific cpDNA variation in l? taeda found by ALI 
et al. (1991), and the detection of cpDNA variants in 
this species by WAGNER et al. (1992). Whereas WAG- 
 and others found one tree with a different cpDNA 
variant among the 78 trees collected from different 
regions, ALI and others sampled 30 P. taeda trees col- 
lected from only one part of its area. Additional study 
of many of the above species would be useful to correct 
for small sample sizes (either in numbers of cpDNA 
base pairs or in numbers of trees). No variation was 
found at two cpDNA spacer regions between tRNAs in 
Pinus leucodermis (BOSCHERINI et al. 1994). In this 
study, DNA was amplified from 80 germinated embryos 
from each of seven populations by PCR and analyzed 
by 11 four-base restriction endonucleases. 

When length mutations and uncharacterized RFLP 
variation is ignored, intrapopulation cpDNA diversity 
appears very low. HONG et al. (1993a) studied 384 trees 
from 19 populations of the California Closed-Cone 
Pines (R attenuata, l? rnuricata, and I? radiata). Mean 
nucleotide diversity within populations was only 0.003 
(*0.002)% (approximately four variable nucleotides per 
120 kb genome). 

Intraspecific mtDNA variation in conifers appears 
to be generated by recombination among repeated 
sequences resulting in complex insertions/deletions or 
rearrangements. RFLP surveys of several Pinus species 
using mtDNA gene probes revealed variable levels of 
mtDNA diversity. STRAUSS et al. (1993) surveyed 268 
trees from 19 populations of the California Closed- 
Cone Pines for variation associated with the coxI gene 
and found limited intrapopulation variation (H,, = 
0.07); this was less than for allozymes (15%) and 
cpDNA length mutations (17%), but comparable with 
cpDNA site mutations (6%). RFLP associated variation 
of coxI and cox11 in 741 individuals from 16 popula- 
tions of R banksiana and I? contorta (DONG &WAG- 
NER 1993) showed greater levels of ~0x11-associated 
variation in I? contorta (H,, = 0.68) than in P. bank- 
siana (H,, equaled less than 0.17). These estimates of 
diversity (H,,) may exceed those reported in the Clo- 
sed-Cone Pines because they pool intrapopulation and 
interpopulation variation, whereas those reported by 
STRAW et al. are intrapopulation diversity (H,,) 
derived from study of isolated populations. 

Population and Species Differentiation 

Because of the uniparental inheritance and smaller 
effective population size of organelle genomes, they are 
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expected to show different evolutionary dynamics. and 
may be more sensitive to population subdivisior., than 
nuclear genes (BIRKY et al. 1989). HONG et al. (1993a) 
found that cpDNA differentiation among three groups 
of populations of l? nzuricata was strong (G,, = 0.87 k 

0.8), and several-fold higher than allozyme differentia- 
tion in the species (G,, = 0.22) (Figure 2). In contrast, 
population subdivision was weak (F,, < 0.05) within and 
among I! contorta subspecies and in I! banksiana, 
consistent with theoretical predictions for paternally- 
-inherited markers in wind-pollinated outcrossers. 
Possible causes for this discrepancy are thoroughly 
discussed by DONG &WAGNER (1 994) and include high 
levels of gene flow in I! banksiana and P contorta as 
compared to the California Closed-Cone Pines (HONG 
et al. 1993a), and the use of a highly variable length 
mutation by DONG and WAGNER compared to the 
restriction site mutations studied by HONG and others. 
Species- or race-specific cpDNA restriction fragment 
patterns can be used to detect interspecific hybridization 
and identify hybrid seedlots (WAGNER et al. 1987; 
SZMIDT et al, 1988; WANG & SZMIDT 1990; SUTTON et 
al. 1991a, 1991b, 1994). 

Strong population differentiation has been observed 
for mtDNA in conifers. In STRAUSS et a1.k (1993) study 
of coxI sequences in the California Closed-Cone Pines, 
strong differentiation among populations was observed 
in all three species (G,, = 0.75 - 0.96) that far exceeded 
estimates for allozymes (G,, = 0.12 - 0.22), but was 
similar to that for cpDNA in the one species where 
there was sufficient restriction site diversity for an 
estimate (I! ~izuricata: G,, > 0.87) (Figure 2). Strong 
differentiation was also observed for mtDNA in range- 
wide studies of l? contorta and l? Oanksiann (DONG & 
WAGNER 1993). Two mtDNA coxI- and coxII-asso- 
ciated RFLPS (10 variants in total) were found among 
741 individuals from 16 allopatric natural populations. 
The mtDNA variants distinguished the two species well, 
and population differentiation was substantial in I! 
contorta (F,, = 0.31 among subspecies; F,, = 0.56 - 0.82 
within subspecies) and l? banksiana (F,, = 0.50 between 
populations, but only 0.04 if an atypical Saskatchewan 
population is excluded). Based on maternal inheritance, 
AAGARD et al. (1995) identified a large number of 
mtDNA-derived bands in RAPD profiles of Douglas-fir. 
Genetic differentiation among the coastal (var, men- 
ziesii) and interior (var. glauca) varieties for haplotype 
frequencies based on these bands was very high (G,, = 
0.62) compared to estimates from allozyme frequencies 
(G,, = 0.26). The high differentiation of mtDNA has 
allowed it to be used for studies of introgression and 
hybridization (DONG & WAGNER 1993; SUTTON et a[. 
1991a, 1991 b, 1994). 

Patterns of population subdivision in Pinaceous 
conifers may be influenced by the contrasting mode of 

cpDNA and mtDNA inheritance. Gene flow of organ- 
elle genes distributed only through seed (e.g. maternal 
inheritance of mtDNA in pines), can be significantly 
less among wind pollinated tree species compared to 
organelle genes distributed through pollen (e.g. paternal 
inheritance of cpDNA) (DONG &WAGNER 1994). 
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PHYLOGENY 

The conservative rate of structural change and nucleo- 
tide substitution in conifer cpDNA makes it suitable for 
determining interspecific and intergeneric relationships. 
Restriction fragment analysis of cpDNA has been used 
extensively when determining phylogenies of conifers 
at the interspecific level and above (reviewed in 
STRAWS et al. 1992; e.g., KORMUTAK et al. 1993; 
WANG et al. 1991; WAGNER et al. 1992; NELSON et nl. 
1994; WANG & SZMLDT 1993; KRUTOVSKII et al. 1994). 
KRUPKIN et al. (in press) recently generated a robust 
cpDNA phylogeny for the hard pines (subgenus Pinus) 
from restriction site mutations that challenge major 
aspects of traditional phylogenetic and taxonomic 
hypotheses for the group. Point mutations are strongly 
preferred for phylogenetic analysis; as discussed above. 
length mutations tend to cluster in hotspots character- 
ized by repetitive DNA, and may therefore contain high 
degrees of intrapopulation diversity and homoplasy 
(HONG et al. 1993a). However, hotspots may have 
utility at the intra- or interpopulation level, particularly 
when there are a large number of alleles, or multiple 
hotspot loci, on which to base inferences. 

Intrapopulation restriction site variation is usually 
extremely low and can be ignored in most interspecific 
phylogenetic studies (see HONG et al. 1993a). However, 
population and racial diversity within species can be 



substantial, and therefore can bias phylogenetic results 
when studying relationships among closely related 
species. HONG et  al. (1993b) found that the southern 
race of Pinus muricata was considerably more differen- 
tiated from the northern races than it was from a related 
species, P: radiata. If only the southern race of Pinus 
muricata had been sampled a very different picture of 
chloroplast phylogeny would have resulted. This study 
also showed that "chloroplast capture" (RIESEBERG & 
BRUNSFELD 1992) and related phenomena occur in 
conifers, cautioning against phylogenetic inferences 
among closely related species based solely on organelle 
genomes. RFLP analyses of conifer mtDNA has not 
been found suitable for phylogenetic reconstructions. 
As a consequence of the high levels of intragenomic 
recombination, RFLP patterns are rarely affected by 
single point mutations and show frequent convergence 
(STRAUSS et al.  1993). 

At higher taxonomic levels, where restriction frag- 
ment differentiation is often too large for interpreting 
site mutations, DNA sequencing of the conserved gene 
rDcL has been used successfully to assess phylogenetic 
relationships (BOUSQUET et al. 1992; G~ELLY & TABER- 
LET 1994). Using sequence data from rbcL and the 
nuclear ribosomal gene Rrn18, SAVARD et al. (1994) 
calibrated five molecular clocks and estimated the 
divergence time of extant gymnosperms and angio- 
sperms to be 285 million years. Although rbcL se- 
quence data is usually too conserved to generate well 
supported phylogenies among closely related genera of 
conifers, it has been used with some success to infer 
relationships in the C~ipressnceae (including Taxo- 
diaceae) (GADEK & QUINN 1993), as well as placing 
families of conifers and other gymnosperms in relation 
to the families and orders of angiosperms (CHASE et al. 
1993). 

DIRECTIONS FOR FUTURE WORK 

There has been tremendous progress over the last ten 
years in understanding the structure, inheritance, 
diversity, and phylogeny of organelle genomes in 
conifers and other plant species. Significant challenges 
for the future include: 
1. mtDNA structure: Mitochondrial genomes vary 
widely in size and structure among plant species. 
Conifers, with their large, complex nuclear genomes 
and unusual chloroplast genomes, may also have 
distinctive mitochondrial genomes. A high frequency of 
mtDNA bands were observed in RAPD profiles of 
Douglas-fir (AAGARD et al., 1995) suggesting that the 
genome may be very large and complex. 
2. Rapid means to study mtDNA diversity: 
The high cost of RFLPs has precluded all but a few lar- 
ge scale studies of organelle diversity. It has also pre- 

vented many possible uses for genetic conservation sur- 
veys. PCR based methods, to be useful for mtDNA, will 
need to survey large portions of the genome for struc- 
tural polymorphism (hotspots, rearrangements), as gene 
sequences evolve extremely slowly. The advent of "long 
distance PCR" (amplifying 10-20 kb fragments), coup- 
led with an abundance of conserved priming sites iden- 
tifiable from the large number of sequenced genes now 
in databases, should make PCR approaches feasible. 
3. Phylogenetic studies:There remains an abundance 
of phylogenetic problems amenable to chloroplast DNA 
analysis. Our recent study of cpDNA restriction site 
phylogeny among the hard pines (subgenus Pinus) has 
revealed many new insights into pine origins and 
biogeography, several of which substantially conflict 
with, or greatly elaborate upon, published taxonomies 
(KRUPKIN et al., in press). With large datasets, compa- 
rable insights are available in many other conifer taxa. 
4. Reliability of organelle hotspot markers: Because 
of the rarity of polymorphisms in organelle DNA, many 
workers have relied on variants generated by mutation 
hotspots. More comparisons to other markers are 
needed to test whether they are reliable, or give biased 
estimates of genomic diversity, differentiation, and 
phylogeny. 

ACKNOWLEDGMENTS 

We thank David Wagner and an anonymous reviewer for their 
very helpful comments on the manuscript. 

REFERENCES 

AAGARDJ. E., VOLLMER, S. S.,   OR ENS EN, F. C. & STRAUSS, 
S. H. 1995: Mitochondrial DNA products are frequent 
among RAPD profiles and strongly differentiated among 
races of Douglas-fir. Molecular Ecology 4:441-447. 

ALI, I. F., NEALE, D. B. & MARSHALL, K. A. 1991: Chloro- 
plast DNA restriction fragment length polymorphism in 
Sequoia sempewirens D. Don Endl., Pseudotsuga 
menziesii (Mirb.) Franco, Calocedrus decurrens (Torr.), 
and Pinus taeda L. Theoretical and Applied Genetics 
81:83-89. 

ALOSI, M. C. & NEALE, D. B. 1992: Light-mediated and 
phytochrome-mediated gene expression in Douglas-fir 
seedlings. Physiologia Plantarum 86:7 1-76. 

ASMUSSEN, M. A,, ARNOLD, J. & AVISE, J .C. 1987: Defini- 
tion and properties of disequilibrium statistics for associa- 
tions between nuclear and cytoplasmic genotypes. 
Genetics 1153755-768. 

BIRKY, C. W. JR.  1988: Evolution and variation in plant 
chloroplast and mitochondrial genomes, In: Plant Evolu- 
tionary Biology. (ed. L.D. Gottlieb & S.K. Jain). pp. 
23-53. Chapman and Hall, London. 

BIRKY, C. W. JR. 1989: Organelle evolution. Genome 31:- 
1095-1097. 

O A R B O R A  P U B L I S H E R S  



V. D. HIPKINS ETAL.: ORGANELLE GENOMES IN CONIFERS: STRUCTURE, EVOLUTION, AND DIVERSITY 

BIRKY, C. W. JR., FUERST, P. & MARUYAMA, T. 1989: Organ- 
elle gene diversity under migration, mutation, and drift: 
equilibrium expectations, approach to equilibrium, effects 
of heteroplasrnic cells, and comparison to nuclear genes. 
Genetics 121:613-627. 

BOSCHERINI, G., MORGANTE, M., ROSSI, P. & VENDRAMIN, G. 
G. 1994: Allozyme and chloroplast DNA variation in 
Italian and Greek population of Pinus leucodennis. 
Heredity 72:284-290. 

BOUSQUET, J . ,  STRAUSS, S. H., DOERKSEN, A. H. & PRICE, 
R.A. 1992: Extensive variation in evolutionary rate of 
rbcL gene sequences among seed plants. Proceedings of 
the National Academy of Sciences of the United States of 
America 89:7844-7848. 

CHASE, M. W., SOLTIS, D. E., OLMSTEAD, R. G., MORGAN, D., 
LES, D. H., DUVALL, M. R., PRICE, R. A,, HILLS, H .G., 
Qur, Y., KRON, K. A., RETTIG, J. H., CONTI, E., PALMER, 
J. D., CLEGG, M. T., MANHART, J. R., SYTSMA, K .J., 
MICHAELS, H. J., KRESS, W. J., DONOGHUE, M. J., CLARK, 
W. D., HEDREN, M., GAUT, B. S., JANSEN, R. K., KIM, K., 
WIMPEE, C. F., SMITH, J. F., FURNIER, G. R., STRAUSS, S. 
H., XIANG, Q., PLUNKETT, G. M., SOLTIS. P .S., EGUIARTE, 
L. E., LEARN, G. H. JR., BARRETT, S .C. H, GRAHAM, S. & 
ALBERT, V. A. 1993: Phylogenetics of seed plants: an 
analysis of nucleotide sequences from the plastid gene 
rbcL. Annals of the Missouri Botanical Garden 80:- 
528-580. 

DEVERNO, L.,  CHAREST, P. J. & BONEN, L. 1993: Inheritance 
of mitochondrial DNA in the conifer L a r k  Theoretical 
and Applied Genetics 86:383-388. 

DONG, J . ,  WAGNER, D. B., YANCHUK, A. D., CARLSON, M. R., 
MAGNUSSEN, S., WANG, X.-R. & SZMIDT, A. E. 1992: 
Paternal chloroplast DNA inheritance in Pinus corttorta 
and Pinus banksiana: Independence of parental species 
or cross direction. Journal of Heredity 83:419-422. 

DONG, J .  &WAGNER, D. B. 1993: Taxonomic and population 
differentiation of mitochondrial diversity in Pinus bank- 
siana and Pinus contorta. Theoretical and Applied 
Genetics 86:573-578. 

DONG, J. &WAGNER, D. B. 1994: Paternally-inherited chlo- 
roplast polymorphism in Pinus: Estimation of diversity 
and population subdivision, and tests of disequilibrium 
with a maternally-inherited mitochondrial polymorphism. 
Genetics 136: 1187-1194. 

DOWNIE, S. R. & PALMER, J. D. 1992: Use of chloroplast 
DNA rearrangements in reconstructing plant phylogeny. 
In: Molecular Systematics of Plants. (eds. P.S. Soltis, D. 
E. Soltis & J. J. Doyle). pp. 14-35. Chapman and Hall, 
New York. 

DOYLE, J. J., DAVIS, J.  I. ,  SORENG, R.J ., GARVIN, D. & AN- 
DERSON, M. J. 1992: Chloroplast DNA inversions and the 
origin of the grass family (Poaceae). Proceedings of the 
National Academy of Sciences of the United States of 
America 89:7722-7726. 

GADEK, P. A. & QUINN, C. J , 1993: An analysis of relation- 
ships within the Cupressaceae sensu strict0 based on 
rbcL sequences. Annals of the Missouri Botanical 
Garden 80:581-586. 

GAUT, B. S.. MUSE, S.V. & CLEGG, M. T. 1993: Relative rates 
of nucleotide substitution in the chloroplast genome. 
Molec~tlar Phylogenetics and Evolution 2:89-96. 

GIELLY, L. & TABERLET, P. 1994: The use of chloroplast 
DNA to resolve plant phylogenies: noncoding versus 
rbcL sequences. Molecular and Biological Evolution 
11:769-777. 

GLAUBITZ, J. C. & CARLSON, J. E. 1992: RNA editing in the 
mitochondria of a conifer. Current Genetics 22: 163-165. 

GOLENBERG,E. M., CLEGG, M. T., DURBIN, M .L., DOEBLEY, 
J. &MA, D. P. 1993: Evolution of a noncoding region of 
the chloroplast genome. Molecular Phylogenetics and 
Evolution 2:52-64. 

GOVINDARAJU, D. R., WAGNER, D. B., SMITH, G. P. &DAN- 
CIK, B. P. 1988: Chloroplast DNA variation within 
individual trees of a Pinus bartksiana - Pinus corztorta 
sympatric region. Canadian Journal of Forest Research 
18: 1347-1350. 

GOVINDARAJU,D. R., DANCIK, B. P. &WAGNER, D. B. 1989a: 
Novel chloroplast DNA polymorphism in a sympatric 
region of two pines. Journal of Evol~ctionary Biology 
2:49-59. 

GOVINDARAJU,D. R., WAGNER, D. B., LIDHOLM, J., GUSTAFS- 
SON, P. & SZMIDT, A. E. 1989b: A chloroplast DNA probe 
identifies unexpectedly high levels of polymorphism in 
Pinus banksiana and Pinus contorta. Proceedings ofthe 
Tbventieth Southern Forest Tree Improvement Conjerence 
6:147-152. 

GRAY, M. W. 1989: The evolutionary origins of organelles. 
Trends in Genetics 5:294-299. 

HALLICK, R. B.. HONG, L., DRAGER, R. G., FAVREAU, M. R., 
MONFORT, A,, ORSAT, B., SPIELMANN, A. & STUTZ, E. 
1993: Complete sequence of Euglena gracilis chloroplast 
DNA. Nucleic Acids Research 21:3537-3544. 

HARRIS, S. A. & INGRAM, R. 1991: Chloroplast DNA and 
biosystematics: The effect of intraspecific diversity and 
plastid transmission. Taxon 40:393-412. 

HESELR., COMBETTES, B. & BRENNICKE, A. 1994: Evidence 
for RNA editing in mitochondria of all major groups of 
land plants except the Bryophyta. Proceedings of the 
National Academy of Sciences of the United States of 
America 91:629-633. 

HIPKINS, V. D. 1993: Repeated sequences associated with 
inversions and length mutations in the chloroplast ge- 
nomes of Pinus and Pseudotsuga. Ph.D. Dissertation, 
Oregon State University, Corvallis. 

HIPKINSY. D., MARSHALL, K .A., NEALE, D .B., ROTTMANN, 
W. H. & STRAUSS, S. H. 1995: A mutation hotspot in the 
chloroplast genome of a conifer (Douglas-fir: Pseudo- 
tsuga) is caused by variability in the number of direct 
repeats derived from a partially duplicated tRNA gene. 
Current Genetics 27:572-579. 

HIRATSUKA, J., SHLMADA, H., WHITTIER, R., ISHIBASHI, T., 
SAKAMOTO, M., MORI, M., KONDO, C., HONJI, Y., SUN, 
C.-R., MENG, B.Y., LI, Y.-Q., KANNO, A,, NISHIZAWA, Y., 
HIRAI, A,, SHINOZAKI, K. & SUGIURA, M. 1989: The 
complete sequence of the rice (Oryza sativa) chloroplast 
genome: intermolecular recombination between distinct 
tRNA genes accounts for a major plastid inversion during 
the evolution of the cereals. Molecular and General 
Genetics 217: 185-1 94. 

HocHB.. MAIER, R. M., APPEL, K., IGLOI, G. L. & KOESSEL, 
H. 1991: Editing of a chloroplast messenger RNA by 
creation of an initiation codon. Nature 353: 178-1 80. 



HONG, Y.-P., HIPKINS, V. D. & STRAUSS, S. H. 1993a: Chloro- 
plast DNA diversity among trees, populations and species 
in the California closed-cone pines (Pinus radiata, I? 
muricata and I? attenuata). Genetics 135: 1187-1 196. 

HONG, Y.-P., KRUPKIN, A. B. & STRAUSS, S. H. 1993b: 
Chloroplast DNA transgresses species boundaries and 
evolves at variable rates in the California closed-cone 
pines (Pinus radiata, I? muricata, and I? attenuata). 
Molecular Phylogenetics and Evolution 2.322-329. 

KIM, K.-J., TURNER, B. L. & JANSEN, R. K. 1992: Phylogen- 
etic and evolutionary implications of interspecific chloro- 
plast DNA variation in Krigia (Asteraceae-Lactuceae). 
Syste-matic Botany 17:449-469. 

KORMUTAK, A,, S ~ I D T ,  A. & WANG, X.-R. 1993: Restriction 
fragment length polymorphism of chloroplast DNAs in 
some species of fir (Abies sp.). Biologia Plantarum 
35:113-119. 

KUDLA, J . ,  IGLOI, G. L., METZLAFF, M., HAGEMANN, R. & 
KOESSEL, H. 1992: RNA editing in tobacco chloroplasts 
leads to the formation of a translatable psbL mRNA by a 
C to U substitution within the initiation codon. EMBO J. 
11:1099-1103. 

KRUPKIN, A. B., LISTON, A. & STRAUSS, S. H. 1995: Phyla- 
genetic analysis of the hard pines (Pinus subgenus Pin~is) 
from chloroplast DNA restriction site analysis. American 
Journal of Botany (in press). 

KRUTOVSKII, K. V., POLITOV, D. V. & ALTUKHOV, Y. P. 1994: 
Genetic differentiation and phylogeny of stone pine 
species based on isozyme loci. In: Proceedings - Interna- 
tional Workshop on Subalpine Stone Pines and Their 
Environment: The Status of our Knowledge. (eds. W.C. 
Schmidt & F.-K. Holtmeier), pp. 19-30. September 5-1 1, 
1992, St. Moritz, Switzerland, U.S. Dept. Agric. Forest 
Service Intermountain Research Station Gen. Tech. Rep. 
INT-GTR-309, Ogden, UT. 

LIDHOLM, J. & GUSTAFSSON, P. 1991a: Homologues of the 
green algal gidA gene and the liverwort frxC gene are 
present on the chloroplast genomes of conifers. Plant 
Molec~ilar Biology 17:787-798. 

LLDHOLM, J .  & GUSTAFSSON, P. 199 1 b: A three-step model for 
the rearrangement of the chloroplast tmK-psbA region of 
the gymnosperm Pinus contorta. Nucleic Acids Research 
19:2881-2887. 

LIDHOLM, J. & GUSTAFSSON, P. 1991c: The chloroplast 
genome of the gymnosperm Pinus contorta: A physical 
map and a complete collection of overlapping clones. 
Current Genetics 20:161-166. 

LIDHOLM, J., SZIVIIDT, A. E., HALGREN, J.-E. & GUSTAFSSON, 
P. 1988: The chloroplast genomes of conifers lack one of 
the rRNA-encoding inverted repeats. Molecular and 
General Genetics 212:6-10. 

LONSDALE, D. M. 1989: The plant mitochonrial genome. In: 
The Biochemistry of Plants. Vol. 15 (ed. A. Marcus), pp. 
230-295. Academic Press, New York. 

MAIER, R. M., NECKERMANN, K. HOCH, B., AKHMEDOV, N. B. 
& KOESSEL, H. 1992: Identification of editing positions in 
the ndhB transcript from maize chloroplasts reveals 
sequence similarities between editing sites of chloroplasts 
and plant mitochondria. Nucleic Acid Research 20:6189 
-6 194. 

MARSHALLK. A. & NEALE, D. B. 1992: Inheritance of mito- 
chondrial DNA in Douglas-fir (Pseudotsuga menziesii). 
Candian Journal of Forest Research 22:717-720. 

MEJNARTOWICZ, M. 1991: Inheritance of chloroplast DNA in 
Populus. Theoretical and Applied Genetics 82:477-480. 

NEALE, D. B. & SEDEROFF, R. R. 1988: Inheritance and 
evolution of conifer organelle genomes. In: Genetic 
Manipulation of Woody Plants. (eds. J.T. Hanover & 
D.E. Keathley). pp. 251-254. Plenum Press, New York. 

NEALE, D. B. & SEDEROFF, R. R. 1989: Paternal inheritance 
of chloroplast DNA and maternal inheritance of mito- 
chondria] DNA in loblolly pine. Theoretical and Applied 
Genetics 77:212-216. 

NEALE, D. B., MARSHALL, K. A. & SEDEROFF, R. R. 1989: 
Chloroplast and mitochondria1 DNA are paternally inhe- 
rited in Sequoia sempewirens D.Don Endl. Proceedings 
of the National Academy of Sciences ofthe United States 
of America 869347-9349. 

NEALE, D. B., MARSHALL, K. A. & HARRY, D. E. 1991: 
Inheritance of chloroplast and mitochondrial DNA in 
incense-cedar (Calocedrus decurrens). Canadian Journal 
of Forest Research 21.717-720. 

NEALE, D. B., WHEELER, N. C. & ALLARD, R. W. 1986: 
Paternal inheritance of chloroplast DNA in Douglas-fir. 
Canadian Journal of Forest Research 16: 11 52-1 154. 

NELSON, C. D., NANCE, W. L. & WAGNER, D. B. 1994: 
Chloroplast DNA variation among and within taxonomic 
varieties of Pinus caribaea and I? elliottii. Canadian 
Journal of Forest Research 24:424-426. 

 NEWTON,^. H., GAWLEY, J. R., SUTTON, B. C. S. & STOEHR, 
M. U. 1994: Application of hypervariable Douglas-fir 
chloroplast DNA in paternity analysis. Western Forest 
Genetics Association Joint Conference. June 27-30, 
Vancouver, Washington. 

ODA, K., YAMATO, K., OHTA, E., NAKAMURA, Y., TAKE- 
MURA, M., NOZATO, N., AKASHI, K., KANEGAE, T., 
OGURA, Y., KOHCHI, T. & OHYAMA, K. 1992: Gene 
organization deduced from the complete sequence of 
liverwort Marchantia polymorpha mitochondrial DNA. 
Journal of Molecular Biology 223: 1-7. 

OHYAMA, K., FUKUZAWA, H., KOHCHI, T., SHIRAI, H., SANO, 
T., SANO, S., UMESONO, K., SHIKI, Y., TAKEUCHI, M., 
CHANG, Z., AOTA, S., INOKUCHI, H. & OZEKI, H. 1986: 
Complete nucleotide sequence of liverwort Marchantia 
polyrnorpha chloroplast DNA. Plant Molecular Biology 
Reporter 4: 148-175. 

OWENS, J. N. & MORRIS, S. J. 1990: Cytological basis for 
cytoplasmic inheritance in Pseudotsuga rnenziesii. I. 
Pollen tube and archegonial development. America1 
Journal of Botany 77:433-445. 

OWENS, J. N. & MORRIS, S. J. 1992: Cytological basis for 
cytoplasmic inheritance in Pseudotsuga menziesii. 11. 
Fertilization and proembryo development. American 
Journal of Botany 78:1515-1527. 

PALMER,J. D. 1987: Chloroplast DNA evolution and biosys- 
tematic uses of chloroplast DNA variation. American 
Naturalist 130:S6-S29. 

PALMER, J. D. 1990: Contrasting modes and tempos of 
genome evolution in land plant organelles. Trends in 
Genetics 6 :  11 5-1 20. 

O A R B O R A  P U B L I S H E R S  



V. D. HIPKINS ETAL.: ORGANELLE GENOMES IN CONIFERS: STRUCTURE, EVOLUTION, AND DIVERSITY 

PALMER, J. D. 1991: Plastid chromosomes: structure and 
evolution. In: Cell Culture and Somatic Cell Genetics in 
Plants, Vol. 7, The Molecular Biology of Plastids, (eds. 
L. Bogorad & I.K. Vasil). pp. 5-53. Academic Press, San 
Diego. 

PALMER, J. D., SOLTIS, D. & SOLTIS, P. 1992: Large size and 
complex structure of mitochondrial DNA in two nonflow- 
ering land plants. Current Genetics 21:125-129. 

PALMER, J. D., JANSEN, R. K., MICHAELS, H. J., CHASE, M. W. 
&MANHART, J. R. 1988: Chloroplast DNA variation and 
plant phylogeny. Annals of the Missouri Botanical 
Garden 75: 11 80-1 206. 

PETIT, R. J., KREMER, A. & WAGNER, D. B. 1993: Finite 
island model for organelle and nuclear genes in plants. 
Heredity 71:630-641. 

PONOY, B., HONG, Y.-P., WOODS, J., JAQUISH, B. & CARLSON, 
J. E. 1994: Chloroplast DNA diversity of Douglas-fir in 
British Columbia. Canadian Journal of Forest Research 
24: 1824-1 834. 

RAJORA, 0 .  P. & DANCIK, B. P. 1992: Chloroplast DNA 
inheritance in Populus. Theoretical and Applied Genetics 
84:280-285. 

RAJORA, 0 .  P., BARRETT, J. W., DANCIK, B. P. & STROBECK, 
C. 1992: Maternal transmission of mitochondrial DNA in 
interspecific hybrids of Populus. Current Genetics 
22:141-145. 

RAUBESON, L. A. & JANSEN, R. K. 1992: A rare chloroplast- 
-DNA structural mutation is shared by all conifers. 
Biochemical and Systematic Ecology 20: 17-24. 

RIESEBERG, L. H. & BRUNSFELD, S. J. 1992: Molecular 
evidence and plant introgression. In: Molecular syste- 
matics of plants. (eds. P.L. Soltis, D.E. Soltis & J.J. 
Doyle). pp. 151-176. New York, Chapman and Hall. 

SAVARD, L., LI, P., STRAUSS, S. H., CHASE, M. W., MICHAUD, 
M. & BOUSQUET, J. 1994: Chloroplast and nuclear gene 
sequences indicate Late Pennsylvanian time for the last 
common ancestor of extant seed plants. Proceedings of 
the National Academy of Sciences of the United States of 
America 91:5163-5167. 

SCHNABEL, A. & ASMUSSEN, M. A. 1989: Definition and 
properties of disequilibria within nuclear-mitochon- 
drial-chloroplast and other nuclear-dicytoplasmic sys- 
tems. Genetics 123: 199-215. 

SHINOZAKI, K., OHME, M., TANAKA, M., WAKASUGI, T., 
HAYASHIDA, N., MATSUBAYASHI, T., ZAITA, N., CHUN- 
WONGSE, J., OBOKATA, J., YAMAGUCHI-SHINOZAKI, K., 
OHTO, C., TORAZAWA, K., MENG, B.-Y., SUGITA, M., 
DENO, H., KAMAGOSHIRA, T., YAMADA, K., KUSUDA, J., 
TAKAIWA, F., KATO, A., TOHDOH, N., SHLMADA, H. & 
SUGUIRA, M. 1986: The complete nucleotide sequence of 
the tobacco chloroplast genome: its organization and 
expression. EMBO Journal 52043-2049. 

SMITH, J. F. &DOYLE, J. J. 1986: Chloroplast DNA variation 
and evolution in the Juglandaceae. American Journal of 
Botany 73:730. 

STWE, M. & KEATHLEY, D. E. 1990: Paternal inheritance of 
plastids in Engelmann spruce x blue spruce hybrids. 
Jo~irnal of Heredity 81:443-446. 

STINE, M., SEARS, B. B. & KEATHLEY, D. E. 1989: Inheri- 
tance of plastids in interspecific hybrids of blue spruce 

and white spmce. Theoretical andApplied Genetics 78:768-774. 
STRAUSS, S. H., HoNG,Y.-P. & HIPKINS, V. D. 1993: High 

levels of population differentiation for mitochondrial 
DNA haplotypes in Pinus radiata, muricata, and atten- 
uata. Theoretical and Applied Genetics 86:605-611. 

STRAUSS,~. H., BOUSQUET, J., HIPKWS, V. D. & HONG, Y.-P. 
1992: Biochemical and molecular genetic markers in 
biosystematic studies of forest trees. New Forests 6: 125 
-158. 

STRAUSSS. H., PALMER, J. D., HOWE, G. T. & DOERKSEN, A. 
H. 1988: Chloroplast genomes of two conifers lack a large 
inverted repeat and are extensively rearranged. Proceed- 
ings of the National Academy of Sciences of the United 
States ofAmerica 85:3898-3902. 

SUTTON, B. C. S., FLANAGAN, D. J. & EL-KASSABY, Y. A. 
1991a: A simple and rapid method for estimating repre- 
sentation of species in spruce seedlots using chloroplast 
DNA restriction fragment length polymorphism. Silvae 
Genetica 40: 119-1 23. 

SWITONB. C. S., FLANAGAN, D .J., GAWLEY, J .R., NEWTON, 
C. H., LESTER, D. T. & EL-KASSABY, Y. A. 1991b: 
Inheritance of chloroplast and mitochondrial DNA in 
Picea and composition of hybrids from introgression 
zones. Theoretical and Applied Genetics 82:242-248. 

SUTTON, B. C. S., PRITCHARD, S. C., GAWLEY, J. R., NEW- 
T O N ~ .  H. & KISS, G. K. 1994: Analysis of Sitka spruce- 
-interior spruce introgression in British Columbia using 
cytoplasmic and nuclear DNA probes. Canadian Journal 
of Forest Research 24:278-285. 

SZMIDT, A. E., ALDEN, T. & HALLGREN, J.-E. 1987: Paternal 
inheritance in chloroplast DNA in Larix. Plant Molecu- 
lar Biology 959-64. 

SZMIDT, A. E., EL-KASSABY, Y. A,, SIGURGEIRSSON, A., 
ALDEN, T., LINDGREN, D. & HALLGREN, J.-E, 1988: 
Classifying seed lots of Picea sitchensis and Picea glauca 
in zones of introgression using restriction analysis of 
chloroplast DNA. Theoretical and Applied Genetics 
76:841-845. 

TSAI, C.-H. & STRAUSS, S. H. 1989: Dispersed repetitive 
sequences in the chloroplast genome of Douglas-fir. 
Current Genetics 16:211-218. 

TSUDZUKI,J., NAKASHIMA, K., TSUDZUKI, T., HIRATSUKA, J., 
SHIBATA, M., WAKASUGI, T. & SUGIURA, M. 1992: 
Chloroplast DNA of black pine retains a residual inverted 
repeat lacking rRNA genes: nucleotide sequences of trnQ, 
trnK, psbA, tmI and trnH and the absence rps16. Molec- 
ular and General Genetics 232:206-214. 

TSUMURA, Y., TAGUCHI, H., SUYUMA, Y. & OHBA, K. 1994: 
Geographical cline of chloroplast DNA variation in Abies 
mariesii. Theoretical and Applied Genetics 89:922-929. 

WAGNER, D. B. 1992: Nuclear, chloroplast, and mitochon- 
drial DNA polymorphisms as biochemical markers in 
population genetic analyses in forest trees. New Forests 
6:373-391. 

WAGNERD. B., GOVINDARAJU, D. R. & DANCIK, B. P. 1988: 
Chloroplast DNA polymorphism in a sympatric region. 
In: Molecular Genetics of Forest Trees. (ed. W.A.C. 
Yapa). pp. 75-78. Canada. 

WAGNER, D. B., GOVINDARAJU, D. R., YEATMAN, C. W. & 
PITEL, J. A. 1989: Paternal chloroplast DNA inheritance 



in a diallel cross of jack pine (Pinus banksiana Lamb.). 
Journal of H e r e d i ~  80:483-485. 

WAGNER, D. B., DONG, J., CARISON, M. R. & YANCHUK, A. 
D. 1991: Paternal leakage of mitochondria1 DNA in 
Pirtus. Tlworetical and Applied Genetics 82:s 10-5 14. 

WAGNER, D. B., FURNIER, G. R., SAGHAILMAROOF, M. A., 
WILLIAMS, S. M.,  DANCIK, B. P. & ALLARD, R. W. 1987: 
Chloroplast DNA polymorphisms in lodgepole and jack 
pines and their hybrids. Proceedings of the National 
Academy of Scier~ces of the United States of America 
84:2097-2100. 

WAGNER, D. B., NANCE, W. L., NELSON, C. D., LI, T., PATEL, 
R. N. & GOVINDARAJU, D. R. 1992: Taxonomic patterns 
and inheritance of chloroplast DNA variation in a survey 
of Pirzus echinata, I! elliottii, I! palustris, and I! taeda. 
Canadian Journal of Forest Research 22:683-689. 

WAKASUGI, T., TSUDZUKI, J., ITO, S., NAKASHLMA, K., TSU- 
IJZUKI, T. & SUGIURA, M. 1994: Loss of all ndlt genes as 
determincd by sequencing thc entire chloroplast genome 
of the black pine Pirlus thunbergii. Proceedirtgs of the 
Natiorial Academy of Sciences of the United States of 
America 91:9794-9798. 

WANG, C .  1990: A DNA rearrangement found in chloroplast 
genome in eastern hemlock (Tsuga canadensis). M.S. 
Thesis, University of Louisville, Louisville, Kentucky, 
pp. 1-63. 

WANG, X.-R. 1992: Genetic diversity and evolution of 
Eurasian Pinus species. PI1.D. Dissertation. Dept. of For. 
Genet, and Plant Physiol., Swedish Univ. of Agr. Sci- 
ences, UmeA. Sweden, 32, Umei, Sweden. 

WANG, X.-R. & SZMIDT, A. E. 1990: Evolutionary analysis of 
Pinus densam (Masters), a putative Tertiary hybrid. 2. A 
study using species-specific chloroplast DNA markers. 
Tlleoretical and Applied Genetics 80:64 1-647. 

WANG, X.-R. & SZMIDT, A. E. 1993: Chloroplast DNA-ba- 
sed phylogeny of Asian Pinus species (Pinaceae). Plant 
Systematics and Evolution 188: 197-21 1. 

WANG, X.-R., SZMIDT, A. E., SIGURGEIRSSON, A. & KAR- 
PNSKA, B. 1991: A chloroplast DNA story about Asiatic 
pines. In: Biochemical Markers in Population Genetics of 
Forest Trees. (eds. S. Fineschi, M. E. Malvolti, F. Canna- 
ta & H.H. Hattemer). pp. 209-216. SPB Academic 
Publishing, The Hague, The Netherlands. 

WATERS, E. R. & SCHALL, B. A. 1991: No variation is de- 
tected in the chloroplast genome of Pinus torreyarta. 
Canadian Joumal of Forest Research 21: 1 832- 1 835. 

WHITE,E. E. 1990a: Chloroplast DNA in Pinus monticola. 1. 
Physical map. Theoretical and Applied Genetics 79:- 
119-124. 

WHITEE. E. 1990b: Chloroplast DNA in Pinus ntonticola. 2. 
Survey of within-species variability and detection of 
heteroplasmic individuals. Theoretical and Applied 
Genetics 79:25 1-255. 

W n s o ~ h ' l .  A,, GAUT, B. & CLEGG, M. T. 1990: Chloroplast 
DNA evolves slowly in the palm family. Molecular and 
Biological Evolutiolt 7:303-3 14. 

WOLFE, K. H., LI, W.-H. & SHARP, P. M. 1987: Ratcs of 
nucleotide substitution vary greatly among plant mito- 
chondrial, chloroplast, and nuclear DNAs. Proceedings 
of the National Academy ofSciences of ille United Stales 
of America 84:9054-9058. 

WOLFE, K. H., MORDEN, C. W. & PALMER, J. D. 1992: 
Function and evolution of a minimal plastid genome from 
a nonphotosynthetic parasitic plant. Proceedi~lgs of the 
National Acadetny of Sciences of the United States of 
America 89: 10648-1 0652. 

YAMAMOTO, N.: MUKAI, Y., MATSUOKA, M., KANO-MURA- 
KAMI, Y., TANAKA, Y., OHASHI, Y., OZEKI, Y. & ODANl, 
K.  1991: Light-independent expression of cab and rbcS 
genes in dark-grown pine seedlings. Plant Physiology 
95:379-383. 

O A R B O R A  P U B L I S H E R S  




