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1 Importance of plant diversity

Robert J. Henry
Centre for Plant Conservation Genetics, Southern Cross University, PO Box 157,
Lismore, NSW 2480, Australia

Introduction

Plants are fundamental to life, providing the
basic and immediate needs of humans for
food and shelter and acting as an essential
component of the biosphere maintaining life
on the planet. Higher plant species occupy a
wide variety of habitats over most of the
land surface except for the most extreme
environments and extend to fresh water and
marine habitats. Plant diversity is important
for the environment in the most general
sense and is an essential economic and social
resource. The seed plants (including the
flowering plants) are the major focus of this
book and are related to the ferns and other
plant groups as shown in Fig. 1.1.

Types of Plant Diversity

Plant diversity can be considered at many
different levels and using many different cri-
teria. Phenotypic variation is important in
the role of plants in the environment and in
practical use. Analysis of genotypic variation
provides a basis for understanding the
genetic basis of this variation. Modern bio-
logical research allows consideration of vari-
ation at all levels from the DNA to the plant
characteristic (Table 1.1). Genomics studies
the organism at the level of the genome

(DNA). Analysis of expressed genes (tran-
scriptome), proteins (proteome), metabolites
(metabolome) and ultimately phenotypes
(phenome) provides a range of related lay-
ers for investigation of plant diversity.

Diversity of Plant Species

More than a quarter of a million higher plant
species have been described. Continual analy-
sis identifies new, previously undescribed
species and may group more than one
species together (lumping) or divide species
into more than one (splitting). The use of
DNA-based analysis has begun to provide
more objective evidence for such reclassifica-
tions. Evolutionary relationships may be
deduced using these approaches. The analy-
sis of plant diversity at higher taxonomic lev-
els allows identification of  genetic
relationships between different groups of
plants. The family is the most useful and
important of these classification levels. A
knowledge of evolutionary relationships is
important in ensuring that management of
plant populations is conducted to allow con-
tinuation of effective plant evolution, allowing
longer-term plant diversity and survival to be
maintained. The use of DNA analysis has
greatly improved the reliability and likely sta-
bility of such classifications. Chase presents an

© CAB International 2005. Plant Diversity and Evolution: Genotypic and
Phenotypic Variation in Higher Plants (ed. R.J. Henry) 1
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Gymnosperms

Lycophytes
(clubmosses)

Angiosperms
(flowering plants)

Ferns and
horsetails

Bryophytes
(liverworts,

hornworts
and mosses)

Fig. 1.1. Phylogenetic relationships between higher plants (based upon Pryer et al., 2001).

Table 1.1. Levels of analysis of diversity in plants.

Level Whole system Study of whole system
DNA Genome Genomics

RNA Transcriptome Transcriptomics
Protein Proteome Proteomics

Metabolite Metabolome Metabolomics
Phenotype Phenome Phenomics

updated review of the relationships between
the major groups of flowering plants in
Chapter 2. This analysis draws together
recent evidence from plant DNA sequence
analysis. The rate of evolution of new species
varies widely in different plant groups (Klak
et al., 2004). The factors determining these
differences are likely to be important deter-
minants of evolutionary processes.

Evolutionary relationships are important
in plant conservation and also in plant
improvement. Plant breeders increasingly
look to source genes from wild relatives for
use in the introduction of novel traits or the
development of durable pest and disease
resistance (Godwin, 2003).

Diversity within Plant Species

Diversity within a population of plants of the
same species may be considered a primary
level of variation. Coates and Byrne present
an analysis of the causes and patterns of
variation within plant species in Chapter 9.
Principles of population genetics can be
used to analyse and understand the varia-
tion within and between populations of a
species. Reproductive mechanisms are a key
determinant of plant diversity. Plants may
reproduce by either sexual or asexual
means. Clonal or vegetative propagation
usually results in relatively little genetic vari-
ation except that arising from somatic muta-
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tions. Sexual reproduction can involve many
different reproductive mechanisms that pro-
duce different levels of variation within the
population. Outbreeding species are gener-
ally much more variable than inbreeding or
self-pollinating species. Some species use
more than one of these methods of repro-
duction. Examples include a mix of vegeta-
tive variants, mixed outcrossing and
mechanisms such as apomixis.
Morphological and other phenotypic varia-
tion within species can be extreme. Variation
in one or a small number of genes can result
in very large morphological differences in
the plant. Maize was domesticated from
teosinte, a very different plant in appear-
ance. However, a mutation in a single gene
has been shown to explain the major mor-
phological difterences (Wang et al., 1999).
This emphasizes the importance of DNA
analysis in determination of plant diversity.
Factors determining diversity  within
species are also being better defined by the
use of DNA analysis methods. The influence
of environmental factors in driving adaptive
selection relative to other factors of evolution-
ary history in determining genetic structure
of plant populations can now be examined
experimentally. Nevo explores these issues in
Chapter 14. Habitat fragmentation may limit
gene flow in wild plant populations (Rossetto,
2004). This has become an important issue in
managing the impact of human activities on
plant diversity and evolutionary capacity.

Plant Diversity at the Community and
Ecosystem Level

Diversity can also be considered at the plant
community level. Indeed this is probably what
most people think of when they consider
plant diversity. This diversity of species within
any given plant community is often termed
the species richness. The number of species is
one measure of this diversity but the fre-
quency of different species in the population
is another. Populations may contain only one
or a few dominant species and very small
numbers of individuals from a large number
of species or they may be composed of much
more equal numbers of different species.

The diversity of different plant communi-
ties that make up the wider ecosystem is
another level to be considered. Plant com-
munities may extend over very wide geo-
graphic ranges while in others a complex
mosaic of different plant communities can
exist in close proximity. This is usually
determined by the uniformity of the envi-
ronment, which, in turn, is determined by
differences in substrate or microenviron-
ment. This is an important level of analysis
of plant diversity for use in the conservation
of plant and more general biodiversity.

Plant Diversity Enriching and Sustaining
Life

Plants and plant diversity contribute directly
and indirectly to the enrichment of life
experiences for humans. A world in which
few other life forms existed would in a nar-
row sense limit opportunities for eco-
tourism, but this is a much wider issue. A
key driver for support for nature conserva-
tion is the human perception that diversity
of life forms has a value beyond that associ-
ated with the importance, however great
that might be, of diversity for environmental
sustainability and economic reasons.

Human food is sourced directly or indi-
rectly from plants. The role of plants in the
food chain is dominant for all animal life.
This provides immediate and everyday
examples of the importance of plant diver-
sity in contributing to a diversity of foods. A
small number of plant species account for a
relatively large proportion of the calories and
protein in human diets. Most human diets
include smaller amounts of a larger number
of plant species. Many more plant species are
regionally important as human food.
Chapter 15 (Henry) expands on these issues.

Environmental Importance of Plant
Diversity

Plant diversity is a key contributor to envi-
ronmental sustainability on a global scale.
Studies of species richness demonstrate the
greater productivity of more diverse plant
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communities. The mechanisms that promote
the co-existence of large numbers of species
may include the ability of competitors to
thrive at different times and places (Clark
and McLauchlan, 2003). More research is
needed in this area because of the scale of
the potential environmental importance of
this issue. This topic is reviewed by
Beierkuhnlein and Jentsch in Chapter 13.

Social and Economic Importance of
Plant Diversity

Social uses of plants may include ceremonial
and other specific social applications.
However, the greatest social use of plants
probably relates to their use as ornamentals.
Ornamental plants often reflect social status
or identity. Foods from some plants have a
social value extending beyond that con-
tributed by their nutritional value.

Agriculture and forestry are primary
industries of great economic importance.
The food industry as an extension of agri-
culture can be considered to depend upon
plant diversity. Ornamental plants are also
of considerable economic importance. Fibre
crops (such as cotton and hemp) provide a
major source of materials for clothing.
Forest species are key sources of building
materials for shelter for many human popu-
lations. Plants remain the source of many
medicinal compounds. All of these uses have
social and economic importance.

Overview of Plant Diversity and
Evolution

This book brings together a wide range of
issues and perspectives on plant diversity
and evolution. Diversity at the genome
(gene) and phenome (trait) level is consid-
ered. A contemporary analysis of diversity

and relationships in the flowering plants is
provided for angiosperms in Chapter 2 and
the gymnosperms in Chapter 3. Diversity in
non-nuclear genomes is analysed for the
chloroplast in Chapter 4 and the mitochon-
dria in Chapter 5. The complication of retic-
ulate evolution in the interpretation of plant
relationships is evaluated by McKinnon in
Chapter 6. The evolution and role of poly-
ploidy in plants is reviewed by Wendel and
Doyle in Chapter 7. In Chapter 8, Mitchell-
Olds et al. provide an analysis of a plant fam-
ily, the Brassicaceae, which includes
Arabidopsis, the first plant for which a com-
plete genome sequence was determined.
Patterns of variation in plant populations
and their basis are explored by Coates and
Byrne in Chapter 9. The evolution of the
key organ, the flower, is reviewed by Soltis et
al. in Chapter 10. Two key features of plants
— the cell wall and diverse secondary metab-
olism — are described in an evolutionary
context by Harris and Waterman in
Chapters 11 and 12, respectively. The plant
cell is characterized by the presence of a cell
wall essential to the structure of plants. The
cell wall is not only of biological significance.
The chemistry of cell walls is the basis of
wood and paper chemistry. The secondary
metabolites in plants play a major role in the
defence of the plant. These compounds are
also of use to humans in many applications,
including use as drugs or drug precursors in
medicine. The ecological significance of
plant diversity is the subject of Chapter 13.
Nevo explores the impact of domestication
on plant diversity in Chapter 14 and Henry
describes conservation of diversity in plants
of environmental, social and economic
importance in Chapter 15.

This compilation brings together infor-
mation on plant diversity and evolution in a
general sense and provides essential back-
ground for an understanding of plant biol-
ogy and plant use in industry.
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2 Relationships between the families of
flowering plants

Mark W. Chase
Royal Botanic Gardens, Kew, Richmond, Surrey TW9 3DS, UK

Introduction

In the past 10 years, enormous improve-
ments have been made to our ideas of
angiosperm classification, which have
involved new sources of information as well
as new approaches for handling of system-
atic data. The former is the topic of this
chapter, but a few comments on the latter
are appropriate. Before the Angiosperm
Phylogeny Group classification (APG, 1998),
the process of assessing relationships was
mired in the use of gross morphology and a
largely intuitive understanding of which
characters should be emphasized (effectively
a method of character weighting).
Morphological features and other non-mole-
cular traits (such as development, biosyn-
thetic pathways and physiology) are worthy
of study, but their use in phylogenetic analy-
ses is limited by the prior information pos-
sessed by the researcher through which the
acquisition of new data is filtered and the
inherently complex and largely unknown
genetic basis of nearly all traits. It has
become increasingly clear that morphology
and other phenotypic data are not appropri-
ate for phylogenetic studies (Chase et al.,
2000a), but instead should be interpreted in
the light of phylogenetic trees produced by
analysis of DNA data, preferably DNA
sequences.

It is clear that an improved understand-
ing of all phenotypic patterns is important,
but it is equally clear that assessments of phy-
logenetic patterns should involve as few
interpretations and as many data points as is
possible. Other forms of DNA data (e.g. gene
order and restriction endonuclease data) suf-
fer from limitations similar to those of mor-
phology, and thus also should be abandoned
as appropriate data for phylogenetic analy-
ses. Prior to the APG effort (1998), there was
no single, widely accepted phylogenetic clas-
sification of the angiosperms, regardless of
the data type upon which a classification was
based. Instead, classifications were estab-
lished largely on the authority of the author;
choice of which of the many in simultaneous
existence should be used depended to a
large degree on geography, such that in the
USA the system of Cronquist (1981) was pre-
dominant, whereas in Europe those of
Dahlgren (1980) or Takhtajan (1997) were
more likely to be used. To a large degree,
these competing systems agreed on most
issues, but in the end they disagreed on
many points, including the relationships of
some of the largest families, such as
Asteraceae, Fabaceae, Orchidaceae and
Poaceae. When trying to establish why these
differences existed, it soon becomes evident
that the authors of these classifications were
using the same data but interpreting them

© CAB International 2005. Plant Diversity and Evolution: Genotypic and
Phenotypic Variation in Higher Plants (ed. R.J. Henry) 7



8 M. Chase

differently, usually in line with their intuitive
assessments of which suites of characters
were most informative.

The issue of ranks and authority

Other differences between morphologically
based classifications (e.g. Cronquist, 1981;
Thorne, 1992; Takhtajan, 1997) have to do
with the hierarchical ranks given to the same
groups of lower taxa. For example,
Platanaceae (one genus, Platanus) were placed
in the order Hamamelidales by Cronquist
(1981), the order Platanales by Thorne
(1992), and the subclass Platanidae by
Takhtajan (1997), but only in the first case was
it associated with any other families. In APG
(1998, 2003), Platanaceae were included in
Proteales along with Nelumbonaceae and
Proteaceae and were listed as an optional syn-
onym of Proteaceae (APG, 2003). Higher cate-
gories composed of single taxa are a
redundancy in classification and make them
less informative than systems with many taxa
in each higher category. All clades in a clado-
gram should not be named, and lumping to
an extreme degree can also make the system
less informative, but monogeneric families, such
as Platanaceae, should not then be the sole com-
ponent of yet higher taxa unless such a taxon is
sister to a larger clade composed of many
higher taxa. Thus recognition of Zygophyllales
composed of only Zygophyllaceae was included
in APG (2003) for exactly this reason, but had
Zygophyllaceae been shown to be sister to any
single order, they would have been included
there so that redundancy of the dassification
could have been reduced.

Regardless of these considerations, all
classifications prior to APG (1998) could only
be revised or improved by the originating
author; if an author made changes (usually
viewed as ‘improvements’) to the classifica-
tion of another author, then what resulted
was viewed as the second author’s classifica-
tion, not merely as a revision of the first. The
long succession of major classifications of the
angiosperms was the result of the fact that
these were not composed of sets of falsifiable
hypotheses. ~ They  were indisputably
hypotheses of relationships, but their highly

intuitive basis meant that they were not sub-
ject to improvement through evaluation of
emerging new data. The only way changes
could be incorporated was by the original
author changing his or her mind. This intu-
itive basis made researchers in other fields of
science view classification as more akin to
philosophy than science. Thus, in spite of
many years of careful study and syntheses of
many data, plant taxonomy came to be
viewed as an outmoded field of research. It
was clear that all of the different ideas of
relationships for a given family, Fabaceae for
example, observed in competing modern
classifications could not be simultaneously
correct, and if selection of one over the oth-
ers was based on an assessment of which
author was the most authoritative, then per-
haps framing a research programme around
a classification was unwise. It would perhaps
be better to think that predictivity should not
be an attribute of classification and to ignore
the evolutionary implications for research in
other fields. Although it is immediately clear
to researchers in other areas of science that
classifications should be subject to modifica-
tion on the basis of being demonstrated to
put together unrelated taxa, this did not
appear to matter to many taxonomists.

The APG classification is not the work of
a single author, and the data are analysed
phylogenetically, that is, without any influ-
ence of preconceived ideas of which charac-
ters are more reliable or informative, other
than that DNA sequences from all three
genetic compartments that agree about pat-
terns of relationships (Soltis et al., 2000) are
likely to produce a predictive classification.
If new data emerge that demonstrate that
any component of the APG system places
together unrelated taxa, then the system will
be modified to take these data into account.
There is no longer a need for competing
classifications, and over time the APG system
should be improved by more study and the
addition of more data.

Monophyly and classification

The concept of monophyly has had a long
and problematic history, and some have
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claimed that the phylogeneticists have
twisted its original meaning. It is not worth-
while to include these arguments here, but it
is appropriate to mention that the APG sys-
tem follows the priorities for making deci-
sions about which families to recognize that
were proposed by Backlund and Bremer
(1998), which means that the first priority is
that all taxa are monophyletic in the phylo-
genetic sense of the word, i.e. that all mem-
bers of a taxon must be more closely related
to all other members of that taxon than they
are to the members of any other taxon. This
is in contrast to what an evolutionary taxon-
omist would propose; in such an evolution-
ary system, if some of the members of a
group had developed one or more major
novel traits then that group could be segre-
gated into a separate family, leaving behind
in another family the closest relatives of the
removed group (the phylogenetic taxono-
mist would term the remnant group as
being paraphyletic to the removed group,
which is not permitted in a phylogenetic
classification). Aside from the philosophical
considerations, which have been debated
extensively, there is a practical reason for
eliminating paraphyletic groups: it is impos-
sible to get two evolutionary taxonomists to
agree on when to split a monophyletic
group in this manner. Is one major novel
trait enough or should there be two or
more? How do we define a ‘major trait’ such
that everyone understands when to split a
monophyletic group? This problem is simi-
lar to that of falsifying hypotheses that are
based on someone else’s intuition. If given
the same set of taxa, how likely is it that two
evolutionary taxonomists would split them
in the same manner and how would either
be able to prove the other wrong?
Therefore, the practical solution is to avoid
the use of paraphyly, which is what the APG
system did. It is simply impractical to
include paraphyletic taxon in a system,
because to do so forces the process of classi-
fication back into the hands of authority and
incorporates intuition in the process, which
is not only undesirable but also unscientific.
From the standpoint of the genetics, use
of paraphyly is also unwise. This is because
there are few traits for which we know the

genetic basis, and what may appear to be a
‘major trait’ could in fact be a genetically
simple change. Therefore, recognition of
paraphyletic taxa does not involve an appre-
ciation of how ‘major’ underlying genetic
change might be and assumes that the tax-
onomist can determine this simply by
appearances, which we know to be incorrect.
The use of paraphyly in classification there-
fore decreases predictivity of the system and
on this basis should also be avoided.

What follows in this chapter is compatible
with the use of monophyly in what has come
to be known as ‘Hennigian monophyly’, after
the German taxonomist, Hennig, whose
ideas formed the basis for phylogenetic
(cladistic) classification. It is of no importance
that an earlier definition of ‘monophyly’ may
or may not have existed. The term as used in
this sense has been widely accepted as of
prime importance in the construction of a
predictive system of classification, and classi-
fication should be as practical as possible and
as devoid of historical and philosophical con-
cepts as possible because this makes classifica-
tion subject to change simply because new
generations develop new philosophies, which
inevitably means that classification must
change. Change of classification is undesir-
able on this basis, and therefore the tenets
under which a classification is formulated
should be as far removed from historical and
philosophical frameworks as possible because
if a classification is to be used by scientists
in other fields, it should change as little as
possible.

Angiosperm Relationships

The overall framework of extant
angiosperm relationships (Fig. 2.1) has
become clear only since the use of DNA
sequences to elucidate phylogenetic pat-
terns, beginning with Chase et al. (1993).
Analyses using up to 15 genes from all three
genomic compartments of plant cells
(nucleus, mitochondrion and plastid) have
yielded consistent and well-supported esti-
mates of relationships (Qiu et al., 2000; Zanis
et al., 2002). Studies of genes have placed
the previously poorly known monogeneric
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Fig. 2.1. The APG classification displayed in cladogram format. The patterns of relationships shown are
those that were well supported in Soltis et al. (2000) or other studies; the data analysed in these studies
included at least plastid rbcL and atpB and nuclear 18S rDNA sequences. Rosid and asterid families not yet
placed in one of the established orders are not shown (modified from APG, 2003).

family Amborellaceae as sister to the rest of
the angiosperms. Amborella, restricted to
New Caledonia, has, since the three-gene
analysis of Soltis et al. (1999, 2000), been the

subject of a great number of other studies
and has been shown to have a number of
not particularly primitive traits, such as sep-
arately sexed plants. One study (Barkman et
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al., 2000) used a technique to ‘reduce’ noise
in DNA sequences, which resulted in Amborella
being placed sister to Nymphaeaceae (the
waterlilies). It is not clear how the subject of
noise in DNA sequences should be identi-
fied, but several other techniques were
employed by Zanis et al. (2002), and they
found that the rooting at the node with
Amborella alone could not be rejected by any
partition of the data (e.g. codons, transi-
tions/tranversions, synonymous/non-synony-
mous). Thus it seems reasonable to conclude
that the rooting issue was resolved in favour
of that of Amborella, but more study is
required. Following Amborella, the next node
splits Nymphaeaceae from the rest, followed
by a clade composed of Austrobaileyaceae,
Schisandraceae and Trimeniaceae. This
arrangement of families (the ANITA grade
of Qiu et al., 1999) results in each being
given  ordinal  status:  Amborellales,
Nymphaeales and Austrobaileyales. None of
these families is large (Nymphaeaceae is the
largest with eight genera and 64 species),
and were it not for their phylogenetic place-
ment, they would probably receive little
attention. They are critical in terms of
understanding patterns of morphological
and  genomic change  within the
angiosperms, and thus no study purporting
to present a comprehensive overview can
ignore them. They have thus been studied
extensively but are problematic none the
less because it is clear that they are the last
remnants of their lineages. As such they are
unlikely to represent adequately the traits of
these lineages, so their use in the study of
how morphological characters have changed
must be qualified by an appreciation of the
instability caused by having so few represen-
tatives of these earliest lineages to diverge
from the rest of the angiosperms. It could
well be that the traits ancestral for the
angiosperms are not to be found in the fam-
ilies of the ANITA grade, but rather in the
descendants of the other line, the bulk of the
families of angiosperms. ‘Basal’ families in a
phylogenetic sense are not necessarily primi-
tive (the concept of heterobathmy applies
here: most plants are mixtures of advanced
and primitive traits, for example dioecy and
vesselless wood, respectively, in Amborella).

The remainder of the angiosperms fall
into two large groups, the monocots and
eudicots (dicots with triaperturate pollen),
and a number of smaller clades: Canellales,
Laurales, Magnoliales, Piperales (these four
orders collectively known as the ‘eumagnoli-
ids’ or simply ‘magnoliids’), Ceratophyllaceae
(monogeneric) and Chloranthaceae (four
genera). These smaller groups were in pre-
vious systems typically included with the
eudicots in the °‘dicots’ because, like the
eudicots, they have two cotyledons. None
the less, they share with the monocots unia-
perturate pollen, and it would appear that
the magnoliids are collectively sister to the
monocots (Duvall et al., 2005). The relation-
ships of Ceratophyllum and Chloranthaceae
have been difficult to establish, but it would
appear that the former are related to the
monocots and the latter perhaps sister to the
monocots plus magnoliids. More study is
required before these issues can be settled.

As stated above, the monocots were con-
sidered one of the two groups of
angiosperms, but they share with the primi-
tive dicots pollen with a single germination
pore. In this respect, they are not an obvi-
ous group on their own, but they deviate
substantially from the primitive dicots in
having scattered vascular bundles in their
stems (as opposed to having them arranged
in a ring) and leaves generally with parallel
venation (as opposed to a net-like reticu-
lum). Their flowers are generally composed
of whorls of three parts, typically two whorls
each of perianth parts and stamens and a
single whorl of carpels, but there are numer-
ous exceptions to this format.

Within the monocots, the relationships of
nearly all families are well established as well
as the general branching order of the orders
sensu APG (1998, 2003). Monogeneric
Acoraceae (Acorales) are sister to the rest
(Chase et al., 1993, 2000b; Duvall et al.,
1993a,b); the sole genus, Acorus, in most sys-
tems of classification was included in Araceae
(the aroids), but most morphologists had con-
cluded that it did not belong there (Grayum,
1987). The issue of what is the most primitive
monocot family was not settled by the posi-
tion of Acorus because most of the characters
judged to be primitive in the monocots are
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found in Alismatales (Dahlgren et al., 1985).

Alismatales (13 families), which include
Araceae, Tofieldiaceae and the
alismatid families (Alismataceae, Apono-
getonaceae, Butomaceae, Cymodoceaceae,
Hydrocharitaceae, Juncaginaceae, Limno-
charitaceae, Posidoniaceae, Potamo-

getonaceae, Ruppiaceae and Zosteraceae), are
then the next successive sister to the rest of
the monocots. The alismatid families were
previously the only components of
Alismatales, but analyses of DNA data have
indicated a close relationship of these to
Araceae and Tofieldiaceae, the former being
considered either an isolated family or
related to Areceae (the palms) and the latter a
part of Melanthiaceae, all of which have now
been proven to be erroneous placements.

Alismatales include a large number of
aquatic taxa, both freshwater and marine.
The flowering rush family (Butomaceae) and
water plantain family (Alismataceae) include
mostly emergent species, whereas others, such
as the pondweed family (Potamogetonaceae)
and frog’s bit family (Hydrocharitaceae), have
species that are submerged, with perhaps only
their flowers reaching the surface. Yet others,
such as Najadaceae, have underwater pollina-
tion. The eel grass family (Zosteraceae) and
the sea grass families (Cymodoceaceae and
Posidoniaceae) are all marine and ecologically
important; they are also among the relatively
small number of angiosperms that have con-
quered marine habitats.

The next several orders have typically
been considered the ‘lilioid’ monocots because
they were by and large included in the hetero-
geneous broad concept of Liliaceae by most
authors (Hutchinson, 1934, 1967; Cronquist,
1981). Liliaceae in this expansive circumscrip-
tion included all monocots with six showy
tepals (in which the sepals looked like petals),
six stamens and three fused carpels. If the
plants were either arborescent (e.g. Agave,
Dracaena) or had broad leaves with net-like
venation (e.g. Dioscorea, Trillium), they were
placed in segregate families, but we now know
that these distinctions are not reliable for the
purposes of family delimitation. Instead of
one large family, we now have five orders,
Asparagales, Dioscoreales, Liliales, Pandanales
and Petrosaviales (Chase et al., 2000b).

Asparagales (14 families) is the largest
order of the monocots and contains the
largest family, Orchidaceae (the orchids, 750
genera, 20,000 species; one of the two
largest families of the angiosperms, the
other being Asteraceae). The onion and daf-
fodil family (Alliaceae) and the asparagus
and hyacinth family (Asparagaceae) are the
enlarged optional concepts of these families
proposed by APG (2003). Up to 30 smaller
families have sometimes been recognized in
Asparagales, but this large number of mostly
small families makes learning the families of
the order difficult and trivializes the concept
of family. Therefore, I favour the optional
fewer/larger families recommended by APG
(2003). For example, APG II proposed to
lump the following in Asparagaceae:
Agavaceae (already including Anemarrh-
neaceae, Anthericaceae, Behniaceae and
Hostaceae), Aphyllanthaceae, Hyacinthaceae,
Laxmanniaceae, Ruscaceae (already includ-

ing Convallariaceae, Dracaenaceae,
Eriospermaceae and Nolinaceae) and
Themidaceae.  Hesperocallidaceae  have

recently been shown to be embedded in
Agavaceae, thus further reducing the num-
ber of families in Asparagales. Asparagales
include a number of genera that can pro-
duce a form of secondary growth, which per-
mits them to become tree-like; these include
the Joshua tree (Yucca), aloes (Aloe) and the
grass trees of Australia (Xanthorrhoea).
Orchidaceae are famous for their extrav-
agant flowers and bizarre pollination biol-
ogy, but only one, the vanilla orchid
(Vanilla), is of agricultural value. Many are
important in the cut flower and pot plant
trade worldwide. Other well-known mem-
bers of Asparagales include Iris, Crocus and
Gladiolus (Iridaceae), Aloe, Phormium and
Hemerocallis  (Xanthorrhoeaceae),  Allium
(onion), Narcissus (daffodils), Hippeastrum
(amaryllis) and Galanthus (snowdrops; all
Alliaceae), Asparagus, Hyacinthus (hyacinth),
Agave (century plant), Hosta and Yucca,
Convallaria (lily of the valley), Dracaena,
Cordyline and Triteleia (all Asparagaceae).
There are many of these that are of minor
horticultural importance. Asparagus, onion
and agave (fibre and tequila) are the only
agriculturally exploited species.
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Dioscoreales are composed of three fami-
lies, but only Dioscoreaceae, which are large
forest understorey plants or vines, are large
and well known. Species of Dioscorea (yams)
are a source of starch in some parts of the
world, as well as of medicines (e.g. birth con-
trol compounds). A few species are grown as
ornamentals (e.g. bat flower, Tacca).
Burmanniaceae are all peculiar mycopara-
sitic herbs, some of which are without
chlorophyll, but these are not common and
have no commercial uses.

Liliales have 11 families, including the well-
known Liliaceae (in the narrow sense) and the
cat-briars, Smilacaceae (another group of vines
with a nearly worldwide distribution). Like a
number of genera in Asparagales (e.g.
Narcissus, Allium), many members of Liliaceae
have bulbs; Lilium and Tilipa (tulips) are horti-
culturally important. Colchicaceae also have
many species with bulbs, but unlike Liliaceae,
which has a north temperate distribution,
Colchicaceae are primarily found in the south-
ern hemisphere, although the autumn crocus
(Colchicum) is found in Europe and is the
source of colchicine, an alkaloid that interferes
with meiosis and causes chromosome doubling
(polyploidy). Alstroemeriaceae, Peruvian lily, is
also used in horticulture.

Pandanales are a tropical order contain-
ing the screw pines, Pandanaceae, and the
Panama hat family, Cyclanthaceae. Screw
pines, Pandanus, are immense herbs without
secondary growth; the leaves are used as
thatch, and the fruits are eaten.
Cyclanthaceae are straggling vines that look
similar to palms (but they are distantly
related); they are local sources of fibre and
of course are used for Panama hats.

The remaining monocots were recog-
nized as a group, the commelinids, before
the advent of DNA phylogenetics because of
their shared possession of silica bodies and
UV-fluorescent compounds in their epider-
mal cells. They are otherwise a diverse
group of plants and include small herbs, a
few vines and tree-like herbs such as the
palms and bananas. Arecales include only
the palms, Arecaceae (or the more tradition-
ally used Palmae), which are important
throughout the tropics as sources of food,
beverage and building materials.

Commelinales include the bloodroots
(Haemodoraceae), pickerelweed and water
hyacinths (Pontederiaceae) and the large
spiderwort family, Commelinaceae. The gin-
gers, Zingiberaceae, and bananas, Musaceae,
are members of Zingiberales, whereas the
largest commelinid order, Poales, contains
the wind-pollinated  grasses, Poaceae
(Graminae), and sedges, Cyperaceae, which
dominate regions where woody plants can-
not grow, as well as the Spanish mosses,
Bromeliaceae, which like the orchids
(Orchidaceae; Asparagales) are epiphytes. In
addition to being ecologically important,
grasses are the foundation of agriculture
worldwide and include maize (Zea), rice
(Oryza) and wheat (Triticum), as well as a
number of minor grains, such as barley
(Hordeum) and oats (Avena).

Eudicots

Eudicots are composed of three major
groups: caryophyllids (a single order,
Caryophyllales), rosids (13 orders) and aster-
ids (nine orders). In addition to these (the
core eudicots), there are a number of smaller
families and orders that form a grade with
respect to the core eudicots. The largest of
these are Ranunculales, which include the
buttercups (Ranunculaceae) and poppies
(Papaveraceae), and Proteales, which include
the plane tree (Platanaceae), lotus
(Nelumbonaceae) and protea (Proteaceae)
families. The last is an important family in
South Africa and Australia where they are
one of the dominant groups of plants. The
placement of the lotus (Nelumbo) in this order
was one of the most controversial aspects of
the early phylogenetic studies based on DNA
sequences, but subsequent studies have
demonstrated that this is a robust result. The
lotus is a ‘waterlily’ (an herbaceous plant with
rhizome and round leaves attached to the
stem in their middle), but its similarities to
the true waterlilies are due to convergence.
The so-called ‘basal’ eudicots (i.e.
Ranunculales and Proteales) have flowers
that lack the organization typical for the
larger group. The strict breakdown into
sepals, petals, stamens and carpels is not
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obvious in many of these taxa. Some have
what appears to be a regular organization,
but upon closer inspection this breaks down.
For example, some Ranunculaceae have
whorls of typical appearance, but the sepals
are instead bracts and the petals are most
likely derived from either sepals or stamens.
Numbers of parts are also not regular, and
fusion within whorls or between whorls is
rare, whereas in the core eudicots flowers
take on a characteristic ‘synorganization’ in
which numbers are regular and whorls of
adjacent parts are often fused or otherwise
interdependent. This is not to say that there
are not complicated flowers in these basal
lineages because there are some rather
extraordinary ones: for example, in
Ranunculaceae, there are Delphinium species
with highly zygomorphic flowers in which
the parts are highly organized. None the
less, synorganization is typically the hall-
mark of the core eudicots.

Caryophyllids

The flowers of Caryophyllales (29 families;
APG, 2003) often look like those of other core
eudicot families, and thus some of the mem-
bers of this order were previously thought to
be rosids (e.g. the sundews, Droseraceae,
which were thought to be related to
Saxifragaceae) or asterids (e.g. the leadworts,
Plumbaginaceae, which many authors
thought were related to Primulaceae because
of their similar pollen and breeding systems
with stamens of different lengths). The core
Caryophyllales have a long history of recogni-
tion, and in the past they have been called
the Centrospermae because of their capsules
with seeds arranged on centrally located pla-
centa. This group was clearly identified in the
first DNA studies (Chase et al., 1993), so pre-
vious workers were correct in recognizing
this group, but the DNA analyses placed a
number of additional families with the core
Caryophyllales. In addition to their fruit
characters, Centrospermae also have betalain
floral pigments that have replaced the antho-
cyanins typically found in angiosperms.
Another common characteristic is anomalous
secondary growth; such plants are woody

and often small trees or shrubs, but the way
in which they make wood does not follow
the typical pattern for angiosperms, which is
probably an indication that these plants are
derived from herbs that lost the ability to
make woody growth. None the less, some of
these groups do make wood that appears to
be typical, so it is not yet clear whether or
not Caryophyllales are ancestrally herba-
ceous. Good examples of this anomalous
woodiness are the cacti (Cactaceae). Well-
known examples of core Caryophyllales
families include Amaranthaceae (which
include spinach and beets), Caryophyllaceae
(carnations), Cactaceae and Portulacaceae
(pusley and spring beauty). Cactaceae and
several other families adapted to arid zones
are known to be closely related to various
members of Portulacaceae, but a formal
transfer of these families to the last has not
yet been proposed (although it will almost
certainly be treated this way in a future
update of the APG system).

In the DNA studies, Centrospermae (core
caryophyllids) were found to have a number
of previously undetected relatives. Many of
these have chemical and pollen similarities to
the core group, and some have anomalous
secondary growth as well. The core set of
families are well known for their abilities to
adapt to harsh environments, particularly
deserts and salty sites, and their newly dis-
covered relatives are similarly adapted.
For example, the tamarisks (Tamaricaceae)
and frankenias (Frankeniaceae) have salt-
secreting glands, and jojoba (Simondsiaceae)
grows in the arid zones of western North
America along with cacti. The leadworts
(Plumbaginaceae) and jewelweeds
(Polygonaceae) also include a number of
plants adapted to dry and salty conditions.
The ecological diversity displayed by these
plants was increased by the recognition that
several families of carnivorous plants are
members of Caryophyllales. These are the
sundews and Venus fly trap (Droseraceae)
and the Asian pitcher plants (Nepenthaceae).

Carnivory evolved several times in the
angiosperms, and there are members in

each of the major groups: Brochinnia
(Bromeliaceae) in the monocots, the
Australian  pitcher  plants  (Cephalotus,
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Cephalotaceae) in the rosids and the blad-
derworts (Lentibulariaceae) and New World
pitcher plants (Sarraceniaceae), each related
to different groups of the asterids. Botanists
had debated the affinities of each of these
groups of carnivorous plants for many years,
and most had proposed multiple origins.
However, there was little agreement about
which of the carnivorous plants might be
closely related and with which other families
they shared a common history. DNA data
were crucial to establish patterns of relation-
ships (Albert et al., 1992) because the highly
modified morphology of these plants as well
as the diversity of floral types made assess-
ments of their relationships largely a matter
of intuitive weighting of the reliability of
these characters.

Santalales

Before turning to the rosids, I would like to
mention briefly two APG orders of core
eudicots that have not been placed in the
three major groups because they have yet to
obtain a clear position in the results of the
DNA studies. The first of these are
Santalales (six families), which include a
large number of parasitic plants, all of which
are photosynthetic but none the less obligate
parasites. Some, like the sandalwood family
(Santalaceae), attach to their hosts via
underground haustoria, whereas others, like
the mistletoes (Loranthaceae), grow directly
on the branches of their woody host plants.
Although most are parasites on woody
species, some, such as the Western
Australian Christmas tree (Nuytsia), attack
herbaceous plants (they are one of the few
trees in the areas where they grow).
Santalales have a long history of recognition
as a group, and nearly all proposed classifi-
cations have included them, more or less
with the same circumscription as in APG
(1998, 2003). Like other core eudicots,
species in Santalales have organized flowers,
but they have unusual numbers of whorls.
Rosids and caryophyllids generally have one
whorl each of calyx (sepals), corolla (petals)
and carpels, whereas there are two whorls of
stamens (sometimes with an amplification of

these). Asterids are similar except that there
is a single whorl of stamens. Santalales have
typically many whorls of some parts, partic-
ularly stamens (up to as many as 16 in some
cases), so they clearly deviate from the main
themes of the core eudicots. It is likely that
Santalales evolved before the number of
whorls became fixed or that they have sim-
ply retained a degree of developmental flex-
ibility that was lost in the other major
groups.

Saxifragales

Unlike Santalales, Saxifragales (12 families)
is a novel order in the APG system (1998,
2003). The name has been used previously
by some authors, but the circumscription of
the order is different. Some of the families
are woody and wind-pollinated, for example
the witch hazel family (Hamamelidaceae,
although some genera are pollinated by
insects) and the sweet gum family
(Altingiaceae), and these were previously
considered to be related to the other wind-
pollinated families (see Hamamelidae
below). Others are woody and insect-polli-
nated, for example the gooseberry and cur-
rant family (Grossulariaceae), and yet others
are herbaceous and insect-pollinated, for
example the stonecrops (Crassulaceae),
peonies  (Paeoniaceae) and  saxifrages
(Saxifragaceae). The order has many species
with a particular type of vein endings in
their leaves, but in general they are diverse
in most traits. If not thought to be related to
Hamamelidae, then they were thought to be
related to the rosids in Rosales and clustered
near Saxifragaceae. New results have shown
that a small tropical family, Peridiscaceae,
are also related (Davis and Chase, 2004).

Dilleniaceae

This small family is only mentioned here
because, although it is an unplaced-to-order
core eudicot, it is the namesake of subclass
Dilleniidae, which figured importantly in
many previous systems of angiosperm classi-
fication (e.g. Cronquist, 1981). They occupy
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a potentially critical position within the core
eudicots as sister to one of the other major
groups (i.e. asterids, caryophyllids or rosids)
or perhaps to a pair or all three, so, when
they are placed, an understanding of their
floral organization might be key to under-
standing floral evolution of the eudicots in
general. In the three-gene analysis of Soltis
et al. (2000), they were sister to
Caryophyllales but this was not a clear
result. If additional gene data also place
them in this position, they will be included
in Caryophyllales.

Rosids

Like Carophyllales, rosids and asterids have
a long history of recognition, and similarly
the DNA sequence studies have considerably
enlarged the number of groups associated
with them (see below). In contrast to the
Caryophyllales and the asterids, many
groups of plants long thought to be rosids
have been demonstrated to have relation-
ships to the first two groups, and thus the
rosids have somewhat fewer families than in
many systems of classification. The addi-
tional families have come mostly from the
group called by many previous authors the
dilleniids (e.g. in Cronquist, 1981, subclass
Dilleniidae) and hamamelids (subclass
Hamamelidae, sensu Cronquist). Before dis-
cussing the rosids, it is appropriate to first
discuss these two groups that are not pre-
sent in the APG system.

Hamamelidae (Cronquist, 1981) con-
tained nearly all of the families of wind-pol-
linated trees, including such well-known
families as the beeches and oaks (Fagaceae),
birches (Betulaceae) and plane tree
(Platanaceae). They were often split into
‘lower’ and ‘higher’ Hamamelidae, in recog-
nition of their degree of advancement. The
syndrome of wing pollination is highly con-
straining of floral morphology on a mechan-
ical basis, and convergence in distantly
related families was always suspected.
Nevertheless, since the syndrome is one
associated with either great modification or
loss of many floral organs (e.g. petals are
nearly always absent and stamens are held

on long filaments so that they can dangle in
the wind), determination of other relation-
ships was made difficult, leading most work-
ers to place them together. DNA studies
have been of major significance in sorting
out the diverse patterns of relationships;
some families are now placed among the
non-core eudicots (e.g. Platanaceae in
Proteales; Trochodendraceae, unplaced to
order), Saxifragales (e.g. Daphniphyllaceae
and Hamamelidaceae), rosids (most of the
‘higher’ Hamamelidae such as Betulaceae
and Fagaceae in Fagales, see below) or even
asterids (e.g. Eucommiaceae in Garryales).
At least in the case of Hamamelidae,
botanists had the characters associated with
wind pollination as the basis for placing the
families in one taxonomic category, but the
basis for Dilleniidae was always much
weaker and less consistent among the
authors who recognized the group. Basically
(and explaining their characters in APG ter-
minology), they were core eudicots that
tended to have many petals and stamens,
with the latter maturing centrifugally. In all
other respects, they were diverse and diffi-
cult to place. With respect to the APG system
(1998, 2003), families of this subclass are
now placed in either the rosids (e.g.
Brassicaceae, Clusiaceae, Cucurbitaceae,
Malvaceae and Passifloraceae) or asterids
(Ericaceae, Primulaceae and Theaceae). The
only exceptions to this are Paeoniaceae and
Dilleniaceae, which are Saxifragales and
unplaced in the core eudicots thus far,
respectively. Thus with respect to all previ-
ous systems of angiosperm classification, that
of APG (1998, 2003) does not contain in any
form two of the previously recognized major
taxa, which have been shown by DNA stud-
ies to be polyphyletic (Chase et al., 1993;
Savolainen et al., 2000; Soltis et al., 2000).
Within the rosids, there are still several
orders not yet placed to either of the two
larger  groups, eurosid I and II:
Crossosomatales, Geraniales and Myrtales.
Crossosomatales are a small order, with three
families, none of which is well known. It is
another of the APG orders that no one had
predicted. Geraniales have four families, of
which only Geraniaceae are well known (the
temperate genera Geranium and largely South
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African Pelargonium, the ‘geranium’ of com-
merce, which are both important horticultur-
ally). On the other hand, Myrtales (13 families)
have several important families, including the
combretum family (Combretaceae), the melas-
tome family (Melastomataceae), the myrtle and
guava family (Myrtaceae) and the fuchsia and
evening primrose family (Onagraceae).
Melastomataceae and Myrtaceae are both large
and ecologically important in the tropics,
whereas  Onagraceae are horticulturally
important. Onagraceae have been studied for
many years by several American botanists and
have become a minor model family.

The remainder of the rosids are split into
two major clades, which have been referred
to as eurosid I and eurosid II. Alternative
names, fabids and malvids, have also been
suggested for these two clades, respectively.
Celastrales (three families) are another
order unique to the APG classification (in
the sense of their circumscription). The rea-
sonably large spindle family, Celastraceae, is
the only one of any particular note in this
order, which is sister to one of the larger
orders,  Malpighiales (28  families).
Malpighiales and Celastrales share a particu-
lar seed type with a fibrous middle layer.
Seed characters appear to be significant tax-
onomic characters in the angiosperms as a
whole, but unfortunately they are relatively
poorly studied. Within Malpighiales, the
most important families are the mangosteen
family (Clusiaceae or Guttiferae), a large
tropical family with several species impor-
tant for their fruit or timber, the spurge fam-
ily (Euphorbiaceae), the passionfruit family
(Passifloraceae) and the violet family
(Violaceae). Also related to these two orders
are Oxalidales (six families), in which the
oxalis  (Oxalidaceae) and  elaeocarp
(Elaeocarpaceae) families are placed. Both of
these are sources of ornamentals, and some
species of oxalis are important weeds. The
southern  hemisphere  cunon  family
(Cunoniaceae) includes some important tree
species.

The rest of the families make up a clade
that has been termed the ‘nitrogen-fixing
clade’ (Soltis et al., 1995) because at least
some members of each order are known to
harbour nitrogen-fixing bacteria in root

nodules. This trait is important because
these plants can thereby grow on poorer soil
and enrich it (e.g. farmers alternate crops so
that in some years they plant legumes, one
of the major nitrogen-fixing families). It has
been hypothesized (Soltis et al., 1995) that
this trait evolved in the common ancestor of
this clade and then was lost in many of the
genera, although the reasons why such a
valuable trait would be lost is not clear. The
alternative hypothesis, and perhaps the
more likely one, is that there are some pre-
conditions that are required for the trait to
evolve and these were present in the com-
mon ancestor; possession of the precondi-
tions then made it more likely that the trait
would evolve. If nitrogen fixation can be
engineered in plants that currently are not
capable of this, then it is more likely that this
will be possible in non-fixing species in this
clade than those in other clades.
Cucurbitales (seven families) contain the
familiar cucumber and melon family
(Cucurbitaceae) as well as the begonia family
(Begoniceae), which is common in our gar-
dens. They are sister to Fagales (seven fami-
lies), which are important (mostly) north
temperate forest trees. These include the
birch family (Betulaceae), the she-oak family
(Casuarinaceae, one of the tropical members
of this order), the beech and oak family
(Fagaceae, with some tropical genera), the
walnut, pecan and hickory nut family
(Juglandaceae) and the southern beeches
(Nothofagaceae). These families are well
known for their timbers as well as their fruits
(nuts), and they are dominant members of
many temperate and tropical ecosystems.
Fabales (four families) are important
because they include the legume family,
which, as mentioned above, are capable of
fixing nitrogen and thus enriching many of
the soils in which they grow. They are also
important as food-producing plants and are
grown as crops throughout the world. Beans
and pulses are a good source of protein; soy-
bean is widely grown and soya is a widely
used meat substitute. Many legumes, both
herbs and woody species, are also common
ornamentals, and some of the tropical gen-
era are timber species. Most are ecologically
important throughout the world. The other
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large family of Fabales is the milkwort fam-
ily, Polygalaceae. Both of these families have
highly characteristic zygomorphic flowers of
similar general construction, although no
previous author had suggested that they
were closely related. DNA studies were the
first to place these families in one clade
(Chase et al., 1993). Milkworts curiously are
unable to fix nitrogen.

Rosales (nine families) in the APG circum-
scription (2003) are radically different from
those of most previous systems (e.g.
Cronquist, 1981). Among the important
families are the rose family (Rosaceae),
which include many ornamentals as well as
fruit-bearing species, such as apples, cher-
ries, peaches, plums, raspberries and straw-
berries. A few are also important timbers
(e.g. cherry and white beam). Both Rosaceae
and Rhamnaceae include a number of nitro-
gen-fixing genera, and the latter include a
number of timber species as well as some
minor fruit-bearing genera (e.g. jujube).
Circumscription of the last set of families in
Rosales is in flux, but these have long been
recognized as a natural group. Relative to
their limits as used in APG (2003), the mari-
juana and hops family (Cannabaceae)
should now include the hop-hornbeam fam-
ily (Celtidaceae), which has been split from
Ulmaceae. The nettle family (Urticaceae)
have a number of temperate herbs of minor
importance and a larger number of tropical
trees that are timber species; many are
sources of fibres. The fig and mulberry fam-
ily (Moraceae) are a mostly tropical group,
which are important ecologically and as a
source of fruits. Figs are well known for
their symbiotic relationships with their polli-
nators, fig-wasps, each species of which gen-
erally has a one-to-one relationship with a
species of fig. This relationship is one of the
longest enduring known; it probably dates
back to 90 million years ago, when the first
fig-wasp fossils are known.

In the second major clade of the rosids,
there are only three orders, Brassicales,
Malvales and Sapindales. Brassicales (15 fam-
ilies, most of them small) include all of the
families that produce mustard oils, but their
morphological traits were so diverse that
only one author ever previously included

them in a single order (Dahlgren, 1980).
This circumscription was so highly criticized
by other taxonomists that in this next classifi-
cation, he split them again into several unre-
lated orders. The basis for including them in
a single order was simply due to the pres-
ence of mustards oils, which involve a com-
plicated biosynthetic pathway for their
synthesis; chemists interested in plant nat-
ural chemistry had long believed that it was
highly unlikely that such a process could
have evolved so many times in distantly
related groups (up to six times if you con-
sider the placement of these families in the
system of Cronquist, 1981). Thus DNA data
figured importantly in the recognition of this
circumscription of the order. The largest
family in the order is the mustard family,
Brassicaceae (Cruciferae), which include the
well-known broccoli, Brussels sprouts, cab-
bage and cauliflower, all of which are
selected forms of the same species. In APG
(2003), the circumscription of Brassicaceae
included the caper family (Capparaceae), but
recent studies have shown that by segregat-
ing a third family, Cleomaceae, it would then
be appropriate to reinstate Capparaceae as a
recognized family. Other commonly encoun-
tered families of Brassicales are the papaya
(pawpaw) family (Caricaceae) and the nastur-
tium family (Tropaeolaceae).

Malvales (nine families) are well known
for their production (in various parts of the
plants) of mucilaginous compounds (e.g. the
original source of marshmallow is the marsh
mallow, a species in Malvaceae; sugar mixed
with these polysaccharides is what was origi-
nally used to make the candy, but it is now
artificially synthesized). Nearly all of the
nine families produce at least some of these
compounds. The best-known family of the
order is the mallow and hibiscus family
(Malvaceae), which before the application of
DNA data was typically split into four fami-
lies, Bombacaceae, Malvaceae, Sterculiaceae
and Tiliaceae. Chocolate is also a commer-
cial product from a species in the family, and
okra is an edible fruit of a species of hibis-
cus. A number of ornamentals are found in
the next largest family in Malvales, the
thymelea family (Thymelaeaceae), which
include the daphne, whereas the next
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largest family is the  dipterocarps
(Dipterocarpaceae), which is the most
important family of the Old World tropical
forests and produces timbers.

The last order of the eurosid II clade is
Sapindales (nine families), which are nearly
all woody species, whereas Brassicales and to
a lesser degree Malvales have many herba-
ceous species. The largest family of the order
is that of the maple and litchi (Sapindaceae),
which is a largely tropical group; the well-
known north temperate maples and horse
chestnuts (buckeyes) are two exceptions to
this distribution. Another important family
of tropical forest trees is the mahogany fam-
ily (Meliaceae), from which also comes an
important insecticide, neem. The citrus or
rue family (Rutaceae) is also an important
woody group, but there are some herba-
ceous species, such as rue itself, which is a
temperate genus. Grapefruit, lemons, limes
and oranges, as well as a number of minor
fruits, are important commercially. The poi-
son ivy and cashew family (Anacardiaceae) is
another largely tropical group; the family is
well known for its highly allergenic oils,
which cause severe and sometimes fatal reac-
tions in many people. Cashews, mangoes and
pistachios are important commercial mem-
bers of the family.

Asterids

The second major group of eudicots is the
asterids, which are subdivided into three
major subgroups, only the last two of which
have typically been considered to be mem-
bers of formally recognized asterid taxa.
Asterids differ in a number of technical and
chemical characters from the rosids, but
their flowers differ in having fused petals to
which a single whorl of stamens is typically
attached. This sympetalous corolla fused to
the stamens is sometimes modified late in flo-
ral development, such that when these flow-
ers open they appear to have free petals, but
in terms of their development they are none
the less derived from a fused condition (this
situation has been termed ‘early sympetaly’
by Erbar and Leins (1996)). Some rosids can
also be sympetalous (e.g. the papaya family,

Caricaceae), but this is rarely encountered;
rosids of most orders have two whorls of sta-
mens that are rarely attached to the petals
(Celastraceae and Rhamnaceae are two
exceptions, but they have lost different
whorls). The caryophyllids are more similar
to the asterids in some ways (seed and pollen
characters), but to rosids in others (e.g. lack
of fused petals).

Cornales (six families) were previously
associated with the rosids because of their
unfused petals. The dogwood family
(Cornaceae) is the best known of the order
and is largely north temperate. The
hydrangea family (Hydrangeaceae) is well
known for its ornamental species; it had been
previously associated with Saxifragaceae by
nearly all authors. The loasa family
(Loasaceae) had been frequently placed near
the passionflower family (Passifloraceae); this
family includes a number of plants with sting-
ing hairs (such as the nettles, Urticaceae).

Ericales (23 families) have previously
been split into as many as seven orders by

some authors (e.g. Cronquist, 1981;
Diapensiales, Ebenales, Lecythidales,
Polemoniales, Primulales, Theales and

Sarraceniales), but DNA data do not dis-
criminate among these clearly so the order
has been broadly defined in APG (1998).
Well-known families among Ericales include

the heath and rhododendron family
(Ericaceae), ebony family (Ebenaceae), phlox
family (Polemoniaceae), primula family
(Primulaceae), North American pitcher
plants  (Sarraceniaceae), zapote family

(Sapotaceae) and tea family (Theaceae).
Commercially important timber families
include the ebonies and zapotes, and
Ericaceae include a number of ornamentals
(azaleas, ericas and rhododendrons).

In the first of the two core or euasterid
clades (four orders), which some authors
have termed the lamiids (Bremer et al.,
2001), there are four families unplaced to
order, the most important of which is the
borage family (Boraginaceae) and in which a
number of ornamentals are included (for-
get-me-not, etc.). Garryales is a small order
with two small families: Garryaceae include
the ornamentals Garrya and Aucuba.
Eucommia (Eucommoniaceae) is a wind-
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pollinated genus formerly placed in subclass
Hamamelidae (Cronquist, 1981; see above).
Gentianales (five families) include the milk-
weeds (Apocynaceae), gentians (Gentianaceae)
and the ffth largest family in the
angiosperms, the madders (Rubiaceae).
Milkweeds are a largely tropical family of
vines and trees, some of which are locally
important timbers; the succulent milkweeds
of South Africa are common in cultivation
and include the carrion flowers that attract
flies to pollinate them and which deceive the
female flies so well that they lay eggs on
what they think is a rotting animal carcass.
Gentians are common herbs, some orna-
mental, in temperate zones but include as
well some tropical trees. Rubiaceae are
largely tropical woody plants, but in the
temperate zones there are some herbs;
many are important timber species, such as
teak (Zectonia), as well as medicinal plants
and coffee (Coffea species).

The largest order of the lamiids is
Lamiales (21 families), which include the
acanths (Acanthaceae), Catalpa and bignon
family (Bignoniaceae), African violet family
(Gesneriaceae), mints (Lamiaceae  or
Labiatae), olive and lilac family (Oleaceae),
veronica family (Plantaginaceae), snapdragon
family (Scrophulariaceae), broomrape family
(Orobanchaceae) and verbena and teak fam-
ily (Verbenaceae). Scrophulariaceae have
been much studied and remain problematic
in their circumscription. Orobanchaceae
include the obligate, non-photosynthetic gen-
era that most previous authors assigned
there, but along with these the former ‘hemi-
parasitic’ genera, such as the Indian paint
brush (Castileja) and lousewort (Pedicularis),
which had been included in
Scrophulariaceae, have been transferred to
Orobanchaceae. The genera related to
Veronica, such as foxglove (Digitalis, the source
of the heart medicine, digitalin), are now con-
sidered to be Plataginaceae, which had for-
merly been a monogeneric family. A number
of other segregates from Scrophulariaceae
have recently been proposed as well, such as
the pocketbook plant (Calceolariaceae).
Further changes are likely as more studies are
completed. The mints (Lamiaceae) are the
sources of many herbs, such as basil (Ocimum),

lavender (Lavendula), rosemary (Rosmarinus),
marjoram and oregano (Oreganum) and sage
(Salvia), the last of which also has a number
of ornamentals.

The last of the lamiid orders is Solanales
(five families), which include the morning glory
family (Convolvulaceae) and the potato and
tomato family (Solanaceae). Convolvulaceae
also contain the sweet potato (Ipomoea), which
is of major importance as a staple (starch)
crop in some tropical regions (e.g. New
Guinea). In addition to potato and tomato
(Solanum), Solanaceae also include aubergine
(also  Solanum), sweet and hot peppers
(Capsicum) and tomatillo (Physalis), as well as
many ornamentals, such as petunia (Petunia),
poor man’s orchid (Schizanthus) and devil’s
trumpet (Brugmannsia). Solanaceae are also
well known for their drug plants, including
belladonna (Atropa) and tobacco (Nicotiana),
the most widely used drug plant of all.

The last clade of euasterids is the lobeli-
ids, which includes four orders. There are
still a number of small families that are not
yet placed in one of these orders (e.g. the
escallonia family, Escalloniaceae, and brunia
family, Bruniaceae). Two of the orders were
previously not considered asterids at all by
most previous authors (e.g. Cronquist, 1981;
Thorne, 1992). Apiales and Aquifoliales
were usually allied to rosid families,
although authors such as Cronquist (1981)
admitted that at least the former was transi-
tional between his subclasses Rosidae and
Asteridae. Apiales (ten families) include the
carrot family (Apiaceae or Umbelliferae), ivy
family (Araliaceae) and pittosporum family
(Pittosporaceae). Apiaceae include mostly
herbaceous plants, and in addition to carrots
(Daucus), they produce parsnips (Pastinaca)
and fennel (Foeniculum, which is both a veg-
etable and a herb). Other genera provide
herbs, such as dill (Anethum), parsley
(Petroselinum) and  chervil  (Anthriscus).
Araliaceae include the common English ivy
(Hedera; other types of ivy, such as Virginia
creeper and poison ivy, are included in
Vitaceae and Anacardiaceae, respectively).
Other well-known members of Araliaceae
include aralia (Aralia) and ginseng (Panax),
the latter of which is considered an impor-
tant tonic in the Far East.
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Aquifoliales (five families, none of them
large) include the holly family
(Aquifoliaceae) and the stemonura family
(Stemonuraceae, which is largely tropical).
Two small families, Helwingiaceae and
Phyllonomaceae, include shrubs with flow-
ers borne in the middle of their leaves.
Holly (llex) was important in the religious
rituals of the pre-Christians in Europe and
later became identified with Christmas
because its leaves persisted through the win-
ter. One species of Ilex is commonly used as
a tea in southern South America, principally
Argentina, and others are frequently used as
ornamentals.

Asterales (11 families) have the greatest
number of species in the asterids because
they contain the daisy and sunflower family
(Asteraceae or Compositae), which is one of
the two largest families of flowering plants
(the other is the orchids, Orchidaceae).
Asteraceae are economically and ecologically
important and contain herbaceous plants as
well as woody genera. Helianthus is the sun-
flower, which is cultivated for its seeds that
are rich in proteins, as well as the Jerusalem
artichoke (Jerusalem in this case is a corrup-
tion of hira sol, sunflower in Spanish); Cynara
is the true artichoke, which is the large
flower head that is harvested before it opens;
Lactuca is lettuce, and Chicorium is chicory.
Other species are important weeds, such as
dandelion (Taraxacum), sticktight (Bidens),
English daisy (Bellis) and ragweed (ironically
named Ambrosia). Many cultivated ornamen-
tals are also members of Asteraceae, includ-
ing marigold (Calendula), African marigold
(Tagetes, which is native to Mexico, in spite of
its common name), dahlia (Dahlia), cosmos
(Cosmos), batchelor’s button (Centaurea), daisy
and chrysanthemum (Chrysanthemum) and
aster (Aster and several segregate genera).
Other important families in Asterales include
the bluebell family (Campanulaceae), the
goodenia family (Goodeniaceae) and the
bog-bean family (Menyanthaceae).
Campanulaceae include several ornamentals,
such as lobelia and cardinal flower (both
Lobelia), Canterbury bells (Campanula) and
bellflowers (Platycodon). Goodeniaceae is an
Australasian family that has produced some
ornamentals, such as Scaevola.

Dipsacales (two families) is the last order
of asterids. Caprifoliaceae and Adoxaceae
are the only included families, the former
often treated as five more narrowly circum-
scribed families. The former includes elder
(Sambucus, used as a fruit; the flowers as a
drink) and snowball bush (Viburnum).
Caprifoliaceae include a number of orna-
mentals, such as honeysuckle (Lonicera),
abelia (Abelia), morina (Morina) and scabious
(Scabiosa). Dipsacus, teasel, has in the past
been used to card wool, but is now an intro-
duced weed in many parts of the world.

The Future

One of the major questions regarding the
APG system of classification is its stability. As
is obvious when comparing the original APG
classification with APG II, only a few changes
have been made. The orders described in
the original have been uniformly retained,
and even family circumscription has changed
relatively little. The evidence produced by 10
years of phylogenetic studies on the
angiosperms has been remarkably consistent,
and thus a system built upon such a base is
likely to be stable. Changes anticipated are
continued refinement of familial circum-
scriptions and likely recognition of some
small orders for families that consistently fall
outside the major clades, such as
Berberidopsidales ~ (composed — of  just
Berberidosidaceae and Aextoxicaceae).

There are also some small families and
genera that should be placed once suitable
material becomes available for DNA work,
but in the general scheme of things these
are trivial matters. From time to time a
genus misplaced within a family is also dis-
covered. For example, Aphanopetalum was
considered a member of Cunoniaceae by
most authors, but it does not fall into either
Cunoniaceae or even Oxalidales, and
instead is related to Saxifragales, in which
APG 1I placed it. None the less, these sorts
of change have little effect on the overall sys-
tem and do not complicate matters greatly
(most people did not know Aphanopetalum so
such changes have little effect on users of
the APG classification).
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The major improvement that is needed in
the APG system is for there to be greater
confidence in the higher-level relationships
(above orders) so that a formal nomenclature
can be adopted for superorders or sub-
classes, but to achieve this will require addi-
tional data collected in an organized manner.
At present, the relationships among the

major groups of eudicots (e.g. asterids,
caryophyllids and rosids) and the basal
clades of angiosperms (Chloranthaceae, mag-
noliids, monocots, eudicots and probably
Ceratophyllaceae) are not clear.
Collaborative efforts are under way to
address these uncertainties, and in the future
we can expect clarification of these issues.
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3 Diversity and evolution of gymnosperms
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Introduction

Lindley (1830) introduced the class
Gymnospermae for that group of seed plants
possessing exposed or uncovered ovules as
one of four classes of seed plants. Two were
the monocots and the dicots, with the
Gymnospermae placed between these, and a
fourth group (the Rhizanths) was added for
a number of highly modified hemiparasites
such as Rafflesia and Balanophora. Within the
class Gymnospermae, Lindley recognized
five ‘natural orders’, Gnetaceae, Cycadaceae,
Coniferae, Taxaceae and Equisetaceae.
Equisetaceae have since been shown not to
be seed plants, Coniferae and Taxaceae have
been combined and an additional group has
been introduced for the then unknown
ginkgo. This gives us the four divisions of
gymnosperms recognized today, Cycadophyta,
Ginkgophyta, Pinophyta and Gnetophyta,
with all of the flowering plants treated as the
fitth division of seed plants, the Magnoliophyta
(Judd et al., 2002).

Nomenclature

The gymnosperms have been variously
placed in a class Gymnospermae or a division
Gymnospermophyta. Within this group, the
subgroups have been recognized at the rank

of orders, classes, subclasses, divisions, subdi-
visions or phyla, giving rise to the different
spellings often seen in the literature (e.g
Cycadales, Cycadae, Cycadinae, Cycadophyta,
Cycadophytina). All subgroups including the
flowering plants or angiosperms are treated
here as divisions with the termination ‘-phyta’.

A Monophyletic Group?

The extant seed plants (the Spermatophyta)
have been shown to be a monophyletic
group; that is, the entire group arose from a
single common ancestor, with initial radiation
in the Late Palaeozoic (Stewart and Rothwell,
1993). The five lineages recognized within
the seed plants have been shown to be mono-
phyletic by most studies (e.g. Crane, 1988;
Loconte and Stevenson, 1990; Qiu and
Palmer, 1999), although the status of the
Gnetophyta and Pinophyta has been ques-
tioned by some recent molecular studies
(Bowe et al., 2000; Chaw et al., 2000; Rydin et
al., 2002; Soltis et al., 2002). However, exact
relationships among these lineages and the
pattern and chronology of divergence remain
unclear. A number of morphological and
molecular cladistic studies published over the
past 10 years on all or part of the
Spermatophyta differ in details of divergence,
and no consensus is yet available (Fig. 3.1).
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Fig. 3.1. Differing hypotheses published in recent years on the phylogenetic relationships of angiosperms and
the four clades constituting the gymnosperms. (a) Parenti, 1980; (b) Hill and Crane, 1982; (c) Crane, 1985a;
Doyle, 1998a; (d) Doyle and Donoghue, 1986; (e) Loconte and Stevenson, 1990; (f) Qiu et al., 1999; (g) Soltis
etal., 2002; (h) Goremykin et al., 1996; (i) Chaw et al., 1997; Bowe et al., 2000; (j) Rydin et al., 2002.

Although regarded as a natural group for
many years, more recent morphological stud-
ies have suggested that the Gymnospermae
may be paraphyletic (Parenti, 1980; Hill and
Crane, 1982; Crane, 1985a,b; Doyle and
Donoghue, 1986; Bremer et al., 1987;
Loconte and Stevenson, 1990; Nixon et al.,
1994; Rothwell and Serbet, 1994; Doyle,
1996, 1998a,b). Central to these conclusions
was the recognition of the ‘Anthophyte’ clade,

placing the Gnetophyta on the stem lineage
of the Magnoliophyta (Crane, 1985a,b; Doyle
and Donoghue, 1986, 1992; Friedman, 1992;
Donoghue, 1994; Doyle, 1996; Frohlich and
Meyerwitz, 1997; Nickrent et al., 2000). Still
more recently, molecular phylogenetic studies
have failed to corroborate the Anthophyte
clade and in many cases have supported a
monophyletic Gymnospermae (Hasebe et al.,
1992; Goremykin et al., 1996; Chaw et al.,
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1997, 2000; Stefanovic et al., 1998; Bowe et
al., 2000; Pryer et al., 2001; Soltis et al.,
2002). Other recent studies support a close
phylogenetic relationship between ginkgo
and cycads and between Gnetales and
conifers (Raubeson, 1998). However, sup-
port for the deeper phylogenetic structure
in all of these studies has been low and
results have been inconsistent, and the
monophyly of the Gymnospermae must still
be regarded as an open question (Rydin et
al., 2002). The four divisions will be dis-
cussed separately below.

Origins of the Gymnosperms

Primitive plants (bryophytes and pterido-
phytes and some of their even more primi-
tive algal progenitors) disperse by means of
haploid spores, which establish a free-living
haploid gametophyte generation. These
reproduce using motile flagellated sperm,
which must swim through free water to find
and then fertilize ova (Raven et al., 1992).
This limits habitat to sites with free water.
Their gametophyte generations are free-liv-
ing and also lack conductive vascular tis-
sues, are not differentiated into true organs
such as leaves and roots, have fixed stom-
ates that cannot close and have poorly
developed cuticles. They are consequently
sensitive to environmental conditions, and
in particular cannot withstand desiccation.
Evolution of seed plants represents a major
step in surviving different and varying envi-
ronmental conditions. The advent of pollen
eliminates dependency on water for fertil-
ization, and the seed allows wider and more
successful dispersal.

The earliest known seed plants have been
reported from the Late Devonian
(Famennian) of West Virginia (Rothwell et
al., 1989). A number of other seed structures
have been reported from the latest
Devonian and Early Carboniferous. Many
have unusual morphologies and show no
similarities to extant seed plants.

It has been suggested that extensive
morphological variability often seen early in
the history of lineages occurs because the
new organisms are moving into new ‘adap-

tive spaces’ (vacant or underutilized ecologi-
cal niches) where they are suffering little
competition (Lewin, 1988). This allows
many, sometimes impractical, forms to
develop and coexist. Later, when members
of the new lineage begin to compete, many
of the early morphologies are removed by
selection. In this case the adaptive space is
the dry land made accessible by the acquisi-
tion of ‘key adaptations’ allowing the plants
to resist desiccation. The ‘key adaptations’
allowing this movement were the protection
of the fragile gametophyte stage of the life
cycle by the evolution of pollen (which also
eliminates dependency on water for fertil-
ization) and the evolution of seeds (which
also enable the transport and protection of
plant embryos). These features also elimi-
nate the fragile free-living gametophyte
stage from the life cycle.

This ‘experimental’ period lasted less
than 40 million years in the case of the seed
plants, and was largely over by the middle of
the Carboniferous. A few basic designs
became established and common. At this
point, lineages assigned to modern-day
Cycadophyta, Ginkgophyta and Pinophyta
were in existence, and seed plants became
more species rich. Although three of the five
extant lineages were in existence by the end
of the Carboniferous, these progenitors dif-
fered in many ways from their living descen-
dents (Florin, 1939; Miller, 1982).

Seed plants have many anatomical and
reproductive features in common (Foster
and Gifford, 1989). The primary vascular
structure is a eustele (vascular bundles are
organized into bundles of xylem internally
flanked by bundles of phloem on the out-
side). All have secondary growth occurring
from a bifacial vascular cambium (produc-
ing cells on both sides; in seed plants
phloem is produced on the outside and
xylem on the inside). Gametophytes are
wholly developed within the spore mother
cell walls with the exception of the sperm
cell transfer by haustorial growth of the
microgametophyte as the pollen tube.
There is thus no free-living gametophyte
generation in seed plants; the entire game-
tophyte generation is sustained by or para-
sitic on the sporophyte generation.
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Gymnosperm Characteristics

Gymnosperms and angiosperms are differ-
entiated by several features (also see Foster
and Gifford, 1989; Raven ¢t al., 1992).

1. Gametophytes. Angiosperms are character-
ized by simplified megagametophytes
reduced to only embryos in seeds, with
endosperm not derived from megagameto-
phyte tissue. However, gymnosperm gameto-
phytes vary in structure between the divisions,
and may represent a gradational reduction in
complexity to the angiosperm condition.

2. Integuments. Most but not all
angiosperms have ovules completely sur-
rounded by two integuments (bitegmic).
The exceptions apparently represent sec-
ondary loss of one integument. Most gym-
nosperms are unitegmic except in the
gnetophytes, where the second integument
may not be homologous with that of the
angiosperms.

3. Pollen wall morphology. The pollen of
angiosperms is different from that of all
other seed plants in having a tectate—
columellate structure, in which the outer
layer of the pollen wall (exine) is differenti-
ated into two layers separated by columns.
In all other seed plants, pollen has a two-
layer structure (exine and intine) but within
these layers structure is homogeneous.

4. Vessels. Xylem vessels characterize most
angiosperms.  However, several basal
angiosperm families lack vessels, while some
ferns, Selaginella, Equisetum and Gnetum, all
have vessel-like cells. Developmental mor-
phology can differentiate vessels as probable
independent developments in these groups.
5. Sieve elements with companion cells in
phloem. Companion cells also occur in gne-
tophytes, but apparently again through a
different developmental pathway.

6. Carpels. Angiosperms have ovules
enclosed in carpels, whereas gymnosperms
have exposed ovules (hence the name).
However, the nature of the carpel varies
widely and is not completely enclosing in
some cases.

The origin and ancestry of the flowering
plants remains a mystery. No clear ancestral

lineage has been identified beyond the com-
plex of Mesozoic seed plants clearly recog-
nizable as flowering plants from which all of
the major lineages branched. The first
unequivocally true angiosperms appear in
the fossil record as both pollen and macro-
fossils in the Early Cretaceous (Beck, 1976;
Friis et al., 1987). It has been suggested that
the earlier angiosperms lived in upland,
possibly arid, regions where they were
unlikely to enter the fossil record (Cleal,
1989). The lack of any trace (including
pollen, which can be widely transported) of
these pre-Cretaceous angiosperms through
the Carboniferous to Cretaceous time gap
makes this hypothesis unlikely. If the gym-
nosperms are indeed monophyletic, their
sister group the angiosperms must date
from the same period, the Carboniferous.
This leaves a gap of over 150 million years
with no fossil record of angiosperms - a
period longer than their entire known fossil
history. This could be either because the
gymnosperms are not a natural group, or
because the stem lineage of the
angiosperms lacked distinguishing
angiosperm synapomorphies.

Reproductive Features Common to All
Gymnosperms

A feature of all gymnosperms is the aggrega-
tion of reproductive structures into separate
male and female cones or strobili
(Chamberlain, 1935).

The male cone or microstrobilus in
cycads, conifers and ginkgo consists of a
cone axis with spirally arranged modified
leaves (microsporophylls), each bearing two
or several pollen sacs (microsporangia)
abaxially (on the underside). Gnetophyta
have a more complex microstrobilus struc-
ture that varies from family to family (Foster
and Gifford, 1989).

Diploid cells inside the microsporangium
(microsporocytes) undergo meiosis to pro-
duce four haploid cells (microspores). Each
microspore divides mitotically to produce a
microgametophyte, which becomes a pollen
grain. The development of the microgameto-
phyte occurs inside the microspore wall, and
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this all occurs inside the microsporangium.
The outer wall of the microspore forms the
pollen wall. The microgametophyte thus
consists of four nuclei: two prothallial nuclei,
one tube nucleus and one generative
nucleus. The tube nucleus forms a pollen
tube that digests its way thorough the mega-
sporangium. The generative nucleus divides
mitotically to produce two sperm cells.

The female cone or megastrobilus differs
in different gymnosperm groups (Foster and
Gifford, 1989). Cycads have a simple struc-
ture consisting of a cone axis, modified
leaves (sporophylls) and two or several
ovules on the underside of the sporophylls.

In conifers the female cone consists of a
cone axis and cone scales (modified
branches because they are subtended by a
bract (a type of a leaf)). On the surface of a
cone scale, there are two or several ovules.
Gnetophyta also have a compound cone
scale structure, but in both male and female
cones. Female reproductive structures in
ginkgo are highly reduced, and homologies
with either the cycad megasporophyll or
conifer cone scale have been disputed
(Florin, 1951; Meyen, 1981).

An ovule consists of an integument, a
megasporangium, and a diploid megaspore
mother cell (megasporocyte). The megas-
porocyte divides meiotically to produce four
haploid megaspores. Three of these degen-
erate leaving one megaspore, which divides
mitotically many times to produce a
megagametophyte. Specialized regions of
the megagametophyte will differentiate into
two archegonia, and each of these archego-
nia will produce a single egg cell
Development of the megagametophyte
occurs inside the megaspore (all inside the
megasporangium and the integument).

The pollen is carried by wind or insects
to a mucilaginous droplet, which exudes
from the micropyles of the ovules. The
drop retracts (or evaporates) bringing the
pollen into the pollen chamber where a
haustorial pollen tube forms and the final
stages of male gametophyte development
take place. At fertilization, one of the sperm
cells unites with the egg cell to produce a 2n
zygote that will divide mitotically to pro-
duce an embryo.

The seed is made up of the embryo (2n),
the endosperm or food source that comes
from the megagametophyte (1n), and the
seed coat that is derived from the integu-
ment (from the 2n parent sporophyte).
There is no double fertilization as in
angiosperms, although gnetophytes show a
double fertilization of a different kind (see
below).

Cycadophyta

The cycads are a distinct monophyletic
group, defined by the presence of cycasin,
girdling leaf traces, simple megasporophylls,
the absence of axillary buds and the primary
thickening meristem, which gives rise to the
pachycaul habit (Stevenson, 1981, 1990).

Present-day occurrence

The modern cycads comprise two families
with ten genera and about 300 species dis-
tributed across the warm, subtropical envi-
ronments of the Americas, Africa, eastern
Asia and Australasia. Most individual gen-
era, however, have more limited geographi-
cal ranges. Many extant cycads show
relictual  distributions, although other
groups are clearly actively evolving (Gregory
and Chemnick, 2004).

Vegetative morphology

All living cycads are dioecious, long-lived,
slow-growing woody perennials (also see
Foster and Gifford, 1989; Norstog and
Nichols, 1997).

Stems are pachycaul (short and thick)
with a broad pith and cortex and manoxylic
wood (a wood type that contains abundant
parenchyma, typical of cycads), and may be
subterranean or aerial. Internal stem struc-
ture is characterized by a eustele with
endarch protoxylem, where a small amount
of manoxylic wood is produced from a bifa-
cial vascular cambium. Leaf vasculature
traces in the stem are girdling; that is, traces
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arise from the stele at a point opposite the
point of leaf attachment and dichotomously
branch, with the two branches girdling the
stele as they transverse the cortex and meet-
ing again before entering the petiole. This
condition is known in no other extant group
of seed plants. Axillary buds are absent, and
vegetative branching is either dichotomous
or adventitious.

Cycad roots are heteromorphic, with con-
tractile and coralloid roots in addition to
normally functioning roots. Contractile tis-
sue is present in roots and, to a lesser
extent, stems, especially in juvenile plants
(Stevenson, 1980). Coralloid roots are highly
modified roots, with apogeotropic growth
and extensive dichotomous branching, with
the branches shortened, thickened and
modified to internally accommodate symbi-
otic cyanobacteria (Nathanielsz and Staff,
1975).

Leaves are large, spirally arranged, pin-
nate, bipinnate or bipinnatifid, exstipulate
or stipulate or with a stipular hood, loosely
pubescent at least when young, and usually
arranged in crowns on the stem-apex. The
leaves are often scleromorphic, owing to the
strong fibres, thick cuticle and thick hypo-
dermis. Leaf-bases may be persistent or
abscisent, depending on species. Leaves are
interspersed with scale-leaves (cataphylls),
except in Stangeria and Bowenia.

The pachycaul habit of modern-day
cycads is thought by some to be a Tertiary
development, many Mesozoic cycads having
dense wood and a leptocaul habit
(Delevoryas, 1993).

Reproductive morphology

Sporophylls of both sexes are simple and
spirally arranged in determinate strobilate
structures (except in Cycadaceae) carried on
stem apices. The strobilate structure is lack-
ing in Cycadaceae, with flushes of sporo-
phylls developing at the stem apex in the
same manner as flushes of leaves. The abax-
ial surfaces of male sporophylls carry
numerous sporangia in two ‘patches’ that
open by slits. Pollen is cymbiform, monosul-
cate and bilaterally symmetrical.

Female sporophylls are simple and entire
(dissected in Cycadaceae), and carry naked,
unitegmic ovules. Seeds are large, with a
two-layered testa: a fleshy and distinctly
coloured outer layer, and a woody inner
layer. The embryo is straight, with two
cotyledons, which are usually united at the
tips; germination is cryptocotular.

Although widely accepted in the past to
be wind pollinated (Chamberlain, 1935),
recent studies in several regions indicate
that cycads are mostly insect pollinated,
often by closely commensal beetles (Norstog
et al., 1986; Tang, 1987; Donaldson et al.,
1995; Stevenson et al., 1998). This contrasts
with both Ginkgo and the conifers, all of
which are wind pollinated (Page, 1990).
Chemistry of the pollinator-attractants in
cycads is markedly different from that of any
flowering plants (Pellmyr et al., 1991), sug-
gesting an independent origin for this polli-
nation syndrome.

Male gametophytes produce large, multi-
flagellate and motile sperm cells, sharing
some similarities with those of Ginkgo but oth-
erwise unlike those of any other seed plants.

Cycad seeds are large, with a fleshy outer
coat (sarcotesta) over a hard, stony layer
(sclerotesta), and copious haploid, mater-
nally derived endosperm. The fertilized
embryo develops slowly but continuously
until germination, with short-term chemical
inhibition of germination by the sarcotesta
but no real dormancy (Dehgan and Yuen,
1983). This makes seeds relatively short-
lived and subject to damage by desiccation.

Dispersal

The fleshy sarcotesta attracts animals,
mainly birds, rodents, small marsupials and
fruit-eating bats, which serve as dispersal
agents (Burbidge and Whelan, 1982; Tang,
1987). In most cases, the fleshy coat is eaten
off the seed and the entire seed is not con-
sumed. Dispersal is consequently limited to
the usually short distance that the animals
can carry the seed.

Cycas subsection Rumphiae has seeds with
a spongy endocarp not seen elsewhere
among the cycads (Guppy, 1906; Dehgan
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and Yuen, 1983; Hill, 1994), which gives a
potential for oceanic dispersal, and it has
been demonstrated that seeds maintain via-
bility after prolonged immersion in sea
water (Dehgan and Yuen, 1983). Subsection
Rumpbhiae is the only subgroup of the genus
to occur on oceanic islands, and is widely
distributed through the Indian and western
Pacific oceans, as well as all non-mainland
parts of South-east Asia (Hill, 1994).

Distribution and ecology

Cycad plants are long-lived and slow grow-
ing, with slow recruitment and population
turnover. The fleshy and starch-rich stems
are highly susceptible to fungal attack, and
almost all species grow in well-drained soils.
Habitats range from closed tropical forests to
semideserts, the majority in tropical or sub-
tropical climates in regions of predominantly
summer rainfall. Cycads often occur on or
are restricted to specialized and/or localized
sites, such as nutritionally deficient sites,
limestone or serpentinite outcrops, beach
dune deposits or precipitously steep sites.

Contractile roots are present in all cycads
(above), particularly in juvenile plants.
These draw the sensitive growing apex of
seedlings below the soil surface, affording
protection against drought and the fires
that are a frequent feature of many cycad
habitats.

Coralloid roots host symbiotic cyanobac-
teria, which fix atmospheric nitrogen and
contribute to the nutrient needs of the
plant. This provides an advantage in the
nutritionally deficient soils occurring in
many cycad habitats.

Cycadaceae

The monogeneric Cycadaceae is apparently
Laurasian in origin, and relatively recently
dispersed into the Australasian region. This
is supported by the fossil record, with Cycas
fossils known only from the Eocene of China
and Japan (Yokoyama, 1911; Liu et al.,
1991). Australia stands out as a major centre
of speciation for Cycas, with some 27 of the c.
100 species.

Zamiaceae

Zamiaceae shows a distinct break into
Laurasian and Gondwanan elements, possi-
bly from an ancestral disjunction resulting
from the breakup of Pangaea. Fossil evidence
places the extant genera in Australia at least
back into the Eocene (Cookson, 1953; Hill,
1978, 1980; Carpenter, 1991). Macrozamia
has also speciated widely, with 38 species rec-
ognized in Australia. Many species are com-
ponents of complexes with narrow
geographic replacement patterns, suggesting
that speciation is active and ongoing.

Bowenia and Stangeria were placed in
Stangeriaceae, but more recent studies have
failed to corroborate their sister relation-
ship, and have indicated that both genera
may be best included in Zamiaceae. Both are
Gondwanan, with one genus in Australia
and another in southern Africa. Bowenia
occurs as understorey shrubs in moist euca-
lypt woodlands or forests, or in closed meso-
phyll forests. Fossil evidence places the
genus Bowenia in southern Australia in the
Early Tertiary (Hill, 1978).

Evolution and fossil record

While the extant cycads have been clearly
shown to be a monophyletic group by both
morphological and molecular studies
(Stevenson, 1990; Chase et al., 1993), ances-
try and relationships of the group remain
unclear. The group is acknowledged as
extremely ancient, with a fossil record
extending back to the Early Permian (Gao
and Thomas, 1989). The Palaeozoic and
Mesozoic cycads were, however, very differ-
ent from those of the present day, and fossil
evidence of the extant genera is known only
from the Tertiary. The cycads have been
proposed as the sister group to all other liv-
ing seed plants (Nixon et al., 1994), although
other studies have suggested different rela-
tionships (Pryer et al., 2001).

Relationships among the cycad genera
are still not well understood. A detailed clas-
sification of taxa at and above generic level
based on morphological and molecular data
has been presented by Stevenson (1992),
although more recent molecular studies



32 K. Hill

indicate somewhat different relationships
(Hill et al., 2003; Rai et al., 2003).

Cycads first appeared in the Late
Carboniferous, and are thought to have
arisen from the Medullosan seed ferns
(Taylor and Taylor, 1993). Fossils from this
period are somewhat problematical and
unlike later or modern cycads. Spermopteris is
characterized by two rows of ovules attached
to the abaxial surface of Taeniopteris, a com-
mon simple leaf type from the Upper
Paleozoic. This plant has been placed with
the cycads on the basis of foliar features,
mainly the haplocheilic stomata, in which
the guard mother cell gives rise to only two
guard cells. Venation patterns and a non-
bifurcating leaf-base also represent derived
characters shared between Taeniopteris and
cycads. However, haplocheilic stomata also
occur in several other types of seed plants,
such as conifers, ginkgoes, Ephedra, glos-
sopterids and  Cordaites. Fossil foliage
assigned to cycads is commonly pinnately
compound (e.g. Nilssonia), but includes some
simple, entire leaves (e.g. some Nilssonia and
Taeniopteris). Cycad-like pinnate fossil foliage
of the common Mesozoic group,
Bennetitales, is separated by possession of
syndetocheilic stomata, in which guard
mother cells produce four guard cells, a fea-
ture shared with angiosperms.

During the Permian, fossil genera with
greater resemblance to living cycads begin
to appear, for example, Crossozamia. Among
these are taxa that produce megasporo-
phylls in a helical arrangement similar to the
simple ovulate cones of extant Zamia, and
taxa with foliaceous megasporophylls closely
resembling extant Cycas.

The cycads reached their peak in species
richness and ecological importance during
the Mesozoic, and have been declining since
that time (Harris, 1976). Many cycad genera
from the Mesozoic have been reconstructed
from fairly complete fossils, for example
Leptocycas. Based on these reconstructions,
some workers think that the Mesozoic cycads
in general had relatively slender trunks with
widely spaced leaves that abscised, and that
modern cycads with the short, thick stems
did not evolve wuntil the Tertiary
(Delevoryas, 1993).

Ginkgophyta
Present-day occurrence

The Ginkgophyta is represented today by a
single species, Ginkgo biloba, which is
restricted to central China in the wild, but
extensively propagated as an ornamental
tree. There have been suggestions that it has
been extinct in the wild for centuries and
maintained only in cultivation in temples.
However, there have also been reports of
wild occurrences in the Tianmu Mountains
in Zhejiang province (Fu et al., 1999).

Vegetative morphology

Ginkgophytes are large, long-lived, decidu-
ous, dioecious trees. Roots are fibrous to
woody and undifferentiated. Stems are dif-
ferentiated into long and short shoots, most
probably in a parallel development to that
present in some conifers and angiosperms.
In short shoots, internodes are very short, in
contrast to long-internode long shoots.
Secondary xylem in long shoots is pycnoxylic
like that of conifers and Cordaites; wood in
short shoots is rich in parenchyma,
approaching the manoxylic condition of
cycads. Leaves are exstipulate with multiple
dichotomous venation and double vascular
traces and develop on both long shoots and
short shoots although the shape of leaves
varies somewhat between long and short
shoots. Leaves are simple although at times
quite deeply lobed and triangular in shape
with veins that bifurcate to fill space as the
wedge of the leaf widens. Ginkgo has a lepto-
caul habit with well-developed, dense wood,
and also has well-developed axillary buds
and branching. Resin canals are absent.

Reproductive morphology

Ginkgo biloba is dioecious, a character in com-
mon between Ginkgo and the living cycads.
Pollen is produced in paired microsporangia
(also termed sporangiophores) on simple
stalked microsporophylls, which are spirally
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aggregated into simple catkin-like strobili
(lacking bracts), which are also carried on
short shoots. The pollen grains are monosul-
cate, spherical and wind-dispersed (see also
Foster and Gifford, 1989).

Ovules are erect and borne in pairs sub-
tended by a collar of uncertain origin on
axillary stalks on short shoots. The ovule has
a single integument that becomes three-lay-
ered and develops in the seed into a fleshy
outer sarcotesta, a stony inner sclerotesta
and a thin endotesta. This is superficially
similar to integument differentiation in the
cycads and Medullosa, and is an adaptation
to animal dispersal.

Development of the male gametophyte is
very similar to that in the cycads except that
there are two prothallial cells instead of one.
The mature spermatozoid is similar to the
cycad sperm, but it is smaller and has only
2.5 turns of the spiral, compared with 5 or 6
in the cycads. Numerous flagella
(10,000-12,000 in cycads, uncounted in
Ginkgo) are attached along the spiral.

Evolution and fossil record

The ginkgophytes first appeared in the fossil
record in the Permian and became impor-
tant components of Mesozoic ecosystems
worldwide, apparently reaching maximum
diversity in the Jurassic (Thomas and Spicer,
1986). Today this group is represented by a
single species, Ginkgo biloba.

A range of Permian and Mesozoic
ginkgophytes has been described based on
leaves, wood and some reproductive struc-
tures (Thomas and Spicer, 1986). Some

ancient Ginkgo leaves closely resemble mod-
ern Ginkgo. Others are highly dissected and
resemble the typical Ginkgo leaf but without
tissue between the veins (Tralau, 1968). In
living Ginkgo, leaf shape is highly variable,
suggesting that more taxa may have been
described on the basis of leaves only than
might have actually existed.

Pinophyta (The Conifers)

The conifers are uniquely defined by the
reduced (non-megaphyllous) leaves, the
presence of resin canals, the compound
female sporophylls, and the undifferentiated
shoot apex of fertile axillary shoots.
Molecular studies corroborate the mono-
phyletic nature of the Pinophyta most dis-
tinctly in that all members show loss of the
inverted repeat unit in the chloroplast
genome (Raubeson and Jansen, 1992).

Present-day occurrence

Globally, there are about 650 species of
conifers. These are placed in 68 genera in
seven families (Farjon and Page, 2001).
Conifers occur on all continents except
Antarctica, but their abundance is unevenly
distributed in terms of both individuals and
taxa (Table 3.1). Where the vast boreal
conifer forests stretch across continents and
contain billions of trees, they sustain no
more than a handful of species. In contrast,
more southerly latitudes in the northern
hemisphere and all of the southern hemi-
sphere have either scattered conifer forests,

Table 3.1. The extant conifer families: diversity, distribution and earliest appearance in the fossil record.

Family Time range Genera/species Present distribution
Araucariaceae Cretaceous to recent 3/37 Southern hemisphere
Cephalotaxaceae Jurassic to recent 1/5 Northern hemisphere
Cupressaceae Triassic to recent 30/157 Both hemispheres
Pinaceae Cretaceous to recent 10/250 Northern hemisphere
Podocarpaceae Triassic to recent 18/180 Southern hemisphere
Sciadopityaceae Jurassic to recent il Northern hemisphere
Taxaceae Jurassic to recent 5117 Northern hemisphere

Note: distributions are given for extant taxa only.
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or mixed conifer/hardwood forests in which
conifers occur in low densities, dispersed
among other trees or shrubs. Many species
occupy very small areas, often as relict pop-
ulations of once greater abundance. Some
areas have a high diversity of species, but
hardly any of these species are abundant
enough to form forests of any appreciable
size. A good example is New Caledonia in
the south-west Pacific, an island with 43
species of conifers, all endemic, in an area
about the size of Wales. Mexico has 42
species of pines (Pinus), compared with eight
species in all of Canada and Alaska. About
200 species of conifers are restricted to the
southern hemisphere, where vast conifer
forests are unknown. It is this scattered
diversity that is most threatened with extinc-
tion. Families and genera are unevenly dis-
tributed and show a number of relictual
biogeographic patterns.

Despite the relatively low numbers in
comparison with the flowering plants, the
conifers are an economically important
group of plants.

Vegetative morphology

All conifers are woody perennials with aerial
stems. Roots are fibrous to woody and undif-
ferentiated. Shoots are similar in all conifer
families, with a leptocaul habit and pyc-
noxylic secondary xylem. An architecture
with strongly differentiated plagiotropic and
orthotropic shoots is present in a number of
genera in different families, and several gen-
era in the Pinaceae show a differentiation
into long and short shoots. Most conifers are
evergreen but a few (Larix and Metasequoia)
are deciduous.

Conifer leaves are quite diverse in shape
and form, although basic structure is rather
uniform and no conifer has megaphyllous
or compound leaves. Phyllotaxis may be
opposite, verticillate or spiral, and all conifer
leaves are simple and without stipules. A sin-
gle vascular trace enters the leaf from the
stele. Axillary buds are present, although
frequently vestigial or reduced to small pads
of undifferentiated meristematic tissue
(Burrows, 1987). Cuticle is characteristically

thick, and stomata sunken. Both epidermal
and hypodermal cells are frequently ligni-
fied. Venation appears parallel and leaf vas-
culature does not show more than one
discrete order, although highly variable, and
venation is often characteristic at the family
or genus level. When numerous vascular
bundles are present, a clear midrib is absent
and vasculature is often dichotomously
branched. Leaf bases may or may not be
persistent, reflecting presence or absence of
an abscission layer.

Wood anatomy is relatively uniform across
the conifers. Xylem is composed entirely of
tracheids and wood is generally parenchyma
poor and thus pycnoxylic (dense wood that
contains little parenchyma). Tracheids of
many conifers have a characteristic circular
bordered pitting on element walls that has
been used to identify fossil conifer wood to
the family level. Both xylem and phloem tis-
sues are characteristic at the family level, with
slight differences between the families
(Hardin et al., 2001).

Reproductive morphology

Extant conifers are monoecious, with
strongly dimorphic, unisexual, strobilate
reproductive structures.

Pollen is borne in microsporangia carried
on simple microsporophylls lacking sub-
tending bracts, which are arranged in deter-
minate strobili that may be solitary or
clustered, and axillary or terminal
Sporophylls carry two or more abaxial
microsporangia, which open by slits.

Pollen grains are monosulcate, with
somewhat different morphologies according
to family. Araucariaceae has spherical pollen
with  little  ornament.  Cupressaceae,
Podocarpaceae and Pinaceae have saccate
pollen with two distinct sacs or bladders that
are thought to add buoyancy that assists
with wind pollination.

Fertilization in all conifers is by wind. A
pollen-drop mechanism is employed to cap-
ture pollen, and pollen tubes then grow
haustorially to the archegonia in the apical
section of the embryo sac. The male gameto-
phyte has non-motile sperm cells.



Diversity and evolution of gymnosperms 35

Megasporangiate structures are some-
what more complex, with each fertile scale
representing a modified short shoot with its
subtending bract (Florin, 1951). In all extant
conifers, the modified shoot is reduced to a
single fertile scale-leaf, with one, two or
more adaxial ovules (depending on family
and genus). The fertile scale may be free
from, or wholly or partially fused with, the
subtending bract. Bract—scale complexes are
borne in wusually large, woody strobili,
although these may be highly reduced, in
some cases to single bract-scale structures
that show very little resemblance to the orig-
inal strobilate structure. Not all conifers pro-
duce woody strobili and, in some taxa,
ovule-bearing structures are reduced to
fleshy, berry-like forms (e.g. Juniper, Taxus,
Podocarpus). These structures are autapo-
morphies derived in relation to seed dis-
persers. Ovules are unitegmic, and may be
erect or inverted.

Endosperm is haploid, derived from the
female gametophyte tissue. Seeds are medium
to large, dry or fleshy, and winged or wingless.
Dispersal is by wind (dry seeds) or by birds or
small mammals (fleshy seeds). The fleshy
component that functions as an attractant is
variously derived, developing from an aril,
epimatium or receptacle in different genera.
The embryo is straight, with two or more
cotyledons, and germination is cryptocotular
or phanerocotular.

Modes of perennation range from
resprouting to obligate reseeding.
Population dynamics of individual species
are generally reflected by the dynamics of
the host communities: species occurring in
rainforests where fires are infrequent are
reseeders and show regular recruitment,
whereas those in sclerophyllous habitats are
either resprouters or reseeders with episodic
recruitment patterns responsive to fire
regimes. Mast seeding behaviour has also
been reported in some subalpine taxa
(Gibson et al., 1995). Some episodic reseed-
ers are dependent on fire for seed release
(some Callitris species; Bowman and Harris,
1995), although most are not. Most display
continuous recruitment in undisturbed
habitats and episodic recruitment in distur-
bance-prone habitats.

Distribution and ecology

Many extant conifer taxa show relictual dis-
tributions and, at least at the familial and
generic level, were far more diverse, wide-
spread and abundant in the past than they
are today (Hill, 1995). Distribution and ecol-
ogy differ in the different families, and will
be discussed below.

The conifer families

Pinaceae

Leaves are linear, acicular, spirally
arranged, or dimorphic, bract-like and aci-
cular, on specialized short shoots. Male
cones are lateral, comprising numerous
spirally arranged fertile scales, each scale
with two abaxial microsporangia; pollen is
winged, with two air sacs (except in Larix
and Pseudotsuga). Female cones are termi-
nal on specialized lateral shoots, compris-
ing numerous spirally arranged imbricate
woody or dry fertile scales; each scale has a
free bract and two inverted adaxial ovules.
Seeds have a single terminal wing.
Germination is phanerocotular. Cotyledons
3-18.

A northern hemisphere family of ten
genera; several genera include important
forest community dominants, many of which
are important economic timber sources.
Many species are widely cultivated as orna-
mental plants.

Taxaceae

Pollen cones are axillary and solitary or clus-
tered, with sporophylls bearing 2-16
microsporangia (pollen sacs); pollen is more
or less spherical and not winged. Seed cones
are reduced to one to two ovules subtended
by inconspicuous, decussate bracts. Each
‘cone’ has one erect ovule, which produces
one unwinged seed with a hard seed coat par-
tially or wholly surrounded by a juicy, fleshy
or leathery aril. Embryos have two cotyledons.

Five genera and 17 species, mainly north-
ern hemisphere. Usually secondary compo-
nents of the vegetation.
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Cephalotaxaceae

Pollen cones are each subtended by one
bract and are aggregated into axillary capit-
ula of six to eight cones, each with 4-16
microsporophylls. Each microsporophyll has
two to four (usually three) pollen sacs bear-
ing subspherical, non-saccate pollen. Seed
cones are borne from axils of terminal bud
scales, with one to six or occasionally up to
eight long pedunculate cones per bud. Each
cone axis has several pairs of decussate
bracts, each bearing two erect, axillary
ovules. Seeds ripen in their second year and
are drupelike and completely enclosed by a
succulent aril. Embryos have two cotyledons,
and germination is epigeal.

Cephalotaxaceae differs from Taxaceae in
its seed cones, which have several two-ovu-
late bracts, instead of a single fertile, one-
ovulate bract.

One genus and five species, northern
hemisphere. Also usually secondary compo-
nents of the vegetation.

Sciadopityaceae

Shoots are dimorphic (long or short) with
leaves of two types, scale leaves on the stem,
and photosynthetic leaves at the apex of
both long and short shoots. Photosynthetic
leaves variously interpreted as a pair of true
leaves fused together, or as highly modified
shoots (cladodes). Pollen cones are borne in
dense terminal clusters. Seed cones are frag-
ile, breaking up soon after seed release.
Each cone has 15—-40 thin fertile scales, each
with five to nine flattened, narrowly winged
seeds. Embryos have two cotyledons.

The family was formerly included as a
genus within Taxodiaceae (now included in
Cupressaceae), but recent genetic studies
have shown that it is clearly not allied with
that group (Brunsfeld et al., 1994).

A single genus with a single species,
Sciadopitys verticillata, endemic in Japan.

Cupressaceae

The Cupressaceae first appear in the fossil
record in the Late Triassic (Bock, 1969),
although a number of earlier forms placed

in the extinct Lebachiaceae have been sug-
gested as possible ancestral Cupressaceae
(Miller, 1982). The basal lineages formerly
known as Taxodiaceae are well represented
in the fossil record of the later Mesozoic and
Tertiary; the lineages previously placed in
the Cupressaceae in the narrower sense are
much less so (Ohsawa, 1994). A number of
extant genera of the latter have been
recorded as fossils from the later Mesozoic
and Tertiary, but these identifications are
based on similarites rather than synapomor-
phies, and must be regarded as doubtful
(Thomas and Spicer, 1986). Many fossils at
first placed in the narrow Cupressaceae have
since been proven to belong to the extinct
conifer family Cheirolepidaceae (Miller, 1988).

Male cones are small and comprise oppo-
site, whorled or spirally arranged scales with
two to nine microsporangia on the abaxial
surface. Pollen is not winged or saccate.
Female cones comprise one or more (c. 20)
fertile scales, each with a fully fused bract.
Cone scales are alternate, opposite or
whorled in the same phyllotaxis as the
foliage leaves. Fertile scales are imbricate or
valvate, persistent and usually woody at
maturity (secondarily fleshy in Juniperus and
Arceuthos). Each scale has 1-12 erect ovules
on the adaxial surface. Seeds are winged or
not, and embryos usually have two but
rarely up to nine cotyledons.

A family of 30 genera (many monotypic)
and about 155 species. Higher taxonomy of
this group has been unstable, with the wide
recognition of two families, Taxodiaceae and
Cupressaceae. Recent studies indicate that
these do not represent natural groups, and
that the former concept of the Cupressaceae
represents one of several lineages of com-
mon descent. The remaining lines were
aggregated into the Taxodiaceae, creating a
paraphyletic assemblage.

Podocarpaceae

Taxonomy of the Podocarpaceae has received a
great deal of attention in recent years, and the
formerly large and diverse genera Podocarpus
and Dacrydium have been extensively split into
smaller segregate genera (Quinn, 1970; de
Laubenfels, 1978, 1987; Page, 1988; Molloy,
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1995). Phyllocladus has at times been removed
to its own family (Keng, 1978), but more
recently has been shown to be nested within
Podocarpaceae (Conran et al., 2000).

Podocarpaceae is the first of the extant
families to appear in the fossil record, with
Rissikia  from the Early Triassic (Miller,
1977). Many of the extant genera are known
as fossils, but almost exclusively from the
Tertiary (Hill, 1995). Strong evidence exists
for a progressive decline in abundance and
diversity of this family throughout the
Tertiary, continuing until as recently as the
Late Pleistocene (Hill, 1995).

Male cones are made up of numerous,
spirally inserted sporophylls, each with two
abaxial microsporangia. Pollen grains are
saccate. Female cones consist of one to many
fleshy or dry but not woody fertile scales
with fully adnate bracts, each with one (or
two) erect or inverted ovules. Cone scales
are persistent or deciduous, and scales and
axes are fleshy or dry, not woody at matu-
rity. Germination is phanerocotular and
embryos have two cotyledons.

A family of ¢. 18 genera and 180 species,
largely southern hemisphere in its distribu-
tion, extending through much of Africa,
from Japan through Malaysia to Australia
and New Zealand, and through Central and
South America.

Araucariaceae

Much of the present-day distribution of the
family is relictual, although Araucaria and
Agathis  have radiated widely in New
Caledonia. The family today is essentially
Australasian in distribution, with a minor
presence in South-east Asia and the western
Pacific. Two species of Araucaria occur in
South  America, illustrating  another
Gondwanan link.

This family appears in the fossil record
in the Early Cretaceous, and is abundant
worldwide in deposits from the Late
Mesozoic  (Stockey, 1982). The family
became restricted to the southern hemi-
sphere (Gondwana) from the end of the
Mesozoic. Araucariaceae is remarkable in
that extant sections of the genus Araucaria
can be recognized in the fossil record as far

back as the Middle Cretaceous. Agathis, on
the other hand, is only known as fossils
from the Tertiary, and from sites geographi-
cally close to present-day occurrences.
Wollemia is  today relictual, with an
extremely reduced living population. Fossil
pollen comparable to Wollemia indicates an
appearance in the Middle Cretaceous,
becoming more widespread and abundant
in the Late Cretaceous and Early Tertiary,
and persisting in some areas until the
Pleistocene (MacPhail et al., 1995).

Male cones are made up of numerous
spirally arranged fertile scales, each with
4-9 pendulous abaxial microsporangia.
Pollen is unwinged. Female cones are made
up of numerous imbricate, spirally
arranged, fertile scales, each with a fully or
mostly adnate bract and a central, adaxial,
inverted ovule. Seeds may be winged or not.
Embryos have two or, less commonly, four
cotyledons.

A family of three genera and c¢. 38
species, mostly Malaysian and western Pacific
in distribution.

Evolution and fossil record

True conifers first appeared in the
Carboniferous and increased their abun-
dance, dominance and taxonomic richness
during the Permian and into the Mesozoic.
Palaeozoic conifers show little resemblance
to modern or Mesozoic conifers (Florin,
1950; Rothwell, 1982), and modern families
appeared only in the Mesozoic (Table 3.1).
Fossil taxa from the Palaeozoic such as
Lebachia and Walchia are regarded, however,
as true conifers (Miller, 1982).

Conifers were ecosystem dominants
through most of the Mesozoic and reached
their pinnacle in species diversity during that
time, declining with the diversification of the
angiosperms in the Cretaceous and more so
in the Tertiary. Many of the Mesozoic
conifers in fact represent now-extinct fami-
lies, for example, Cheirolepidaceae. Many
extant taxa are relictual, although recent
evolutionary radiations are evident in some
genera such as Pinus, Cupressus, Callitris and
Podocarpus. Many conifers are well repre-
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sented as fossils and their distribution can
clearly document the diminution of biogeo-
graphic range through the Tertiary.

Florin (1951, 1954) suggested that the
ovuliferous cone scale with its subtending
bract of the modern conifer cone was
homologous to the reproductive short shoot
and its subtending leaf in Cordaites. With
this interpretation, the entire axis of ovulif-
erous Cordaianthus can be homologized with
the conifer seed cone. Florin argued from
this that Cordaites may be the ancestor to
the conifers, although the two groups coex-
isted for a long period in the upper
Carboniferous and Permian.

Cordaites (Cordaitales) was abundant in
the Late Palaeozoic, and reconstructions
suggest it was one of the largest trees of the
Carboniferous. The leaves were long (up to
1 m) and strap-like, up to 12-15 cm wide,
similar in appearance to some cycad leaflets.
The reproductive organs were cones.
Modified lateral shoots produced needle-
like bracts subtending a short axis bearing
overlapping, sterile bracts at the base, and a
spiral  of  sporophylls above. Fach
microsporophyll usually had six terminal
microsporangia exerted just beyond the
apex of the cone at maturity. Ovules were
produced in similar structures in place of
microsporophylls, with one or sometimes
more terminal ovules extending beyond the
sterile bracts.

In conifer pollen cones, microsporangia
are borne on a single bract without a trace of
a second subtending structure. This is dif-
ferent from Cordaites in which the
microsporangia were borne on a branch
subtended by a bract on a branch system
that was subtended by a second order of
bract. Thus, the homologies between pollen-
bearing structures in Cordaites and the
conifers are not clear.

Saccate pollen is common among the
conifers as well as many other Mesozoic seed
plants. Cordaites, glossopterids, Caytonia,
Callistophyton and corystosperms all have this
type of pollen. Cycads, Ginkgo, peltasperms,
gnetophytes and angiosperms lack saccate
pollen. The saccate condition has been inter-
preted as primitive or plesiomorphic within
the conifers.

Gnetophyta

The gnetophytes are highly diverse in gross
morphology but are clearly shown to be a
monophyletic group by numerous molecu-
lar studies (Chaw et al., 2000; Donoghue and
Doyle, 2000; Nickrent et al., 2000; Pryer et
al., 2001).

Present-day occurrence

The group comprises three families,
Gnetaceae, Ephedraceae and Welwitschiaceae,
each with only a single extant genus
(Gnetum, Ephedra and Welwitschia) and 30, 60
and 1 extant species, respectively.

Today, Gnetum is a tropical moist-forest
plant of both the Old and New Worlds. In
contrast, both Ephedra and Welwitschia are
dry climate or desert plants. Ephedra con-
tains about 30 species distributed on all con-
tinents except Australia and Antarctica,
while Welwitschia is represented by a single
species that is restricted to the Namib Desert
in south-west Africa.

Vegetative morphology

Ephedra species are shrubs or occasionally
clambering vines with jointed whorled or
fascicled branches. Leaves are simple, scale-
like, opposite and decussate or whorled,
connate at the base forming a sheath, gener-
ally ephemeral and mostly not photosyn-
thetic. Leaves are vascularized by a pair of
traces that exit from the eustele and enter
the leaf. This contrasts with conifers, where
leaves are vascularized by a single trace.

Gnetum  species are mostly woody
climbers, rarely shrubs or trees. Leaves are
opposite, simple, elliptic, petiolate, without
stipules, pinnately veined with reticulate
secondary venation and entire margins.
Both Ephedra and Gnetum possess a lepto-
caul habit with axillary branching and pyc-
noxylic secondary xylem similar to the
conifers and Ginkgo.

Welwitschia is a bizarre plant unlike any-
thing else in the plant kingdom, with a
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short, woody, unbranched stem producing
only two or rarely three strap-shaped leaves
that grow from a basal meristem throughout
the life of the plant. The leaves contain
numerous subparallel veins that may anasto-
mose or terminate blindly in the mesophyll
(this character is unique in Welwitschia
among the gymnosperms). The woody stem
widens with age to become a concave disc up
to a metre across. The branched reproduc-
tive shoots arise from near the leaf bases at
the outside edge of the disc.

The gnetophytes show a number of vege-
tative features that were thought to ally
them closely with the angiosperms. The
shoot apex meristem is differentated into
tunica and corpus. The leaves of Gnetum
have reticulate venation that bears a striking
resemblance to that of some dicot
angiosperms, although this has not been
shown to be a stricly homologous state. Also
like the flowering plants, the gnetophytes
possess vessels in their wood. However, gne-
tophyte vessels have a different develop-
mental origin and thus may not be strictly
homologous with those of angiosperms.
Similarly, the sieve tube—companion cell
associations are now thought to be parallel
developments (Thomas and Spicer, 1986).

Reproductive morphology

All three genera are dioecious. Pollen and
seeds are borne in complex strobilate struc-
tures, and cone, pollen and seed morphol-
ogy varies among genera. All appear wind
pollinated, although there are some sugges-
tions that Gnetum may be insect pollinated.
Spermatozoioids are non-motile. Ovules are
erect and unitegmic or apparently bitegmic.

In Ephedra, microsporangiate strobili con-
sist of several pairs of bracts. A shoot, bear-
ing ‘bracteoles’ (a second level of bracts),
arises in the axis of each larger bract. Each
bracteole surrounds a stalked microsporo-
phyll bearing two or more pollen sacs
(microsporangia). The megasporangiate
cone is similarly arranged with pairs of
bracts, the top two of which subtend an
ovule. The ovule appears to be surrounded
by two integuments, although most inter-

pretations regard the inner layer as the true
integument and the outer layer as a reduced
bracteole similar to that surrounding the
microsporangia. The two layers develop into
a fleshy, leathery or corky outer layer and a
woody inner layer as the seed matures,
implying animal dispersal.

Strobili in Gnretum are arranged on axes
with a conspicuous node-internode organi-
zation. Microsporangiate strobili have two
fused bracts that form a cupule that sur-
rounds fertile shoots. Each fertile shoot is
composed of two fused bracteoles, which
surround the microsporophyll. In the
megasporangiate strobilus, the cupule sub-
tends a whorl of ovules, which are wrapped
in two layers of tissue outside of the integu-
ment. These external ‘envelopes’ of tissue
may be sclerified and fused to the integu-
ment to form a seed-coat-like structure,
which makes the Gnetum seed appear very
angiosperm-like. The fleshy coat implies ani-
mal dispersal.

Pollen cones of Welwitschia are red and
resemble those of Ephedra, appearing in
groups of two to three terminally on each
branch. Ovulate cones are also red and arise
from branched reproductive shoots; each
cone consists of a single unitegmic ovule and
another layer derived from two confluent
primordia (sometimes called a ‘perianth’)
with two ‘bracts’. Normally, only one seed
develops within each cone; it is dispersed by
wind with the ‘perianth’ as a wing.

Ephedra and Gnetum are also similar to
angiosperms in displaying a form of double
fertilization. In most angiosperms, two
sperm cells are involved in fertilization. One
unites with the egg cell to form a diploid
zygote; the other fuses with the two polar
nuclei to form a triploid endosperm. The
endosperm serves as nutrition for the devel-
oping embryo. In Ephedra, two egg cells are
produced, one of which is fertilized to
become the embryo while the other begins
but does not complete development into an
embryo (Friedman, 1992). In Ephedra, this
second embryo does not provide nutrition
to the developing embryo as does the
endosperm of angiosperms; however, the
degenerate embryo is believed to be an
intermediary step between the primitive
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seed plant condition (where the embryo is
nourished by a larger gametophyte) and
that of angiosperms (megagametophyte so
reduced as to not be effective for nourishing
the embryo). Another way to think of this is
as a reduction in the polyembryony
observed in many non-angiosperm seed
plants. Polyembryonic cycad seeds have
been reported, with several embryos actually
capable of germination and growing to
maturity. In some conifers, several embryos
regularly form from fertilizations by several
pollen grains, but only one embryo per seed
survives. The multi-embryo condition
appears to be plesiomorphic for the seed
plants and has been reduced in both the
gnetophyte and angiosperm lineages.

Evolution and fossil record
The gnetophytes have long been believed to

be the closest living relatives of the flowering
plants (Doyle and Donoghue, 1986, 1992;

Donoghue and Doyle, 2000), although a
number of recent molecular studies dispute
this relationship (Winter et al., 1999; Pryer et
al., 2001; Rydin et al., 2002; Schmidt and
Schneider-Poetsch, 2002; Soltis et al., 2002).
These studies do not, however, agree on the
position of the Gnetophyta in the evolution of
the seed plants, and this remains at present
an unresolved question. The fossil record is
meagre, with records of pollen grains that
resemble Ephedra and Welwitschia from the
Triassic and Cretaceous. Welwitschia-like fossil
cones are known from the Late Triassic
(Cornet, 1996). Fossil sporophyll structures
associated with ephedroid pollen are known
from the Jurassic (van Konijnenburg-van
Cittert, 1992), and may represent gneto-
phyte progenitors. Leaf fossils with Gnetum-
like venation patterns are known from the
Early Cretaceous (Crane and Upchurch,
1987). This age is compatible with the place-
ment of the Gnetophyta as sister to the
angiosperms rather than in a monophyletic
Gymnospermae.
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Introduction

The chloroplast is descended from a for-
merly free-living bacterium. Thus the
chloroplast genome is eubacterial and as
such is circular, attached to the inner
organellar membrane, unassociated with
proteins, and uses (at least in part) gene
regulatory and replication machinery simi-
lar to that characterized in the model
organism, Escherichia coli. Chloroplasts are
thought to have descended from one pri-
mary endosymbiotic event, where the free-
living bacterium was engulfed and enslaved
by a host eukaryotic cell (Douglas, 1998;
McFadden, 2001; Moreira and Phillipe,
2001; although see Palmer, 2003, and
Delwiche and Palmer, 1997, for a considera-
tion of controversies concerning the mono-
phyly of plastids; and Stiller et al., 2003, for
an opposing viewpoint). Over time a com-
plex genetic symbiosis developed that
involved the loss of genes from the chloro-
plast genome, with any essential genes
being transferred to the nucleus. In order
for this transfer to result in a protein that is
functional in the organelle, the nuclear copy
first must be expressed with the product
then targeted back to the chloroplast.
Apparently the original transition from an
independent bacterium to an organelle
involved such a complex series of events as

to occur only once in evolutionary history.
Three major lineages of primary endosym-
bionts are extant: red, green and a small
‘primitive’ group, the glaucocystophytes.
For information on algal chloroplast
genomes the reader is referred to Palmer
and Delwiche (1998) and Simpson and
Stern (2002) as well as the references above.
The focus of this chapter will be the chloro-
plast genome of the land plants, a derived
group within the green lineage.

Sugiura (2003) has recently published a
concise history of work on the chloroplast
genome. To summarize here: through the
1950s and early 1960s scientists demon-
strated that the chloroplast contained its
own unique genome. Then attention turned
to characterizing the chloroplast DNA
(cpDNA) in various plants using restriction
site mapping, electron microscopy, and
other techniques of the times. The first com-
pletely sequenced chloroplast genomes
(Table 4.1) were tobacco (Nicotiana, Fig. 4.1;
Shinozaki et al., 1986) and liverwort
(Marchantia; Ohyama et al., 1986). Since that
time, many additional genomes have been
completely sequenced (Table 4.1), tech-
niques have advanced, and molecular bio-
logical research has progressed to functional
genomics.

As molecular techniques have progressed
and basic knowledge of the chloroplast

© CAB International 2005. Plant Diversity and Evolution: Genotypic and
Phenotypic Variation in Higher Plants (ed. R.J. Henry) 45



Table 4.1. Completely sequenced land plant chloroplast genomes (as of 1 November 2003).

Higher
classification Subclass Species Accession number
(informal) (for angiosperms) Family (common name) (GenBank) Publication
Bryophytes Marchantiaceae Marchantia polymorpha X04465 Ohyama et al. (1986)
(liverwort)
Anthocerotaceae Anthoceros formosae AB086179 Kugita et al. (2003a)
(hornwort)
Funariaceae Physcomitrella patens AP005672 Sugiura et al. (2003)
(moss)
Vascular plants Psilotaceae
Pteridophytes
Fern ally Psilotum nudum AP004638 Wakasugi et al., unpublished
(whisk fern)
Fern Adiantaceae Adiantum capillus-veneris ~ AY178864 Wolf et al. (2003)
(maiden-hair fern)
Seed plants
Gymnosperms
Conifers Pinaceae Pinus thunbergii D17510 Wakasugi et al. (1994)
(black pine)
Pinaceae Pinus koraiensis NC_004677 Noh et al., unpublished
(Korean pine)
Angiosperms
Dicots Magnoliidae Calycanthaceae Calycanthus fertilis AJ428413 Goremykin et al. (2003b)
Magnoliidae Amborellaceae Amborella trichopoda AJ506156 Goremykin et al. (2003a)
Caryophyllidae Chenopodiaceae Spinacia oleracea AJ400848 Schmitz-Linneweber et al. (2001)
(spinach)
Dilleniidae Brassicaceae Arabidopsis thaliana AP000423 Sato et al. (1999)
Rosidae Onagraceae Oenothera elata AJ271079 Hupfer et al. (2000)
(evening primrose)
Rosidae Fabaceae Lotus corniculatus AP002983 Kato et al. (2000)
(lotus)
Rosidae Fabaceae Medicago truncatula AC093544 Lin et al., unpublished

(lucerne)
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Monocots

Asteridae

Asteridae

Asteridae

Commelinidae

Commelinidae

Commelinidae

Scrophulariaceae
Solanaceae
Solanaceae
Poaceae
Poaceae

Poaceae

Epifagus virginiana
(beech drops)
Nicotiana tabacum
(tobacco)

Atropa belladonna
(belladonna)
Triticum aestivum
(wheat)

Zea mays

(maize)

Oryza sativa

(rice)

M81884

200044

AJ316582

AB042240

X86563

X15901

Wolfe et al. (1992)

Shinozaki et al. (1986)

Schmitz-Linneweber et al. (2002)

Ogihara et al. (2002)

Maier et al. (1995)

Hiratsuka et al. (1989)

Updated list of completely sequenced chloroplast genomes (for land plants and algae) can be found at http://megasun.bch.umontreal.ca/ogmp/projects/

other/cp_list.html
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Fig. 4.1. Gene map of tobacco chloroplast genome (adapted from Wakasugi et al., 1998). The inner circle
shows the four major regions of the genome — the two copies of the inverted repeat (IRA and IRB) and the
large and small single-copy regions (LSC and SSC). The outer circle represents the tobacco genome with the
transcribed regions shown as boxes proportional to gene size. Genes shown on the inside of the circle are
transcribed in a clockwise direction, whereas genes on the outside of the circle are transcribed anti-
clockwise. The IR extent is also shown by the increased width of the circle representing the tobacco
genome. Genes with introns are marked with asterisks (*). Arrows between the gene boxes and gene names
show those operons known to occur in tobacco cpDNA. Other operons could be present. Genes coding for
products that function in protein synthesis are darker grey; genes coding for products that function in
photosynthesis are stippled; genes coding for products with various other functions are lighter grey.

genome has expanded, evolutionary biolo-
gists have been able to extend the use of
cpDNA in comparative studies. Such studies
have contributed to the understanding of
mutational processes operating in chloro-
plast genomes as well as providing data for
phylogenetic purposes. The chloroplast

genome has been utilized more than any
other plant genome as a marker for investi-
gating plant evolution and diversity due to
its many advantages. Because of the
genome’s small size (generally 120-160 kilo-
base pairs, kbp) and high copy number (as
many as 1000 per cell), it is relatively
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straightforward to isolate and characterize
cpDNA. Plus, the conservative nature of the
genome allows for the use of DNA probes
from even distantly related species and the
design of ‘universal’ primers. In addition,
the genome is a good phylogenetic marker
because rates of nucleotide change (while
overall being slower than in the nuclear
genome) show a range of rates making dif-
ferent parts of the genome appropriate for
different levels of comparison, rare changes
in gene order can be informative even at
deep phylogenetic levels, and the usual pat-
tern of uniparental inheritance and lack of
recombination simplify analysis.

The use of cpDNA in phylogenetic stud-
ies dates back to the early 1980s when a few
plant biologists used the genome to address
species relationships in several groups of
crop plants by comparing fragment patterns
of purified cpDNA digested with restriction
enzymes (Palmer and Zamir, 1982; Bowman
et al., 1983; Clegg et al., 1984; Hosaka et al.,
1984). Later studies compared restriction
site changes via filter hybridization at higher
taxonomic levels (e.g. Sytsma and Gottlieb,
1986; Jansen and Palmer, 1988). Some stud-
ies also mapped gene order and used
rearrangements to address evolutionary
relationships (e.g. Jansen and Palmer,
1987a; Raubeson and Jansen, 1992a,b).
More recently the vast majority of phyloge-
netic and systematic studies have employed
sequence data for cpDNA-based phyloge-
netic comparisons. The first sequencing
studies (Doebley et al., 1990; Soltis et al.,
1990) utilized the large subunit of ribulose
1,5-bisphosphate carboxylase/oxygenase
(rbeL). This has been the most widely
sequenced chloroplast gene and the empha-
sis on this gene culminated in a multi-
authored study involving 499 species of seed
plants (Chase et al., 1993). Many other indi-
vidual chloroplast genes and intergenic
regions have now been utilized (reviewed in
Soltis and Soltis, 1998). Several recent stud-
ies have used ten or more protein-coding
genes from partially or completely
sequenced chloroplast genomes to estimate
phylogenetic relationships of plants (e.g.
Graham and Olmstead, 2000; Lemieux et
al., 2000; Martin et al., 2002).

For the remainder of this chapter, we will
focus on two aspects of the plant chloroplast
genome: (i) its organization and evolution;
and (ii) the phylogenetic utility of different
approaches to cpDNA characterization.

Organization and Evolution of Land
Plant Chloroplast Genomes

Chloroplast genome organization is highly
conserved within land plants. Most land
plant genomes have a quadripartite struc-
ture with two copies of a large inverted
repeat (IR) separating two single copy
regions (refer to the inner circle of Fig. 4.1).
As the two regions of unique genes are of
unequal size, these regions are referred to as
the large and small single copy regions (LSC
and SSC, respectively). Land plant cpDNAs
usually contain 110-130 different genes.
The majority of these genes (about 80; see
Table 4.1) code for proteins, mostly involved
in photosynthesis or gene expression; the
remainder are transfer RNA (about 30) or
ribosomal RNA (4) genes. Most chloroplast
genes are part of polycistronic transcription
units (Fig. 4.1; Palmer, 1991; Mullet, 1993);
that is, they occur in operons where the
genes within each operon are under the
control of the same promoter. Often oper-
ons contain multiple promoters that allow
transcription of a subset of genes within the
operon (e.g. Miyagi et al., 1998; Kuroda and
Maliga, 2002). Some polycistronic tran-
scripts are subject to cis- (within the same
transcript) or trans- (between different tran-
scripts) splicing or both. For example
(Hubschmann et al., 1996), the rpsi2 gene
exists as three exons. The 5’ exon occurs as
part of the ¢lpP operon. The remaining two
exons occur (in a quite distant location)
together in an operon with ndhB. In the
construction of the mature rps/2 mRNA, the
intron between exons 2 and 3 is removed
and the exons joined (cis-splicing) and exon
1 (from the separate operon) is joined to
exons 2 and 3 (frans-splicing). Both group 1
and group II types of self-splicing introns
are found in land plant cpDNAs; the major-
ity are group II (Palmer, 1991). Although
intron content is quite variable in algal
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genomes, it is conserved in land plants.
Nineteen of the 20 introns found in the
tobacco genome (Wakasugi et al., 1998)
occur also in the hornwort, Anthoceros,
genome (Kugita et al., 2003a); the only
intron not shared between the two genomes
occurs in rpsl6, a gene that is absent from
the hornwort genome (and other non-seed
plant cpDNAs).

Although the gene content and organiza-
tion of the chloroplast genome is evolution-
arily conservative, changes do occur. In the
remainder of this section we will consider in
more detail three classes of gene order
changes in the land plant chloroplast
genome: gene and intron loss; inverted
repeat changes; and inversions. These types
of mutations are often referred to as struc-
tural changes or rearrangements in this lit-
erature.

Gene and intron loss

As mentioned above, the loss of genetic
information from the chloroplast genome
has been a general pattern over evolution-
ary time since the original free-living
prokaryote was first engulfed. Most genes
were lost early in the process of endosym-
biosis (Martin et al., 1998); however, some
loss events have continued to occur during
land plant diversification. Most losses within
land plants are restricted to individual lin-
eages; thus, gene content is mostly shared
among chloroplast genomes. For example,

78 of 81 protein-coding genes found in the
tobacco genome also occur in the genome of
liverwort (this and additional comparisons
are shown in Table 4.2).

Loss events can occur if genes are not
essential to organismal function or if a func-
tional copy of the gene can be transferred to
the nucleus. The entire gene could be lost
simply by deletion in a single mutational
event but more likely point mutations make
the gene non-functional and then the
pseudogene gradually decays until it is no
longer recognizable in the genome. For
instance, in the conifer Pinus thunbergii
chloroplast (Wakasugi et al., 1994), the 11
ndh genes are lost (four) or present only as
pseudogenes (seven). The ndh genes are
homologues of the mitochondrial NADH
dehydrogenase genes. In organisms with
functional chloroplast copies, the gene prod-
ucts are active within the chloroplast; for
example, expression increases when plants
are under oxidative stress (Casano et al.,
2001). In a second example of the loss of
multiple related genes, none of the genes
involved in photosynthesis is present in the
highly reduced chloroplast genome of the
non-photosynthetic plant Epifagus (Wolfe et
al., 1992). In a third example, angiosperms
Welwitschia and Psilotum have all lost (pre-
sumably independently) copies of chlL, chiIN
and chIB from their chloroplasts (Burke et
al., 1993). These three genes encode the
three subunits of a protein that allows
chlorophyll to mature in the absence of
light. A separate nuclear-encoded protein

Table 4.2. Distribution of protein-coding genes in a bryophyte
(Marchantia), a conifer (Pinus), a dicot (Nicotiana) and a monocot
(Zea). Calculated from Table 5 of Martin et al. (2002). Bold values on
the diagonal indicate the number of genes in each genome. Above the
diagonal, the number of genes shared between genomes is shown.
Below the diagonal (and following the slash on the diagonal) are the
number of unique genes found in a single genome or found in only one

pair of genomes.

Marchantia Pinus Nicotiana Zea
Marchantia 86/4 72 78 75
Pinus 5 73/0 67 64
Nicotiana 0 0 81/0 78
Zea 0 1 3 79/0
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matures chlorophyll but only in the pres-
ence of light. Because angiosperms are
unable to green (i.e. mature chlorophyll) in
the dark we can infer a simple loss of the chl
genes from the chloroplast without a func-
tional transfer to the nucleus. In a final
example, an exceptional case involving a
single gene, infA (coding for a translation
initiation factor), has been lost multiple
times (about 24) within angiosperms with an
estimated four independent functional
transfers of the gene to the nucleus (Millen
etal., 2001).

Introns are also lost from within genes in
the chloroplast. Recombination of the
processed mRNA with the genomic DNA is
probably  the mechanism responsible
(Palmer, 1991). As long as the intron is pre-
cisely removed this mutation would be selec-
tively neutral, unless regulatory or other
functional elements are contained within the
intron sequence. Some instances of intron
loss have occurred repeatedly. For example,
the 7poCI intron has been lost indepen-
dently in grasses (Katayama and Ogihara,
1996) and in a subfamily of Cactaceae
(Wallace and Cota, 1996), as well as a mini-
mum of four additional times within dicots
(Downie et al., 1996). These gene and intron
loss events, which can occur multiple times
independently, might be locally useful char-
acters for phylogenetic inference; however,
they must be treated cautiously in broader
comparisons.

Inverted repeat

As mentioned above, the vast majority of
land plant chloroplast genomes contain a
large duplicated region, the inverted repeat,
where the two copies are reverse comple-
ments of each other. The genes that form
the core of the repeat encode the ribosomal
RNAs (23S, 16S, 5S and 4.5S). This rDNA-
containing IR appears to be an ancestral
genomic feature as it is found in charo-
phytes, basal green algae and some red
algae (Turmel et al., 1999). Gene content
other than the rDNA varies. Genes, formerly
single copy at the boundaries of the single
copy regions, can be duplicated and incor-

porated into the IR. Within land plants, the
length of the IR has ‘grown’ from 10 kbp in
liverwort to 25 kbp in tobacco (Palmer and
Stein, 1986). Most, but not all, examples of
gene duplication within the chloroplast
genome occur through IR expansion.

The underlying mechanism of IR expan-
sion is not well understood. Gene conver-
sion is thought to be involved since the
existing DNA sequence is used as the tem-
plate for forming the new copy. Evidence
supports gene conversion or copy correction
acting on the chloroplast genome. Rates of
nucleotide substitution are reduced in the
IR relative to single-copy regions (Palmer,
1991) and in the same genes when in the IR
versus when single copy (Perry and Wolfe,
2002). Where examined the two copies of
the repeat are identical (Palmer, 1991).
Presumably, these patterns (of rate and
identity) occur because large amounts of
homologous recombination (and copy cor-
rection) take place between the two copies of
the repeat. So much recombination occurs
in fact that two different versions of the
genome are present (with opposite orienta-
tions of the small and large single copy
regions relative to one another) in equamo-
lar quantities (Palmer, 1983; Stein et al.,
1986). Minor changes, of about 100 base
pairs (bp) or less, in the endpoints of the IR
are probably relatively common and gene
conversion alone is an adequate explanation
(Goulding et al., 1996). However, this mech-
anism does not account for the fact that, in
some cases, no existing material is lost. Thus
major changes (those incorporating one or
multiple genes into the IR) must be
explained by additional mechanisms such as
double reciprocal recombination (Palmer et
al., 1985; Yamada, 1991) or double-stranded
break repair (Goulding et al., 1996) com-
bined with gene conversion.

An increase in the length of the IR is
much more common than its decrease,
although decrease is easier to explain mech-
anistically by deletion. Only two accounts of
significant decrease in IR gene content are
published: in the Apiaceae where a series of
sequential deletion forms has been charac-
terized (Plunkett and Downie, 2000) and in
Cuscuta, where a probable 7 kbp contraction
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has occurred (Bommer et al., 1993). Increase,
in contrast, has been exemplified on many
occasions: the growth into the LSC within
land plants mentioned previously (Palmer
and Stein, 1986; Raubeson, 1991); a phyloge-
netically informative addition of about 11.5
kbp of the LSC within Berberidaceae (Kim
and Jansen, 1998); incorporation of SSC
genes into the IR shared among families
within the Campanulales (Knox and Palmer,
1999); and a spectacular expansion of the IR
to 75 kbp in Pelargonium (Geraniaceae;
Palmer et al., 1987b) among others. Where
the IR has grown extensively beyond the
boundaries seen in tobacco, such as in
Pelargonium (Price et al., 1990) and also in the
Campanulaceae (Cosner el al., 1997), the
growth is associated with multiple additional
changes in genome organization.

It has been suggested that the presence
of the IR promotes stability (i.e. reduces
gene order changes) in the remainder of the
molecule (Palmer et al., 1987a). Reasons why
the IR may facilitate gene order conserva-
tion include: (i) that enzymes mediating
recombination are active at the IR, leaving
few copies of these enzymes available to
modify other parts of the molecule; or (ii)
that the interactions between the two IR
copies physically hold the SSC and LSC in a
more open orientation, diminishing the like-
lihood that portions interact and recombine.
(For a more detailed discussion and addi-
tional possible reasons, see Palmer, 1991.)
The correlation is not perfect, but most
genomes without the IR or with a greatly
enlarged IR have unusually high numbers
of changes in gene order. Perhaps the same
mechanism that promotes gene order
changes also promotes changes in extent of
the IR, or perhaps there is some stability
provided to the molecule by the ‘normal’ IR.

In a few lineages the IR has been lost; one
copy has been eliminated leaving each gene
only in the retained copy. A complete loss of
the IR is known or suspected from the
chloroplast genomes of some members of the
legume family, two members of the
Geraniaceae (Price et al., 1990), Conophilis (a
non-photosynthetic plant in the
Orobanchaceae; Downie and Palmer, 1992)
and Striga (Scrophulariaceae; Palmer, 1991),

whereas an almost-complete loss is known
from conifers (Tsudzuki et al., 1992). Thus,
on a minimum of five independent occasions
the IR has been lost from land plant chloro-
plast genomes. At times the legume loss and
the conifer loss have been equated and thus
seen as an example of homoplasy. However,
the two cases differ in the extent of the loss,
in the gene content of the IR prior to loss,
and in the copy of the IR that is lost in the
event (Fig. 4.2). The loss of the IR defines six
tribes of legumes (Fabaceae; Palmer et al.,
1987b; Lavin et al., 1990), whereas the conifer
loss event supports conifer monophyly
(Raubeson and Jansen, 1992a). In both of
these instances, other gene order changes
usually co-occur with the loss of the IR.

Inversions

So far we have discussed deletion of genetic
information in the context of gene loss,
intron loss and IR loss or contraction as well
as the addition of information in the context
of IR expansion. To conclude this section on
genome organization we will discuss changes
in gene order and orientation within the
genome. The most common mechanism
leading to gene order change in the chloro-
plast genome is inversion, where a section of
the genome is reversed in order and orien-
tation relative to the remainder of the
genome (Palmer, 1991). Inversions can
occur via homologous recombination
between small inverted repeats or through
double-stranded break repair (Palmer,
1991). In discussing the nature and utility of
inversion characters, it is important to dis-
tinguish scale. Inversions commonly occur
within  non-coding regions of cpDNA
sequence where small repeats associated
with hairpin or stem-loop structures pro-
vide foci for inversions (Kelchner, 2000).
These small-scale (c. 2-200 bp) inversions
may be very prone to homoplasy and com-
plicate  interpretation of non-coding
sequence in phylogenetic studies (Kelchner,
2000). However, large-scale changes where
inversions reverse the order and orientation
of multiple genes have different characteris-
tics that will be discussed below.
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Fig. 4.2. Inverted repeat (IR) loss in conifer and legume chloroplast genomes. Genes in the IR prior to the
loss events are shown stippled in the ‘before’ circles. Genes in the remaining copy are still stippled in the
‘after’ circles and the site of the lost copy is shown as a stippled triangle. Only selected genes are shown
and distance between the genes is not to scale. Extent of the IR is shown as a bar along the genome circle.
Note that the extent of the IR differs between ‘conifer before” and ‘legume before’; trnH, trnl and 3’ psbA
are duplicated in the conifer but not the legume, whereas in the legume a portion of the S10 operon is in
the IR but is single copy in the conifer. A comparison of the two ‘after’ circles will reveal a difference in the
extent of the loss; the conifer loss is partial (trnl and 3" psbA remain as a small remnant IR), whereas in the

legume the loss is complete.

The majority of chloroplast genomes that
have been characterized and compared lack
any changes in gene order (Palmer, 1991;
Downie and Palmer, 1992). It appears that,
in most lineages, gene order remains
unchanged over vast periods of evolutionary
time. For example, Amborella (in several phy-
logenetic studies, the most basal extant
angiosperm) and tobacco (a derived asterid

dicot) cpDNAs have an identical gene order.
However, in some lineages, changes do
occur (last reviewed in Downie and Palmer,
1992). Most inversions occur with the end-
points in non-coding regions so that no
genes are disrupted, and only on rare occa-
sions are operons split (Palmer, 1991).
Additionally, both endpoints of inversions
usually occur within the LSC, perhaps sim-
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ply because this region is largest and there-
fore has the most regions that could serve as
endpoints that would not disrupt genes or
operons. In a few instances, inversions have
occurred that have one endpoint in the LSC
and the other in the IR. Most such inver-
sions are probably lethal because they result
in direct repeats that would promote dele-
tion of genes within the inversion. The few
junction-spanning inversions that occur (e.g.
in the leptosporangiate ferns (Stein et al.,
1992; Raubeson and Stein, 1995), buck-
wheat (Ali et al., 1997) and adzuki bean
(Perry et al., 2002)) are associated with
expansion of the IR. Incorporation of the
inversion into the IR would eliminate the
potentially disruptive direct repeats.

Even a small number of inversions,
depending on their distribution, can serve
as powerful phylogenetic markers. For
example, a single inversion identified the
basal members of the Asteraceae (as will be
discussed in more detail later in this chap-
ter). In a second case, a 30-kbp inversion
(first recognized as a difference between liv-
erwort and tobacco) was found to occur in
all vascular plant cpDNAs except those of
lycopsids (Fig. 4.3), marking lycopsids as
basal lineage of vascular plants (Raubeson
and Jansen, 1992b). Although somewhat
controversial at the time, sequence-based
studies since (e.g. Nickrent et al., 2000;
Pryer et al., 2001) have supported this basal
position of the lycopsids. Additionally, two
inversions and an expansion of the IR clar-
ify basal nodes in leptosporangiate ferns
(Stein et al., 1992; Raubeson and Stein,
1995) and informative inversions have been
characterized in legumes (Lavin et al., 1990).
Of three inversions shared throughout the
Poaceae, one is restricted to the family, one
is shared with Joinvilleaceae and one is
shared with Joinvilleaceae and Restoniaceae,
thus clarifying the sister groups of the
grasses (Doyle et al., 1992).

Few cases have been published comparing
genomes of taxa among which numerous
inversions co-occur. In one of the earliest
such studies, Hoot and Palmer (1994) gener-
ated restriction site and mapping data for
members of the Ranunculaceae. The distrib-
ution of two of the inversion characters was

incongruent with the most parsimonious
trees based on the restriction site characters.
Hoot and Palmer suggested that the conflict-
ing inversions occurred in parallel. It is pos-
sible for identical inversions to occur
independently if they form due to homolo-
gous recombination across the same repeat
structure. However, repetitive sequences are
uncommon in land plant chloroplast
genomes (Palmer, 1991). Also, it is unclear
whether, in general, inversions occur because
of repeats or whether repeats occur because
of inversions. For example, during double-
stranded break repair it is common for small
duplicated segments of DNA (filler DNA) to
be inserted at the site of the break
(Gorbunova and Levy, 1999). This may
explain why repeats, including the duplica-
tion of transfer RNA genes or portions of
larger genes, are associated with the end-
points of inversions (or other rearrange-
ments). Even where repeats occur in
genomes and many inversions have
occurred, independent occurrence of identi-
cal inversions is unusual. In a study of the
Campanulaceae, over 40 inversions occur in
a data set of 18 taxa with very little homo-
plasy evident in the data (Cosner, 1993).

Thus, as rare and complex genomic
changes, inversions are especially useful
phylogenetic markers (Rokas and Holland,
2000). Of course no characters are perfect
and these, as any other, should be carefully
investigated and interpreted in the light of
all other evidence. In the remainder of the
chapter we will more explicity compare the
utility of three types of cpDNA data in phy-
logenetic studies: restriction site polymor-
phisms, rearrangement characters and
nucleotide sequence data.

Phylogenetic Utility of cpDNA Data

Chloroplast genomes have been characterized
for studies of plant diversity using three dif-
ferent approaches: restriction fragment/site
comparisons, structural rearrangements, and
sequencing of genes or non-coding regions.
The utility of these various approaches has
been reviewed in detail in several papers
(Palmer et al., 1988; Downie and Palmer,
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Fig. 4.3. Inversion distribution in land plants. Bryophytes (e.g. liverwort) and lycopsids have the ancestral
gene order for land plants, whereas horsetails and the fern Osmunda differ only in the orientation of the
30-kbp region, shown stippled. Angiosperm (represented by tobacco, Amborella) cpDNAs have the 30-kbp
inversion plus the further modification of additional genes incorporated into the IR (shown in lighter grey).
Only selected genes are shown as landmarks. Distance between the genes is not to scale. Extent of the IR is

shown as a bar along the genome circle.

1992; Doyle, 1993; Olmstead and Palmer,
1994; Jansen et al., 1998; Soltis and Soltis,
1998; Graham et al., 2000; Rokas and
Holland, 2000). Below we briefly review each
of the three primary methods for using
cpDNA and provide examples of their use.
We end by discussing the relative utility of
these three approaches for reconstructing the
phylogenetic history of plants.

Restriction fragment/site comparisons

Until about 1998, restriction enzyme
approaches were the most widely used tech-
niques for estimating phylogenetic relation-
ships among plants (see Jansen et al., 1998).
The earliest applications of this approach
used highly purified cpDNA (e.g. Palmer and
Zamir, 1982). By the late 1980s, researchers
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utilized total genomic DNA from which the
cpDNA could be visualized by Southern
hybridization (reviewed in Palmer et al.,
1988). The latter approach overcame the dif-
ficulties of isolating sufficient quantities of
pure cpDNA, allowed for a better assessment
of the homology of restriction fragments and
has been used in numerous studies from a
wide diversity of plants at a wide range of tax-
onomic levels (reviewed in Jansen et al.,
1998). At lower taxonomic levels where
cpDNA variation is generally quite low (<
1%} it has been possible to estimate fragment
homology with a great deal of confidence by
simple inspection of fragment patterns. At
higher levels of sequence divergence, the
more labour-intensive mapping of restriction
sites was essential to accurately assess charac-
ter homology. Two advantages (Givnish and
Sytsma, 1997; Jansen et al., 1998) of the
restriction site mapping approach over DNA
sequencing of individual genes are that: (i) by
using a large number of enzymes that recog-
nize sequences scattered throughout the
entire chloroplast genome it is possible to
gather a very large number of phylogeneti-
cally informative characters; and (ii) compar-
isons of cpDNA sequences of individual genes
and whole chloroplast genome restriction site
studies suggest that the restriction site data
exhibit less homoplasy than DNA sequences.

15

To illustrate the power of this approach,
we will describe an early study of
Heterogaura (Sytsma and Gottlieb, 1986)
because of its historical importance and the
surprising results that it uncovered.
Heterogaura is a monotypic genus in the
evening primrose family (Onagraceae) that
has been considered distinct since 1866. It
is closely related to Clarkia, a genus that
has served as a model system for studies of
speciation in plants, but differs from
Clarkia in several features, especially floral
morphology. Sytsma and Gottlieb (1986)
mapped sites for 29 restriction enzymes for
eight species of Heterogaura and Clarkia
using  the  Southern  hybridization
approach. They surveyed 605 restriction
sites and found 119 variable sites, 55 of
which were shared by two or more taxa
(i,e.  were  parsimony informative).
Phylogenetic analyses of these data gener-
ated a single most parsimonious tree with a
consistency index of 0.95 (Fig. 4.4).
Surprisingly, the genus Heterogaura was
nested within Clarkia, sister to Clarkia dud-
leyana. These results clearly indicated that
the morphologically distinct Heterogaura
should be merged with Clarkia and that
previous morphological comparisons were
misleading with regard to the relationships
in this group.

C. epilobioides

13

C. rostrata

— C. |EWiISii

e C. cylindrica

— (. dudleyana

Heterogaura

14

C. modesta

C. lingulata

e C. bilObA

Fig. 4.4. Phylogenetic tree of Clarkia section Peripetasma based on cpDNA restriction site data. Numbers
above nodes indicate number of restriction site changes. Adapted from Systma and Gottieb (1986).



Chloroplast genomes of plants 57

The results of the Heterogaura study are
particularly noteworthy for several reasons.
First, the Onagraceae was viewed as one of
the best-studied angiosperm families, so it
was shocking to learn that a genus that was
recognized as distinct for 120 years was
nested within the well-studied genus Clarkia.
Second, Clarkia was considered a model sys-
tem for studying speciation in plants so it
was surprising that such a novel result could
have gone undetected by previous workers.
Third, this was one of the earliest studies
that used this approach in plant systematics,
and, in combination with several other early
studies (e.g. Sytsma and Schaal, 1985;
Coates and Cullis, 1987; Jansen and Palmer,
1988), it set the stage for a rapid surge in the
use of cpDNA restriction site comparisons
for examining plant diversity.

Structural rearrangements

The second approach for using chloroplast
genomes for reconstructing phylogenies of
plants involves major structural rearrange-
ments. As stated earlier, the overall structure
of the chloroplast genome is highly con-
served among land plants and major struc-
tural changes, including inversions, deletions
of genes and introns, expansion/contraction
of the inverted repeat, and loss of the
inverted repeat, are relatively uncommon
events. In most cases, cpDNA structural
rearrangements have little or no homoplasy
making them excellent characters for phylo-
genetic analysis (Palmer et al., 1988). Some
types of changes, such as gene and intron
losses and expansion and contraction of the
inverted repeat, have occurred multiple
times (as discussed above) but others, espe-
cially inversions, have virtually no homoplasy
(Soltis and Soltis, 1998). Here we will focus
on inversions, which, because of their rare
occurrence and low levels of homoplasy,
make especially robust phylogenetic indica-
tors, especially for deep nodes in the phy-
logeny of plants. Early approaches for
examining cpDNA structure involved the
very labour-intensive method of constructing
restriction site and gene maps. In some stud-
ies, other faster methods were developed to

survey for the distribution of structural
rearrangements that were initially identified
by gene mapping. This included the
hybridization of cloned cpDNA fragments
that spanned the rearrangement endpoints
(e.g. Jansen and Palmer, 1987a) or poly-
merase chain reaction (PCR) using primers
that closely flank rearrangement endpoints
(e.g. Doyle et al., 1996). Hundreds of chloro-
plast genomes were mapped using the
Southern hybridization approach (see Table
1 in Downie and Palmer, 1992) and, in a
number of the groups investigated, struc-
tural changes of various types were detected.
In most cases, only one or a few structural
rearrangements occurred (e.g. in the
angiosperm families Asteraceae, Fabaceae,
Poaceae; see Table 2 in Downie and Palmer,
1992). However, there were several plant
groups in which the chloroplast genomes
were highly rearranged (i.e. conifers and the
angiosperm families Campanulaceae,
Geraniaceae and Lobeliaceae).

One of the most notable examples,
demonstrating the powerful utility of
cpDNA rearrangements for phylogenetic
studies in plants, comes from the
angiosperm family Asteraceae. We describe
this example for three reasons: (i) it was the
first, extensive study to demonstrate the
power of cpDNA rearrangements for assess-
ing relationships among deep nodes; (ii) it
resolved a long-standing controversy
regarding the identification of the basal lin-
eage of this large, extensively studied family;
and (iii) the surprising result obtained from
the cpDNA rearrangement generated con-
siderable controversy among angiosperm
systematists but was later confirmed by mul-
tiple lines of evidence.

The Asteraceae (composite or daisy fam-
ily) is one of the largest flowering-plant fami-
lies, with approximately 1535 genera and
25,000 species (Bremer, 1994). Although the
family has been the focus of numerous stud-
ies, considerable controversy existed about
the identity of the basal lineage. Five of the
16 recognized tribes of Asteraceae had been
suggested as being ancestral based on mor-
phological, biogeographical and chemical
evidence. Comparative restriction site and
gene mapping studies by Jansen and Palmer
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(1987b) identified a 22-kbp inversion (Fig.
4.5a) in the large single-copy region of the
chloroplast genome of lettuce (Lactuca sativa,
tribe Lactuceae), although the inversion was
absent from the chloroplast genome of
Barnadesia caryophylla (tribe Mutisieae). Eighty
species representing all tribes of Asteraceae
and ten related families were examined for
the distribution of this inversion using
cloned cpDNA fragments that spanned the
inversion endpoints (Jansen and Palmer,
1987a). The results showed that all related
families and members of the subtribe
Barnadesiinae of the tribe Mutisieae lack the
inversion, whereas all other members of the
Asteraceae have this structural change (Fig.
4.5b). This suggested that the Barnadesiinae

were basal in the Asteraceae and that the
cpDNA inversion marks an ancient evolu-
tionary split in the family. The relationships
inferred from the inversion distribution were
later confirmed by morphological (Bremer,
1987) and DNA sequence data (Kim et al.,
1992; Kim and Jansen, 1995; Jansen and
Kim, 1996). The implications of this finding
were very significant in altering the classifica-
tion of the Asteraceae (Barnadesiinae were
elevated to subfamilial status) and improving
our understanding of the biogeography and
character evolution in the family.

More recently, complete chloroplast
genome sequences have been generated for
31 taxa, including 19 land plants (Table 4.1).
These data are facilitating the exploration of
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Fig. 4.5. (a) Comparison of chloroplast genome organization between two members of the Asteraceae
(Barnadesia and Lactuca) that differ by a 22-kbp inversion. Grey bars indicate the extent of the inverted
repeats. Arrows show the region in which inversion occurs. (b) Phylogenetic tree showing the taxonomic
distribution of the 22-kbp inversion. Adapted from Jansen and Palmer (1987b).
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structural rearrangements in phylogeny
reconstruction at the deepest nodes of the
plant evolutionary tree. Ongoing genomic
sequencing projects by our group and others
will greatly expand this sampling during the
next several years, with a special emphasis
on sequencing genomes from all of the
major lineages of green plants. The accumu-
lation of more chloroplast genome sequences
from a wider diversity of taxa will make it
necessary to develop better computational
methods to deal with gene order characters
for phylogeny reconstruction. Considerable
work has already been done in this area
(Cosner et al., 2000; Moret et al., 2001; Wang
et al., 2002; Bourque and Pevzner, 2002), but
additional research is needed in order to
analyse more highly rearranged genomes
than are sequenced currently.

DNA sequencing

The third approach for comparing chloro-
plast genomes in studies of plant phyloge-
nies is DNA  sequencing. Early
sequence-based phylogenetic studies were
hampered by several factors, including the
need to clone genes being sequenced, the
lack of universal primers and the labour-
intensive nature and high expense of man-
ual DNA sequencing. Thus, many early
studies suffered from limited taxon sam-
pling and the use of inappropriate genes
(i.e. ones with inadequate levels of varia-
tion). The advent of PCR technology and
automated DNA sequencing has made it
possible to sequence many more taxa and to
explore the utility of additional chloroplast
genes. Once these new methods increased
the capacity for comparative chloroplast
DNA sequencing projects, genes could be
selected based on criteria of appropriateness
rather than simple logistics. The gene
sequenced should exhibit the appropriate
amount of variation for the taxonomic level
and group being studied.

In general, nucleotide substitution rates
in ¢cpDNA are slower than those of the
nuclear genome and faster than those of the
mitochondrial DNA (Wolfe et al., 1987).
Substitution rates are lower in the IR where

they equal rates of mitochondrial single-
copy genes (Gaut, 1998). Whereas some
studies have found the rates of nucleotide
substitution in chloroplast-coding regions
more conservative than those in non-coding
regions (see references in Kelchner, 2000),
other studies have suggested that some non-
coding regions may evolve no faster than
coding regions in the chloroplast genome
(e.g. Manen and Natali, 1995). Lineage
effects in nucleotide substitution rates have
been detected; for example, grasses have an
elevated rate relative to tobacco or pine
(Muse and Gaut, 1997). Locus-dependent
differences in rates of non-synonymous sub-
stitution also occur in some genes (Gaut et
al., 1997; Muse and Gaut, 1997; Matsuoka et
al., 2002). RNA editing has been detected in
land plant cpDNAs (Miyamoto et al., 2002;
Sabater et al., 2002; Kugita et al., 2003b) and
rate of DNA change is usually accelerated in
genes with editing of transcripts (Shields
and Wolfe, 1997; Bock, 2000).

When comparing DNA sequence in a
phylogenetic study, too little variation results
in trees that are highly unresolved and there
are numerous examples of this in the litera-
ture. Too much variation can result in exces-
sively high levels of homoplasy leading to
suspect relationships, a problem encoun-
tered (as just one example) in a phyloge-
netic analysis of rbcL among all land plants
and their green algal relatives (Manhart,
1994). Too much variation can also lead to
difficulties in alignment, caused by high
rates of nucleotide substitution or the pres-
ence of many deletions and insertions
(indels). In general, coding regions tend to
be more easily aligned because indels must
be in multiples of three to maintain func-
tionality of the genes. The increased use of
many more variable intergenic regions and
introns has caused considerable difficulty in
alignment of these chloroplast sequences
(see Kelchner, 2000, for a review).

There are numerous examples of the
application of cpDNA sequences for estimat-
ing phylogenetic studies of plants. One
notable example is the analysis of 499 rbcL
sequences from seed plants (Chase et al.,
1993). At the time of its publication this study
represented the largest data set of DNA
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sequences for any group of organisms. Forty-
two scientists contributed to the analysis,
making the study one of the most amazing
examples of cooperation among the systemat-
ics community. The resulting phylogenies
defined many major clades of flowering
plants, which formed a set of hypotheses of
relationships that could be tested with other
data sets (Fig. 4.6). And finally, the computa-
tional phylogenetics community has utilized
this data set extensively for evaluating many
issues, including the effects of taxon sampling
on the accuracy of phylogeny reconstruction
(Hillis, 1998) and the development of faster
parsimony methods to handle such large data
sets (Rice et al., 1997; Nixon, 1999).

The 499-taxon rbcL data set generated a
well-resolved tree with some very important
implications for resolving the major clades
of seed plants (Fig. 4.6; readers should refer
to Chase et al. (1993) for the details of rela-
tionships within these major clades of seed
plants). Some notable results included the
placement of the Gnetales as the sister
group of the flowering plants, the position
of the aquatic genus Ceratophyllum in a basal
position in angiosperms, the division of
angiosperms into two major groups corre-
sponding to those taxa with uniaperturate
and triaperturate pollen, the occurrence of
the Magnoliidae as a polyphyletic group
at the base of the angiosperms, and the
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Fig. 4.6. Phylogenetic tree of angiosperms based on rbcL sequences. This tree illustrates the major clades
that were part of the analysis including 499 species. Adapted from Chase et al. (1993).
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presence of several large clades that corre-
spond with the major recognized subclasses
of angiosperms. Although more recent mol-
ecular phylogenies based on other genes
and/or different phylogenetic methods have
suggested alternative relationships for some
of these groups, many of the major clades,
especially within angiosperms, have been
confirmed (Soltis et al., 2000).

The number of chloroplast genes available
for sequence-based studies has grown rapidly
with the widespread use of PCR and auto-
mated sequencing (Table 4.3). The most widely
sequenced coding regions include rbcL, atpB,
matK and ndhF. Large data sets have been
examined for all angiosperms, or for large
clades within angiosperms, for each of the
genes or combinations of these genes. These
analyses have provided many new insights into
phylogenetic relationships in a wide diversity of
plants from the earliest land plants to the most
derived clades of angiosperms. There are too
many results from phylogenetic studies of
plants using these genes to summarize here so
we refer the reader to some of the recent
papers using these four genes at various taxo-
nomic levels (Olmstead and Palmer, 1994;
Soltis and Soltis, 1998; Graham and Olmstead,
2000). Two of these genes, atpB and rbcL, are
highly conserved in nucleotide sequence and
have been most useful for assessing relation-
ships among the major lineages of plants. The
other two, matK and ndhF, provide two to four
times more phylogenetically informative char-
acters and, therefore, have been used to exam-

ine relationships among more recently
diverged taxa in the families Acanthaceae,
Asteraceae, Brassicaceae, Orchidaceae,
Poaceae, Polemoniaceae, Saxifragaceae,

Scrophulariaceae and Solanaceae (reviewed in
Soltis and Soltis, 1998). At lower taxonomic
levels many systematists have utilized
sequences from introns and intergenic regions
to reconstruct phylogenies (Table 4.3).
Although this approach has been successful in
many instances, there are a number of prob-
lems associated with using these markers. A
number of molecular mechanisms (indels, sec-
ondary structure, slipped-strand mispairing
and localized intramolecular recombination)
can make it difficult to align these sequences
(see Kelchner, 2000, for a detailed review).

Comparative utility of these approaches

All three of the approaches for using chloro-
plast DNA data for studies of plant diversifi-
cation have been shown to be very valuable
for resolving phylogenetic relationships.
The first approach, restriction site/fragment
comparisons, is not widely used anymore,
primarily because it is now much easier to
generate DNA sequence data than it was in
the past. The primary advantage of this
approach was the capacity to examine many
restriction sites (scattered sequences of 4-8
bp) from throughout the genome. However,
it is now possible to easily sequence numer-
ous genes (or regions) or even to undertake
relatively automated sequencing of entire
chloroplast genomes. The other two types of
characters, structural rearrangements and
DNA sequences will continue to be widely
used in the future. Structural characters are
extremely valuable for assessing relation-
ships at the deepest nodes as they exhibit
less homoplasy than DNA sequence data.
The rapid increase in the availability of com-
plete genome sequences will provide more
of these types of characters in the future.
The only limitation of structural changes is
that there are many fewer characters avail-
able; however, this should not discourage
plant systematists from utilizing these char-
acters where they are present. Chloroplast
DNA sequence data certainly will continue
to be widely used for reconstructing the
phylogeny of plants. The systematics com-
munity is moving away from relying on one
or a few chloroplast genes or regions as evi-
denced by the increase in the number of
papers using multiple sets of genes or whole
genomes (Turmel et al., 1999; Graham and
Olmstead, 2000; Lemieux et al., 2000;
Martin ef al., 2002; Maul et al., 2002; Rai et
al., 2003).

Summary

We have reviewed aspects of chloroplast
genome diversity and evolution in land
plants, especially with regard to their phy-
logenetic utility. In general, the molecule is
evolutionarily conservative in both struc-
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Table 4.3. Chloroplast genes and regions used for phylogenetic studies of plants arranged by the
number of sequences in GenBank (>100) as of 28 July 2003. LSC = large single copy region; SSC =
small single copy region; IR = inverted repeat (gene position, if variable, given for tobacco); NA = not
applicable. Gene and intergenic region length is in base pairs using the tobacco genome as a reference.

Number in
Gene or region Location Length GenBank Protein product
rbcL LSC 1,434 17,656 Rubisco — large subunit
trnL-trnF spacer LSC 358 10,938 NA
trnL intron LSC 503 9,951 NA
matK LSC 1,530 8,572 Maturase within trnK intron
atpB LSC 1,497 5,475 ATP synthase beta subunit
ndhF SSC 2,133 4,422 NADH dehydrogenase ND5
rps16intron LSC 860 2,324 NA
atpB-rbcL spacer LSC 711 2,302 NA
psbA LSC 1,062 1,515 Photosystem Il 32 kDa protein
rpoB LSC 3,213 1,494 RNA polymerase beta subunit
trnT-trnL spacer LSC 711 1,441 NA
atpA LSC 1,524 1,290 ATP synthase alpha subunit
rpl16 intron LSC 1,020 1,269 NA
rpoC1 LSC 2,046 870 RNA polymerase beta’ subunit
psbA-trnH spacer LSC 454 768 NA
psaA LSC 2,253 520 Photosystem | P700 apoprotein A1
rpoA LSC 1,014 447 RNA polymerase alpha subunit
psaB LSC 2,205 399 Photosystem | P700 apoprotein A2
ps7 IR 468 387 Ribosomal protein S7
psbB LSC 1,527 379 Photosystem Il 47 kDa protein
pl2 IR 1,491 318 Ribosomal protein L2
petB LSC 1,401 303 Cytochrome b6/f apoprotein
ndhl SSC 504 302 NADH dehydrogenase subunit |
psbC LSC 1,386 283 Photosystem Il 44 kDa protein
psbE LSC 252 283 Photosystem Il 8 kDa subunit
petD LSC 1,225 266 Cytochrome b/f complex subunit IV
rpoC2 LSC 4,179 260 RNA polymerase beta’ subunit
psbT LSC 105 255 Photosystem Il T-protein
psbF LSC 120 248 Photosystem Il 4 kDa protein
psbL LSC 117 237 Photosystem Il L-protein
psbJ LSC 123 231 Photosystem Il J-protein
psbN LSC 132 212 Photosystem Il N-protein
psbH LSC 222 205 Photosystem Il 10 kDa phosphoprotein
ndhD SSC 1,503 198 NADH dehydrogenase subunit D
ndhG SSC 531 177 NADH dehydrogenase subunit G
psbD LSC 1,062 162 Photosystem Il D2 protein
ndhB IR 2,212 160 NADH dehydrogenase subunit B

ture (gene order and organization) and
rates of nucleotide substitution. However,
structural rearrangements (e.g. gene loss,
IR loss or expansion, inversions) do occur
in some lineages. These changes can be
used to infer relationships of plant lineages

and suggest types and patterns of muta-
tional processes affecting gene organization
in the chloroplast genome. In addition,
changes at the nucleotide level can also be
used to reconstruct phylogenies of plant
groups. The vast majority of phylogenetic
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studies utilize c¢cpDNA characteristics as
markers. Most evolutionary studies com-
pare nucleotide sequence data, although
historically comparing restriction digest
patterns was important. Where available,
structural changes have provided some
important insights into the evolution of
land plants. Nuclear and mitochondrial
markers are likely to be better utilized by
the plant systematics community in the
future; however, the chloroplast genome
will continue to be important due to its
logistical advantages and its evolutionary
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Introduction

Some of the most intriguing examples of
adaptation in eukaryotes arise within the
plant kingdom, many in response to a plant’s
immotility and consequent inability to escape
environmental stresses (Hawkesford and
Buchner, 2001). These unique attributes
occur in various forms to produce wonders
of plant architecture, specialized physiology
and reproductive strategies. At a cellular
level, several unique features of plant metab-
olism and organellar genome maintenance
are evident in plants (Mackenzie and
MclIntosh, 1999). Some of these cellular
attributes are thought to be the outcome of
the endosymbiotic process that has led to the
present-day plastid and consequent mito-
chondrial-plastid co-evolution (Allen, 1993;
Adams et al., 2002; Elo et al., 2003).

As in the case of most animal systems,
organellar genomes generally show strict
maternal inheritance in plants. However,
there are exceptions to this pattern. In some
cases, paternal inheritance is observed,
though varying degrees of biparental inheri-
tance are also seen (Reboud and Zeyl, 1994;
Zhang et al., 2003). In nearly all such excep-
tions, the plastid has been more likely to
show variation from strict maternal inheri-
tance than the mitochondrion. Why the
relaxation of strict maternal inheritance pat-

terns might be tolerated more in plant sys-
tems than in animal, and the mechanisms
underlying these selective organelle trans-
mission patterns, are not yet well under-
stood. Mechanisms for selective exclusion of
paternal organelles vary. Whereas some sys-
tems appear to target paternally derived
organellar DNA for selective destruction or
suppressed replication (Nagata et al., 1999;
Sodmergen et al., 2002; Moriyama and
Kawano, 2003), some animal systems are
postulated to exclude or destroy the pater-
nal organelles themselves (Sutovsky, 2003).
When considering organelle inheritance
and segregation processes, one must keep in
mind the distinct dynamics of organelle
behaviour. In contrast to nuclear genetic
information, which undergoes replication at
a precise point within a tightly regulated cell
cycle, segregating to daughter cells in equal
and unchanging copy number each cellular
generation, organellar genomes obey very
different rules. Organellar DNA replication
does not maintain tight synchrony with the
cell cycle (Birky, 1983), and the numbers of
genomes per organelle and organelles per
cell vary dramatically depending on tissue
type. In general, mitochondrial biogenesis is
highest in meristematic and reproductive
tissues, where numbers of genomes per
mitochondrion and mitochondria per cell
generally range in the hundreds, while
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mitochondrial numbers decrease markedly
in vegetative tissues (Lamppa and Bendich,
1984; Fujie et al., 1993; Robertson et al.,
1995). The ‘segregation’ of organelles, exist-
ing as multi-genomic populations within
cells, occurs by a process of cytoplasmic sort-
ing throughout development. Although
cytoplasmic sorting is generally considered a
stochastic process, nuclear gene influence on
cytoplasmic segregation is evident.

This review will describe the unusual
nature of plant mitochondrial genomes, con-
trasting their features and behaviour with
what is known of mammalian and fungal sys-
tems. One anticipates that the considerable
divergence observed in plants derives, at
least in part, from the unusual plant cellular
context of mitochondrial-chloroplast co-evo-
lution. With availability of complete plant
genome sequence information, considerable
evidence has accumulated recently in sup-
port of this assumption. However, it is also
important to note that the vast majority of
genes essential for mitochondrial processes
are nuclear encoded; the mitochondrial
genome, though essential, encodes less than
5% of the information required for its varied
functions. Therefore, it is impossible to con-
sider plant mitochondrial genome evolution
and adaptation without addressing the criti-
cal role of the nucleus in these ongoing
processes.

Nuclear Regulation of Mitochondrial
DNA and RNA Metabolism

The availability of complete genome
sequences for Arabidopsis and rice has allowed
the identification of several candidate genes
predicted to function in organellar DNA and
RNA metabolism functions. Two striking fea-
tures of nuclear genes that appear to direct
organellar genome maintenance are evident.
The first surprising property of these genes
is their organization within the nuclear
genome. Nuclear genes encoding organellar
DNA and RNA metabolism loci appear to be
largely clustered in a few regions of the
plant genome (Elo et al., 2003). Moreover,
this genomic arrangement may not be lim-
ited to plants alone (Lefai et al., 2000).

The endosymbiotic processes believed to
have given rise to present day organelles are
generally thought to have involved the
transfer of large amounts of genetic infor-
mation from mitochondrial and plastid
progenitor genomes to the nucleus. Very
early on, these transfers might have
involved large genomic segments that
encompassed many genes simultaneously.
More recent gene transfers, following the
advent of RNA editing processes, have prob-
ably occurred as singular gene events that
involve an RNA intermediate in the process
(Nugent and Palmer, 1991; Covello and
Gray, 1992). With the massive nuclear
genomic rearrangements that have occurred
in plants subsequent to the endosymbiotic
events (Blanc et al., 2000), it is difficult to
envisage how genetic linkage has been main-
tained for large numbers of transferred
genes without selection. One possibility is
that maintenance of related genes in a link-
age might facilitate coordinate gene regula-
tion during key points in development
(Boutanaev et al., 2002). For example, at the
point immediately following pollination, a
maternally derived cytoplasm must immedi-
ately establish compatibility with the newly
introduced paternal nuclear contribution.
Possibly epigenetic regulation would be cru-
cial for re-establishing necessary interge-
nomic compatibility.

A second intriguing observation regard-
ing the nuclear genes that participate in
organellar genome maintenance is the large
number predicted to encode proteins func-
tional in both mitochondria and plastids
(Hedtke et al., 1997; Beardslee et al., 2002;
Elo et al., 2003). This assumption is sup-
ported by individual genes that encode
dual-targeted proteins, as well as genes that
have undergone duplication, with duplicate
members targeting distinct organelle types.
The prevalence of proteins that apparently
function in both mitochondria and plastids
suggests that a substantial component of the
DNA and RNA metabolism apparatus is
overlapping in the two organelle types
(Small et al., 1998; Peeters and Small, 2001).
At one time this would have seemed an
incongruous idea, given the numerous dif-
ferences that exist in mitochondrial and
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plastid functions, genome structure and
gene organization. These distinctions are
likely to be remnant features of their pro-
genitors, as the number of reports of shared,
probably acquired, features increases.

The Mitochondrial Genome of Higher
Plants

Plant mitochondrial genomes are distin-
guished by their extreme variation in size,
ranging from about 200 to 2400 kbp, in com-
parison to the 16-kbp genome of human
mitochondria and intermediate but less vari-
ably sized genomes of fungi. With the recent
availability =~ of complete mitochondrial
genome sequences for at least four plant
species, we now find that the dramatic differ-
ences in genome size are not accounted for
by vast discrepancies in coding capacity. In
fact, plant mitochondrial genomes encode
somewhere between 55 and 70 genes (Oda et
al., 1992; Unseld et al., 1997; Notsu et al.,
2002; Handa, 2003), less than twice the
number of genes found in the human mito-
chondrion. Considerable sequence redun-
dancy, integration of non-mitochondrial
DNA, and ectopic recombination have con-
tributed to the observed variation.

The mitochondrial genome of plants con-
sists of a heterogeneous population of both
circular and linear DNA molecules, many
existing in highly branched configurations
(Backert et al., 1996; Bendich, 1996;
Oldenburg and Bendich, 1996; Backert and
Borner, 2000). To date, an origin of replica-
tion has not been defined in plants, and evi-
dence suggests that replication may occur, at
least in part, by a rolling circle mechanism.
In fact, it has been suggested that replication
may initiate by a strand invasion process
perhaps resembling that of T4 phage
(Backert and Borner, 2000).

In contrast to mammalian mitochondria,
plant mitochondrial genomes are unusually
dynamic in their structure, in part a conse-
quence of prolific intra- and intergenomic
recombination activity. Within most plant
mitochondrial genomes are dispersed sev-
eral repeated sequences, present in both
inverted and direct orientations. High-

frequency DNA exchange at these sites pro-
duces a complex assemblage of large inver-
sions and subgenomic DNA molecules, each
containing a portion of the genome.
Whether this recombination activity is con-
tinuous throughout plant development, or
restricted to a particular cell type, is not
clear. The technical difficulties that have
complicated these studies arise from the
entwined nature of replicative and recombi-
national processes.

In addition to high-frequency homolo-
gous recombination, plant mitochondrial
genomes commonly undergo low-frequency
recombinations at non-homologous, often
intragenic, sites. This ectopic recombination
activity gives rise to chimeric gene configu-
rations, often expressive, within a wide
array of plant species. In many cases, these
unusual gene chimeras are discovered by
their causative association with cytoplasmic
male sterility (Schnable and Wise, 1998).
However, not all ectopic recombinations
necessarily produce a detectable phenotype
(Marienfeld et al., 1997).

Cytoplasmic male sterility (CMS) is a con-
dition in which the plant is unable to pro-
duce or shed viable pollen as a consequence
of mitochondrial mutation. In nearly all
cases investigated, the associated mitochon-
drial mutations are dominant, stemming
from expression of wunique sequence
chimeras that form aberrant open reading
frames. To date, all cases of CMS appear to
be associated with ectopic recombination
within the genome, implying an adaptive
advantage to this activity. No two CMS
mutations have been identical, although
striking similarities have been observed in
some cases (Tang et al., 1996). Interestingly,
the frequency of non-homologous recombi-
nation, or the relative copy number of the
derived recombinant forms, appears to be
controlled by nuclear genes.

Nuclear Regulation of Mitochondrial
Genome Structure

Whereas evolutionary pressures appear to
have selected for a highly conservative, sta-
ble and compact mitochondrial genome
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configuration within animals, adaptive
selection within the plant kingdom has pro-
duced a system that appears to benefit
from a high degree of variability
(Marienfeld et al., 1999). A fascinating
example of the dynamic nature of the plant
mitochondrial genome is the widespread
phenomenon termed stoichiometric shift-
ing (Small et al., 1987).

Certain subgenomic mitochondrial DNA
configurations change dramatically in rela-
tive copy number during the development
of the plant. When present substoichiomet-
rically, these components of the mitochon-
drial genome have been estimated at one
copy per every 100-200 cells of the plant
(Arrieta-Montiel et al., 2001), representing a
heteroplasmic (heterogeneous cytoplasmic)
condition. However, stoichiometric shifting
can result in preferential amplification of
these molecules to levels equimolar with the
principal mitochondrial genome. The selec-
tive amplification or suppression of particu-
lar portions of the mitochondrial genome is
influenced by nuclear genotype.

Stoichiometric shifting has been reported
in a wide array of plant species (Mackenzie
and McIntosh, 1999), and shifting events
are apparently induced under conditions of
cell culture or cybridization (Kanazawa et al.,
1994; Gutierres et al., 1997; Bellaoui et al.,
1998), alloplasmy (Kaul, 1988), spontaneous
CMS reversion to pollen fertility (Mackenzie
et al., 1988; Smith and Chowdhury, 1991),
and the introduction or mutation of specific
nuclear genes.

In the CMS system of common bean, the
mitochondrial sequence associated with
pollen sterility, designated pus-0rf239, resides
on a mitochondrial molecule that is shifted
to substoichiometric levels in response to the
introduction of the dominant nuclear gene
Fr (Mackenzie and Chase, 1990). This is an
appealing system for study because intro-
duction of Fr, by standard crossing, results
in Mendelian segregation for a particular,
reproducible mitochondrial rearrangement.
The pus-0rf239 sequence, when present in
high copy number, is expressed and the
plant is male sterile. When Fr is introduced,
and the mitochondrial pus-01f239 sequence
is reduced to substoichiometric levels, the

plant is male fertile. Interestingly, the condi-
tion of male fertility is not reversed by the
segregation of Fr, suggesting that the prod-
uct of Fr acts unidirectionally or in a limited
context, and the reversal of Fr action might
require additional nuclear components.

In Arabidopsis, mutation at the nuclear
locus CHM results in the copy number
amplification of a mitochondrial chimeric
DNA configuration and the appearance of
green-white variegation (Martinez-Zapater
et al., 1992; Sakamoto et al., 1996). Several
mutant alleles of CHM are available in
Arabidopsis, presenting an opportunity to
clone the gene.

Recently, the product of the CHM locus
was shown to resemble the MUTS protein of
Escherichia coli, and the gene has now been
designated MSHI (MutS Homologue 1;
Abdelnoor et al., 2003). MutS is a component
of the DNA mismatch repair apparatus, and
several of its homologues have been identi-
fied to function within the nuclear genome
of higher eukaryotes. One other nuclear
gene encoding a mitochondrial MutS homo-
logue was reported several years ago in
yeast (Reenan and Kolodner, 1992). In that
case, the mitochondrial protein was sug-
gested to function in mismatch repair (Chi
and Kolodner, 1994).

Mismatch repair components appear to
serve two important functions within the
eukaryotic genome: to bind and repair
nucleotide mismatches and to suppress non-
homologous recombination activity
(Modrich and Lahue, 1996; Harfe and
Jinks-Robertson, 2000). Enhanced ectopic
recombination appears to be the effect
within the plant mitochondrial genome in
response to MSHI mutation (Abdelnoor et
al., 2003).

Interestingly, allelic variation for MutS in
microbial populations appears to provide
certain adaptive advantage under severe
selection conditions by enhancing mutation
frequency (LeClerc et al., 1996; LeClerc and
Cebula, 1997; Bjedov et al., 2003; Chopra et
al., 2003). This ‘mutator’ phenomenon, aris-
ing from MutS variation, has been reported
in a number of organisms including
humans, where such variation contributes to
cancer incidence (Li, 1999). A phenomenon
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resembling mitochondrial stoichiometric
shifting has also been described in
Drosophila, although the nuclear effector is
not yet identified (Le Goff et al., 2002). It
now appears likely that evolutionary advan-
tage might have been realized by permitting
a degree of genetic variation within the
mitochondrial MSH1 gene of higher plants.
A possible adaptive role of MSHI variation
in plant populations will be discussed in a
later section.

Nuclear Regulation of Mitochondrial
Transcript Processing and Fertility
Restoration

A striking example of a derived plant fea-
ture shared by both mitochondria and plas-
tids is their dependence on RNA processing,
editing and stabilizing functions for organel-
lar gene expression (Hoffmann et al., 2001;
Binder and Brennicke, 2003). RNA process-
ing, which involves the cleavage of RNA at
precise sites as part of RNA maturation, and
RNA editing, which generally involves spe-
cific C to U conversions within a transcript,
are both found to occur in a wide array of
plastid and mitochondrial RNAs. The
expansion of these processes has apparently
been accompanied, or driven by, a concomi-
tant expansion in the number of nuclear
genes associated with these functions.

The pentatricopeptide repeat (PPR) fam-
ily of proteins in Arabidopsis numbers over
500 members, with over two-thirds encod-
ing proteins predicted to target mitochon-
dria or plastids (Small and Peeters, 2000).
The PPR proteins share almost no
detectable sequence homology. Rather, they
are linked by their unusual structural simi-
larities. Although highly divergent at their
amino termini, each PPR protein contains a
series of 35-amino-acid repeat structures,
present in variable numbers. These repeats
are predicted to confer a helical structure to
the protein that is postulated to interact
directly with RNA or proteins. It has been
suggested that this family of nuclear pro-
teins may provide the RNA recognition
specificity necessary for RNA processing
activities.

Interestingly, molecular studies of fertility
restoration mechanisms in several CMS sys-
tems reveal a role of most restorer genes in
RNA processing (Schnable and Wise, 1998).
Over the past few years, five nuclear genes
that restore pollen fertility to CMS mutants
have been cloned. Of these, four have been
shown to encode PPR proteins. These include
the restorers of fertility in petunia (Bentolila et
al., 2002), Kosena radish (Koizuka et al.,
2003), Ogura radish (Brown el al., 2003;
Desloire et al., 2003) and rice (Kazama and
Toriyama, 2003). It would not be surprising to
find PPR proteins implicated in the fertility
restoration of several other CMS plant species
in the near future. The RNA specificity that is
postulated by PPR protein:RNA binding,
combined with the intragenic recombination
origins of most CMS mutations, appears an
ideal system for nuclear control of CMS-asso-
ciated aberrant gene expression.

Evolutionary Implications of
Mitochondrial Genome Dynamics in
Higher Plants

The mitochondrial mutations that confer
cytoplasmic male sterility have been of great
interest for their value to the hybrid seed
industry (Fig. 5.1). In a broad range of plant
species, the phenomenon of heterosis, or
hybrid vigour, is well documented (Tsaftaris
and Kafka, 1998; Rieseberg et al., 2000). The
genomic condition produced by hybridiza-
tion, probably associated with higher levels
of gene heterozygosity and perhaps epige-
netic  processes,  provides  markedly
enhanced reproductive capacity and plant
vigour. Although of obvious agricultural
benefit, the heterotic state is also clearly
advantageous in natural populations
(Rieseberg et al., 2000).

Most domesticated crop species are cate-
gorized as predominantly outcrossing or
self-pollinating. However, in natural popu-
lations exist the more heterogeneous and
dynamic  conditions of  gynodioecy.
Gynodioecious populations are composed
of both female and hermaphroditic individ-
uals, permitting population expansion
within geographically isolated environments



74 S.A. Mackenzie

Fig. 5.1. Patterns of alteration distinguishing the plant mitochondrial genome. Homologous intra- and
intermolecular recombination occurs at repeated sequences (boxes) that, when in direct orientation, can
produce an equilibrium of non-recombinant and recombinant subgenomic molecules. Intragenic (a—B)
ectopic recombination can occur to produce sequence chimeras. What is shown is the simplest scenario;
often these chimeric sequences are derived from multiple recombination and/or insertion events (Schnable
and Wise, 1998). Note that the final population of molecules does not necessarily include all parental and
recombinant forms. Stoichiometric shifting represents a nuclear-directed process that can modulate the
relative copy number of particular recombinant molecules within the genome, often reducing them to one
copy per 100-200 cells of the plant. The shifting mechanism is not yet understood. Mitochondrial DNA
molecules are shown in a circular form, as they map, for convenience. In vivo structures are predominantly

linear and often multimeric.

together with enhanced genomic recombi-
nation. Gynodioecy comprises self- and
cross-pollination activity in dynamic equilib-
rium (Couvet et al., 1990). Whereas many of
our domesticated crop species are predomi-
nantly self-pollinating, it is possible that sev-
eral of these species originated from
gynodioecious natural populations.

Most detailed studies of gynodioecy have
been conducted in non-crop species such as
Silene vulgaris (Olson and McCauley, 2002),
Thymus vulgaris (Manicacci et al., 1997) and
Plantago lanceolata (Van Damme, 1983). In
the various natural populations studied,

gynodioecy involves the interaction of one to
multiple mitochondrial mutations that con-
dition CMS together with maintainer (non-
fertility restoring) and fertility restorer
nuclear genotypes. The CMS cytoplasm, in
combination with a fertility-restoring
nucleus, constitutes a hermaphrodite capa-
ble of self-pollination, while a CMS cyto-
plasm combined with a maintainer genotype
constitutes a female, outcrossing form.
Extensive cross-pollination activity eventu-
ally introduces the restorer genotype to the
female, shifting the localized frequency of
hermaphrodites.
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Several research groups have investi-
gated the environmental factors that influ-
ence frequencies of fertility restoring,
non-restoring and  sterility-determining
components of this process within naturally
occurring and widely dispersed populations
(Bailey et al., 2003; Jacobs and Wade, 2003).
However, these models generally do not
account for an additional genetic compo-
nent that is probably essential to under-
standing the maintenance of females in the
population. This missing factor is the spon-
taneous inter-convertibility of the male-
sterile and male-fertile condition. The
nuclear—mitochondrial  interactions  that
effect mitochondrial stoichiometric shifting
permit the spontaneous inter-conversion of
females and hermaphrodites. Female plants
located in isolation are dependent on the
process of low frequency spontaneous rever-
sion to fertility to facilitate reproduction late
in the plant’s cycle. Spontaneous reversion
of a CMS plant to male fertility has been
described in  several plant systems
(Laughnan and Gabay-Laughnan, 1983;
Smith and Chowdhury, 1991; Bellaoui et al.,
1998; Janska et al., 1998; Andersson, 1999),
where the frequency of stoichiometric shift-
ing depends on nuclear background.

Although not yet documented in nature,
it appears likely that genetic variability at the
MSH 1 locus accounts for some portion of the
inter-conversion of females and hermaphro-
dites. Whether MSHI displays higher-than-
average natural mutability in plants has not
yet been investigated, but its unusually com-
plex gene structure, comprising 21 introns
in at least five plant species studied to date
(Abdelnoor et al., 2003; Abdelnoor and
Mackenzie, unpublished), raises the possibil-
ity of alternative splicing (Black, 2003).

Recent literature suggests that several of
our present-day crop plants probably derive
from gynodioecious natural populations.
These include beet (Beta vulgaris; Cuguen et
al., 1994), pearl millet (Pennisetum ameri-
canum; Delorme el al., 1997), sunflower
(Helianthus spp.; Jan, 2000) and common
bean (Phaseolus vulgaris; Mackenzie, 1991).
In the common bean, domestication
occurred from multiple centres of origin
extending from Mexico to Ecuador (Gepts,

1998). Surveys of core germplasm collec-
tions, encompassing all available genetic
diversity from natural populations, reveal
the presence of the CMS-associated pus-
0rf239 mitochondrial sequence, highly con-
served, in 100% of the lines, although the
sequence is substoichiometric in over 90%
of them (Arrieta-Montiel et al., 2001). The
pus-0rf239  sequence is also present in
Phaseolus coccineus, Phaseolus polyanthus and
Phaseolus acutafolius (Hervieu et al., 1993),
implying that its evolution predates
Phaseolus speciation.

In bean, hermaphrodites arise by two dis-
tinct mechanisms: suppression of the male
sterility phenotype can be conditioned by
the prevalent Fr2 locus (Mackenzie, 1991),
while substoichiometric shifting of pus-0rf239
is conditioned by the more rare Fr locus
(Mackenzie and Chase, 1990). Spontaneous
reversion to fertility ranges in frequency
depending on  nuclear  background
(Mackenzie et al., 1988), but even the most
effective maintainer genotypes often result
in a small number of seed pods produced
just prior to plant senescence if the plant has
not been artificially pollinated (Mackenzie,
unpublished data).

These observations suggest the existence
of a naturally occurring, highly refined
genetic system to facilitate cross-pollination
in a species that, upon domestication, has
become largely inbreeding. This fascinating
genetic  system apparently integrates
nuclear suppressors of mitochondrial gene
expression with nuclear mechanisms that
influence  heteroplasmic  sorting  to
reversibly modulate female:hermaphrodite
ratios. A system integrated in this manner
would permit a more dynamic response to
environmental changes than is generally
predicted in most models.

Evidence suggests that nuclear—-mito-
chondrial genetic interactions, and the
dynamic features of the plant mitochondrial
genome, are highly amenable to adaptation
for reproductive fitness in natural popula-
tions. Thus, it is not surprising that the most
common problems arising in the deploy-
ment of cytoplasmic male sterility for com-
mercial hybrid seed production are
cytoplasmic instability and incomplete fertil-
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ity restoration. These features, undesirable to have served plant populations well for
within the highly controlled environmental reproductive success in their ever-changing
conditions of today’s agriculture, are likely natural environments.
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Introduction

Many evolutionary analyses focus exclu-
sively on divergence. Evolution is seen as a
branching tree, from which new lineages
are continually splitting or budding. Most
commonly used methods for calculating the
evolutionary history of a group are
designed to estimate the order in which dif-
ferent genera or species diverged. Yet diver-
gence is only part of the evolutionary
pattern. Particularly in the plant kingdom,
populations and species may undergo
repeated episodes of divergence, followed
by episodes of recombination. Through
hybridization between taxa, new genetic
combinations are formed. This process,
whereby branches of the evolutionary tree
exchange genes or are grafted together, is
called reticulate (net-like) evolution.

The study of reticulate evolution is a
challenging and dynamic area of research.
Methods for reconstructing reticulate evolu-
tionary pathways are only now being devel-
oped (e.g. Lapointe, 2000; Xu, 2000). These
methods should find wide application, as
new molecular studies confirm that reticula-
tion is both widespread and important to
evolution and diversity in higher plants. In
some cases reticulation is creative, leading to
enhanced diversity through the establish-
ment of new hybrid species or the expansion

of a species’ gene pool. In others, reticula-
tion may be destructive of diversity, causing
the merging or assimilation of species. This
chapter reviews evidence for reticulation in
higher plants and discusses its significance
as an evolutionary mechanism.

Natural Hybridization in Plants

In the plant kingdom, periods of genetic
divergence followed by recombination take
place at various taxonomic levels, including
the population and subspecies levels.
However, the term ‘reticulate evolution’ is
normally restricted to the description of
gene flow between taxonomically distinct
species. If two species are able to cross suc-
cessfully to form a first-generation (F))
hybrid (Fig. 6.1a), a range of different con-
sequences may ensue:

1. The F, hybrid fails to reproduce, and
forms an evolutionary dead-end.

2. The F, hybrid self-pollinates, or mates
with other F| hybrids, to give second-gener-
ation (F,) hybrid progeny. High genotypic
and phenotypic variability is expected in the
F, generation, because genes from the
parental species can segregate into numer-
ous different combinations (Fig. 6.1b). Some
F, progeny may closely resemble the F, gen-
eration or the original parental species.

© CAB International 2005. Plant Diversity and Evolution: Genotypic and
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(@  Species 1 X Species 2
| AA BB | * | aa bb |
GeneA GeneB GeneA GeneB
F, hybrid
| Aa Bb |
®)  Fy hybrid X F, hybrid
| Aa Bb | * | Aa Bb |
F, hybrid
| AA BB || AA bb || AA Bb |
| aa BB || aa bb || aa Bb |
| Aa BB || Aa bb || Aa Bb |
(c) Species 1 X F, hybrid
| AA BB | * | Aa Bb |
B, back-cross
AA BB AA  Bb
Aa BB Aa Bb

Fig. 6.1. Possible genetic recombinations at two segregating nuclear loci (A and B) in the diploid progeny of
two hybridizing diploid species (1 and 2). (a) First-generation hybrids; (b) second-generation hybrids; (c)

back-crosses to species 1.

3. The F, hybrid mates with members of
either or both parental species to produce
back-crossed (B,) progeny. Given that mem-
bers of the parental species are often both
more numerous in the population and more
fertile than F, hybrids, this is a likely scenario.
Back-crossed progeny also have a range of
different genotypes and phenotypes, which
may resemble the F, generation or the origi-
nal parental species (Fig. 6.1c). In some cases
back-crossing occurs with one parental
species preferentially, biasing the genomic
composition of subsequent generations.

If numerous mating combinations are possi-
ble, a complex hybrid zone may be estab-

lished, containing a mixture of F, progeny,
advanced generation hybrids, back-crosses
and pure parental species. In some cases,
such hybrid zones are both local and
ephemeral, and may have little evolutionary
significance. In others, hybridization can
have far-reaching consequences including
the formation of new varieties, subspecies,
species or polyploid complexes.

The frequency of natural hybridization

Natural hybridization is quite common in
higher plants, but its frequency is not
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evenly distributed among taxa. Certain
genera and families, as well as certain
regions, show high hybridization frequen-
cies relative to others. Collated evidence on
the distribution of spontaneous plant
hybrids from five floras (the British Isles,
Scandinavia, the Hawaiian Islands, and the
Great Plains and Intermountain West of
North America) shows that within each
flora, only 16 to 34% of families have any
reported hybrids (Ellstrand et al., 1996).
Most of the hybrids are concentrated
within a few genera, which share certain
characteristics that may promote hybrid
formation and persistence: outcrossing,
perennial habit and mechanisms for clonal
reproduction (e.g. vegetative spread).
Families that show high hybrid frequencies
in more than one flora are the Poaceae,
Cyperaceae, Scrophulariaceae, Salicaceae,
Rosaceae and Asteraceae. Hybridization is
also common in the Betulaceae, Onagraceae,
Orchidaceae and Pinaceae (Stace, 1975).

The failure to observe hybridization
within some plant families today does not
mean that the evolutionary history of those
families has been free of reticulation.
According to one estimate, about 70% of
angiosperms have polyploidy in their history
(Masterson, 1994). Since many polyploids
have apparently arisen following hybridiza-
tion, a major evolutionary role for
hybridization can be inferred for higher
plants.

Barriers to hybridization

What factors control the extent of hybridiza-
tion among plant taxa? Successful hybridiza-
tion requires: (i) transfer of pollen between
species; (ii) successful ovule fertilization and
seed maturation; and (iii) ability of hybrid
progeny to survive and attain reproductive
maturity.

Barriers to one or more of these require-
ments commonly operate to prevent gene
flow between plant species. Pre-pollination
barriers include differences in flowering
time, adaptation to different pollinators,
and ecological differences that prevent
species growing in sympatry. If pollen is

transferred between species, successful fer-
tilization requires pollen germination, pen-
etration of the stigma, growth of the pollen
tube through the style, discharge of gametes
with fertilization of the ovule, and the pro-
duction of viable seed. Incompatibility
between species can affect any of these
stages, resulting in pollen tube arrest or
embryo abortion. For example, hybridiza-
tion between Rhododendron species with dif-
fering flower structures is restricted by
mismatches between style length and pollen
tube length. Pollen tubes from species with
much shorter or longer styles than the
recipient species either fail to penetrate the
ovary, or grow too far and fail to release
their gametes (Williams et al., 1986;
Williams and Rouse, 1988). A complex com-
bination of barriers to fertilization can co-
exist in a given species pair. In Penstemon,
hybridization between the naturally sym-
patric species Penstemon spectabilis and
Penstemon  centranthifolius is limited by
reduced pollen tube growth and seed set
when P spectabilis is the ovule parent, and
by poor pollen grain germination and fruit
set when P. centranthifolius is the ovule par-
ent (Chari and Wilson, 2001). In addition,
partial pollinator specificity helps to main-
tain isolation between these species (Chari
and Wilson, 2001).

Even when two species are reproduc-
tively compatible, heterospecific (other-
species) pollen must generally overcome
competition with conspecific (same-species)
pollen to fertilize the ovules. Such competi-
tion is usually shown to favour conspecific
pollen as the seed sire, for example in
Hibiscus (Klips, 1999), Piriqueta (Wang and
Cruzan, 1998) and Helianthus (Rieseberg et
al., 1995a). The success of pollen competi-
tion may be dependent on the direction of
the cross, leading to asymmetric hybridiza-
tion. In crosses between Mimulus nasutus and
Mimulus guitatus, pollen tubes from M. nasu-
tus grow much more slowly than those of M.
guttatus in styles of M. guttatus, whereas
pollen tubes from either species grow
equally fast in styles of M. nasutus. As pre-
dicted, mixed pollen loads produce far more
hybrid seed in M. nasutus than in M. guttatus
(Diaz and Macnair, 1999).
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Hybrid fitness

The fitness of hybrids, once formed, is vari-
able. The new genetic combinations gener-
ated by  hybridization  range from
advantageous to deleterious. First-generation
hybrids often show superior growth or size,
termed hybrid vigour or heterosis, com-
pared with parental species (particularly
where the parents are inbred). However,
their fertility may be low. This can result
from chromosomal differences between the
parents that prevent successful pairing dur-
ing meiosis, or from unfavourable genic
interactions, including cytonuclear interac-
tions (reviewed in Burke and Arnold, 2001).
If hybrids succeed in reproducing, fitness
may be reduced in later generations,
through the loss of favourably interacting
gene complexes or the generation of lethal
gene combinations. This is referred to as
hybrid breakdown.

Nevertheless, some hybrid combinations
equal or excel their parent species in fecun-
dity or tolerance to environmental stresses.
New, invasive lineages can evolve following
hybridization, as documented in 12 differ-
ent plant families by Ellstrand and
Schierenbeck (2000). Their success may be
due to fixed heterosis and/or to evolution-
ary novelty. Later-generation hybrids fre-
quently demonstrate transgressive
segregation: the production of phenotypes
that are novel and extreme, rather than
intermediate  between their  parents.
Quantitative genetic studies show that this is
chiefly due to the action of complementary
genes (Rieseberg et al., 1999a). These novel
phenotypes may contribute to evolutionary
success. The invasive cordgrass, Spartina
anglica, a hybrid derivative of Spartina mar-
itima and Spartina alterniflora, is cited as a
possible example of success through both
fixed heterosis and evolutionary novelty
(Ellstrand and Schierenbeck, 2000).

The role of environment
Environmental conditions are important in

determining the frequency and results of
hybridization. A large body of evidence

shows that hybrids are particularly common
in disrupted habitats. For example, scarlet
oak (Quercus coccinea) and black oak (Quercus
velutina), both of which occur naturally in
the eastern USA, are normally reproduc-
tively isolated by their preferences for moist
low areas and dry well-drained areas,
respectively. Hybrids between the two
species are common only when the natural
environment has been disturbed by human
activity such as cutting and burning. In
Rorippa, different types of habitat distur-
bance promote different patterns of
hybridization (Bleeker and Hurka, 2001). In
the River Elbe, which shows a natural
dynamic of erosion leading to periodic habi-
tat disturbance, hybridization with bi-direc-
tional introgression occurs between Rorippa
amphibia and Rorippa sylvestris; in artificial
drainage ditches, hybridization occurs
instead between R. amphibia and Rorippa
palustris, with unidirectional introgression of
genetic markers into R. amphibia.

There are several ways in which habitat
disturbance is likely to promote interspe-
cific hybridization. The first is by altering
species distributions, thereby creating new
mating opportunities. Upheavals caused by
floods, fires, landslides, farming and road
building create corridors for dispersal that
increase contact between species. The sec-
ond is by the provision of novel or open
environments in which hybrids are able to
establish themselves. While new hybrids are
unlikely to be as well adapted as their par-
ents to the habitats in which those parents
evolved, they may be successful in habitats
that have been cleared of competitors
and/or that contain new ecological niches.
Anderson (1948, 1949) attributed the pres-
ence of numerous phenotypically variable
Iris hybrids in farmland on the Mississippi
Delta to the rich variety of novel habitats
created by land use. Later molecular analy-
ses of Iris hybrid zones showed that certain
hybrid genotypes were indeed associated
with novel habitats (Cruzan and Arnold,
1993). A third, less commonly reported
consequence of habitat disturbance is a
change in flowering synchrony between
species. Lamont et al. (2003) showed that
hybrids between Banksia hookeriana and
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Banksia prionotes occurred in disturbed veg-
etation as a result of a shift in flowering
phenology. Affected populations showed
increased fecundity, earlier flowering of B.
hookeriana and prolonged flowering of B.
prionotes, so that interspecific pollination
became possible. Undisturbed interspersed
populations rarely coflowered and showed
no hybridization.

Climate change and hybridization

Climate change is a form of natural distur-
bance that causes both species migrations
and habitat transformations. The
Quaternary Ice Ages led to cyclic expansion
and contraction of many species’ ranges in
response to changes in aridity and tempera-
ture (Hewitt, 1999, 2000). Alpine plants
descended and ascended mountains, while
lowland species underwent major geograph-
ical redistributions. Worldwide, the lowering
of sea levels linked landmasses periodically,
allowing contact between different floras. In
some cases, these changes apparently led to
hybridization. For instance, chloroplast (cp)
DNA diversity in northern populations of
Packera pseudaurea in Alberta suggests former
hybridization with other Packera species
which migrated southwards during periods
of glaciation (Yates et al., 1999; Golden and
Bain, 2000). In south-east Spain, species of
Armeria, which now occur at different alti-
tudes, may have hybridized when in tempo-
rary sympatry (Larena et al., 2002). On the
island of Tasmania, cpDNA patterns in
Eucalyptus are consistent with hybridization
between local endemics and species which
migrated into Tasmania from mainland
Australia (McKinnon et al., 2004).

One of the best-studied examples of a
species complex that was redistributed dur-
ing the Ice Ages is that of the oaks. Pollen
evidence and molecular markers show that
oaks have recolonized Europe from refugia
in Iberia, Italy and the Balkans since the
Last Glacial Maximum. A systematic sharing
of local cpDNA markers, revealing wide-
spread hybridization, has been found in
seven species throughout Europe (Dumolin-
Lapégue et al., 1997). Initially, it was

thought that hybridization between pedun-
culate oak (Quercus robur) and sessile oak
(Quercus petraea) probably occurred at a time
of low population size when the two species
were confined to a glacial refuge (Ferris et
al., 1993). Later post-glacial expansion
could then have led to the two species shar-
ing cpDNA haplotypes in recolonized ter-
rain. However, a fine-scale analysis (Petit et
al., 1997) showed that hybridization could
have played an important role in the recolo-
nization process itself. Q. robur may have
acted as the pioneer species recolonizing
new territories through seed dispersal, while
Q. petraea followed by pollinating established
populations of Q. robur and ultimately
replacing it through back-crossing.

Forms of Reticulate Evolution

The term ‘reticulate evolution’ embraces a
range of evolutionary outcomes which may
follow hybridization between species. These
depend on many factors such as the degree
of genetic compatibility between the
parental species, ecological preferences of
the parents and hybrids, and the fitness and
fertility of hybrids. Although intuitively it
would seem that low levels of hybrid forma-
tion are unlikely to attain evolutionary sig-
nificance, this is not always the case. Many
species which have quite low interfertility
nevertheless form stable and persistent
hybrid zones, or give rise to hybrid lineages.
For example, the formation of F; hybrid
seed between the North American milk-
weeds Asclepias exaltata and Asclepias syriaca is
a rare event, yet natural hybrids occur
throughout areas of sympatry, and act as
bridges for interspecific gene flow through
back-crossing (Broyles, 2002). Only 5.6% of
pollen is viable in F, hybrids between
Helianthus annuus and Helianthus petiolaris,
yet over 90% fertility is regained after only
four generations of sib-mating or back-cross-
ing (Ungerer et al., 1998). In nature, these
two species commonly form hybrid zones
and are believed to be the progenitors of
three different hybrid species: Helianthus
anomalus, Helianthus deserticola and Helianthus
paradoxus (Rieseberg, 1991).
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The three major forms of reticulate evo-
lution, which will be considered in more
detail below, are:

1. The formation of new species, termed
hybrid speciation.

2. The transfer of genes between species,
termed introgression.

3. Merging of species or extinction by
assimilation.

Hybrid speciation

There is little doubt that hybrid speciation is
of major evolutionary importance in the
plant kingdom. The potential role of
hybridization in plant speciation was recog-
nized by early botanists such as Linnaeus
and Mendel, and present-day understand-
ing of hybrid speciation is based on over two
centuries’ worth of investigation (reviewed
in Rieseberg, 1997). The current view is that
some recognized ‘species’ have arisen more
than once through separate hybridization
events. Furthermore, in some genera,
hybridization between the same parental
taxa has given rise to different hybrid
species. Certain hybrid taxa are derived
from more than two parental species; for
example, Iris nelsonii is apparently a deriva-
tive of three species: Iris hexagona, Iris fulva
and Iris breviligulata (Arnold, 1993). These
findings illustrate the complexity of species
relationships in plants and the inadequacy
of simple bifurcating phylogenies to describe
such relationships.

The formation of a new species through
hybridization requires the development of a
reproductive barrier between the newly
formed hybrid lineage and its parents.
Without such a barrier, the new lineage will
be swamped by gene flow with one or both
parental species, particularly during the
early stages when the parents and hybrids
are sympatric. For this reason, hybrid speci-
ation often involves a change in ploidy, or
some other form of chromosomal or genic
incompatibility between a hybrid and its
parents. The ability to reproduce clonally,
for instance through apomixis, may help to
stabilize a newly formed hybrid lineage.

Ecological divergence between the hybrid
species and its parents is also likely to rein-
force genetic isolation of the hybrid.

Studying hybrid speciation

Studies of hybrid speciation fall into two
broad categories. The first is the investiga-
tion of naturally occurring hybrid species.
Modern molecular techniques make it possi-
ble to confirm or disprove hypotheses of
hybrid speciation, since hybrid species are
expected to carry a combination of genetic
markers from their putative parents. In
some cases, hybrid speciation is discovered
during phylogenetic analysis of a species
complex. For instance, the sunflower
Helianthus anomalus was found to combine
the chloroplast and nuclear ribosomal mark-
ers of two species, H. annuus and H.
petiolaris, suggesting a hybrid origin
(Rieseberg, 1991). Matching evidence from
multiple, unlinked genetic markers provides
the strongest support for a hypothesis of
hybrid speciation. Many studies now employ
combined evidence from cytological analysis,
nuclear markers (e.g. allozymes, nuclear
ribosomal DNA, low-copy nuclear genes,
random amplified polymorphic DNA)
and/or chloroplast markers.

The second category is the manipulation
of experimental hybrid lineages to deter-
mine the mechanisms governing hybrid spe-
ciation. Mapped molecular markers have
been used to study gene segregation in syn-
thetic hybrids, with remarkable results.
Rieseberg et al. (1996) used 197 markers
covering the sunflower genome to investi-
gate three experimentally created hybrid
lineages between the sunflowers H. annuus
and H. petiolaris. If chance governed the seg-
regation of markers in later generation
hybrids, independent hybrid lineages would
have widely differing genotypes.
Astonishingly, however, all three lineages
were very similar in genomic composition to
each other and to the naturally occurring
hybrid species H. anomalus. The fact that
almost identical lineages can be reproduced
by independent hybridization events shows
that selection, rather than chance, governs
the genomic composition of hybrid species.
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This research lends support to the con-
tention that many hybrid species have arisen
repeatedly.

Hybrid speciation with an increase in ploidy

Polyploidy is a common mode of speciation in
plants, and in many cases arises following
hybridization between genetically differenti-
ated species whose chromosomes are too dis-
similar to pair correctly during meiosis.
Meiotic failure in the F, hybrid leads to the
production of unreduced (2n) gametes. The
union of two unreduced 2n gametes gives rise
to a 4n (tetraploid) zygote, termed an allote-
traploid. Alternatively, union of a 2n gamete
with a normal haploid gamete gives rise to a
triploid (3n) offspring, which may produce
triploid gametes; these can then unite with
haploid gametes to produce tetraploid prog-
eny. The latter mechanism was demonstrated
by Miintzing in crosses of mint (Galeopsis
pubescens X Galeopsis speciosa) as long ago as
1930. Higher level allopolyploids, which com-
bine three or more genomes, may also arise
following hybridization.

Speciation by polyploidy is a form of
instantaneous, sympatric speciation. The
new allopolyploid is often fully fertile, and
fully or partially reproductively isolated
from its nearest relatives. Polyploid specia-
tion may give rise to polyploid series (with
multiples of the basic chromosome number,
as for instance in Chrysanthemum) or com-
plexes in which species with different basic
chromosome numbers have hybridized and
become polyploid (for instance Clarkia;
Lewis and Lewis, 1955). Current research
indicates that many polyploid species have
arisen recurrently, contradicting the princi-
ple that biological species have a unique,
monophyletic origin (Soltis and  Soltis,
1999). In fact, multiple origins for polyploid
species may be the rule rather than the
exception. Molecular studies on the
Tragopogon tetraploids, Tragopogon miscellus
and Tragopogon mirus, indicate that spread of
each species is occurring not through dis-
persal from a single origin but through
repeated instances of recreation (Soltis et al.,
1995; Cook et al., 1998). These two species
may have formed as often as 20 and 12

times, respectively, in 70 years. Polyploid
species of Draba and Saxifraga may also have
had multiple origins from diploid progeni-
tors (Brochmann and FElven, 1992;
Brochmann et al., 1998).

Since most parental species will exhibit
some genetic variation across their natural
geographic ranges, polyploid species arising
from separate hybridization events in differ-
ent localities will constitute a series of geneti-
cally differentiated populations. Gene flow
may then occur between the different poly-
ploid populations, creating even greater
genetic variability. This variability will be
further enhanced by different chromosomal
rearrangements arising in different popula-
tions following polyploidy. Recent evidence
shows that allopolyploids undergo extensive
and rapid genomic reshuffling after forma-
tion (Soltis and Soltis, 1999). In Brassica,
extensive genetic and phenotypic diversity
developed after only a few generations in
experimentally created allopolyploids (Song
et al., 1995). Thus, polyploid hybrid specia-
tion represents a particularly dynamic form
of reticulate evolution.

Homoploid hybrid speciation

Hybridization can also give rise to new
species with the same ploidy as the parental
species. Molecular studies have confirmed
the natural occurrence of homoploid hybrid
speciation in  Stephanomeria (Gallez and
Gottlieb, 1982), Helianthus (Rieseberg, 1991),
Iris (Arnold, 1993), Pinus (Wang and Szmidt,
1994; Wang et al., 2001), Paconia (Sang et al.,
1995) and Penstemon (Wolfe et al., 1998).
Evidence from Paeonia (Sang et al., 1995)
suggests that homoploid hybrid species in
some cases may go on to found speciose lin-
eages. Homoploid hybrid speciation is often
reported for diploids, but may also occur
naturally between allotetraploids without an
intermediate stage of genome diploidization
or a further increase in ploidy (Ferguson
and Sang, 2001).

How does a hybrid develop reproductive
isolation from its parental species and found
a new lineage without a change in ploidy?
Stebbins (1950) proposed a mechanism,
later termed ‘recombinational speciation’
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(Grant, 1971), involving parental species dif-
fering by two or more separable chromoso-
mal rearrangements. In theory, two such
species could found a new hybrid lineage
through the following sequence of events:

1. The F, hybrid between the two parental
species is formed but has low fertility, since
most of its gametes carry unbalanced chro-
mosome complements.

2. Some offspring of the F, hybrid, through
chance segregation and recombination, are
homozygous for balanced chromosome com-
plements.

3. These offspring are fertile, but reproduc-
tively isolated from other such homozygotes
and from the parental species, enabling the
establishment of a new lineage.

The mechanism of recombinational specia-
tion has been verified experimentally in a
number of genera, including Nicotiana
(Smith and Daly, 1959) and Gilia (Grant,
1966). More general models for homoploid
hybrid speciation have since been pro-
posed (e.g. Templeton, 1981). The modern
view is that a variety of mechanisms
including both chromosomal and genic
incompatibility, and ecological divergence
and selection for hybrids, can promote this
form of speciation.

Recent studies have shown that, like
allopolyploids, diploid hybrid species may
arise  recurrently.  Schwarzbach  and
Rieseberg (2002) deduced from chloroplast
DNA and crossability data that the diploid
hybrid sunflower species H. anomalus proba-
bly arose on three occasions independently
from crosses between its parental species, H.
annuus and H. petiolaris. Recurrent diploid
speciation has also been suggested for Pinus
densata  (Wang et al., 2001) and
Argyranthemum sundingii (Brochmann et al.,
2000). In addition, different diploid hybrid
species can arise naturally from the same
cross. For example, Argyranthemum lemsiii
and A. sundingii share the parental species
Argyranthemum frutescens and Argyranthemum
broussonetii, but are derived by crosses in
opposite directions and show different chro-
mosomal rearrangements (Borgen et al.,
2003). The sunflowers H. deserticola and H.
paradoxus have the same parental species as

H. anomalus (Rieseberg, 1991), but occur in
different habitats, suggesting a role for eco-
logical selection.

Introgression

Another common consequence of hybridiza-
tion between species is introgression, the
infiltration of genes from one species into
the gene pool of the other. F, hybrids, once
formed, act as a bridge to gene flow through
back-crossing to either or both of the
parental species. Introgression may be uni-
directional, with genes flowing into only one
of the species involved, or bidirectional. Its
nature depends on a complex combination
of factors, including mating patterns and
chromosomal and genic incompatibilities. A
distinction is drawn between localized intro-
gression, which refers to the exchange of
genetic markers within an obvious hybrid
zone, and dispersed introgression, which
refers to the flow of genes from one species
into another at a distance from the hybrid
zone. Dispersed introgression may be due
to: (i) flow of introgressed genes across a
population through pollen dispersal; (ii)
seed dispersal of progeny carrying intro-
gressed genes; or (iil) the movement or dis-
appearance over time of a hybrid zone,
leaving behind introgressed individuals.
Introgressive hybridization has been pro-
posed as an important mechanism leading
to race formation in plant groups including
Pinus, Abies, Quercus, Purshia, Cistus,
Coprosma, Dracophyllum, Helianthus, Gilia and
Tradescantia (Stebbins, 1950; Grant, 1971).
Molecular evidence confirms that certain
intraspecific taxa such as the sunflower sub-
species, H. annuus ssp. texanus, and the
groundsel variant, Senecio vulgaris var. hiber-
nicus, have arisen by introgression (reviewed
in Abbott, 1992). In theory, introgression
should increase the genetic diversity of a
species and allow it to occupy new habitats
through the capture or development of use-
ful adaptations. Such increased genetic
diversity has been demonstrated in species
of Cypripedium (Klier et al., 1991) and
Aesculus  (dePamphilis and Wyatt, 1990).
However, the role of introgression as a
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means for transferring or creating beneficial
adaptations remains difficult to prove
through direct evidence. A possible example
is that of Rhododendron ponticum in the
British Isles. Combined molecular and bio-
geographic evidence suggest that this
species may have acquired enhanced cold
tolerance through introgressive hybridiza-
tion with Rhododendron catawbiense (Milne
and Abbott, 2000).

Studying introgression

Introgressive hybridization is sometimes dif-
ficult to distinguish from other processes
which give rise to similar patterns of mor-
phological variation. Individuals that are
morphologically intermediate between two
recognized species might have arisen by
hybridization. Alternatively, they might be
remnants of an ancestral population from
which the two species arose, or members of
different species converging in morphology
under natural selection. In addition,
advanced generation hybrids sometimes
resemble their parental species so strongly
that their hybrid nature goes undetected.
For this reason molecular markers are
widely applied to the study of introgression.
Evidence from cytoplasmic (chloroplast, cp,
or mitochondrial, mt) DNA markers is com-
monly used in combination with evidence
from nuclear genomic markers. The latter
include allozymes, random amplified poly-
morphic DNA (RAPDs), ribosomal DNA
(rDNA) sequences, microsatellites and
restriction fragment length polymorphisms
(RFLPs).

Recent studies have shown that introgres-
sion can be remarkably selective. Typically,
cytoplasmic markers such as cpDNA are
exchanged far more readily than nuclear
markers (Rieseberg and Soltis, 1991). This is
due partly to their uniparental mode of
inheritance (Fig. 6.2). In most (although not
all) flowering plants, both mitochondria and
chloroplasts are inherited from the maternal
parent. An F, hybrid between two species, A
(male) and B (female) therefore inherits
mtDNA and c¢pDNA only from B. If the
hybrid is pollinated by A, its progeny will
carry nuclear markers characteristic of A,

combined with the cytoplasmic markers of
B. Repeated generations of back-crossing in
the same direction will dilute the nuclear
markers of B until they are difficult to
detect, but cannot remove the cytoplasmic
markers of B. Another possible reason for
higher levels of cytoplasmic marker intro-
gression is selection against alien nuclear
genes, but not alien cytoplasmic genes.

The most exciting recent research on
introgression uses molecular markers which
have been mapped to different chromoso-
mal regions. These mapped markers allow
tracking of the movement of chromosomal
segments between species. A detailed study
by Martinsen et al. (2001) of contemporary

o @

nuclear nuclear
genome A genome B
CpA | mtA

Fig. 6.2. Unidirectional introgression of maternally
inherited cp and mtDNA following hybridization
and back-crossing between two species, A and B.
Species A acts as the pollen parent in all crosses.
First-generation hybrids carry the combined nuclear
genes of A and B, with the cp and mtDNA of B.
Successive back-crosses to pollen parent A dilute
the nuclear genomic contribution of B, but can
never erase the cp and mtDNA of B.
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unidirectional introgression between
Fremont cottonwood (Populus fremontii) and
the higher-altitude species, narrowleaf cot-
tonwood (Populus angustifolia), along the
Weber River in Utah, used 35 genetically
mapped RFLP markers. These markers
showed that the majority of the nuclear
genome was not exchanged between
species. However, a small percentage (21%)
of nuclear markers from Fremont cotton-
wood was able to introgress into ‘pure’ nar-
rowleaf cottonwood. Different markers
showed different levels of introgression.
Some were found in narrowleaf cottonwood
only short distances from the 13 km long
hybrid zone, but others showed dispersed
introgression up to 100 km from the hybrid
zone. This pattern may have arisen when a
hybrid zone between the two species moved
downhill gradually in response to climate
change. The authors suggested that hybrids
could act as evolutionary filters that allow
introgression of beneficial genes between
species, while preventing the transfer of
deleterious genes.

In Helianthus, the genetic architecture of
barriers to introgression of nuclear genes is
now being uncovered. The species H. annuus
and H. petiolaris, described above as the
progenitors of three different hybrid
species, also demonstrate localized intro-
gression. Both species are diploid (n = 17)
but only seven of their chromosomes are co-
linear; the remaining ten differ by a number
of translocations and inversions. Rieseberg et
al. (1995b) used mapped RAPD markers to
study the introgression of nuclear genomic
segments from H. petiolaris into H. annuus in
experimental hybrids. They found that
chromosomal rearrangements acted as a
strong barrier to introgression. Only 2.4% of
the rearranged portion of the genome intro-
gressed, whereas 40% of the co-linear por-
tion was able to introgress. For both
portions of the genome, marker introgres-
sion was significantly less than would be pre-
dicted by chance, although a few markers
introgressed at higher than expected fre-
quencies.  Thus, both  chromosomal
rearrangements and selection against cer-
tain H. petiolaris genes appeared to be limit-
ing introgression.

A follow-up study (Rieseberg et al.,
1999b) used three sympatric populations of
H. petiolaris and H. annuus to investigate
introgression in natural hybrid zones.
Patterns of introgression were similar to
those seen in experimental hybrids,
although with greater recombination and
introgression across rearranged parts of the
genome. They were also remarkably consis-
tent across the three different hybrid zones,
suggesting that chromosomal segments were
under similar selective regimes in different
populations. Many of the chromosomal seg-
ments that failed to introgress were associ-
ated with reduced pollen fertility, which
would create a selective disadvantage in
hybrids. These studies show that, like hybrid
speciation, introgression is a non-random
process that can produce similar patterns of
genetic variation in separate locations.

Introgression and phylogenetic incongruence

The ability of some species to capture genes
from others by introgressive hybridization has
important consequences for molecular phylo-
genetic analysis in plants. Until quite recently,
evolutionary  relationships among plant
species were often estimated by phylogenetic
analysis of cpDNA sequences, using one or a
few individuals to represent each species.
More extensive sampling has now shown that
many plant species carry multiple cpDNA lin-
eages, and that these lineages are not always
species-specific. In some cases, this is due to a
phenomenon called incomplete lineage sort-
ing (Fig. 6.3a). Under lineage sorting, the
ancestor to a group of species carries multiple
divergent cpDNA lineages (A, B, C, D), all or
some of which are passed on to each descen-
dant species. These lineages are subject to
random drift in the daughter species, so that
by chance some species will retain only A,
some retain A and D, others retain B and C,
and so on. As a result, the cpDNA phylogeny
may not accurately reflect the species relation-
ships. Introgression of cpDNA following
hybridization between species (Fig. 6.3b) can
also create a pattern of shared lineages that
obscures the real species relationships. The
same principles apply to nuclear gene phylo-
genies. As a result, phylogenies generated
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Species 1

Time of sampling

(a) Lineage sorting

Species

(b) Introgression

cpDNA lineage A O
cpDNA lineage B @

Fig. 6.3. Two situations in which a gene phylogeny does not accurately reflect the species phylogeny. Both
situations may occur together. (a) Lineage sorting. The ancestral population to species 1-4 carries two
different cpDNA lineages, A and B. By chance, B is eliminated from species 1 and 4, and A is eliminated
from species 2. From the cpDNA relationships, species 1 appears more closely related to species 4 than to
species 2. (b) Introgression. Species 2 has acquired lineage B through hybridization with species 3. At the
time of sampling, species 2 appears more closely related to species 3 than to species 1.

using cp and nuclear DNA sequences may be
in conflict with one another, or with phyloge-
nies based on morphological characters.

How can phylogenetic incongruence
caused by introgression be distinguished
from incongruence due to lineage sorting? A
number of criteria are helpful in separating
the two processes:

1. Under lineage sorting, enough time
may have elapsed since speciation for fur-
ther sequence divergence within lineages A
to D. Species which inherited B from their
common ancestor will therefore carry
somewhat divergent copies of B. By con-
trast, recent introgression will result in dif-
ferent species carrying identical copies of
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B. The more ancient the introgression, the
more difficult it will be to distinguish it
from lineage sorting by this criterion.
Separation of the two phenomena is com-
plicated by the fact that hybridization
within some genera is a continuous process.
According to fossil analysis, hybridization
between species of Populus has been occur-
ring for at least 12 million years
(Eckenwalder, 1984). This is likely to gener-
ate a complex pattern resulting from both
recent and ancient gene flow between
species.

2. Assuming that the marker in question is
not under selection, lineage sorting is
unlikely to give a matching geographical
pattern of genetic variation across species.
A pattern of shared markers between two
species only in regions of sympatry is
therefore more likely to result from intro-
gression. This is particularly the case if
multiple markers are shared in the region
of sympatry.

Phylogenetic incongruence has led to the
discovery of unsuspected, historical intro-
gression in higher plant genera. Wendel et
al. (1995) ‘stumbled across’ a case of
ancient, cryptic introgression in Gossypium
during phylogenetic analysis of the nuclear
rDNA. Sequence data for the rDNA of
American Gossypium gossypioides placed it in
the same clade as African species of
Gossypium, conflicting with evidence from
fertility relationships, cytogenetics, mor-
phology, allozymes and cpDNA. They con-
cluded that an ancient hybridization event
must have taken place between species that
now occupy different hemispheres. Comes
and Abbott (1999) found that, for two
species of Senecio, both rDNA and cpDNA
evidence conflicted with morphological
classification. The most likely explanation
was historical capture of both rDNA and
cpDNA, following introgressive hybridiza-
tion among species. In one of the two
species, this former capture was quite
undetectable by RAPD profile or morphol-
ogy. An increasing number of such discov-
eries shows that extensive sampling of
species and markers is wise when analysing
evolutionary histories.

Merging of species and genetic assimilation

An extreme consequence of introgressive
hybridization is the merging of species at
one or more sympatric populations. In
plants with short generation times, this can
happen rapidly. Carney et al. (2000a) stud-
ied the change in genetic and morphological
composition of a hybridizing population of
the sunflowers Helianthus bolanderi and H.
annuus after 50 years. They found that few
genetically pure parental plants remained in
the population. The average phenotype had
shifted in bias from H. bolanderi to H. annuus
in this time. The trend was towards assimila-
tion of H. bolanderi in this population, and
potentially others throughout its range.

Genetic assimilation is presently receiving
attention because of its implications for the
conservation of rare species. Hybrids formed
between a rare species and a more abundant
congener may contribute to the demise of
the rare species by replacing its conspecific
(pure) progeny with increasing numbers of
hybrid and back-crossed progeny in each
generation. One well-known example is that
of the Catalina Island mahogany, Cercocarpus
traskiae, whose population size has shrunk to
about six ‘pure’ individuals (Rieseberg and
Gerber, 1995). This species has declined in
number over the last century through over-
grazing, but is also apparently under threat
through hybridization with its more abun-
dant congener Cercocarpus betuloides var.
blancheae. RAPD data show that in addition
to the six pure Cercocarpus traskiae individu-
als, five adult hybrid trees and at least five
seedlings of hybrid origin are present in the
surviving population.

Island plants appear to be particularly
susceptible to genetic assimilation through
hybridization. This is due to their small pop-
ulation size, the likelihood of invasion of
their habitat by related congeners from
other landmasses, and sometimes a lack of
strong  reproductive  barriers  between
species because of unspecialized pollinators
and/or relatively recent divergence (for
example, following adaptive radiations). In
the Canary Islands, the rare endemic
Argyranthemum coronopifolium is undergoing
assimilation by hybridization with a wide-
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spread weed, A. frutescens (Levin et al.,
1996). Following an encounter between the
two species, a population of A. coronopifolium
was gradually swamped by hybrids and A.
frutescens over a period of 30 years.
Numerous other examples of hybridization
between rare species and abundant con-
geners have been documented in the British
Isles (e.g. Saxifraga, Salix, Sorbus) and the
Hawaiian Islands (e.g. Cyrtandra, Dubautia;
reviewed in Levin et al., 1996, and Carney et
al., 2000b).

Factors such as absolute and relative pop-
ulation sizes, geographical proximity, rates of
hybridization and the fitness of hybrids are
all likely to influence the rate of genetic
assimilation. The typical scenario is that of a
rare species undergoing assimilation by a
more abundant invader. However, studies of
Spartina (Anttila et al., 1998) show that even
an abundant species may be threatened by
serial hybridization with a small population
of an invader that produces large quantities
of superior pollen. The evolutionary conse-
quences for the assimilating species are
rarely considered, but must include the
acquisition of new genetic variability. In cases
where a species has been completely assimi-
lated, this variability may appear to have
arisen within the assimilating species, when
in fact it has been acquired through reticula-
tion. Harlan and deWet (1963) proposed the
term ‘compilospecies’ to describe an aggres-
sive species that plunders the gene pools of
congeners, thereby increasing its own ecolog-
ical tolerance and geographic range.

Paradoxically, it has been suggested that
hybridization might be one way to conserve
genes from extremely rare or threatened
species. When only a few individuals of a
species remain, inbreeding is likely to
become catastrophic. Hybridization with a
congener may produce healthy progeny that
can propagate the genes of the endangered
species. This method has been used to pre-
serve the genes of the St Helena redwood
(Trochetiopsis erythroxylon) and the St Helena
ebony (Tiochetiopsis ebenus). The two species
are almost extinct, but have been crossed to
produce vigorous hybrids (Cronk, 1995). In
theory, natural hybridization could therefore
enrich an endangered species by contribut-

ing genes that raise its fitness. Hybrid popu-
lations could act as a genetic reservoir for
reconstituting the parental genotypes under
favourable conditions (Anderson, 1949).

Summary

1. Reticulation  (hybridization  between
divergent taxa) contributes to biodiversity in
higher plants through the creation of new
hybrid lineages and the transfer of genes
between species. The frequency of
hybridization varies greatly between plant
genera, and some large plant families have
few reported hybrids. Nevertheless, it is esti-
mated that most flowering plants have
episodes of reticulation in their evolutionary
history.

2. Natural hybridization between species is
controlled by numerous barriers to gene
flow. The frequency and success of hybridiza-
tion depend on the compatibility of the par-
ent species and on environmental conditions.
Natural or anthropogenic disturbances of
the environment can promote hybridization
by bringing allopatric species together, creat-
ing new habitats that favour hybrids, and/or
changing flowering synchrony.

3. Even low levels of hybrid formation can
have a significant evolutionary outcome.
Some species with low inter-fertility never-
theless form persistent hybrid zones, and are
known to have founded new hybrid lineages.
4. Hybrid speciation is of major importance
in the plant kingdom and can occur with or
without a change in ploidy. Recent research
shows that many hybrid species have multi-
ple origins. The genomic composition of
hybrid species is not governed by chance
segregation, but by selection for certain gene
combinations.

5. Introgressive hybridization contributes to
genetic variability, and probably adaptability,
within established species. The exchange of
genes between species by introgression is
remarkably selective. Cytoplasmic genes are
exchanged more readily than nuclear genes,
and some nuclear genes are exchanged
more readily than others. Like hybrid speci-
ation, introgression is apparently directed
by selection.
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6. Hybridization can lead to extinction by
assimilation in rare species.

7. The study of reticulate evolution is
demanding, and requires data of high
quality and quantity. Reticulation is prob-
lematic for phylogenetic reconstruction.
Most methods for phylogenetic analysis
assume that species have evolved through

a simple, branching evolutionary pathway.
Introgression, hybrid speciation and multi-
ple origins for hybrid species do not fit
within this assumption. The importance of
reticulation is becoming increasingly
apparent, and future phylogenetic analyses
are likely to place more emphasis on this
important feature of plant evolution.
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One of the central goals of evolutionary
biology is to understand the origin of new
lineages and species. Accordingly, there is
an abiding interest in the processes by
which biodiversity arises, and in elucidating
the full spectrum of intrinsic mechanisms
and extrinsic forces that shape the specia-
tion process. In plants, one of the more
prominent mechanisms of speciation
involves genome doubling, or polyploidy.
This phenomenon exemplifies the complex
interplay between ‘intrinsic mechanisms’
and ‘extrinsic forces’, as it entails a suite of
internal genetic, genomic and physiological
processes as well as external population-
level and ecological forces. Thus, a chapter
devoted to the subject of polyploidy is
interesting not only because of its impor-
tance to plant speciation, but also because
of how much the subject enriches our
understanding of the evolutionary process.
In this chapter we summarize some of the
salient features of polyploidy in plants,
including a brief description of its preva-
lence and modes of formation. We also
introduce several model systems for the
study of polyploids and provide example
case studies, hoping to illuminate more
richly how the ‘internal’ and ‘external’
processes associated with polyploidy con-
tribute to evolutionary success and to the
generation of biodiversity.

Prevalence of Polyploidy in Plants

Although genome sequencing and compara-
tive mapping studies have demonstrated that
all eukaryotes have experienced one or more
rounds of genome doubling at some point in
their evolutionary history (Wolfe and
Shields, 1997; Pébusque et al., 1998; Hughes
etal., 2000; Gu et al., 2002), the phenomenon
appears to have been especially prevalent in
higher plants. In fact, it is difficult to over-
state the importance of polyploidy in the
evolutionary history of flowering plants.
Based on the distribution of chromosome
numbers among extant species (Stebbins,
1950, 1971; Lewis, 1980b; Grant, 1981), or
by comparisons of stomatal size in living and
fossil taxa (Masterson, 1994), it has been esti-
mated that perhaps three-quarters of
angiosperms have experienced one or more
episodes of ancient chromosome doubling.
Although polyploidy is uncommon in gym-
nosperms and liverworts, it is common in
mosses (Kuta and Przywara, 1997) and
exceptionally so in ferns: perhaps 95-100%
of pteridophytes have experienced at least
one round of polyploidization in their past
(Masterson, 1994; Leitch and Bennett, 1997;
Otto and Whitton, 2000). Thus, the notion
that ‘polyploidy has contributed little to pro-
gressive evolution’ (Stebbins, 1971) has been
replaced by a consensus view that polyploidy
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is a prominent force in plant evolution
(Leitch and Bennett, 1997; Otto and
Whitton, 2000; Soltis and Solts, 2000;
Wendel, 2000; Soltis et al., 2004).

It is helpful to provide some additional
perspective on the use of the term ‘poly-
ploidy’. Because genome doubling has been
continuing since angiosperms first appeared
in the Cretaceous and because this remains
an active, ongoing process (Otto and
Whitton, 2000), many angiosperm genomes
have experienced several cycles of poly-
ploidization at various times in the past.
Thus, most angiosperms are appropriately
considered to have ‘paleopolyploid’ genomes
resulting from one or more rounds of
genome doubling. The more ancient of these
past events may be difficult to discern because
of potentially rapid evolutionary restoration
of diploid-like chromosomal behaviour
and/or other evolutionary changes following
polyploidization. Moreover, relatively recent
episodes of genome doubling may become
superimposed on earlier cycles of poly-
ploidization. Consequently, the polyploid
nature of many plant genomes was not evi-
dent until the advent of comparative
genomics and genome sequencing projects,
which commonly reveal duplicate (or higher
multiples) genomic regions or chromosomes
that are most readily explained by polyploidy
(Gaut and Doebley, 1997; Wilson et al., 1999;
Devos and Gale, 2000; Paterson et al., 2000;
Vision et al., 2000; Wendel, 2000; Simillion et
al., 2002; Blanc et al., 2003; Paterson et al.,
2003). Prominent examples include many of
our most important crop species (Paterson et
al., 2003; Arnold et al., 2004), as well as the
model plant Arabidopsis (Vision et al., 2000;
Simillion et al., 2002; Blanc et al., 2003),
which was once considered a quintessential
diploid because of its small genome and low
chromosome number. Given these and many
other examples, it is probably safe to state
that no higher plant has escaped the influ-
ence of polyploidy.

Frequency of Polyploidy

If polyploid formation was only a rare and
ancient phenomenon, it would not deserve

so much attention. In plants, though, it is
an active, ongoing process in many lin-
eages (Stebbins, 1950; Lewis, 1980b;
Grant, 1981). Many plant genera contain a
high percentage of polyploid species as
well as diploids, showing that polyploid
formation occurred repeatedly in each
genus since its origin. Also, polyploid
series are commonly observed within
angiosperm and pteridophyte genera;
these comprise species that differ in multi-
ples of a single base chromosome number,
for example, 7, 14, 28... (for many exam-
ples, see Stebbins, 1950; Grant, 1981).
Thus, genome multiplication occurs
beyond the single round giving rise to a
tetraploid, generating higher ploidy levels.
Extraordinary examples abound of poly-
ploid series that attain very high ploidy
levels, including Potentilla (up to 16-ploid),
Chrysanthemum (up to 22-ploid) and Poa (up
to 38-ploid). According to Grant (1981),
Kalanchoe ranks among the leaders in this
category, with chromosome multiples
approaching 60-ploid, whereas even
higher ploidy levels have been suggested
for Sedum and Ophioglossum (see Otto and
Whitton, 2000). These widespread obser-
vations provide cytogenetic evidence that
polyploidy occurs repeatedly on the evolu-
tionary timescale of individual genera and
that it is widely dispersed among
angiosperms and other plant groups.
Additional evidence on the frequency of
polyploid speciation events has come from
studies of the distribution of haploid chro-
mosome numbers (Otto and Whitton,
2000). Because genome doubling will
immediately create even haploid numbers,
there should be an excess of even as
opposed to odd haploid numbers if poly-
ploidy is common. Otto and Whitton
(2000) demonstrated that this is the case
for both ferns and angiosperms, and pro-
vided minimal estimates of the percentage
of speciation events that result from poly-
ploidization events. The conclusion sug-
gested by these and other studies is that
polyploidy represents the most common
mode of sympatric speciation in plants,
and hence is extraordinarily important to
a discussion of plant diversity.
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Types of Polyploids and Modes of
Formation

So far we have not addressed the manner in
which genome doubling takes place or the
modes by  which  polyploids  form.
Traditionally, polyploidy has been thought
to result from either duplication of a single
genome (autopolyploidy) or from the combi-
nation of two or more differentiated
genomes (allopolyploidy) (Stebbins, 1947,
1950; Grant, 1981). However, polyploids
form in many different ways, running the
full gamut from a single genetically uniform
diploid plant doubling its chromosome com-
plement to hybridization between individu-
als from highly divergent species. For
systematists, the primary distinction is taxo-
nomic: an autopolyploid arises within a
species, and an allopolyploid involves
hybridization between two or more species
(Lewis, 1980b; Grant, 1981; Ramsey and
Schemske, 1998; Soltis et al., 2004).
Although these definitions work well in
many taxa, the terms would be more useful
if species themselves were both objectively
more definable and taxonomically more sta-
ble. Taxonomic definitions are hampered by
the realities of natural variation: some
named  species  harbour tremendous
amounts of genetic and chromosomal varia-
tion, and may in fact comprise several cryp-
tic species, whereas other species may be
genetically nearly identical to their closest
relatives. Geneticists are more interested in
the behaviour of genes and chromosomes
following genome doubling than in taxo-
nomic definitions; here the important dis-
tinction is whether or not chromosomes
from the different (homoeologous) comple-
ments are capable of pairing with one
another at meiosis. If so, the plant is
autopolyploid, if not, and chromosome com-
plements instead are maintained as two sep-
arate sets that generally do not interact, the
plant is an allopolyploid.

Clearly, there is expected to be broad
overlap between the taxonomic and genetic
definitions of polyploids, and in fact much
of the richness of the complexity of poly-
ploid formation is lost when it is pigeon-

holed into the terms ‘autopolyploidy’ and
‘allopolyploidy.” In actuality, these two
modes of formation represent endpoints in
a taxonomic—genetic continuum. In general,
individuals within species will have genomes
that are less diverged from one another than
will individuals from different species, and,
to the extent that pairing of homoeologous
chromosomes becomes more difficult as
genomes diverge, taxonomic allopolyploids
will more often be genetically allopolyploid
than will taxonomic autopolyploids.

An important consequence of the mode
of formation is that the two endpoints of
autopolyploidy and allopolyploidy often
make different predictions with respect to
chromosome behaviour and genetic segre-
gation. These data, in turn, may offer
insight into the mode of formation of any
particular polyploid. In strict autopoly-
ploids, there are four homologous chromo-
somes capable of associating with one
another at meiosis, resulting in random
bivalents and, often, in multivalents. In con-
trast, in a genetic allopolyploid the homolo-
gous chromosomes contributed by the two
diploid progenitor species are by definition
unable to pair at meiosis, and as a conse-
quence only bivalents are formed at meiosis
in the allotetraploid. Because of these differ-
ences in chromosome behaviour, autopoly-
ploids and allopolyploids display different
patterns of genetic segregation. The case
with  allopolyploids is straightforward;
although each gene is doubled, the two
homoeologous genomes behave indepen-
dently and genetic segregation at each is
disomic, as in its diploid progenitors. That is,
the genetic behaviour of any single locus in
an allopolyploid is expected to be very much
like that of a diploid (interesting and myste-
rious exceptions to this expectation will be
discussed below). Random pairing and mul-
tivalent formation in autopolyploids, how-
ever, leads to quasi-random patterns of
segregation among the multiple chromo-
some copies, and hence patterns of genetic
segregation that differ from simple, disomic,
Mendelian inheritance. In an autotetra-
ploid, for example, tetrasomic ratios are
observed, either chromosomal or chromati-
dal, depending on whether or not the locus
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in question resides close to the centromere
(for a lucid description, see pp.240ff. in
Grant, 1975). In practice, the segregation
ratio observed in any situation depends on
many variables, including the mode of poly-
ploid formation, amount of pairing among
doubled chromosomes, time since polyploid
formation and chromosomal location of the
gene in question.

The genetic behaviour of duplicated loci
has important consequences. Genetic and evo-
lutionary advantages accrue to both classes of
polyploids, but in very different ways:
allopolyploids offer the presumed advantage
of fixed heterozygosity at all loci, whereas for
autopolyploids the smaller proportion of
homozygotes due to tetrasomic inheritance
buffers them against the loss of genetic varia-
tion. The coalescent times of loci under di-
somic and tetrasomic inheritance can differ
dramatically. Disomically inherited loci typical
of allopolyploids trace their origin to the
diploid progenitors, and thus should coalesce
more deeply than tetrasomically inherited
loci, where segregational loss of alleles contin-
ues after polyploid formation. The difference
in coalescent times has been used to infer a
complex history for the maize genome; Gaut
and Doebley (1997) found a bimodal distribu-
tion of coalescent times among low copy
nuclear genes, and suggested that maize is a
segmental allopolyploid, a class of polyploid
intermediate between  strict auto- and
allopolyploidy. Presumably many polyploids
show some features of both auto- and
allopolyploids, and the full spectrum of evolu-
tionary possibilities is not adequately captured
with only two or three terms.

Both autopolyploids and allopolyploids are
known to be formed by several different
mechanisms (Harlan and DeWet, 1975;
Ramsey and Schemske, 1998). One key fea-
ture of these various mechanisms is that meio-
sis is an imperfect process. Specifically, failure
in chromosome segregation may lead to the
formation of ‘unreduced’ or 2n’ gametes,
which have a somatic complement of chromo-
somes. A union of two unreduced gametes
may subsequently lead to the formation of a
tetraploid embryo, for example, whereas the
union of a normal, reduced gamete (1n) with
an unreduced gamete will generate a triploid.

Autopolyploids in nature are known to arise
either from such mechanisms as spontaneous
somatic doubling, merger of two unreduced
gametes, or by a triploid ‘bridge’, the latter
having arisen as described above. Triploid
individuals, although usually highly sterile,
typically produce an appreciable percentage
of viable gametes, thereby facilitating autote-
traploid formation either by self-pollination or
crossing with diploid individuals that also pro-
duce a low percentage of unreduced gametes.
Allotetraploids also arise by several means,
including ‘one-step’ and ‘two-step’ pathways
(Harlan and DeWet, 1975; Ramsey and
Schemske, 1998), the former from the merger
of two unreduced gametes from two different
species, and the latter either via a triploid
bridge or from spontaneous somatic doubling
of a sterile, interspecific diploid. Unreduced
gamete formation is nearly 50-fold greater in
hybrids than in non-hybrids (Ramsey and
Schemske, 1998), increasing the likelihood of
allopolyploid formation by this route, after an
interspecific hybrid has been formed.
Allopolyploidy is probably more common
than autopolyploidy in nature (Ramsey and
Schemske, 1998; Soltis et al., 2004), although
the latter is far more prevalent than was once
thought (Lewis, 1980a). Autopolyploidy has
historically been considered maladaptive or
at least uncommon relative to allopolyploidy,
in part because of fertility reductions associ-
ated with multivalent formation (and the
attendant production of gametes with an
unbalanced chromosome complement), but
also because of the fitness advantages pre-
sumed to accompany the ‘fixed heterozygos-
ity’ of allopolyploids (Stebbins, 1950, 1971;
Grant, 1981). More recent empirical studies
have drawn attention to many examples of
successful autopolyploidy in plants (Soltis
and Soltis, 1993, 1999; Soltis et al., 2004). In
addition, Ramsey and Schemske (1998) point
out that the relative frequencies of autopoly-
ploidy and allopolyploidy are strongly
dependent on the frequency of interspecific
F, hybrid formation as well as mating system,
because of the aforementioned boost in
unreduced gamete formation in hybrid rela-
tive to non-hybrid individuals. Although
quantitative data on the frequency of inter-
specific hybrid formation in plants are lack-
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ing, hybridization is known to be common
(Grant, 1981; Rieseberg and Wendel, 1993;
Rieseberg, 1995; Arnold, 1997). Ramsey and
Schemske, however, conclude that interspe-
cific hybridization rates are probably too low
in many situations to generate an abundance
of allopolyploids, and hence that the rate of
formation of autopolyploids may often
exceed that of allopolyploids. More recently,
Ramsey and Schemske (2002) have chal-
lenged the primary assumption that
autopolyploidy is associated with high fertil-
ity cost caused by chromosomally unbal-
anced gametes, because, as mentioned
above, natural selection acts quickly to
restore fertility. Taken together, the evidence
suggests that both allopolyploidy and
autopolyploidy are common evolutionary
outcomes; much remains to be learned about
overall frequencies, relative rates in specific
genera, or the long-term evolutionary fates
of these alternative products.

Processes in Polyploids that Contribute
to Biological Diversity

The pervasiveness of polyploidy in the plant
kingdom, as discussed above, offers the most
obvious measure of the importance of the
phenomenon with respect to the genesis of
biodiversity. Yet the full significance of poly-
ploidy requires an understanding of the eco-
logical context in which polyploids form and
the full suite of interactions with their animal
pollinators and herbivores. Recent work has
underscored this important point, showing
how sympatric diploid and autotetraploid
Heuchera grossulariifolia plants differ with
respect to the pollinators that they attract
and in their phytophagous insects (Nuismer
and Thompson, 2001; Thompson et al.,
2004). Thompson et al. (2004) review the rel-
evance of polyploidy to biodiversity in ani-
mals, and conclude that polyploidy in plants
represents a significant diversifying force in
animals by virtue of the many ecological
interactions with herbivores and pollinators.
Embedded within the biology of poly-
ploids are other processes that play subtle
roles in fostering genetic and phenotypic
variation within and among plant popula-

tions (Figs 7.1-7.6). These include: (i) the
surprising and relatively recent realization
that many polyploid taxa have experienced
multiple origins from genotypically similar
antecedents, which is expected not only to
increase genetic diversity within and among
polyploid populations but also to provide an
opportunity for (ii) novel recombinational
products at the polyploid level. The possibil-
ities created by these twin processes lead
directly to (iii) speciation mechanisms not
available at the diploid level. Each of these is
discussed briefly in turn below. To illustrate
these and related points more clearly, exam-
ples are provided from some of the more
thoroughly studied angiosperm genera.

Multiple origins and genetic variation in
polyploids

Of all the accomplishments of molecular
phylogenetics in the area of polyploidy, per-
haps none has received as much attention as
the rigorous documentation that polyploids
can form recurrently. This is not entirely a

8x AAAAAABB
A\
AABBDD
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4x AAAA AABB
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2x AA BB CC DD
A B CcC D
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Fig. 7.1. Four diploid (2x) species (A-D), along with
their phylogenetic relationships. Two types of
tetraploids (4x) are formed from these species:
AAAA is an autotetraploid, and AABB is an
allopolyploid. Additional levels of complexity occur
when the AABB allopolyploid hybridizes with
species D (DD diploid) to form a hexaploid (6x)
AABBDD, and when the two tetraploid species form
the autoallooctoploid (8x) AAAAAABB.
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Fig. 7.2. Modes of origin of two allopolyploids are
shown. Diploid species AA and BB each produce
haploid gametes (A and B) that unite (AxB) to form
the diploid hybrid AB, which will usually be sterile
because of poor chromosome pairing. If this plant
doubles its chromosome number, a fixed hybrid
allotetraploid (AABB) is formed, in which case
homologous pairing can occur and fertility is
restored. A comparable allopolyploid (BBCC) is
formed by a ‘triploid bridge” (BBC). Diploid CC
produces a reduced gamete (C), but diploid BB
produces an unreduced, diploid gamete (BB); these
unite to form triploid BBC. Meiotic aberrations in
the triploid increase the frequency of unreduced
gamete production; in the example shown, a
triploid gamete (BBC) unites with a haploid gamete
from the CC diploid to form the BBCC tetraploid.

new concept, and in fact was implicit if not
directly stated early in the biosystematics era
(Soltis et al., 2004). Nevertheless, the ability
to assess variation at the level of DNA
sequences, and, in particular, to identify
with great precision particular nuclear gene
alleles and chloroplast haplotypes shared by
a polyploid and its diploid progenitors elim-
inated any notion that most polyploids are
products of single events (Soltis and Soltis,
1999; Wendel, 2000). Although in some
cases the number of origins may be overesti-
mated, when, for example, the possibility of
heterozygous unreduced gametes is ignored
(Watanabe et al., 1991; Vogel et al., 1999),
more commonly the number of indepen-
dent origins will be underestimated, because
of the joint processes of lineage extinction in
diploids and polyploids and allelic diver-
gence over time.

roc
?
(a) ©_i (b) é

Fig. 7.3. Allele networks for a pair of homoeologous
single-copy nuclear gene loci in allopolyploid AABB
and its diploid progenitors (AA and BB). Alleles
sampled from diploids are shown as squares, alleles
sampled from tetraploid individuals are shown as
diamonds; lines connecting alleles represent one
mutational step; small circles represent unsampled
alleles. (a) Alleles from diploid AA and the A-
homoeologue alleles from the polyploid. In this
network, two alleles from the polyploid are identical
to alleles from the diploid progenitor; each is
inferred to be derived from a separate origin of the
polyploid. Alleles 3 and 4 from the polyploid are
differentiated from any diploid alleles. They could
represent either additional independent origins or
could simply reflect a lack of sampling of the diploid
or extinction of allele lineages in the diploid. Allele
network (b) represents the BB diploid and the
B-homoeologues of the polyploid. The network
illustrates recombination among alleles from the
diploid (the loop in the network).

Fig. 7.4. Chloroplast haplotype network for species
A-D. Polyploid AABB has haplotypes from both the
A and B diploid species, illustrating bidirectional
origins if chloroplast DNA is maternally inherited.

The phenomenon of multiple, indepen-
dent origins of polyploids is central to our
understanding of polyploid evolution and
the generation of biodiversity. Most obvious
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Locus
Plant A B cp Genotype
ia 1 3 Ci P
ib 1 3 Ci P
ic 4 2 B2 Q
id 4 2 B2 Q
2a 1 3 C1 P
2b 4 2 B2 Q
2c 4 3 B2 R
2d 1 2 C1 S

Fig. 7.5. Lineage recombination. The genotypes of
four AABB polyploid plants (a—d) are shown, based
on the networks shown in Figs 7.3 and 7.4. Two
cases are shown. In the first (1a-1d), there are two
classes of plants, each with the same alleles at the
two homoeologous loci and having the same
chloroplast haplotype; these are classified as
genotypes P and Q. In the second example (plants
2a-2d), these same two genotypes are also found,
but lineage recombination has occurred to produce
two new genotypes, R and S. In Case 1 there is
evidence for two origins of the AABB polyploid. In
Case 2 there is also evidence of more than one
origin, but the number of different genotypes can be
explained either by four separate origins or by
lineage recombination following gene exchange
between plants from a smaller number of origins.

is the inference that polyploids have the
potential to sample extensively from the
pool of genetic variation found in their
progenitors. This is true spatially, through
the contemporaneous formation of poly-
ploids from different diploid populations
with different genotypes. It is also true tem-
porally, if polyploid formation continues

Locus
Plant A B c¢p
1a 1 (3) Ci
1b 1 (3 Ci
ic (4) 2 B2
id 4) 2 B2

over a long enough time to permit sampling
of progenitors which themselves are experi-
encing allelic divergence from their
antecedents. In such cases, the polyploid
gene pool would receive periodic infusions
of new allelic variation, the importance of
which is not fully understood but which
clearly could provide fodder for evolution-
ary diversification. There is as yet no docu-
mentation of the phenomenon of temporally
recurrent polyploid formation, and it may
be experimentally challenging to gather the
quality of evidence necessary to rule out
alternative explanations for an observed pat-
tern of diversity within a given polyploid lin-
eage. For example, one phylogenetic
signature of this scenario might be that a
polyploid would share some alleles with a
diploid progenitor and others that are
unique to the polyploid. This pattern, how-
ever, may also be produced by incomplete
sampling of, or lineage extinction within,
the diploid. Notwithstanding the absence of
compelling empirical examples, there is no
reason to suspect that polyploids do not
form recurrently over time, at least in those
cases where long-term sympatry among
progenitors may be expected and where
barriers to hybridization are relatively weak.

Multiple origins are well illustrated by
Tragopogon, a genus of Asteraceae that pro-
vides the best-studied example of recent
allopolyploid origin. Early work by Ownbey
(1950) showed that two polyploid species,
Tragopogon miscellus and Tragopogon mirus,
originated through allopolyploidy in the
western United States around the turn of the

Locus
1axic A B
F1-1 1 (3)

- F1-2 1 2

F1-3
F1-4

(4) 2
(4) 3)

Fig. 7.6. Reciprocal silencing. Plants from the two separate origins of the AABB polyploid are shown, as in
Fig. 7.5. Brackets around alleles from the two homoeologous loci indicate an allele that is constitutively
silenced and may be a pseudogene. All plants are viable, because in each there is one functional
homoeologous locus. However, when plants from the two different origins are crossed, some F, individuals
(represented by F1-4) have non-functional alleles at both homoeologous loci; such plants are inviable.
When this occurs at many unlinked loci, the result will be a barrier to gene flow that can lead to speciation.
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20th century. This novel creation of entirely
new species turned out to be a consequence
of the introduction to the USA of three
Eurasion diploid species followed by range
expansion and subsequent sympatry among
pairs of these three species. Occasionally,
these sympatric species pairs underwent
hybridization followed by allopolyploid for-
mation. This now classic story is referred to
as the Tragopogon triangle.

The evolutionary history of these nascent
allopolyploids has been extensively studied
by Douglas and Pamela Soltis and their col-
leagues (Soltis et al., 2004). Among the more
interesting aspects of this complex is its
dynamic nature over a relatively limited
range, with new local populations having
originated multiple times, and with poly-
ploids replacing diploids as prevalent weeds.
Not only have the polyploids originated
multiple times, but in some cases in both
directions; namely, 7. miscellus has formed
by crosses involving each of its diploid prog-
enitors as maternal parent, resulting in reci-
procal morphological differences between 7.
miscellus individuals depending on maternal
parentage (Soltis et al., 2004). Another inter-
esting observation is that the Tiagopogon
allopolyploids have formed only in North
America, and not in the native European
ranges of the diploid species.

Among the more enduring lessons to be
learned from Tragopogon is that new poly-
ploid species may originate in a telescoped
timeframe that is apparent within individual
human lifetimes. This lesson has been re-
taught on several other occasions in other
plant genera, most notably in the fascinating
stories of Spartina anglica (Ainouche et al.,
2004) and Senecio cambrensis (Abbott and
Comes, 2004). The latter species has arisen
more than once, whereas Spartina anglica
appears to have only a single origin.

Recombination among allopolyploid lineages

In addition to the potential evolutionary sig-
nificance of infusion of new variation, recur-
rent polyploid formation may be important
in facilitating novel recombinant genotypes
to be produced at the polyploid level by

gene exchange between two or more recur-
rently formed entities. This, in fact, may be
critical to the survival and diversification of
polyploid lineages because, in the absence of
recurrent formation, many nascent poly-
ploids are expected to be relatively depau-
perate genetically. With gene flow between
polyploids (‘lineage recombination’, sensu
Doyle et al., 1999), a genetically diverse and
coherent polyploid species is formed, which
in principle may be enriched by periodic
and ongoing infusions of genetic variation
from diploid progenitors.

The best-documented example of this is
in the soybean genus (Glycine), which
includes a large allopolyploid complex
involving at least eight Australian diploid
species and eight allopolyploids that com-
bine diploid genomes in various ways (Doyle
et al., 2004a,b). In some of these polyploids,
all alleles are identical or nearly identical to
alleles in the diploids, suggesting an origin
within the last 50,000 years, coincident with
climatic changes in Australia that may have
been anthropogenic (Doyle et al., 1999,
20044a,b).

The history of the complex genetic and
taxonomic  system comprising  Glycine
diploids and allopolyploids has been investi-
gated in detail using molecular markers.
This work has demonstrated that different,
closely related polyploids vary in their man-
ner and frequency of formation, ecology, life
history, geographical range and patterns of
molecular evolution (Doyle et al., 2004a,b).
Nearly all polyploids have arisen more than
once, but some show exclusively unidirec-
tional maternal origins whereas in others
both diploid progenitors have contributed
chloroplast genomes. Some show evidence
of extensive interbreeding among polyploid
populations with separate origins, resulting
in extensive lineage recombination, whereas
in others multilocus genotypes formed by
different combinations of the same diploid
genomes have persisted intact. Several poly-
ploids have extensive ranges outside of
Australia, and appear to be far better colo-
nizers than their diploid progenitors,
whereas other polyploids have highly
restricted ranges. This diversity in life histo-
ries and population histories is paralleled by
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the range of molecular evolutionary
responses; some polyploids have retained
nearly equal amounts of homoeologous
nuclear ribosomal DNA repeats, whereas in
others one homoeologue predominates
(Rauscher et al., 2004), apparently as a con-
sequence of repeat loss and concerted evolu-
tion (Joly et al., 2004).

Novel mechanisms of speciation

In general, polyploids and their diploid
progenitors are assumed to be reproduc-
tively isolated from one another due to cyto-
logical incompatibilities and triploid sterility.
This makes polyploidy a pervasive mode of
sympatric speciation. However, the issue of
isolation between cytotypes has received rel-
atively little study (but see e.g. Trinti and
Scali, 1996; Husband and Schemske, 2000;
Husband et al., 2002). More generally, the
role of the cytoplasm in polyploid evolution
is not well understood (Wendel, 2000;
Levin, 2003). One aspect of particular rele-
vance to speciation at the polyploid level is
the possibility of cytonuclear interactions
that create barriers to gene flow between
polyploid lineages that may share nuclear
genomes but have different cytoplasms. As
discussed above, bidirectional formation of
allopolyploids has been demonstrated in at
least some groups. In principle, reproduc-
tive isolation may arise following either mul-
tiple origins or recombination among
different allopolyploid lineages, thereby
promoting diversification.

In addition to speciation promoted by
cytonuclear differentiation, other mecha-
nisms may drive polyploid diversification.
Dramatic and potentially rapid molecular
evolution of polyploids (discussed below)
might lead to speciation. For example,
Barrier et al. (2001) have suggested that
rapid evolution of floral transcription factors
is in part responsible for the dramatic radia-
tion of polyploid Hawaiian silverswords. As
discussed in more detail below, polyploidy
may be associated with a high level of latent
epigenetic variation, some of which may
have phenotypic effects that are potentially
visible to selection. An interesting example is

the epigenetic control of flowering time vari-
ation in synthetic Brassica allopolyploids
(Schranz and Osborn, 2000); because flow-
ering phenology is so obviously important to
reproduction, one can imagine that epige-
netic divergence can lead to reproductive
isolation, even in the face of little or no
genetic differentiation.

Following polyploid formation, gene
silencing is one of the several possible fates
of the genome-wide duplication of all genes
(reviewed in Wendel, 2000; Lawton-Rauh,
2003). This process occurs with the onset of
polyploid formation but increases with time,
such that one of the two duplicate genes is
expected to be silenced at many different
loci. Werth and Windham (1991) hypothe-
sized that what they termed ‘reciprocal
silencing’ — the loss of expression of differ-
ent duplicated gene copies in allopatric
polyploid populations — could lead to repro-
ductive isolation among polyploids, and thus
to speciation. The basic idea is that hybrids
between individuals bearing reciprocally
silenced duplicated genes would segregate
progeny that are silenced at both gene
copies for one to many loci. These double
mutants would presumably be inviable or
deleterious due to their negative phenotypic
or physiological effects. This idea has
recently been elaborated under the term
‘divergent resolution’ by Lynch and Force
(2000), and is suggested as a possible factor
in the evolution of teleost fishes (Taylor et
al., 2001).

Reasons for the Evolutionary Success of
Polyploids

The abundance of polyploid plant species in
nature suggests that polyploidy confers a
selective advantage over diploidy in some
settings. Traditional explanations for the
success of polyploids have included a diver-
sity of proposals that, broadly speaking, may
be divided into ‘ecological’ and ‘genetic’.
The former include fitness advantages
inferred from the greater ecological breadth
and amplitude, or colonization of new habi-
tats, which is observed more frequently in
polyploids than in their diploid antecedents
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(Stebbins, 1950; Grant, 1981). Genetic
explanations typically invoke a form of het-
erosis (hybrid vigour) in polyploids, particu-
larly in allopolyploids, resulting from the
merger into a single nucleus of complemen-
tary alleles. In actuality, ecological and
genetic perspectives are not exclusive but
instead may be complementary, the latter
representing an explanation for the former.
For example, the early molecular study of
Tragopogon by Roose and Gottlieb (1976)
documented ‘fixed hybridity’ at isozyme loci
in polyploids (as did many subsequent stud-
ies), from which they speculated that this
genetic diversity enabled the polyploids to
become successful weeds and extend their
ranges. Other genetic explanations for the
adaptive superiority of polyploids invoke
genetic ‘buffering’ conferred by heterozy-
gosity (Grant, 1981) or the perceived
favourable consequences of gene redun-
dancy and its attendant release from func-
tional constraint for one gene copy, and/or
functional divergence (Harland, 1936;
Ohno, 1970; Force et al., 1999; Lynch and
Conery, 2000; Wendel, 2000; Lynch, 2002;
Lawton-Rauh, 2003). More recent genetic
and genomic proposals include adaptive
genome-wide allelic and/or non-allelic inter-
actions (Pikaard, 2002), and altered regula-
tory interactions that generate novel
variation that is visible to selection (Osborn
et al., 2003; Riddle and Birchler, 2003).

Otholog(ue)s, Paralog(ue)s and
Hom(o)eolog(ue)s: Some Essential
Terminology

With the discovery that most plant genes
belong to gene families, molecular biologists
and systematists alike have come to embrace
the terminology for duplicate genes devel-
oped many years ago by Fitch (1970). This
issue is more than simply a nomenclatural
exercise, in that its understanding is central
to an appreciation of a diversity of biological
phenomena, such as functional diversifica-
tion of duplicated genes, as well as the
appropriate use of gene sequence data for
phylogeny reconstruction. Fitch defined
orthologous  genes  (‘orthologues’  or

‘orthologs’; see Koonin et al., 2004) as being
those that originated by speciation, in con-
trast to paralogous genes, which are formed
by gene duplication. Discriminating paralo-
gous genes is theoretically a simple task: if
two non-allelic homologues (= homologs)
are present in a plant genome, then by defi-
nition they must have arisen by duplication,
and not by speciation, and they are par-
alogues (= paralogs). Orthology is more dif-
ficult to establish, requiring a phylogenetic
test in which the gene tree must be identical
to a known species phylogeny.

Where do homoeologues (= homoe-
ologs) fit in? In the genome of an allopoly-
ploid, loci that were orthologous in the two
diploid progenitors become homoeologous.
The term ‘homoeologous’ predates the
orthology/paralogy terminology by nearly
40 years and is defined in the Glossary of
Genetics and Cytogenetics (Rieger et al., 1976)
as ‘the residual homology of originally com-
pletely homologous chromosomes’.
‘Homology’ is used here in the cytogenetic
sense of the term: ‘chromosomes or chro-
mosome segments ... identical with respect
to their constituent genetic loci (the same
loci in the same order) and their visible
structure’; definition 1 in Rieger el al.
(1976). Definition 2 is the more familiar
evolutionary definition of homology: simi-
larity due to common origin.

So, are homoeologues paralogues or
orthologues? The answer is yes! They have
characteristics of both, but they are more
like paralogues than like orthologues.
Because homologous chromosomes become
homoeologous due to divergence following
speciation, the orthologous genes of two
diploid sister species could be said to be
homoeologous. However, once these homoe-
ologues are united in the compound
genome of an allopolyploid, they meet the
criterion for paralogues: they are formed by
gene duplication, like any other paralogue,
the only difference being that they are
formed by whole genome duplication.
Perhaps more importantly from a practical
perspective, today’s obvious homoeologues
are tomorrow’s paralogues, and their origin
as orthologues may be obscured as evidence
for polyploidy is lost owing to diploidization.
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As discussed above, the episodic process of
polyploidization that we now know is typical
of plant genomes generates repeated cycles
of homoeology followed by gene divergence
which, over vast amounts of evolutionary
time, become multigene families consisting
of paralogues with varying degrees of
sequence similarity.

Gene and Genome Evolution in
Polyploids

Among the many aspects of polyploidy that
have been studied recently, one of the more
intriguing has been the question of how two
divergent genomes coordinately adjust and
evolve to guide growth and development
once they become united in a common
nucleus. The pervasiveness of polyploidy
constitutes prima facie evidence that such
adjustments occur and that some fraction of
them have positive fitness consequences.
Hence it is of interest to ask about the
genetic, genomic and adaptive consequences
of genome doubling.

A useful device for conceptualizing gene
and genome evolution in polyploids is
offered by Fig. 7.7. The most immediate and
important genomic consequence of poly-
ploidization is the simultaneous duplication
of all nuclear genes, a phenomenon long
thought to be central to the evolutionary
success of polyploids (Stebbins, 1950;
Stephens, 1951a,b; Ohno, 1970; Lewis,
1980b; Levin, 1983). As explained above,
genes duplicated by polyploidy are termed
homoeologues. As modelled in Fig. 7.7, at
the time of polyploid formation each gene in
the genome will become duplicated, such
that two homoeologues (‘At’ and ‘Bt’) will
exist for each locus, with each homoeologue
being phylogenetically sister to its counter-
part in the progenitor diploid (A with At, B
with Bt). One possible evolutionary outcome
is the long-term preservation of both
homoeologues, as well as retention of ances-
tral functions by both copies. This scenario
provides a useful null model against which
other possibilities may be evaluated. One
long-recognized possibility is relaxation of
selection, allowing divergence between the

duplicated genes and the acquisition of new
function (Ohno, 1970; Force et al., 1999;
Lynch and Conery, 2000; Lynch and Force,
2000; Lynch et al., 2001; Altschmied et al.,
2002; Lynch, 2002; Lawton-Rauh, 2003).
This process is widely perceived to provide
the raw material for adaptive diversification.
An alternative and common outcome of
gene doubling is that one member of the
duplicated gene pair will become silenced
and ultimately degenerate as a pseudogene
(reviewed in Wendel, 2000; Lawton-Rauh,
2003). Several other possibilities also exist,
as modelled in Fig. 7.7, and these have only
recently come to light as a consequence of
molecular genetic investigations conducted
in several plant systems, including Brassica
(Song et al., 1995), wheat (Feldman et al.,
1997; Liu et al., 1997, 1998a,b; Ozkan et al.,
2001; Shaked et al., 2001; Kashkush et al.,
2002), Arabidopsis (Comai et al., 2000; Lee
and Chen, 2001; Madlung et al., 2002) and
cotton (Wendel et al., 1995; Hanson et al.,
1998, 1999; Jiang et al., 1998; Zhao et al.,
1998).

Thus, there has been a growing aware-
ness of a diversity of phenomena associated
with  polyploidy that were previously
unknown or unsuspected. The notion that
has emerged is that polyploid genomes are
‘dynamic’ (Soltis and Soltis, 1995) at the
molecular level, generating an array of
novel genomic instabilities or changes dur-
ing the initial stages of polyploid formation
or over longer time spans. Some of these
alterations are not readily explained by
Mendelian principles, but may none the less
have contributed to the evolutionary success
of polyploids (Soltis and Soltis, 1995;
Wendel, 2000; Finnegan, 2001a; Rieseberg,
2001; Liu and Wendel, 2002; Pikaard, 2002;
Osborn et al., 2003). Examples of recent
insights into the genetic and genomic behav-
iour of polyploids include: (i) rapid genomic
changes and intergenomic interactions that
become possible as a consequence of the
merger of two genomes into a single
nucleus; and (ii) epigenetic alterations that
may accompany new polyploids. We summa-
rize briefly some of the important observa-
tions and explore the possible biological
significance of the various phenomena.
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Fig. 7.7. Gene duplication and evolution in polyploids. Shown on the left is a hypothetical set of organisms
comprising two diploids and their allopolyploid derivative. With the onset of allopolyploid formation all
genes become duplicated. The two homoeologues (At, Bt) are not expected to be phylogenetically sister to
each other, but are instead expected to be sister to their counterparts from each respective diploid (A, B). In
addition, all else being equal, evolutionary rates are expected to be equivalent. These expectations provide
convenient null hypotheses (middle), which may be falsified by a number of processes, including gene
conversion (top centre), unequal rates (bottom centre), gene silencing (top right), the evolution of new
function (centre right) and intergenomic transfer (bottom right). Recent work has demonstrated all of these
possibilities in one or more natural and/or synthetic allopolyploids.

Genome change and intergenomic
interactions resulting from polyploidy

Recent explorations of polyploidy have led to
the discovery of a number of somewhat mys-
terious phenomena associated with polyploid
formation. Though we still know relatively lit-
tle about most details of genomic merger, the
initial stages evidently are moulded by an
array of molecular genetic mechanisms and
processes that collectively lead to polyploid
stabilization (Song et al., 1995; Soltis and
Soltis, 1999; Comai et al., 2000; Wendel, 2000;
Lee and Chen, 2001; Kashkush et al., 2002;
Liu and Wendel, 2002; Soltis et al., 2004). An

important early paper by Song et al. (1995)
demonstrated the novel appearance as well as
disappearance of different restriction frag-
ments in synthetic Brassica polyploids and
their progeny. This work was soon followed
by similar observations in tetraploid and
hexaploid wheats, with the added twist that
some of the changes observed in newly syn-
thesized wheat allopolyploids mimicked those
observed in natural wheats with the same
genomic composition (Feldman et al., 1997,
Liu et al., 1998a,b; Shaked et al., 2001). The
latter observation implied that the non-
Mendelian response to allopolyploid forma-
tion was to a certain extent ‘directed’ by the
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specificities of the genomes involved. These
and other studies showed that polyploid
genomes are neither static nor need be strictly
additive with respect to the genomes of prog-
enitor diploids. Instead, the merger of two
different genomes in a common nucleus may
be accompanied by genomic ‘reorganization’
of unknown aetiology (Wendel, 2000; Liu and
Wendel, 2002). Proposed mechanisms to
account for this non-Mendelian behaviour
include homologous and non-homologous
recombination, methylation alterations and
other epigenetic changes (see below) and per-
haps deletional processes that are not well
understood.

A different but related phenomenology
associated with polyploidy concerns trans-
posable elements. Genome merger in an
allopolyploid creates the potential for the
spread of transposable elements between
two formerly isolated genomes.
Transposable elements are ubiquitous in
plant genomes (Kumar and Bennetzen,
1999; Bennetzen, 2000), where they con-
tribute to genome evolution and genetic
diversity by transposition and the atten-
dant effects on gene expression (Kidwell
and Lisch, 2001; Wessler, 2001). Most
transposable elements are inactive under
normal conditions, but they may become
activated under stress (McClintock, 1984;
Hirochika et al., 1996; Wessler, 1996;
Grandbastien, 1998; Beguiristain et al.,
2001). In diploid hybrids, enhanced trans-
posable element activity is likely to be mal-
adaptive because insertions may disrupt
essential gene functions. In polyploids,
however, the harmful effects of transpos-
able element activity may be buffered by
genomic redundancy, and hence insertions
would be more likely to be tolerated
(Matzke et al., 1999; Wendel, 2000).
Hence, it is noteworthy that in newly gen-
erated allotetraploid wheat plants (Shaked
et al., 2001) and in Orzya X Zizania hybrids
(Liu and Wendel, 2000), transposable ele-
ments have been shown to be activated.

Although few natural plant hybrids and
allopolyploids have been experimentally eval-
uated for transposable element activity, stud-
ies to date suggest that wide hybridization
and allopolyploidy may trigger activation of

dormant transposable elements. The extent
and tempo at which these events will occur
undoubtedly varies among plant species and
genome combinations. In general, however,
the inherently higher level of tolerance to
insertions makes it more likely that transpos-
able elements have played a role in genome
evolution in polyploid than in diploid species.
Evidence in support of this supposition is cir-
cumstantial, consisting primarily of the obser-
vation that transposable elements and other
repeated sequences have spread among
genomes in tetraploid cotton (Hanson et al.,
1998, 1999) and wheat (Belyayev et al., 2000).
In Nicotiana, there apparently has been a
massive proliferation of pararetroviruses fol-
lowing polyploid formation (Matzke et al.,
2004). In all cases, the adaptively relevant
effects, if any, of these inter-genomic, intra-
nuclear colonizations are not known.

In addition to the spread of transposable
elements among genomes, polyploidy cre-
ates the opportunity for various types of
interactions between homoeologous genes
or repeated sequences. Tandemly repeated
sequences, such as ribosomal genes, have
been demonstrated to experience interlocus
homogenization or concerted evolution,
whereby sequences from one genome over-
write the homoeologous sequences from the
other genome. First convincingly demon-
strated in allopolyploid Gossypium (Wendel et
al., 1995), the phenomenon has now been
described in a number of genera (Wendel,
2000; Joly et al., 2004). New twists on this
phenomenon were recently reported in syn-
thetic Nicotiana allopolyploids (Skalicka et al.,
2003; Kovarik et al., 2004), where the rapid
evolution of rDNA types was observed
within a few generations, as was the appar-
ent birth of a new rDNA locus. This latter
observation may well represent the real-time
capture of the well-known but unexplained
phenomenon of birth and death of riboso-
mal arrays (Dubcovsky and Dvorak, 1995).

Epigenetics and polyploid evolution
Epigenetics refers to heritable alterations in

gene expression that do not entail changes
in nucleotide sequence, but which neverthe-
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less may have phenotypic and hence evolu-
tionary consequences. Epigenetic effects can
be accomplished by several interrelated
covalent modifications of DNA and/or chro-
mosomal proteins, such as DNA methylation
and histone modifications (Nathan et al.,
2003), and by chromatin remodelling, such
as repositioning of nucleosomes. These heri-
table modifications are collectively termed
‘epigenetic codes’ (reviewed in Richards and
Elgin, 2002). Programmed epigenetic con-
trol of gene expression is essential during
normal growth and development (Wolffe
and Matzke, 1999; Finnegan, 2001b) and,
because of this, the epigenetic arena is a
vibrant field in current biological research.
Given this fundamental significance, it is of
interest to discuss the possible connections
between epigenetics and polyploidy.

An integral component of the develop-
mental control of gene expression is pro-
grammed cytosine methylation (Richards,
1997; Finnegan et al., 2000). Hyper-
methylation is usually a hallmark of hete-
rochromatin and is characteristic  of
euchromatic  gene  silencing,  whereas
hypomethylation is often associated with
active gene expression (Martienssen and
Colot, 2001; Grewal and Moazed, 2003). In
plants, cytosine methylation patterns are usu-
ally stably maintained through meiosis and
over generations. Experimental disruption of
cytosine methylation patterns may lead to
aberrant plant morphology (Finnegan et al.,
1998, 2000; Finnegan, 2001b). As a potential
genome defence system (Yoder et al., 1997),
the cytosine methylation machinery may
respond to environmental or genomic chal-
lenges by causing alterations in methylation
that are thought to mediate physiologically
meaningful responses. Polyploidy, by uniting
divergent genomes into one nucleus, may
constitute such a challenge, or ‘genomic
shock” (McClintock, 1984; Comai et al., 2003).

This suggestion has garnered recent
experimental support. In synthetic Brassica
(Song et al., 1995) and wheat allopolyploids
(Liu et al., 1998a; Shaked et al., 2001), DNA
methylation changes, including both hypo-
and hypermethylations, were shown to
occur at anonymous genomic loci and in
cDNAs. Using a genome-wide fingerprinting

approach, Shaked et al. (2001) showed that,
in wheat, cytosine methylation alterations
are genomically widespread but may signifi-
cantly differ in frequency between the two
constituent genomes of an allopolyploid; in
first generation allotetraploid wheat, ten of
the 11 bands that showed heritable methyla-
tion changes were from one of the two
parental genomes. Genome-wide and non-
random changes in DNA methylation pat-
terns are also observed in synthetic
allotetraploid  Arabidopsis and  Arabidopsis
arenosa (Madlung et al., 2002). Given the
importance of DNA methylation to gene
expression, the foregoing examples indicate
that polyploid formation could have
genome-wide epigenetic consequences of
relevance to gene expression and hence
polyploid evolution.

This suggestion of epigenetic effects on
gene expression may be related to the gen-
eral observation that polyploids are often
associated with variation and instability in
phenotypes that cannot be accounted for by
conventional Mendelian transmission genet-
ics or chromosomal aberrations (Comai,
2000; Comai et al., 2000). The affected traits
are diverse, including timing of flowering,
overall plant habit, leaf morphology and
homeotic transformations in floral morphol-
ogy. These allopolyploidy-associated changes
in phenotypes may arise from altered gene
expression due to variation in dosage-regu-
lated gene expression, altered regulatory
interactions, and rapid genetic and epige-
netic changes (reviewed in Osborn et al.,
2003).

One of the surprising recent findings
concerning polyploids has been the degree
to which gene expression may be altered by
genome doubling (Liu and Wendel, 2002;
Adams et al., 2003; Comai et al., 2003;
Osborn et al., 2003; Riddle and Birchler,
2003). Studies of gene expression in natural
and synthetic polyploids have shown that
genes may be silenced immediately upon or
shortly following polyploidization.  For
example, ribosomal RNA arrays from one
parent may be silenced in some organs of
Brassica napus, although both parental rRNA
sets are expressed in floral organs (Chen
and Pikaard, 1997). This is the well-known
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phenomenon of nucleolar dominance,
where in hybrids or allopolyploids nucleoli
form in association with ribosomal RNA
genes on chromosomes inherited from only
one of the two parents (Pikaard, 1999,
2000a,b). These demonstrations for riboso-
mal genes suggested the possibility that
hybridization and polyploidization might
similarly induce epigenetic modifications of
protein-coding genes. This suspicion has
now been confirmed in several model plant
systems (Comai, 2000; Comai et al., 2000;
Lee and Chen, 2001; Kashkush et al., 2002;
Madlung et al., 2002), including Arabidopsis,
wheat and cotton polyploids, where silenc-
ing of numerous protein-coding genes has
been demonstrated (Comai et al., 2000; Lee
and Chen, 2001; Kashkush et al., 2002; He et
al., 2003).

These studies indicate that allopolyploid
formation in Arabidopsis is accompanied by
epigenetic gene silencing, and that this
silencing may affect a variety of genes with
diverse biological functions. The silencing
events may occur rapidly (F, generation of
synthetic allopolyploid) or over a longer
evolutionary time span, but their reversibil-
ity may be retained in natural allopolyploid
species for thousands to perhaps millions of
years. Of particular significance is the
remarkable similarity or concordance in the
silencing patterns between synthetic and
natural allopolyploids, which suggests that
allopolyploidy not only induces epigenetic
changes but also that the changes may be
visible to natural selection and, judging
from their persistence, adaptive.

The scale of the phenomenon, and hence
its potential level of evolutionary impor-
tance, is illustrated by recent work involving
synthetic and natural allopolyploid wheat
(Kashkush et al., 2002) and cotton
(Gossypium) (Adams et al., 2003). In newly
generated tetraploid wheat, an appreciable
frequency (1% to 5%) of the genes surveyed
experienced silencing within the first gener-
ation, and novel transcripts were occasion-
ally observed. Interestingly, the novel
transcripts activated by polyploidy that
could be assigned a function are retrotrans-
posons, suggesting release from epigenetic
control or suppression (see below).

In cotton, natural and artificially gener-
ated allotetraploids were studied by Adams et
al. (2003) using an electrophoretic approach
to separate the transcripts of 40 different
duplicate gene pairs. A remarkably high
level of transcription bias was observed, with
respect to the duplicated copies, in that
about 25% of the genes studied exhibited
altered expression in one or more plant
organs. The most surprising result was the
observation of organ-specific gene silencing
that in some cases was reciprocal, meaning
that one duplicate was expressed in one
organ (e.g. stamens), while its counterpart
was expressed in a different organ (e.g.
carpels). Moreover, this organ-specific parti-
tioning of duplicate expression was also evi-
dent in newly generated allotetraploids.
Remarkably, the silencing patterns observed
in natural cotton allopolyploids, estimated to
be approximately 1.5 million years old
(Senchina et al., 2003; Wendel and Cronn,
2003), were rather similar in some cases to
those observed in the newly generated
tetraploids. This observation implicates
either long-term evolutionary maintenance
of epigenetically induced expression states,
or subsequent fixation of expression states in
the natural tetraploids through normal
mutational processes during the 1-2 million
years since polyploid formation in the genus.

Collectively, recent studies in several model
plant systems have revealed that polyploid
formation may be accompanied by epigenetic
alterations in gene expression throughout the
genome. These epigenetic changes may occur
with the onset of polyploidy or accrue more
slowly on an evolutionary timeframe. In at
least some cases, rapid epigenetic modifica-
tions that arise with the onset of allopoly-
ploidy may be preserved on an evolutionary
timescale through multiple speciation events.
A more intriguing suggestion is that genome
doubling or merger creates a massive and
sudden pulse of novel epigenetic variation,
which may be released and become visible to
natural selection over periods of time ranging
up to millions of years.

The studies discussed in this section illus-
trate a number of important phenomena
that may bear directly on the evolution of
polyploids. This includes non-random
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genomic changes observed in natural
allopolyploid species and their synthetic
counterparts, gene silencing, novel gene
expression, the possibility of organ-specific
partitioning of duplicate gene function, and
transposable element activation. How each
of these processes translates into phenotypic
or physiological variation that may be visible
to natural selection is not yet known in most
cases, but the scale and scope of epigenetic
alterations accompanying polyploidy and
the importance of epigenetics to growth and
development suggest that these connections
have significance to our understanding of
polyploid evolution. In this respect a partic-
ularly relevant example may be epigeneti-
cally controlled flowering time variation in
synthetic Brassica polyploids (Schranz and
Osborn, 2000), because flowering phenology
is so obviously important to reproduction. A
second example of an epigenetic modifica-
tion that is evolutionarily consequential is
the natural flower symmetry mutant (from
wild-type bilateral to radial) in Linaria vul-
garis, originally described by Linnaeus more
than 250 years ago. The molecular basis of
this mutation is hypermethylation and
silencing of a gene controlling flower form
(Cubas et al., 1999). When one extrapolates
these examples of epigenetic regulation of
single genes to the entire genome, it
becomes evident that allopolyploid lineages
may harbour a nearly infinite and latent

reservoir of epigenetic/genetic combinations
for later release and evaluation by natural
selection, perhaps after millions of years
(Adams et al., 2003). This intriguing possibil-
ity requires further study, but it may be
important to our understanding of the evo-
lution of polyploids.

Conclusion

As summarized in this review, genome dou-
bling has been a pervasive phenomenon in
plant evolution and remains a prominent
process by which biodiversity is generated
today. We have illustrated some of the intrin-
sic features of polyploids, generated by
genome doubling and/or merger, which pro-
vide novel opportunities for creating pheno-
typic variation, and have highlighted some of
the extrinsic factors that guide polyploid for-
mation and subsequent evolution. Much
remains to be learned regarding the func-
tional consequences of gene and genome dou-
bling and the array of molecular genetic
mechanisms that they both engender and are
subject to, as well as the interplay between
these internal forces and external ecological
and population-level phenomena. Many
insights are likely in the near future, however,
as molecular genetic and genomic approaches
are increasingly brought to bear on natural
and artificial model polyploid systems.
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Introduction

The worldwide genomics initiative in
Arabidopsis thaliana has facilitated a renais-
sance in evolutionary studies of the
Brassicaceae. More than 20,000 published
papers examine aspects of Arabidopsis biol-
ogy, providing detailed understanding of
molecular biology, genetics, biochemistry,
physiology and development of this model
plant. Increasingly, comparative analyses
(Hall et al., 2002a; Mitchell-Olds and Clauss,
2002) build upon Arabidopsis genomics to
elucidate biology of crucifer species, and the
evolutionary processes which influence
adaptation and diversification in the
Brassicaceae. Here we review aspects of sys-
tematics, speciation and functional variation
in this important plant family.

Systematics and Taxonomy
Family characteristics and importance
The mustard family (Brassicaceae or
Cruciferae) includes some 340 genera and

about 3350 species distributed worldwide,
especially in the temperate and alpine

regions of the northern hemisphere (Al-
Shehbaz, 1984; Appel and Al-Shehbaz,
2003). It includes important crop plants cul-
tivated worldwide as vegetables and orna-
mentals and as sources of cooking and
industrial oils, condiments and forage (Koch
et al., 2003a). One species, Arabidopsis
thaliana (thale cress), is the model flowering
plant in nearly every field of experimental
biology, and its entire genome has recently
been sequenced (The Arabidopsis Genome
Initiative, 2000). The Brassicaceae are easily
recognized by having flowers with four
petals forming a cross (sometimes reduced
or lacking), six stamens (the outer two being
shorter than the inner four, although some-
times only two or four stamens are present),
and often a two-valved capsule with a sep-
tum dividing it into two chambers.

Family limits and relatives

The Brassicaceae were previously thought to
have evolved in the New World, either through
the putatively basal tribe Thelypodieae
(Stanleyeae) from the Capparaceae subfamily
Cleomoideae (Janchen, 1942; Al-Shehbaz,
1973; Takhtajan, 1997), or to share a com-
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mon ancestry with that subfamily (Al-
Shehbaz, 1985). Dvordk (1973) suggested an
alternative origin in the Old World and con-
sidered the tribe Hesperideae as the link
between the Brassicaceae and Cleomoideae.
Hauser and Crovello (1982) tested these
hypotheses and favoured a New World origin
from the Cleomoideae.

Based on a small sample (two genera of
Brassicaceae and four of Capparaceae) and a
set of only 16 characters, Judd et al. (1994)
concluded in a cladistic morphological study
that the Brassicaceae is nested within the
Capparaceae and that the two families should
be united in one, Brassicaceae. Although this
merger was followed (Angiosperm Phylogeny
Group, 1998) or recommended (Appel and
Al-Shehbaz, 2003), thorough molecular and
morphological data (Rodman et al., 1996,
1998) suggested a closer relationship of the
Brassicaceae to Cleome than to the rest of
Capparaceae. Hall et al. (2002b), who con-
ducted detailed molecular studies using the
chloroplast regions trnL-trnF and ndhF, advo-
cated that three, well-supported mono-
phyletic families (Brassicaceae, Cleomaceae,
Capparaceae) should be recognized, with the
Brassicaceae and Cleomaceae as sister fami-
lies sharing a common ancestor.

The remarkable morphological similari-
ties between Thelypodieae and Cleomaceae
(exserted stamens equal in length, sessile
stigmas, linear fruits, dense racemes, long
gynophores, linear anthers coiled at dehis-
cence, to name some) all appear to be the
result of convergence rather than synapo-
morphy. Using internal transcribed spacer of
nuclear ribosomal DNA (ITS) data, Warwick
et al. (2002) have clearly demonstrated that
the Thelypodieae and many New World gen-
era form an unresolved, rather advanced,
terminal polytomy. These findings agree
with those of Galloway et al. (1998).

All broad-based molecular studies of
Brassicaceae (Zunk et al., 1996, 1999;
Galloway et al., 1998; Koch et al., 2001a,
2003a) demonstrated that Aethionema occu-
pies the most basal position in the family.
Aethionema, a highly polymorphic genus of
50-60 species, is distributed primarily in
Turkey and the Middle East (Appel and Al-
Shehbaz, 2003). It has angustiseptate fruits

(flattened at a right angle to the septum), a
feature not found among the Old World
Cleomaceae. Although published molecular
data are based on two, highly variable
species,  Aethionema  grandiflorum  and
Aethionema saxatile, phylogenetic studies in
progress (Menke, personal communication)
should resolve its monophyly, determine its
nearest relatives and shed light on what
makes it basal in the Brassicaceae.

ITS and other molecular markers at the tribal
level

All major classification systems (Prantl, 1891;
Hayek, 1911; Schulz, 1936; Janchen, 1942),
which divide the family into 4-19 tribes, are
based on a limited number of morphological
characters and do not recognize convergence
as a factor in the evolution of Brassicaceae.
Molecular studies (Price et al., 1994; Zunk et
al., 1996, 1999; Koch et al., 1999a, 2000,
2001a, 2003a; Bailey et al., 2002; Koch, 2003;
O’Kane and Al-Shehbaz, 2003) have demon-
strated the polyphyly and artificiality of
almost all tribes recognized in these systems.
For example, Capsella and Arabidopsis, treated
by Schulz (1936) in unrelated tribes, have
been shown (Koch et al., 2001a; O’Kane and
Al-Shehbaz, 2003) to be very closely related.
Numerous other examples can be cited, and
the interested reader should consult Koch et
al. (2003a).

Extensive molecular data, summarized by
Warwick and Black (1997a,b), show that the
Brassiceae, characterized by segmented
fruits and/or conduplicate cotyledons (Appel
and Al-Shehbaz, 2003), is the only mono-
phyletic group among Schulz’s (1936) 19
tribes. However, generic limits, as tradition-
ally recognized (G6émez-Campo, 1999),
remain problematic, and a major revision of
the boundaries of most genera is needed in
light of molecular data (Koch et al., 2003a).

Based on ITS sequence data (Kropfet al.,
2002; Koch et al., 2003a; O’Kane and Al-
Shehbaz, 2003) and other markers
(Galloway et al., 1998; Koch et al., 2000,
2001a, 2003a), several monophyletic clades
are readily recognized (Fig. 8.1). One such
group, the Brassica alliance (c. 550 species),
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Fig. 8.1. Neighbour-joining distance tree based on matK and Chs sequences (Koch et al., 2001a).
Percentage bootstrap values from 1000 replicates are shown on each branch. Of the six monophyletic
clades discussed in the text, four are represented here: Brassica alliance (Sinapis, Raphanus, Alliaria,
Thlaspi, Microthlaspi), Arabidopsis alliance (Arabidopsis, Boechera, Halimolobos, Capsella,
Olimarabidopsis, Crucihimalaya, Turritis), Arabis alliance (Arabis and Aubrieta) and Cardaminine alliance
(Cardamine, Barbarea, Rorippa). Tribal assignments are given on the right. Approximate divergence dates
(million years before present) for nodes A-F are: A, 16-21; B, 13-19; C, 19-25; D, 10-14; E, 15-17; and F,
26-32. Several taxa mentioned in the text are not shown in this figure: Brassica is near Raphanus and
Sinapis, and Leavenworthia is related to Barbarea. Reproduced, with permission, from Koch et al. (2001a).
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includes all members of the tribe Brassiceae,
the expanded New World Thelypodieae and
Sisymbrium sensu Warwick et al. (2002), and
Thlaspt and its segregates (Mummenhoft et
al., 1997a,b; Koch and Mummenhoff, 2001).
The vast majority of genera in this clade
have species either glabrous or with simple
trichomes, though branched trichomes
apparently evolved independently a few
times, especially in some South American
Thelypodieae  and  southern  African
Sisymbrium. I'TS sequence data provide little
resolution within the Thelypodieae. This
suggests a relatively recent evolution of the
group and insufficient time for ITS
sequences to diverge, in agreement with the
absence of morphological differentiation
and the difficulty in recognizing individual
genera in the group (Warwick et al., 2002).
The second clade (¢. 300 species), desig-
nated herein as the Arabidopsis alliance,
includes Boechera sensu Al-Shehbaz (2003b),
the halimolobine clade (Halimolobos, Mancoa,
Pennellia, Sphaerocardamum) sensu Bailey et al.
(2002), Arabidopsis and its recent segregates
(Al-Shehbaz et al., 1999; O’Kane and Al-

Shehbaz, 2003), Camelina, Capsella,
Cusickiella, Neslia, the polycolpate clade
(Dimorphocarpa, Dithyrea, Lyrocarpa,
Nerisyrenia, Paysonia, Physaria including

Lesquerella, Synthlipsis) sensu O’Kane and Al-
Shehbaz (2003), Pachycladon sensu Heenan et
al. (2002), Erysimum and Transberingia
(Beringia sensu Price et al., 2001). This clade
is characterized by the preponderance of
forked and/or stellate trichomes.

A third clade, the Arabis alliance (c. 450
species), involves Arabis (but excludes
Boechera, Turritis and  Fourraea), Draba
(including  Erophila and Drabopsis) and
Aubrieta. This group has branched tri-
chomes, accumbent cotyledons, and often
latiseptate fruits (flattened parallel to the
septum). Although the same combination of
characters is found in Boechera, the similari-
ties are superficial and result from conver-
gence rather than synapomorphy (Koch et
al., 1999a; Koch and Al-Shehbaz, 2002).

A fourth monophyletic clade (c. 250
species)  contains  Lepidium  including
Cardaria, Coronopus and Stroganowia. This
clade is well supported by molecular

(Mummenbhoft, 1995; Bruggemann, 2000;
Mummenhoff ¢t al., 2001) and morphologi-
cal (Al-Shehbaz et al., 2002) evidence. The
genera  Acanthocardamum,  Delpinophytum,
Winklera, Stubendorffia, Megacarpaea and
Biscutella should be studied in connection
with this clade, and it is likely that some, if
not all, are allied to Lepidium. The clade has
angustiseptate fruits, two ovules per ovary
and simple or no trichomes.

Another clade is the Cardaminine
alliance (c. 350 species), which includes
Cardamine (including Dentaria and Iti),

Armoracia, Barbarea, lodanthus, Leavenworthia,
Nasturtium, Planodes, Rorippa, Selenia, and
perhaps  several  Himalayan  genera.
Members of this clade have accumbent
cotyledons, latiseptate fruits, dissected or
compound leaves, and simple or no tri-
chomes, and they frequently occupy aquatic,
wet or mesic habitats (Franzke et al., 1998;
Mitchell and Heenan, 2000; Sweeney and
Price, 2000).

Another alliance much in need of further
studies includes Alyssum and related genera
(c. 220 species). The remaining 1200 species
of Brassicaceae perhaps fall within these six
major clades.

Molecular data and generic delimitation

Differences in fruit morphology and embryo
position have been used extensively in the
delimitation of genera (Al-Shehbaz, 1984;
Rollins, 1993; Appel and Al-Shehbaz, 2003).
However, such differences are often overem-
phasized and vegetative and floral characters
are largely neglected. Sequence comparisons
of relatively rapidly evolving regions such as
ITS and ndhF suggest that fruit morphology
and embryo type are subject to frequent con-
vergence. The high degree of sequence simi-
larity among taxa with different fruits
(Fig. 8.2) emphasizes the rapid rate at which
major changes in fruits and embryo mor-
phology can occur. It is plausible that the
number of genes responsible for changes in
fruit shape and embryo position may be rela-
tively small, thus allowing rapid bursts of
evolution uncoupled from other aspects of
morphology or molecular markers.
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Fig. 8.2. Some examples of fruit morphologies
among relatives of Arabidopsis. Three of these
species are members of the Arabidopsis alliance
(Halimolobos perplexa, Capsella rubella and Arabis
drummondii [syn. Boechera strictal). Reproduced,
with permission, from Koch et al. (1999a).

More than 225 genera
Brassicaceae include four species or less
(Appel and Al-Shehbaz, 2003). It is likely that
this number will be reduced significantly
with detailed molecular studies, as illustrated
by two examples. First, based on chloroplast
DNA restriction site variation (Warwick and
Black, 1994) and ITS sequence data (Crespo
et al., 2000), Euzumodendron and Boleum are
well nested within and hardly differ from
Vella. Although these genera have very dif-
ferent fruit morphology, all include shrubs
with x=17 and united paired stamens, a
character combination not found elsewhere
in the tribe Brassiceae. Molecular data, cou-
pled with unique morphology and cytology,
led Warwick and Al-Shehbaz (1998) to unite
these genera in one, Vella, a position now
widely accepted.

Another classic example involves the
Chilean Agallis and Californian Twisselmannia
and Tropidocarpum. These genera also have
dramatically different fruit morphology but
are indistinguishable in floral and vegetative
characters. All three are basically identical in

(60%) of

ITS and ndhF sequence data, and they differ
only in one base substitution for each
marker (Price, personal communication).
They are now recognized as one genus,
Tropidocarpum (Al-Shehbaz and Price, 2001;
Al-Shehbaz, 2003a).

The other extreme involves taxa that are
very difficult to distinguish based on fruit
morphology but their ITS and other
sequence data show enormous divergence
well supported by high bootstrap values.
Three classic examples are given. First, I'TS
(Koch et al., 1999a; O’Kane and Al-Shehbaz,
2003) and chalcone synthase and alcohol
dehydrogenase data (Koch et al., 2000) clearly
demonstrate that the North American Arabis
sensu Rollins (1993) is polyphyletic and that
all except 15 of the 80 species should be
assigned to Boechera (Al-Shehbaz, 2003b).
Although the fruits of Boechera and Arabis are
quite similar, significant morphological differ-
ences have been found, and the two genera
are clearly unrelated (Al-Shehbaz, 2003b).
Second, ITS data (Koch et al., 1999a; O’Kane
and Al-Shehbaz, 2003) strongly support split-
ting the ¢. 60 species of Arabidopsis into several
genera differing significantly in characters
other than fruit morphology (Al-Shehbaz et
al., 1999; Al-Shehbaz and O’Kane, 2002).
Finally, molecular data on Thlaspi sensu lato
(Mummenhoff and Koch, 1994;
Mummenhoff et al., 1997a,b; Koch and
Mummenhoff, 2001) provide ample support
for most of Meyer’s (1973, 1979) segregates
of the genus based on seed-coat anatomy.

In conclusion, extreme care should be
taken in evaluating generic limits based
solely on fruit and/or embryo morphology
because both structures are highly homo-
plastic. Monotypic genera are always sus-
pect, and they should not be erected without
thorough molecular studies using both
nuclear and chloroplast markers.

Speciation and Differentiation
Hybridization and polyploidization
Since at least Stebbins’s (1940) work it has

been clear that hybridization and poly-
ploidization have played an important role in
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the evolution of angiosperms (Ehrendorfer,
1980; Soltis and Soltis, 1999). This is also true
for the Brassicaceae. The majority of taxa are
recent or ancient polyploids with largely
duplicated genomes (Appel and Al-Shehbaz,
2003; Koch et al., 2003a), and chromosome
numbers varying from n = 4 in some species
of the North American Physaria and
Australian  Stenopetalum to n = 128 in
Cardamine concatenata (as Cardamine laciniata,
see Al-Shehbaz, 1984). Polyploid complexes
with reticulate evolutionary patterns are
found frequently and date back to different
time periods. A late Pleistocene history of spe-
ciation has been characterized in genera such
as Cochlearia (Koch et al., 1996, 1999b; Koch,
2002) and Central European Cardamine
(Franzke and Hurka, 2000; Marhold et al.,
2002) or closely related Nasturtium and
Rorippa (Bleeker et al., 1999; Bleeker, 2003).
Other genera such as Yinshania (Koch and Al-
Shehbaz, 2000) and Draba (Koch and Al-
Shehbaz, 2002) have been identified as
polyploid  complexes  with  speciation
processes dating back to the Tertiary (mostly
Pliocene). Pleistocene differentiation,
reported for North American Boechera (Dobes
et al., 2004), was also greatly affected by vari-
ous glacial and interglacial cycles.

Within the tribe Brassiceae (an appar-
ently monophyletic lineage; see above) the
genome underwent extensive duplications
of large genomic regions (Kowalski et al.,
1994; Lagercrantz and Lydiate, 1996;
Lagercrantz, 1998), which led to the conclu-
sion that ‘diploid’ species such as Brassica
oleracea and Brassica rapa (n = 9 and n = 10,
respectively) are ancestral hexaploids. The
impact of hybridization on several traits has
been demonstrated within Lepidium for
flower morphology (Bowman et al., 1999;
Lee et al., 2002) or life history traits within
Capsella (Hurka and Neuffer, 1997). Detailed
studies show hybridization between different
parental taxa with identical chromosome
numbers accompanied by subsequent poly-
ploidization (e.g. Capsella: Mummenhoft and

Hurka, 1990; Draba: Brochmann et al.,
1992; Cardamine: Urbanska et al., 1997;
Microthlaspi:  Koch and Hurka, 1999).

However, there are also detailed descrip-
tions of hybridization between taxa with dif-

ferent base chromosome numbers, such as
among Brassica species (U, 1935; Erickson et
al., 1983; Palmer et al., 1983) or Arabidopsis
(Mummenhoff and Hurka, 1994, 1995;
O’Kane and Al-Shehbaz, 1997; O’Kane ¢t al.,
1997; Sall et al., 2003). In the latter case arti-
ficial hybrids have been obtained between A.
thaliana (n = 5) and other Arabidopsis species
with n = 8 (Comai et al., 2000, 2003;
Nasrallah et al., 2000), which can be
analysed genetically and physiologically.

Species divergence

Evolutionary studies of species differences
employ two main approaches: (i) genetic
mapping of trait differences (Schemske and
Bradshaw, 1999; Rieseberg et al., 2003);
and (ii) divergence population genetics
(Kliman et al., 2000). These approaches
provide complementary insights into the
evolutionary processes and functional
changes during speciation. Several out-
standing studies of quantitative genetic dif-
ferences between sister species have been
reported (e.g. Bradshaw and Schemske,
2003; Rieseberg et al., 2003). Many studies
have examined quantitative trait loci (QTL)
among cultivars or subspecies in Brassica
(e.g. Lan and Paterson, 2000; Schranz et
al., 2002). To date, QTL mapping from
undisturbed natural populations of cru-
cifers has not yet been reported, although a
linkage map of molecular markers is now
available for Arabidopsis lyrata (Kuittinen et
al., 2004).

Divergence population genetics compares
allele genealogies for multiple loci among
several species (Kliman et al., 2000). Early in
speciation, alleles will be shared between sis-
ter species. In contrast, species-specific poly-
morphisms predominate later in speciation.
Between these two extremes, polymor-
phisms are especially informative at an
intermediate stage of speciation, when some
genes have shared alleles, while other loci
have private alleles. These differences
among loci may be attributable to natural
selection on functional differences, random
variation across the genome, or occasional
gene flow between species.
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Ramos-Onsins et al. (2004) examined
nucleotide polymorphism at eight unlinked
loci in species-wide samples of four taxa in
Arabidopsis, comparing the highly-inbreed-
ing A. thaliana with the closely related out-
crossing Arabidopsis  halleri, A. lyrata ssp.
petraea and A. lyrata ssp. lyrata. Average levels
of nucleotide polymorphism were highest in
ssp. petraea and lowest in ssp. lyrata, presum-
ably reflecting differences in effective popu-
lation size between subspecies. This
relatively low nucleotide polymorphism in
ssp. lyrata may reflect a population bottle-
neck during Pleistocene colonization of
North America (Wright et al., 2003; Ramos-
Onsins et al., 2004). Population genetic
analysis suggests that introgression has
occurred between A. halleri and A. lyrata ssp.
petraea subsequent to speciation (Ramos-
Onsins et al., 2004).

Gamete recognition genes play an impor-
tant role in speciation (Howard, 1999), and
they experience rapid adaptive evolution in
a number of animal systems (Swanson and
Vacquier, 2002a,b). Similar rapidly evolving
mate recognition genes have also been sug-
gested in plants. Binding of pollen to A.
thaliana stigmas is controlled by an oleosin-
domain protein belonging to a small gene
family (Mayfield et al., 2001). Genomic com-
parisons from A. thaliana, Boechera stricta
(formerly Arabis drummondit) and Brassica
oleracea show rapid evolution due to gene
duplication and deletion, accelerated amino
acid substitution, and insertions and dele-
tions within the coding region (Mayfield et
al., 2001; Schein et al., 2004). These results
are consistent with a hypothesized function
in species recognition. Further functional
and population genetic analyses are
required to elucidate causes of rapid evolu-
tion in this gene family.

Phylogeography

Since its development by Avise et al. (1987),
phylogeography has become an increasingly
important field of research within biogeog-
raphy. Originally the aim was to describe the
distribution of genetic variation in space and
time. More recently, understanding of his-

torical and population processes has
emerged as a central focus. For these pur-
poses molecular markers have been utilized
to elaborate geographic distribution pat-
terns of presumably neutral loci. Maternally
inherited DNA markers (e.g. the plastome of
most angiosperms, see Harris and Ingram,
1991; Reboud and Zeyl, 1994) can be used
to trace maternal lineages. A variety of
nuclear markers are available (Sunnucks,
2000), including co-dominant isozymes and
microsatellites, dominant markers such as
RAPDs (random amplified polymorphic
DNAs) or AFLPs (amplified fragment length
polymorphisms), nuclear DNA sequences
such as ITS1 and ITS2, single-copy nuclear
genes (Savolainen et al., 2000; Ramos-Onsins
et al., 2004), and SNPs (single nucleotide
polymorphisms, e.g. Brumfield et al., 2003;
Schmid et al., 2003).

Among crucifers, phylogeographic stud-
ies are available from all regions of their dis-
tribution and on very different geographic
scales. Worldwide phylogeographies were
conducted on Lepidium (Mummenhoft et al.,
2001) and Arabidopsis (Ramos-Onsins et al.,
2004), and central European phylogeogra-
phies  were  focused on  Biscutella
(Tremetsberger et al., 2002), Arabidopsis
(Sharbel et al., 2000), Cochlearia (Koch, 2002;
Koch et al., 2003b), Microthlaspi (Koch et al.,
1998; Koch and Bernhardt, 2004),
Hornungia (as Pritzelago) (Kropf et al., 2003)
and alpine Draba (Widmer and Baltisberger,
1999). These studies elucidated colonization
routes from refugial areas into formerly
glaciated areas of north and central Europe,
and they also identified Pleistocene refugial
areas in the Iberian Peninsula, northern
Italy, or the Balkans (Comes and Kadereit,
1998).

A complex speciation and migration sce-
nario in Draba was elaborated for North,
Central, and South America (Koch and Al-
Shehbaz, 2002). This genus also shows strong
affinities to high alpine regions (e.g. in the
Alps, Scandinavia, the Himalayas, Rocky
Mountains and the Andes) and therefore its
evolution was influenced by glacial and inter-
glacial periods throughout the Pleistocene.
Phylogeographic disjunction between North
and South America was demonstrated in



126

T. Mitchell-Olds et al.

Noccaea (Koch and Al-Shehbaz, 2004) and
Halimolobus/Sphaerocardamon ~ (Bailey et al.,
2002). Studies on the Chinese Yinshania
(Koch and Al-Shehbaz, 2000) and several
Australian and New Zealand mustards
(Bleeker et al., 2002; Heenan and Mitchell,
2003) demonstrated rapid range expansion
and evolutionary radiation. Detailed molecu-
lar studies in Boechera demonstrated the
impact of glacial and interglacial cycles on
reticulate evolution and radiation, as well as
migration and extinction (Sharbel and
Mitchell-Olds, 2001; Koch et al., 2003a;
Dobes et al., 2004). This genus is greatly
affected by asexual reproduction (see below),
which has important impacts on patterns of
genetic and phenotypic diversity.

Differentiation and wild populations

Many studies have focused on speciation
processes and phylogenetic relationships at
or below the species level. Several phenotypic
traits and characters have been investigated,
either to learn more about their evolutionary
significance or to elucidate plasticity and eco-
logical relevance. These traits include local
adaptation across climatic gradients in Arabis
fecunda (McKay et al., 2001) and Capsella
(Neuffer and Hurka, 1999), survivorship in
Boechera (as Arabis) laevigata (Bloom et al.,
2001), glucosinolate accumulation during
plant/insect interaction in A. thaliana
(Kliebenstein et al., 2001), herbivore resis-
tance (Agrawal et al., 2002; Kroymann et al.,
2003; Weinig et al., 2003b), pollination
(Strauss et al., 1999), as well as leaf morphol-
ogy, flowering and maternal effects in Capsella
(Neuffer, 1989, 1990; Neuffer and Koch,
1996). Detailed analyses of host-pathogen
interaction have been presented in Boechera
(Arabis) (Roy, 2001) and A. thaliana (Stahl et
al., 1999; Tian et al., 2002, 2003). Several
studies have focused on the evolutionary sig-
nificance of phenotypic plasticity and reaction
norms in A. thaliana (Pigliucci and Byrd,
1998; Pigliucci et al., 1999; Pigliucci and
Marlow, 2001; Pollard et al., 2001; Weinig et
al., 2002, 2003a; Ungerer et al., 2003).

Most population studies neglected the
genetic diversity stored in the soil seed bank.

However, depending on the type of seed
bank and reproductive biology of the
species, the seed bank of a particular popu-
lation may be essential for recruitment and
establishment of new cohorts. Depending on
the spatial genetic structure of the subpopu-
lations (surface and aboveground popula-
tions stored as seeds or other diaspores),
major changes in the genetic constitution of
plant populations may occur during their
history (Levin, 1990). Of less than ten stud-
ies focusing on seed-bank genetics, two are
on members of the Brassicaceae (Cabin,
1996; Koch et al., 2003c¢).

Comparative physiology and development

Arabidopsis genomics has revolutionized our
understanding of plant biology and enabled
functional analyses of many scientifically and
economically important traits. Nevertheless,
some mechanistic and evolutionary hypothe-
ses are better addressed using wild relatives
of A. thaliana, which are not confined to
well-watered, temperate, ephemeral envi-
ronments that follow agricultural distur-
bance. In particular, understanding of
resistance to drought, heavy metals and a
broad range of microbial pathogens can
benefit from comparative genomics using
the wild relatives of A. thaliana.

Water availability is fundamental to
almost all aspects of plant physiology (Bray,
1997), and plant distribution and abun-
dance in agricultural and natural ecosystems
are largely determined by water availability.
Although Arabidopsis genomics has enabled
much progress in understanding responses
to drought (Abe et al., 2003; Boyce et al.,
2003; Cheong et al., 2003; McKay et al.,
2003; Oono et al., 2003), A. thaliana is con-
fined to mesic habitats, and therefore pro-
vides an incomplete view of adaptive
changes in water relations. In contrast, other
crucifers are adapted to desert, mesic and
aquatic habitats (Rollins, 1993; Bressan et al.,
2001; Mitchell-Olds, 2001; Xiong and Zhu,
2002) and display a broad range of adaptive
differences in water use efficiency (McKay et
al., 2001) and salt tolerance, which can be
elucidated by comparative genomics.
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Resistance to deleterious effects of heavy
metals occurs among several mustards,
including Thlaspi (Persans et al., 2001;
Lombi et al., 2002; Pineros and Kochian,
2003), A. halleri (Sarret et al., 2002; Bert et
al., 2003) and Alyssum (Kerkeb and Kramer,
2003). Both natural variation (Sarret et al.,
2002; Bert et al., 2003) and genomic meth-
ods (Persans et al., 2001; Sarret et al., 2002;
Pineros and Kochian, 2003) have been
employed to elucidate the physiological and
molecular basis of heavy metal tolerance.

Crucifers are attacked by a wide variety of
pests, offering potential for functional and
evolutionary genomic studies of biotic interac-
tions. In addition to the extensive literature
on microbial pathogens of A. thaliana (e.g.
Kunkel and Brooks, 2002; Nurnberger and
Brunner, 2002; Farmer et al., 2003; Shah,
2003), comparative genomics in the
Brassicaceae will allow studies of pathogens
whose host range does not include Arabidopsis,
including  Puccinia  (Basidiomycetes; Roy,
1993), Pyrenopeziza brassicae (Discomycetes;
Singh et al., 1999) and Leptosphaeria maculans
(Loculoascomycetes; ~ Mitchell-Olds et al.,
1995). Furthermore, although earlier studies
concluded that arbuscular mycorrhizal fungi
do not colonize Brassicaceae, recent research
has found intraradical hyphae, vesicles, coils
and arbuscules formed by mycorrhizal fungi
in the roots of several Thlaspi species (Regvar
et al., 2003).

Some crucifer species have patterns of
flower and inflorescence development that
differ substantially from A. thaliana. For
example, most species of Lepidium have
reduced petals and/or stamen number (Lee
et al., 2002). Hybridization and polyploidy
have played a major role in Lepidium floral
evolution, apparently because of dominant
mutations causing loss of lateral stamens. In
addition, Shu et al. (2000) compared the
elongated inflorescence of A. thaliana with
the rosette-flowering crucifer Ionopsidium
acaule, where flowers are borne singly in the
axils of rosette leaves. In situ hybridization
suggested that orthologues of LEAFY may
control evolutionary changes in inflores-
cence architecture.

Comparative genomics can identify con-
served regulatory elements by comparing

genomic sequences between related species
(Cooper and Sidow, 2003). Phylogenetic
footprinting considers a small number of
distant evolutionary comparisons, whereas
phylogenetic shadowing examines a set of
closely related species (Boffelli et al., 2003).
Koch et al. (2001b) applied this approach to
promoters of chalcone synthase (Chs) in 22
crucifer species at increasing evolutionary
distances from Arabidopsis. They identified
conserved regions of the Chs promoter and
verified their functional importance by
expressing promoter fragments from six
crucifer species in Arabidopsis protoplasts.
Hong et al. (2003) examined cis-regulatory
sequences of the Agamous locus in 29
Brassicaceae species. Although they identified
motifs conserved among taxa, some previ-
ously identified, functionally important LFY
and WUS binding sites were not highly con-
served. Functional significance of several
conserved motifs was verified by reporter
gene analyses. Phylogenetic footprinting can
identify important regulatory regions in
many species, and is now being applied to
large-scale analyses in grasses (Inada et al.,
2003) and many animals (Cooper and
Sidow, 2003).

Breeding systems

Self-incompatibility is ancestral in the
Brassicaceae (Bateman, 1955; Kachroo et al.,
2002). Multiple independent evolutionary
origins of self-compatibility have occurred in
diploid crucifers, including Leavenworthia
uniflora and Leavenworthia crassa (Liu et al.,
1998), Capsella rubella, A. thaliana, Arabidopsis
cebennensis, Arabidopsis croatica and Boechera
species (Mitchell-Olds, unpublished).
Inbreeding is especially common in weedy
crucifers (Appel and Al-Shehbaz, 2003).
Theory predicts that self-fertilization should
reduce genetic variation by 50% in compari-
son with complete outcrossing (Pollack, 1987;
Charlesworth, 2003). Further reductions of
genetic variability in inbreeding species may
also occur because of effects of background
selection and genetic hitchhiking (Maynard
Smith and Haigh, 1974; Charlesworth et al.,
1993; Nordborg et al., 1996). Comparisons
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of nucleotide polymorphism in inbreeding
and outbreeding species of Leavenworthia in
North America, as well as Arabidopsis native
to Europe (Clauss and Mitchell-Olds, 2003;
Wright et al., 2003; Ramos-Onsins el al.,
2004) support these predictions. Other
breeding systems, including wind pollina-
tion, monoecy, dioecy and gynodioecy are
occasionally found in the Brassicaceae
(Appel and Al-Shehbaz, 2003).

Asexual reproduction, or apomixis
(Koltunow and Grossniklaus, 2003;
Richards, 2003; Spielman et al., 2003),
occurs in Draba verna, Smelowskia calycina,
Draba oligosperma and several species of
Boechera (Bocher, 1951; Roy, 1995; Sharbel
and Mitchell-Olds, 2001; Appel and Al-
Shehbaz, 2003). The base chromosome
number in Boechera is n = 7, and its asexual
taxa also exhibit polyploidy (predominantly
3n) and aneuploidy (Bocher, 1951; Roy,
1995; Sharbel and Mitchell-Olds, 2001).
Studies of polyploidy and apomixis have
concentrated on the Boechera holboellii group,
a complex composed of B. holboellii, B. stricta
(syn. Arabis drummondi) and their hybrid
Boechera  divaricarpa (Dobes et al., 2003,
2004). Interestingly, both polyploidy and
aneuploidy have evolved repeatedly within
the B. holboellii complex (Sharbel and
Mitchell-Olds, 2001). In addition, Bocher
(1951) provided evidence for occasional
diploid apomicts, an extremely rare condi-
tion among asexual plants.

Species of  Boechera reproduce via
diplosporous apomixis (Bocher, 1951).
Bocher (1951) demonstrated that in B. hol-
boellii ~ originating from Greenland and
Alaska gametogenesis and embryo forma-
tion can be extremely variable. Normal
diploid meiosis, followed by typical dyad
and pollen formation, occurs in sexual B.
stricta (= Arabis drummondii), a predomi-
nantly selfing species that occasionally out-
crosses (Roy, 1995). Furthermore, synaptic,
partially synaptic and asynaptic microsporo-
genesis (pollen formation) in diploid and
triploid individuals are also possible
(Bocher, 1951). Variability in chromosome
structure and unequal sister chromatid
exchange are proposed as mechanisms lead-
ing to the lack of synapsis in some lineages.

Emasculation of apomictic plants results
in sterility, hence apomictic individuals are
also pseudogamous (i.e. fertilization is
required for embryo development, although
no genetic contribution is made by the
male). Bocher (1951) showed that apomictic
diploid and triploid individuals produced
tetraploid and hexaploid endosperms,
respectively, and thus pseudogamy can lead
to autonomous endosperm formation.
There is evidence that endosperm ploidy
can be variable (Matzk et al., 2000; Sharbel,
unpublished), and it is likely that
endosperm fertilization in some apomictic
lineages is also possible.

In addition to the chromosomal vari-
ability in apomicts, aneuploid chromosome
fragments in diploid and triploid individu-
als of Boechera were found (Bocher, 1951).
Subsequent work using flow cytometry and
chloroplast DNA sequencing has demon-
strated that the aneuploid chromosome is
widely distributed among different geo-
graphical locations and can be found in
diverse haplotype backgrounds (Sharbel
and Mitchell-Olds, 2001). Studies using
microsatellite markers have shown that a
similar chromosome fragment is involved
with aneuploidy in genetically diverse
apomictic lineages (Sharbel et al., unpub-
lished), and karyological and DNA
sequencing work have demonstrated that
the aneuploid chromosome is a non-
recombining B chromosome that may
undergo both structural and sequence
degeneration.

The potential development of apomixis
technology for crop plant research could
have substantial impacts on agriculture
(Hoisington et al., 1999; van Dijk and van
Damme, 2000), as it represents a method
through which genetic heterozygosity and
hybrid vigour could be fixed and faithfully
propagated. Consequently, there is consider-
able interest in deciphering the molecular
genetic and/or physiological mechanisms
behind apomixis expression in the B. holboel-
lii complex. The genetic diversity and geo-
graphic distribution of apomictic individuals
within the B. holboellii complex imply that
this group may have some predisposition to
expressing this form of reproduction, and
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that apomixis has been stable and successful repeated evolution of polyploidy within this
during the post-Pleistocene history of North  group may also be correlated with repeated
America. If apomixis expression is associ- expression of this reproductive mode from
ated with polyploid gene expression, then sexual ancestors.
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Introduction

The assessment of patterns of genetic varia-
tion in plant populations has made critical
contributions to many studies in evolution-
ary biology, conservation genetics, plant
breeding and ecological genetics. The value
in such assessments not only relates to
quantification of the amount and distribu-
tion of genetic variation in populations but
also to the investigation of those processes
that influence patterns of genetic variation.
Plants in particular, with their huge diver-
sity in breeding systems and contrasting
life-histories, provide a rich source of infor-
mation in relation to patterns and
processes that characterize genetic diver-
sity in populations. For example, the rela-
tively recent broad-based interest in
applying population genetic principles in
the conservation of small fragmented pop-
ulations and management of rare and geo-
graphically restricted species has resulted
in a plethora of new studies investigating
patterns of genetic variation in plant popu-
lations (see Young and Clarke, 2000). In
attempting to explain the observed pat-
terns, many of these studies have high-
lighted the complex interactions between
factors such as evolutionary history, breed-
ing system, mode of reproduction and

events associated with recent habitat frag-
mentation such as reduced population size
and increased isolation.

A major development in plant population
genetics has been the significant advance,
over the last three decades, in technologies
that allow the direct molecular characteriza-
tion of genes and gene products. In many
respects the development and use of various
molecular markers that track changes in
individual genes has revolutionized popula-
tion genetics and broadened its applicability
across many fields in biology. The effective
neutrality of molecular markers means they
are ideal for a broad range of plant popula-
tion genetic, conservation genetic and evolu-
tionary studies such as investigating patterns
of gene flow, mating systems, population
genetic structure, hybridization and effective
population size.

In conjunction with these advances there
has been a dramatic increase in studies of
intraspecific variation often combining pop-
ulation genetics, phylogenetics and biogeog-
raphy. Such integrated approaches have
seen the development of new fields of study
such as phylogeography (see Avise, 2000),
which have made significant contributions to
our understanding of evolutionary and eco-
logical processes in plant populations (see
Schaal and Olsen, 2000).
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Measuring Genetic Variation

Genetic variation in plant populations has
been measured using a broad range of
approaches. These include: (i) the assess-
ment of quantitative (continuous) characters
such as seed set, growth rate and time to
flowering; (ii) observable heritable polymor-
phisms such as flower colour and including
recessive lethal alleles; (iii) chromosome
rearrangements such as translocations and
inversions; (iv) protein variation, in particu-
lar isozyme electrophoresis; and (v) nuclear
and organelle DNA variation.

The application of molecular markers to
investigations of genetic variation in popula-
tions started with the development of pro-
tein electrophoresis and analysis of isozyme
variation, some three decades ago.
Subsequently a wide array of DNA-based
markers is now available that have allowed
an ongoing refinement of approaches to the
study of population-based variation and
micro-evolutionary change. Extensive data
sets are now available on population genetic
variation in numerous plant species, for
allozyme variation (see Hamrick and Godt,
1989) and more recently DNA-based mark-
ers such as RAPDs (see Nybom and Bartish,
2000). Not only has the development of
these molecular markers allowed the visual-
ization of locus-specific variation in popula-
tions, it has also been accompanied by the
development of methods that allow the
ready interpretation of this information in
the context of population genetic theory (see
Weir, 1996).

Quantitative and molecular marker variation

Before reviewing the range of molecular
markers now available for population
genetic and evolutionary studies in plants it
is important to consider whether single
locus variation based on these markers is
representative of the entire genome. Most
studies of genetic variation in populations
based on molecular genetic markers con-
sider those markers to be selectively neutral
or near neutral. This assumption, although

probably correct in most instances, may not
necessarily always be the case (see Merila
and Crnokrak, 2001). In addition, if they
are effectively neutral, measures of popula-
tion genetic variation based on these mark-
ers will not be expected to reflect the actions
of selection on other parts of the genome.

Instead of molecular markers, genetic
variation in populations can be investigated
by assessing quantitative variation that is
under polygenic control where many lodi,
and the environmental effects on those loci,
contribute to the quantitative variation in
the traits being investigated. Yet analysing
patterns of genetic variation from molecular
markers has become increasingly popular as
molecular techniques become more cost
effective and less invasive. Unfortunately
evidence for concordance in these two mea-
sures of genetic diversity is equivocal, with a
number of studies suggesting it is poor
(Reed and Frankham, 2001; MacKay and
Latta, 2002). Therefore a key question is
how well are molecular marker and quanti-
tative variation correlated?

It is often assumed that the various mea-
sures of genetic variation are positively cor-
related, yet there are a number of reasons
why there may be a lack of agreement
between measures of genetic diversity based
on molecular markers and quantitative
traits. Molecular markers may not necessar-
ily track quantitative genetic variation due to
non-additive effects, differential selection,
different mutation rates, environmental
effects on quantitative variation, and the
influence of genetic variation on gene regu-
lation (see Lynch et al., 1999; Reed and
Frankham, 2001). There is increasing evi-
dence that within populations there is little
association between levels of genetic varia-
tion estimated by molecular marker het-
erozygosity and life-history trait
heritabilities. This implies that neutral mole-
cular markers are unlikely to provide con-
servation  biologists and  evolutionary
biologists with any clear indication of a pop-
ulation’s evolutionary potential. For exam-
ple, in a meta-analysis Reed and Frankham
(2001) found no correlation between molec-
ular markers and quantitative trait variation
over 19 animal and plant studies.
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In comparison, the relationship between
genetic differentiation among populations
based on molecular markers and quantita-
tive traits is less clear. The critical question of
whether molecular marker differences
reflect adaptive divergence among popula-
tions has been raised in a number of studies
(Lynch et al., 1999; Merila and Crnokrak,
2001; Reed and Frankham, 2001; McKay
and Latta, 2002). As pointed out by Lynch
(1996) significant molecular divergence pro-
vides strong evidence that adaptive diver-
gence has the opportunity to occur but lack
of any molecular divergence is likely to be

uninformative.

Investigations of population differentia-
tion in plants that have compared estimates
from allozymes with quantitative traits have

provided contrasting results. In some
species there is a strong correlation between
the two estimates of differentiation, while in
others, such as some forest trees, variation in
quantitative traits associates closely with
environmental gradients but allozyme varia-
tion does not (see Hamrick, 1983). Despite
this, a trend does appear to be emerging
that supports observations by Hamrick
(1983) that quantitative traits show as much
or more differentiation among populations
than allozyme markers. This trend has been
confirmed in recent reviews by Merila and
Crnokrak (2001) and McKay and Latta
(2002) where population differentiation for
quantitative traits (Qg) is typically higher
than estimates of neutral molecular diver-
gence based on F¢ (Table 9.1).

Table 9.1. Comparisons of divergence in quantitative traits (Qqy) and divergence in marker genes (Fg7)
for plant species where Qg partitions quantitative genetic variation in an analogous fashion to Fg for
single gene markers. For neutral traits, F5; and Qg should be equal, while the level of difference
between them can be used to infer directional selection (Qg; > Fg;) or selection favouring the same
phenotype in different populations (Qg; < Fgy)- Note that in most cases Qg is larger than Fg; indicating
that natural selection is likely to be a significant force in determining patterns of quantitative trait

differentiation among plant populations.

Species Qqr Fsr Marker Reference @
Arabidopsis thaliana 0.830 0.890 Allozymes, microsatellites 1
Arabidopsis thaliana 0.885 1.000 Allozymes 2
Arabis fecunda 0.980 0.200 Allozymes 1
Brassica insularis 0.060 0.210 Allozymes 2
Centaurea corymbosa 0.220 0.364 Allozymes 2
Clarkia dudleyana 0.380 0.075 Allozymes 2
Clarkia dudleyana 0.353 0.068 Allozymes 1
Larix laricina 0.490 0.050 Allozymes 2
Larix occidentalis 0.490 0.086 Allozymes 2
Medicago truncatula 0.584 0.330 Allozymes 2
Phlox drummondii 0.250 0.038 Allozymes 2
Picea glauca 0.360 0.035 Allozymes 2
Picea sitchensis 0.290 0.079 Allozymes 2
Pinus brutia 0.250 0.140 Allozymes 2
Pinus contorta 0.120 0.019 Allozymes 1,2
Pinus sylvestris 0.364 0.018 Allozymes, microsatellites,

RFLPs 1
Pseudotsuga menziesii 0.420 0.022 Allozymes 2
Quercus petrea 0.310 0.025 Allozymes 2
Salix vimnalis 0.070 0.041 Allozymes 1,2
Scabiosa canescens 0.095 0.164 Allozymes 1,2
Scabiosa columbaria 0.452 0.123 Allozymes 1,2
Sequoiadendron giganteum 0.180 0.097 Allozymes 2
Silene diclinis 0.118 0.052 Allozymes 1,2

21 and 2 are reviews that contain references to the original studies: 1. McKay and Latta (2002); 2. Merila

and Crnokrak (2001).
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As emphasized by both Merila and
Crnokrak (2001) and McKay and Latta
(2002), key issues that can be addressed in
studies that compare molecular marker vari-
ation with quantitative trait variation are the
insights they provide into the relative
importance of genetic drift and natural
selection as causes of population divergence
in specific quantitative traits. Population
structure of quantitative traits is not
expected to differ from that of single molec-
ular marker loci if the traits determined by
both are selectively neutral. Consequently
any differences between Qg and Fg, esti-
mates can be attributed to natural selection
(see Table 9.1). That is, the extent of local
adaptation can be assessed for various traits
and the Qg for those traits experiencing the
strongest local selection will be expected to
show the largest difference from the molecu-
lar marker F,.

Despite these recent reviews, covering a
range of different plant species, there is still
no clear answer to the question of how well
divergence based on neutral markers pre-
dicts that based on quantitative traits. Merila
and Crnokrak (2001) found in their meta-
analysis based on 27 plant and animal
species that the level of differentiation in
neutral marker loci is closely predictive of
the level of differentiation in loci encoding
quantitative traits. In contrast, McKay and
Latta (2002) found that differentiation in
neutral marker loci and quantitative trait
loci was poorly correlated across their sam-
ple of 29 species. However, both emphasize
the need for further theoretical and empiri-
cal studies to address the relationship
between Q¢ and Fg.

Molecular markers in plant population
genetics

Over the last few decades, the use of neutral
molecular markers has dominated studies
on population genetic structure and geo-
graphic patterns of genetic variation in
plants. The range of markers now available
allows increased flexibility for investigators
to utilize more than one marker at varying
spatial and temporal scales. These may

range from broad historically based geo-
graphical variation (see Thompson, 1999;
Schaal and Olsen, 2000) to finer scale
metapopulation genetic structure (see Manel
et al., 2003). Popular molecular marker tech-
niques for population genetic studies
include isozymes and an array of DNA-
based techniques such as restriction frag-
ment length polymorphism (RFLP), random
amplified polymorphic DNA (RAPD), ampli-
fied fragment length polymorphism (AFLP)
and microsatellites or simple sequence
repeats (SSRs). Some of these markers, such
as isozymes, RFLPs and microsatellites, are
codominant and can be analysed as single
locus markers, while others, such as RAPDs
and AFLPs, are dominant multilocus mark-
ers (Table 9.2).

Isozymes (allozymes)

Isozyme electrophoresis has made an
immense contribution to research in plant
population genetics, systematics and evolu-
tion (see Soltis and Soltis, 1989), and plant
conservation  biology (see Falk and
Holsinger, 1991). Despite the development
of a range of DNA-based markers, allozymes
continue to be an important and reliable
tool for the study of genetic variation and
evolutionary processes in plant populations.
There seems little doubt that their wide-
spread and continued use stems from their
cost effectiveness, technical ease, number of
available loci and codominant inheritance
(Arnold and Imms, 1998).

Apart from advantages in terms of cost
and time, allozymes have a number of other
advantages that make them convenient and
reliable genetic markers. These include
Mendelian inheritance, codominant expres-
sion, and similarity of apparently homolo-
gous isozyme loci and their allozyme
patterns between different species. Other
advantages lie not so much in the technique,
analytical methods or properties of
isozymes, but rather in the large number of
studies that have been conducted on a wide
range of plant taxa. From this large database
of information it is now possible to make
quite useful generalizations on the relation-
ships between patterns of genetic variation
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Table 9.2. Common molecular techniques used in assessing patterns of genetic variation in plant

populations.
Technical Level of

Technique Methodology difficulty ~ polymorphism Resolution Reliability
Codominant, single-locus markers
Allozymes/isozymes Gel electrophoresis and Easy Low to Moderate  Very high

visualization of cellular moderate

enzymes and proteins
Restriction fragment Digestion of total Moderate Moderateto  High Very high
length polymorphism genomic DNA with to difficult  high
(RFLP) restriction endonucleases

followed by Southern

blotting and hybridization

with specific DNA fragments
Microsatellites or Specifically developed PCR Difficult Very high High High
simple sequence primers used to amplify
repeats (SSRs) hypervariable tandemly

repeated units. Variation at

these loci can be investigated

in both nuclear and

chloroplast genomes
Dominant multilocus markers
Random amplified ~ Amplification of random DNA  Easy Moderate Moderate  Medium
polymorphic DNA segments using arbitrary short to high
(RAPD) sequence primers

(= 10 nucleotides in length)
Amplified fragment  Amplification of total genomic Moderate High High Medium
length polymorphism DNA digested with restriction to high

(AFLP) endonucleases, where the
subsequent restriction site is
then used as a primer binding
site for selective amplification
using PCR primers that anneal

perfectly to target sequences

and factors such as life-history, breeding sys-
tem, geographic distribution and habitat
(see Hamrick and Godt, 1989).

Although isozyme analysis has a number
of features that make it an attractive tech-
nique, it also has a number of well-known
limitations. There is the potential for signifi-
cant undetected variation given that only
about 20-30% of base substitutions in the
gene will result in detectable change using
standard electrophoresis conditions.
Probably the greatest restriction of isozyme
markers is the relatively low level of varia-
tion. Compared with markers such as
microsatellites, allozymes clearly have much
less resolving power in, for example, pater-
nity analysis and gene flow studies. The

greatest value that isozyme analysis will have
in the future is not necessarily as an alterna-
tive to more recent DNA-based techniques
but as a source of supporting data that may
indicate directions for further detailed mole-
cular studies.

Nuclear DNA markers

RESTRICTION  FRAGMENT = LENGTH POLYMORPHISMS
The major use of DNA-based markers in
plant population studies commenced with
the application of endonuclease methodolo-
gies and the development of DNA restric-
tion fragment length polymorphisms.
Single-copy nuclear RFLPs provide a large
number of highly variable codominant
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markers. The demonstration that they could
be readily used in plant breeding studies
and for analysing population genetic varia-
tion in plants led to their rapid utilization,
particularly in crop species and wild rela-
tives (Clegg, 1989).

Some of the first applications of RFLPs in
plant population studies involved investiga-
tions of genetic variation at the high-copy
ribosomal loci (see Schaal et al., 1991). These
investigations were based on rDNA inter-
genic spacer length and restriction site vari-
ation. While some species, such as Clematis
fremontii, can show significant TDNA varia-
tion at the population level, others show lit-
tle or no length variation or restriction site
variation (Schaal et al., 1991). Thus rDNA
RFLP data was found to be relatively limited
in its application to population studies.

In contrast, single-copy nuclear RFLP
markers have proved to be particularly
informative in the analysis of patterns of
genetic variation within and among plant
populations. Comparisons of genetic varia-
tion using RFLPs with that of allozymes
indicate that the level of polymorphism
detected with RFLP loci is generally three
to four times higher than the level detected
with isozymes (see Byrne et al., 1998). As
with other DNA markers, this higher level
of variation can be readily attributed, at
least theoretically, to the assaying of all
mutational variation compared with only a
subset of total variation detectable with
isozymes. Although most comparisons of
RFLPs versus isozymes show similar levels
and patterns of divergence among popula-
tions, there are notable exceptions such as
in Beta vulgaris subsp. maritima (sea beet)
(Raybould et al., 1996). These findings have
been generally attributed to selection oper-
ating on some isozyme loci, although, as
Raybould et al. (1996) point out, an alterna-
tive scenario is that RFLPs could be under
disruptive selection.

Despite their significant resolving power
in population genetics, single-copy nuclear
RFLPs have become less popular in recent
times. Reasons given are that they are time
consuming and expensive, they require the
use of radiolabelled probes, and relatively
large amounts of DNA are needed. Yet,

where they have been used, they have
proved to be extremely robust and infor-
mative in assessing patterns of population
genetic variation in a range of species cov-
ering a broad range of plant genera and
families (see Byrne et al., 1998). In addi-
tion, in contrast to microsatellites (see
below) they can be readily used across
species and genera.

MICROSATELLITES Microsatellites or SSRs
are now recognized as potentially one of the
most useful genetic markers in plant popula-
tion studies. Microsatellites consist of tan-
dem repeats of a short ‘motif’ sequence,
usually of one to six bases. These regions
occur frequently and randomly in plant and
animal genomes and often have large num-
bers of moderately frequent alleles. Thus
they show extensive variation between indi-
viduals within populations and have been
developed for a wide range of purposes in
plant breeding, conservation biology and
population genetics including forensics,
paternity analysis and gene mapping (Jarne
and Lagoda, 1996). In particular, in plant
population genetic studies they have proved
to be ideal for assessing gene flow among
populations (see Chase et al., 1996), and are
ideally suited to fine-scale analysis of mating
within populations.

Unfortunately the significant benefits of
such hypervariable codominant markers are
offset by the time and effort involved in
their development (see Squirrell et al.,
2003). Sequence information is required to
design appropriate primers and such infor-
mation is generally only available for a lim-
ited number of commercially important
species. For most plant species, microsatel-
lites can only be developed from clones iso-
lated through construction and screening of
a genomic library. As pointed out by
Squirrell et al. (2003), the development of a
working primer set is subject to a consider-
able attrition rate compared with the origi-
nal number of clones sequenced. This
contrasts with, and increases the appeal of,
other highly polymorphic markers such as
AFLPs and RAPDs (see below) where
generic primers are readily available.

One approach that has been successfully
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used in some animal groups involves cross-
species amplification of microsatellite loci.
However, this approach is much less success-
ful in plants where the general patterns indi-
cate that cross-species amplification of plant
microsatellites will be restricted to closely
related species or at least congeners (Peakall
et al., 1998; Butcher et al., 2000), although
broader  cross-transferability —has  been
demonstrated in Vitaceae (Arnold et al.,
2002).

RANDOM AMPLIFIED POLYMORPHIC DNA RAPDs are
probably the next most common DNA
markers that have been used in plant popu-
lation genetic studies. These markers were
the first of a number of multilocus PCR-
based markers that have been widely
applied across plant species. The technique
uses single arbitrary primer sequences to
amplify anonymous regions of the genome
and can be used to identify and screen
numerous polymorphic loci. Since no
sequence information is needed, this tech-
nique is particularly applicable in cases
where little molecular genetic information is
available on the target species. Furthermore,
the assay is very simple and fast, and many
loci can be identified, often with a single
reaction.

Initially RAPDs were extensively used in
plant breeding studies and particularly in
genome mapping to identify quantitative
trait loci. Subsequently they became increas-
ingly popular in studies of genetic variation
in natural populations, often in conjunction
with, or as an adjunct to, isozyme studies
(see Peakall et al., 1995). Patterns of genetic
diversity and population genetic structure
using RAPDs have now been investigated in
a broad range of plant species (Harris, 1999;
Nybom and Bartish, 2000). They have
proved to be of particular value where they
have revealed useful levels of genetic varia-
tion within and/or between populations
despite the detection of only minimal
allozyme variation.

Although RAPDs provide a fast and cost-
effective means of investigating genetic varia-
tion, they have a number of limitations (see
Arnold and Imms, 1998; Harris, 1999).
Reproducibility has often been cited as a sig-

nificant problem since the lack of specificity
associated with the use of short arbitrary
primers can lead to increased sensitivity to
PCR conditions resulting in erratic amplifica-
tion. However, this problem can be mini-
mized  with  strictly  controlled and
standardized reaction conditions. Homology
is also an important issue, given that comigra-
tion of products assumes homology, which
may not necessarily be correct (see Rieseberg,
1996). This is more likely to be a problem in
comparisons where higher levels of genetic
divergence are involved, such as between
taxa, and is less likely to be an issue in popu-
lation genetic studies. Another limitation is
that the majority of RAPD markers are domi-
nant and there is therefore a significant loss
of information content compared with
codominant markers such as isozymes, RFLPs
and microsatellites. In this regard, compar-
isons between RAPDs and allozymes need to
be treated with caution, given the different
approaches used for dealing with monomor-
phic loci and that dominant RAPD loci are
unsuited to estimation of population genetic
parameters such as F statistics and Gg,. unless
assumptions are made regarding the breed-
ing system and Hardy-Weinberg equilibrium
(Lynch and Milligan, 1994; Bussell, 1999).

AMPLIFIED ~ FRAGMENT  LENGTH ~ POLYMORPHISMS
AFLPs are a more recently developed mole-
cular marker for plant population genetic
studies. Like RAPDs, AFLPs have an advan-
tage over RFLPs because they are applicable
to DNA of any origin without prior
sequence information, primer synthesis or
library construction. Also, like RAPDs, most
AFLPs are dominant markers, but unlike
RAPD protocols a single AFLP reaction can
survey as many as 100-200 loci (see Mueller
and Wolfenbarger, 1999). The polymor-
phisms typically exhibit Mendelian inheri-
tance, enabling their use for typing,
identification and mapping of genetic char-
acteristics. The potential to produce hun-
dreds of polymorphic loci per individual
and the relative ease of applicability to most
organisms makes AFLPs one of the most effi-
cient molecular markers for generating
polymorphic loci in plant population genetic
studies (Mueller and Wolfenbarger, 1999).
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Although AFLP analyses do not suffer
from the reproducibility problems that
potentially exist in the use of RAPDs, they
are still largely dominant markers and
therefore pose the same difficulties in
reliance on the assumptions of equilibrium
for estimations of population genetic para-
meters. However, their high resolution and
the ease with which one can generate large
numbers of genetic markers has seen a
steady increase in their application in the
analysis of population level variation in
plant species.

AFLPs and microsatellites are rapidly
becoming the DNA-based markers of choice
for plant population genetic structure, mat-
ing system and gene flow studies. A number
of recent investigations have compared the
potential level of resolution and efficiency of
these markers in plant population studies.
As expected, microsatellites are considerably
more polymorphic than AFLPs at the locus
level, but AFLPs are much more efficient at
revealing polymorphic loci. For example, in
Avicennia marina average expected heterozy-
gosity for AFLPs was only 0.193 compared
with 0.780 for microsatellites, but all of the
918 AFLP bands scored were polymorphic
(Maguire et al., 2002).

Chloroplast DNA (cpDNA) variation

Whereas the molecular markers discussed
previously are based on various portions of
the nuclear genome, another marker that
has considerable potential in plant popula-
tion studies is cpDNA. Compared with the
nuclear genome of higher plants, which con-
sist of a diploid complement of randomly
segregating biparentally inherited chromo-
somes, the chloroplast genome is predomi-
nantly uniparentally inherited and consists of
a single circular molecule. In angiosperms
the chloroplast genome is generally mater-
nally inherited, while in most gymnosperms
it is paternally inherited. A number of differ-
ent approaches have been utilized to charac-
terize variation in cpDNA. The first and
probably most widely used involves RFLP
analysis of the entire chloroplast genome. An
important factor assisting this approach
resides in the relatively high degree of

sequence conservation in the chloroplast
genome that allows heterologous probes to
be utilized across most plant families. With
the development of PCR, a number of RFLP
studies have now been carried out based on
PCR-amplified products, thus avoiding the
time required for Southern hybridization.

A limitation of cpDNA analysis in many
species is the relatively low sequence diver-
sity, which can be attributed to the haploid
status of the genome, reduced rate of muta-
tion and lack of recombination (see Schaal et
al., 1998; Ennos et al., 1999). To address this
issue there have been attempts to target sec-
tions of the chloroplast genome that have
relatively high mutation rates. Useful levels
of intraspecific variation have been detected
in non-coding regions of the cpDNA
genome. For example, Vaillancourt and
Jackson (2000) detected significant levels of
polymorphism for eucalypts in sequence
studies of the ], junction between the
inverted repeats and the large single-copy
region, with much of the variation due to
complex insertion/deletions. Another useful
approach  with  considerable potential
involves the analysis of variation using
chloroplast microsatellites (Powell et al.,
1995). A recent assessment of the occur-
rence of microsatellites in six species where
the cpDNA genome has been completely
sequenced detected a total of 505 cpDNA
microsatellites  (Provan et al., 1999).
Although high levels of polymorphism make
cpDNA  microsatellites extremely useful
markers in plants for gene flow, their high
mutation rate, similar to nuclear microsatel-
lites, makes them unlikely to be useful mark-
ers in phylogenetic analysis, primarily
because of the problems of homoplasy
where the same mutation can arise from
independent events.

Despite occasional difficulties in accessing
appropriate levels of variation in plant pop-
ulation studies, cpDNA has proved to be
extremely useful in providing insights into
population and evolutionary processes that
could not be delivered by nuclear markers.

One of the most fundamental applica-
tions of patterns of cpDNA variation has
been in the analysis of phylogeographic pat-
terns of population variation (see section on
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‘Historical associations and phylogeographic
patterns’, below). In addition to uniparental
inheritance and lack of recombination, there
are a number reasons why cpDNA may be
far more suitable for such studies than
nuclear markers. The effective population
size of an organelle gene is theoretically half
that of a nuclear gene, so cpDNA variation is
likely to be more sensitive to population dif-
ferentiation by genetic drift. Also, because
the maternally inherited cpDNA will only be
dispersed by seed, the genetic differences
existing when populations come into contact
will probably break down much more slowly
than for nuclear markers, leaving a signa-
ture of historical relationships for much
longer (see Ennos et al., 1999).

Significant Determinants of Genetic
Variation in Plant Populations

Determinants of patterns of genetic variation
in plant populations are extremely varied and
often involve complex interactions between
plant attributes such as life-form, floral archi-
tecture, mode of reproduction, incompatibil-
ity system, pollination system, and ecological
and environmental parameters that may
influence pollination events, population size
and isolation (see Table 9.3). A further level of
complexity can be added when one considers
the evolutionary history of the species where
events such as climate change and localized
extinction, contraction to refugia, range
expansion and fluctuations in population size
over time can also have substantial influence
on the current patterns of genetic variation in
a plant population (Schaal et al., 1998). Table
9.3 provides a summary of attributes and an
indication of their level of influence on pat-
terns of genetic variation within and between
plant populations. Four key themes are
explored in the following sections that
broadly address those attributes.

Geographical distribution and rarity
Predictions regarding the genetic conse-

quences of restricted geographic range and
rarity in plants generally follow genetic the-

ory for small populations occupying a nar-
row range of environments and have
received significant attention over the last
decade (see Karron, 1987, Hamrick and
Godt, 1989; Barrett and Kohn, 1991;
Ellstrand and Elam, 1993; Gitzendanner
and Soltis, 2000). Theoretically, geographi-
cally restricted and rare plants might be
expected to show low levels of genetic varia-
tion within both species and populations
because of selection under a narrow range
of environmental conditions and genetic
drift and inbreeding in small, isolated pop-
ulations (Barrett and Kohn, 1991; Ellstrand
and Elam, 1993). Low genetic variation
within geographically restricted species may
also be due to founder events associated
with recent speciation (Gottlieb, 1981;
Loveless and Hamrick, 1988). Broad com-
parisons between geographically restricted
and widespread species generally follow
predicted trends, with allozyme studies
showing that geographically restricted
species have less genetic variability than
widespread species (Hamrick and Godyt,
1989; Table 9.3). However, this association
was not evident in a review of plant popula-
tion-based studies using RAPDs (Nybom
and Bartish, 2000).

A useful demonstration of the relation-
ship between geographic range and patterns
of genetic variation can be found in compar-
isons between closely related taxa of a trig-
gerplant  (Stylidium) species complex in
south-west Australia (Coates et al., 2003).
The Stylidium caricifolium complex taxa show
a range of geographic distributions but are
phylogenetically closely related and are
characterized by the same pollination sys-
tem, similar seed dispersal mechanisms, self-
compatibility and frequent geitonogamous
self-pollination. These characteristics make it
possible to readily investigate theoretical
predictions of lower genetic diversity and
reduced genetic structure for rare and geo-
graphically restricted taxa in this complex,
while at the same time minimizing any con-
founding effects that may be associated with
phylogenetic differences and differences in
life-history attributes and breeding system
(see Karron, 1987; Karron et al., 1988;
Gitzendanner and Soltis, 2000).



148

D.J. Coates and M. Byrne

Table 9.3. Levels of genetic variation at the population level and differentiation among populations

based on allozymes (Hamrick and Godt, 1989) and RAPDs (Nybom and Bartish, 2000) for species with

different attributes.

Allozymes RAPDs
Attributes N Hep N Ggr N Hpop N Gqr
Taxonomic status bl bl el NS
Gymnosperms 56 0.160 80 0.068 5 0.386 6 0.180
Monocotyledons 80 0.144 81 0.231 9 0.190 6 0.310
Dicotyledons 338 0.096 246 0.273 27 0.191 19 0.320
Life form bl bl NS NS
Annual 187 0.105 146 0.357 4 0.125 2 0.470
Short-lived perennial 13 0.207 13 0.300
Short-lived perennial
(herbaceous) 159 0.096 119 0.233
Short-lived perennial
(woody) 11 0.094 8 0.088
Long-lived perennial 23 0.242 14 0.230
Long-lived perennial
(herbaceous) 4 0.084 2 0.213
Long-lived perennial
(woody) 115 0.149 131 0.076
Geographic range bl NS NS NS
Endemic 100 0.063 52 0.248 5 0.191 5 0.190
Narrow 115 0.105 82 0.242 4 0.233 7 0.220
Regional 180 0.118 186 0.216 16 0.222 9 0.350
Widespread 85 0.159 87 0.210 15 0.208 9 0.330
Breeding system b bl bl bl
Selfing 113 0.074 78 0.510 8 0.091 5 0.590
Mixed 6 0.219 5 0.190
Mixed—animal 85 0.090 60 0.216
Mixed-wind 10 0.198 11 0.100
Outcrossing 24 0.260 18 0.230
Qutcrossing—animal 164 0.124 124 0.197
Outcrossing—wind 102 0.148 134 0.099
Seed dispersal ** rrx NS NS
Gravity 199 0.101 161 0.277 16 0.212 16 0.300
Gravity—attached 12 0.127 11 0.124
Attached 68 0.137 52 0.257 3 0.165 2 0.470
Explosive 34 0.062 23 0.243
Ingested 54 0.129 39 0.223 17 0.228 9 0.170
Wind 105 0.123 121 0.143 3 0.261 2 0.230
Mode of reproduction NS NS
Sexual 413 0.114 352 0.225
Sexual and asexual 56 0.103 54 0.213
Successional status NS ol ** **
Early 198 0.107 165 0.289 10 0.166 8 0.500
Mid 182 0.106 121 0.259 19 0.195 13 0.230
Late 103 0.133 121 0.101 12 0.287 9 0.200

N, number of taxa; H,

ep’

genetic diversity (allozymes); Hpop, genetic diversity (RAPDs); Gy, proportion of

total genetic diversity among populations. Significance levels: * P < 0.05; ** P< 0.01; *** P< 0.001; NS,

not significant.
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Population-based estimates of genetic
diversity are relatively high for all taxa in
the S. caricifolium complex when compared
with other outcrossing animal-pollinated
and short-lived herbaceous perennials, but
indicate significant differences in genetic
variability between geographically restricted
taxa and more widespread taxa. The three
most widespread and common species
showed consistently, and in a number of
cases significantly, higher levels of genetic
diversity than four of the six geographically
restricted species. Lower levels of genetic
diversity in the geographically restricted
taxa are likely to be due to a number of fac-
tors. Fluctuations in population size and
repeated  bottlenecks  associated  with
extended Pleistocene climatic instability may
be primary determinants. Habitat specificity
is also a likely factor, with three taxa con-
fined to breakaways and rocky slopes associ-
ated with granite outcrops, banded
ironstone and laterites, while the fourth is
restricted to coastal dune systems. In addi-
tion, the close phylogenetic relationship
between three taxa suggests that lower levels
of genetic diversity in the two rare and geo-
graphically restricted taxa may be due to
founder events associated with relatively
recent divergence and isolation.

Despite reduced levels of genetic diver-
sity in geographically restricted taxa this
trend is not consistent across all such taxa in
the complex. Two other rare and geographi-
cally restricted taxa show comparable or
higher levels of genetic diversity than the
three widespread species. A number of
explanations have been given for unexpect-
edly high levels of genetic variation in rare
and geographically restricted species. These
include recent origin and retention of high
levels of variation from a widespread prog-
enitor (Gottlieb et al., 1985), hybridization
(see below), maintenance of relatively large
populations (Young and Brown, 1996),
long-term stability of populations occupying
refugia (Lewis and Crawford, 1995), and
relatively recent fragmentation of previously
widespread species (Karron, 1991). The
likely causes of the unexpectedly high levels
of genetic variation in these two taxa are
large population size prior to recent frag-

mentation and hybridization, respectively.
This example reinforces issues raised by var-
ious authors in relation to rarity. They stress
that rarity has multiple origins and that
genetic and ecological consequences of rar-
ity cannot necessarily be generalized in any
simplistic fashion (Fiedler and Ahouse,
1992; Gaston, 1997).

Another generalized assumption is that
geographically restricted species might also
show less genetic structure across their
range than widespread species. The S. carici-
folium complex study appears to confirm this
prediction with a significant trend from
higher Fg. values for the more widespread
taxa to lower values for the more geographi-
cally restricted taxa. However, this trend has
not been observed generally in comparisons
between rare and widespread congeners
(Gitzendanner and Soltis, 2000), or in
broader comparisons between species with
contrasting geographic ranges (Table 9.3).
Explanations for this include confounding
effects due to differences in life-history, taxo-
nomic biases, different evolutionary histories
and sampling strategies (see Hamrick and
Godt, 1989; Godt and Hamrick, 1999).

Mode of reproduction and clonality

A feature of flowering plants is the vast array
of different modes of reproduction both
within and across plant families (Richards,
1997). In particular, both asexual and sexual
reproduction may vary among species,
among populations within species and within
populations (Ellstrand and Roose, 1987;
Coates, 1988; Kennington and James, 1998;
Sydes and Peakall, 1998). In some cases the
reproductive systems may change within
populations or species in response to envi-
ronmental factors (Eckert and Barrett, 1993;
Richards, 1997) or with time (Stocklin,
1999). Although sexual reproduction is gen-
erally prevalent, the ability to asexually
reproduce is common in plants resulting in
clonal or partially clonal populations.
Mechanisms of asexual reproduction can be
divided into vegetative reproduction and
apomixis (Richards, 1997). In the latter, a
variety of mechanisms can result in the pro-
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duction of seeds with the same diploid geno-
type as the maternal genotype. In many
cases, fertilization of the endosperm is
required (pseudogamy), indicating that polli-
nation is just as essential for these species as
sexual species. In contrast, vegetative repro-
duction is achieved by a propagule other
than seed and is often associated with exten-
sive clonality in populations of some species.

Assumptions regarding the population
genetic consequences of lack of sexual repro-
duction are varied; some suggest that asexual
populations will be genotypically depauper-
ate, while others indicate that asexual popula-
tions may be as genetically variable as sexual
ones (see Ellstrand and Roose, 1987). In their
review, Ellstrand and Roose (1987) found
that the vast majority of clonal plants investi-
gated were multiclonal both within and
between populations, and that they often pos-
sess considerable genetic variability. Similarly,
Hamrick and Godt (1989) found no differ-
ences at the population level between sexual
species and species that reproduce by both
sexual and asexual means (Table 9.3).
Interestingly Hamrick et al. (1992) showed
that in long-lived woody shrubs genetic diver-
sity was significantly higher in populations of
species with combined sexual and asexual
reproduction compared with entirely sexual
species. These findings indicate that clonal
species may maintain comparable or some-
times higher levels of genetic diversity than
sexually producing species.

Geographical patterns of clonal variation
within species will be expected to have a sig-
nificant influence on the partitioning of
genetic  variation among populations.
Higher levels of differentiation and lower
levels of genetic variation would be pre-
dicted for clonal populations where rela-
tively few clones characterize the
populations. This pattern was clearly
observed in Acacia anomala, a small herba-
ceous shrub known from only ten popula-
tions occurring in two disjunct areas some
30 km apart (Fig. 9.1). Each population
group covers only a few kilometres, with
allozymes indicating high genetic divergence
between the two groups. Significantly, this
level of divergence is associated with a
change from sexual reproduction to vegeta-

tive reproduction and clonality. The north-
ern populations reproduce primarily by
seed, and individuals within populations
generally show different multilocus geno-
types and high levels of genetic diversity. In
contrast, southern populations are charac-
terized by a few multilocus genotypes, often
with fixed heterozygosity at multiple loci
and consequently low levels of genetic diver-
sity (Coates, 1988).

Mating system

The mating system is expected to be a key
factor influencing levels of genetic variation
within populations and the population
genetic structure of a species. Plant mating
systems are influenced by a number of
attributes such as flowering phenology, pre-
and post-zygotic incompatibility and flower
structure, as well as a range of ecological fac-
tors. These may include mode of pollina-
tion, population size and density, and
population position in the landscape. Plant
species, therefore, exhibit a wide array of
mating systems and this diversity is better
thought of as a continuum rather than as
specific categories (Schemske and Lande,
1985; Brown, 1989; Barrett and Eckert,
1990). Although this is generally acknowl-
edged, it is important to be able to recognize
the major mating system types, given the
contrasting effects they may have on pat-
terns of genetic variation within plant
species. A useful summary of mating system
modes is given by Brown (1989). These are:
predominant self-fertilization, predominant
outcrossing, mixed selfing and outcrossing,
apomixis and intragametophytic selfing or
haploid selfing as may occur in homo-
sporous ferns and allied lower plants. Some
20% of higher plant species are predomi-
nantly selfing and, as emphasized by Brown
(1989), critical factors that will influence the
outcomes of mating in such species will be
the occurrence and pattern of variation in
occasional outcrossing events. Conversely, in
predominantly outcrossing species the pres-
ence of selfing and biparental inbreeding
will have a major influence on genetic struc-
ture both within and between populations.
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Fig. 9.1. Geographical distribution and unweighted pair-group method using an arithmetic average
(UPGMA) of largely sexual and clonal populations of the rare and endangered grass wattle, Acacia
anomala. The northern populations (Chittering) are sexual while the southern populations (Kalamunda) are
clonal. Structuring of genetic diversity among populations, based on allozymes, is shown in the UPGMA.
The estimated number of plants in each population (N) and gene diversity (He) are shown for each
population (UPGMA branch). For clonal populations the estimate of He is based on the number of ramets

(Coates, 1988).

The significance of mating systems as a
primary determinant of genetic structure
and levels of genetic variation within plant
populations has been emphasized in a num-
ber of studies. Selfing species are expected
to have less genetic variation within popula-
tions and greater genetic differentiation
between populations than outcrossing
species. Reviews comparing allozyme, RAPD
and quantitative genetic variation across a
wide range of species generally support
these expectations (see Table 9.3), with pre-
dominantly outcrossed species having signif-
icantly higher levels of genetic diversity than
selfing species or species with a mixed mat-
ing system (Hamrick and Godt, 1989;
Schoen and Brown, 1991; Charlesworth and
Charlesworth, 1995; Nybom and Bartish,
2000).

It has also been shown in broad compar-
isons between plant species that the parti-
tioning of genetic variation among
populations is generally influenced more by

breeding system than by any other factor
(Hamrick and Godt, 1989; Nybom and
Bartish, 2000). Allozyme data indicate that
selfing species have 51% of their genetic
variation partitioned among populations,
while in outcrossed and mixed mating sys-
tem species this is reduced to 10-22% (Table
9.3). For example, in a study on two sym-
patric Delphinium species, Williams et al.
(2001) found that the many-flowered
Delphinium barbeyi had a lower outcrossing
rate through increased geitonogamous self-
pollination and a tenfold increase in popula-
tion subdivision, compared with the
few-flowered and more highly outcrossing
Delphinium nuttallianum. In contrast, Hamrick
et al. (1992) found that breeding system
played a relatively minor role in predicting
levels of genetic diversity among popula-
tions of woody plants, although they point
out that this may be because of the limited
range of breeding systems in their sample of
woody plants.
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Interspecific comparisons of mating sys-
tems by various authors have resulted in the
recognition of a number of key issues associ-
ated with mating system change. For exam-
ple, plant species investigated by Schemske
and Lande (1985) show a strongly bimodal
distribution of outcrossing rates with a signif-
icant deficit of species with intermediate out-
crossing rates. They argue that predominant
selfing and predominant outcrossing are the
stable endpoints in mating system evolution,
suggesting that selection on outcrossing rates
is strongly directional. Investigations by
Barrett and Eckert (1990) indicate a signifi-
cant association between outcrossing rate
and longevity, suggesting that increased out-
crossing in long-lived woody species may be
because of an increased genetic load in such
species (see also Ledig, 1986). Pollination
mode has also been found to influence
patterns of outcrossing rates among species;
wind-pollinated species show a clear bimodal
distribution while animal-pollinated species
do not (Aide, 1986; Barrett and Eckert,
1990). Although such comparative studies
provide valuable insight into factors that may
have significant influences on mating system
patterns in different species, it is important
to recognize the limitations in these
approaches. Comparisons between many
unrelated species may be strongly con-
founded by their different evolutionary
histories (Barrett and Eckert, 1990).

Intraspecific variation in outcrossing rates
has the potential to be much more valuable
in assessing the causes of mating system
change and subsequent changes in patterns
of genetic variation. Levels of outcrossing
within populations are the outcome of a
complex interaction of the environmental,
demographic, life-history and genetic charac-
teristics of the populations (Barrett and
Eckert, 1990). Good examples of this com-
plexity are provided in a number of recent
studies that have focused on the patterns and
causes of mating system variation in rare and
endangered plant populations. A range of
threatening processes such as habitat loss,
degradation and fragmentation are likely to
cause significant changes in population size,
density, isolation and pollination biology.
Understanding how these changes will influ-

ence the mating system and thus patterns of
genetic variation remains a key issue in the
conservation of such populations. In addi-
tion, populations of such species can provide
valuable experimental systems for investigat-
ing forces that affect mating systems. For
example, in a review of mating system varia-
tion in animal-pollinated rare and endan-
gered populations in Western Australia,
Sampson et al. (1996) found that outcrossing
rates from disturbed populations of mixed
mating species often differed substantially
from those of wundisturbed populations
(Table 9.4). Disturbance, associated with loss
of understorey species and weed invasion,
may influence pollinator type, abundance
and activity, and population density and
structure. Clearly, as expected, habitat dis-
turbance has a significant effect on the mat-
ing system and levels of inbreeding in
populations of these species.

In addition to outcrossing rates, another
mating system parameter that has proved to
be informative in comparative studies
among populations is the correlation of out-
crossed paternity, that is, the probability that
sibs share the same father. For example,
studies on bird-pollinated, long-lived woody
shrubs in the family Proteaceae have shown
that average paternal diversity in open-polli-
nated sib arrays can be low. In two rare
woody shrubs, Lambertia orbifolia (Coates and
Hamley, 1999) and Grevillea iaspicula
(Hoebee and Young, 2001), the high levels
of correlated paternity and low estimates of
neighbourhood size were attributed to mat-
ing between small groups of plants. This
interpretation was generally consistent with
pollinator observations, which indicated that
bird movements are frequently restricted to
only a few mature plants.

Gene flow

Gene flow is a key factor in shaping gene
pools and the population genetic structure
of a species, both as a force in maintaining
genetic continuity between populations and
as a means by which genetic diversity can be
enhanced. Thus the gene flow potential of a
species will be expected to have a major
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Table 9.4. Estimates of outcrossing rate in natural and disturbed plant
populations of animal-pollinated, mixed mating, rare and endangered
Western Australian flora. ¢ is the multilocus outcrossing rate.
Outcrossing rates for disturbed populations often differ substantially
from those of undisturbed populations. In some species there appears
to be a trend to reduced outcrossing in disturbed populations (Banksia
cuneata, Eucalyptus rhodantha, Lambertia orbifolia) while in another
there is no clear trend (Verticordia fimbrilepis).

Population/size Population status t

Banksia cuneata?®

1. 56 High disturbance 0.67 (0.04)
2.40 Undisturbed 0.95 (0.05)
3. 86 Low disturbance 0.76 (0.05)
4.120 Low disturbance 0.88 (0.07)
Banksia triscuspis®

1.1 Remnant 0.77 (0.01)
2.3 Undisturbed 0.74 (0.01)
3.5 Undisturbed 0.92 (0.01)
4. 350 Undisturbed 0.84 (0.05)
5.108 Undisturbed 0.79 (0.04)
6.24 Remnant 1.02 (0.04)
7.4,140 Burnt 0.69 (0.04)
8. 89 Undisturbed 0.71 (0.02)
Eucalyptus rameliana®

1.83 Undisturbed 0.84 (0.03)
2.57 Undisturbed 0.48 (0.05)
3. 200 Undisturbed 0.97 (0.03)

0.96 (0.02)4

Eucalyptus rhodantha?®

1.180 Undisturbed remnant 0.59 (0.04)

0.67 (0.05)4

2.14 High disturbance 0.26 (0.05)
Lambertia orbifolia®

1. 483 Undisturbed 0.53 (0.08)
2.250 Undisturbed 0.72 (0.10)
3.100 Low disturbance 0.57 (0.11)
4.56 High disturbance 0.41 (0.08)
Verticordia fimbrilepis®

1.90 High disturbance 0.62 (0.07)
2. 305 Undisturbed 0.52 (0.13)
3.796 High disturbance 0.70 (0.13)
4. 59,270 Undisturbed 0.73 (0.10)

aData for these species are from Sampson et al. (1996).
bData from Coates and Hamley (1999).

°Data from Sampson (personal communication).
dWithin population studies.

Standard errors in parentheses.

influence on the partitioning of genetic vari- Hamrick and Godt (1989) clearly supports
ation among plant populations and levels of  this expectation based on their analysis of
genetic variation within populations. The  the relationship between Gg; and H,,, and
review of allozyme data in plants by species attributes, summarized in Table 9.3.
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Limited gene flow may lead to divergence
between populations as a consequence of
genetic drift or differential selection in local
environments. Whereas high levels of gene
flow enhance homogenization between gene
pools and increase effective population size,
they may also result in the establishment of
unfavourable alleles where populations are
differentially adapted to localized condi-
tions. In the latter case, it has been suggested
that gene flow may result in outbreeding
depression (see Templeton, 1986; Fenster
and Dudash, 1994), where the progeny of
distant matings may be less fit than the
progeny of near or neighbour matings.
Genetic causes of outbreeding depression
may relate to the external environment or to
intrinsic factors involving critical interac-
tions between groups of genes or coadapted
gene complexes. For example, F, hybrids
may not be adapted to either parental envi-
ronment because heterozygosity at major
single genes, important in local adaptation,
results in reduced survivorship or reproduc-
tion. Alternatively reduced fitness in F,
hybrids may relate to the break up of co-
adapted gene complexes (see Fenster and
Dudash, 1994). Waser (1993) provides evi-
dence for outbreeding depression in a num-
ber of different plant species following
crossing between geographically distant
populations. In contrast to these findings
other studies have found that gene migra-
tion between populations or subpopulations
may result in increased fitness or heterosis
(Ledig, 1986).

Gene flow, like the mating system, is
heavily influenced by the pollination system
of the target species but importantly it is also
influenced by seed dispersal. Although vari-
ous indirect measures of gene flow such as
pollinator flight distances, seed dispersal,
dye and pollen analogue dispersal, genetic
diversity statistics and distribution of alleles
among populations (see Broyles et al. 1994;
Schnabel and Hamrick, 1995) are useful in
comparative studies, and as indicators of
potential gene flow within and between pop-
ulations, they do not necessarily provide a
true representation of effective gene move-
ment. As pointed out by Levin (1981), there
is good reason to believe that dispersal data

underestimate gene flow. For example, in
Chamaecrista fasciculata, despite the estimates
of limited gene dispersal based on pollen
and seed dispersal events, decreased fitness
of progeny from near-neighbour matings
and increased fitness from more distant mat-
ings suggest that gene flow will be more
widespread (Fenster, 1991). In addition,
studies on the distribution of genetic varia-
tion based on molecular markers indicate
that pollen-mediated gene flow can be far
greater than expected from direct estimates
of pollen dispersal. For example, in the bee-
pollinated Lupinus texensis, Schaal (1980)
demonstrated the effects of pollen carry
over with significantly greater patterns of
gene movement estimated from isozyme
markers than pollen movement.

More recently, direct estimates of the dis-
persal of genes via pollen have been devel-
oped through the application of molecular
markers in paternity analysis and parentage
assignment. These approaches involve com-
parisons of segregating alleles in parental
and progeny cohorts and have been devel-
oped to determine paternal contributions
through exclusion techniques, maximum-
likelihood estimates or a combination of
these methods using fractional paternity (see
Devlin et al., 1988). Evidence from a number
of paternity studies indicates that there can
be significant gene flow into a population
from outside sources (see Broyles et al.,
1994; Schnabel and Hamrick, 1995).
Estimates of pollen from outside sources
based on allozyme studies can be as high as
50% in the perennial herb Asclepias exaltata
(Broyles et al., 1994) and 30% in the legumi-
nous tree Gleditsia triacanthos (Schnabel and
Hamrick, 1995). Similarly, estimates based
on microsatellite markers indicate compara-
ble levels in some tropical tree species
(Chase et al., 1996).

While gene flow in plants has been largely
investigated in terms of pollen flow, often
using nuclear markers, far less attention has
been given to gene flow mediated by seed
dispersal. Although seed movement can
clearly make a significant contribution to
gene flow, it has proved difficult to measure
and is not well understood in relation to pop-
ulation genetic variation in plants. The avail-
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ability of cpDNA markers combined with the
development of suitable theoretical method-
ologies (see Ennos et al., 1999) has provided a
basis for addressing this important issue in
plant population studies. Ennos et al. (1999)
show that, by the joint measuring of genetic
differentiation for nuclear and cpDNA mark-
ers, the ratio of pollen to seed flow among
populations can be readily estimated and
compared across various plant species.

Geographical Patterns of Genetic
Variation among Plant Populations

Geographical patterns of intraspecific
genetic variation have been of fundamental
interest to plant evolutionary biologists and
population geneticists as they are often
assumed to represent the initiation of events
that will lead to independent evolutionary
lineages and allopatric speciation. This
information is also of particular importance
to those involved in the management and
conservation of genetic resources either for
species of commercial interest or for species
targeted in conservation programmes. For
example, strategies for the collection and
maintenance of genetic resources of com-
mercial crops place considerable reliance on
understanding the pattern and distribution
of genetic variation among source popula-
tions across different  eco-geographic
regions. The value of these data in the man-
agement of crop genetic resources is
reflected in the large number of species for
which variation in the genetic structure of
landrace populations of crops and wild rela-
tives of domesticated plants has been investi-
gated using isozyme analysis (see Frankel et
al., 1995).

Studies of intraspecific geographical pat-
terns of genetic variation have been used to
investigate the wide array of factors that
may be important as evolutionary determi-
nants. These include historical associations
among populations; the role of selection,
gene flow and drift; the development of bar-
riers to gene flow among populations; and
spatial ~ variation in mating  systems
(Thompson, 1999). Although studies on
intraspecific patterns of genetic variation in

plants are numerous there are certain key
areas of investigation that highlight the
many combinations of historical, demo-
graphic and ecological processes that may
generate such patterns. These are investi-
gated in the following sections.

Disjunct distributions and differentiation

Disjunct population systems are common in
plant species in many parts of the world and
may reflect geological and edaphic complex-
ities, localized extinction events, contraction
to refugia associated with climate change,
and island isolation associated with changes
in sea levels. Genetic studies of these popu-
lation systems can not only give indications
of the level and patterns of divergence
among populations but can also give valu-
able clues to the significance of these
processes in the evolution of individual
plant species and groups of plant species
across regions. For example, the significant
divergence among populations of interconti-
nental acacias found in northern Australia,
such as Acacia aulacocarpa (G4 = 0.626;
McGranahan et al., 1997), probably reflects a
wider distribution on the Australian geologi-
cal plate in the Tertiary followed by sea-level
changes, geographic separation and contrac-
tions due to cycles of aridity during the
Quaternary. Climatic fluctuations during the
Quaternary, particularly the Pleistocene,
have also been important in the evolution of
other tree species such as Abies firs in
Mexico and Guatemala. Here, the signifi-
cant differentiation among populations
appears to be associated with the increased
isolation of populations as they retreated
upwards during the Pleistocene glaciation
and the warming period that followed
(Aguirre-Planter et al., 2000).

Some floras found in regions with
Mediterranean climates, such as the flora of
south-west Australia and the Mediterranean
flora, are typically rich with closely related
disjunct species or species with disjunct pop-
ulations (Thompson, 1999; Coates, 2000). In
both regions, disjunct distributions appear to
be associated with a number of key geo-
historical phenomena. In south-west Australia
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these include the existence of marine,
edaphic and climatic barriers that have sepa-
rated this area from the rest of Australia
since the Eocene; the formation of nutrient
deficient sands and laterites favouring a
shrubland flora that could readily adapt to
the increasing aridity of the late Tertiary
and Quaternary; and climatic and landscape
instability in the transitional rainfall zone
(Hopper, 1979). In the Mediterranean flora,
however, disjunct distributions have been
associated with the geological complexity of
the Mediterranean basin; movement and
isolation of tectonic microplates during the
Tertiary; island isolation with change in sea
levels; and dispersal (Thompson, 1999).

Many species in the south-west
Australian flora are likely to be relictual
and probably had wider, more continuous
distributions during favourable climatic
regimes up to the early Pleistocene.
Following the increased aridity and climatic
instability during the Pleistocene, these
taxa have become locally extinct but have
survived as disjunct remnants, particularly
through the semi-arid transitional rainfall
zone. Recent gene flow between these dis-
junct population groups, either by long dis-
tance seed dispersal or pollen movement,
has probably been limited or absent for
long periods. As a consequence, significant
genetic differentiation between populations
is typical of many species and is particularly
evident in rare and geographically
restricted species. Relatively high levels of
population differentiation have been
reported for 22 animal-pollinated, mainly
outcrossing, taxa with disjunct population
systems. These taxa cover a range of south-
west Australian genera including long-lived
woody shrubs and trees, and herbaceous
perennials (Coates, 2000). Thompson
(1999) describes similar patterns of diver-
gence among disjunct populations of
species in the Mediterranean flora.

A typical example of these patterns in
south-west Australia can be found in
Lambertia orbifolia, a large, bird-pollinated
woody shrub known only from seven popu-
lations that have a significant disjunct distrib-
ution (Fig. 9.2). Allozyme studies show that
the genetic divergence between all popula-

tions is very high (Fy. = 0.441). Phylogenetic
analyses based on either gene frequency data
or genetic distance give identical tree topolo-
gies and indicate that the two disjunct popu-
lation groups are separate evolutionary
lineages. The analysis of ¢cpDNA variation
confirms this conclusion (Byrne et al., 1999).
Inferences based on the proposed long-term
effects of Pleistocene climate change on the
south-west Australian flora suggest that the
current population genetic structure in L.
orbifolia is the result of local extinction of
intervening populations, and extended isola-
tion of the two remnants (Coates and
Hamley, 1999). This is supported by studies
on large endemic forest eucalypts in areas
between the two population groups that
show patterns of local extinction and range
contraction due to climate change (Wardell-
Johnson and Coates, 1996).

Historical associations and phylogeographic
patterns

Previous mention has been made of the
influence of historical events on patterns of
genetic variation among disjunct plant popu-
lations. In those cases, the opportunity for
contemporary gene flow among populations
is low and any phylogenetic similarity is
probably due to common ancestry rather
than any ongoing process of genetic
exchange. Yet in more continuous popula-
tion systems it is far more difficult to assess
the significance of contemporary patterns of
gene flow versus genetic similarity due to
recent common ancestry. Most studies of
inter-population genetic variation in plants
are based on allele frequency data from
markers such as allozymes, nuclear RFLPs,
RAPDs, AFLPs and microsatellites where
genetic change over time cannot be directly
inferred (Schaal and Olsen, 2000). As
pointed out by Schaal and Olsen (2000), esti-
mates of genetic exchange and the analysis of
population genetic structure are generally
based on models that assume equilibrium
between genetic drift and gene flow. When
investigating determinants of geographical
patterns of genetic variation such estimates
based on, for example, F statistics (Wright,
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Fig. 9.2. Phylogenetic relationships based on UPGMA of allozyme data and geographical distribution of
disjunct populations (Scott River Plains and Narrikup) of Lambertia orbifolia. Population size (number of
reproductively mature plants) is given after each population name. The analysis of cpDNA variation based
on RFLPs detected eight mutations distributed over five haplotypes (I-V) with the Narrikup populations
distinguished by a single haplotype characterized by six unique mutations.

1951) do not distinguish between historical
effects and contemporary patterns of gene
flow. Furthermore, gene flow drift equilib-
rium is generally considered to be an unlikely
scenario for most plant populations, although
it may be more prevalent in ancient floras
where metapopulation systems within species
may have remained relatively stable over long
periods of time (see Coates et al., 2003).
Phylogeography provides an approach
that  potentially allows discrimination
between historical and contemporary pat-
terns of gene exchange (Schaal et al., 1998).
As a sub-discipline of biogeography, phylo-
geography involves the analysis of the geo-
graphical distribution of genealogical
lineages and focuses on the assessment of
historical factors as determinants of evolu-
tionary patterns among populations (Avise,
2000). Chloroplast DNA has proved to be an

extremely useful source of variation for phy-
logeographic studies in a number of plant
species. The lack of recombination and uni-
parental mode of inheritance in cpDNA per-
mits genealogical relationships to be followed
across populations and the delimitation of
phylogeographically distinct populations.
Unfortunately, as mentioned previously,
cpDNA may have limited application in some
cases because insufficient variation is present
to allow geographical patterns to be
detected. In particular, the variance in
cpDNA diversity is likely to be large, with
some species showing little diversity due to
recent selective sweeps (see Ennos et al.,
1999).

A number of studies based primarily on
cpDNA variation have now been published
describing common plant phylogeographic
patterns for certain geographic regions.
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Probably the best examples to date are those
that show postglacial migration routes from
Pleistocene refugia for multiple plant species
in both Europe and north-west America.
Phylogeographic analyses in European oak
species indicate that there are three main
haplotype lineages with postglacial migra-
tion inferred to start from three distinct
southerly refugia in the Balkan, Iberian and
Italian peninsulas (see Ferris et al., 1999).
Similar patterns of cpDNA haplotype vari-
ability have been shown for two other
European tree species, beech (Fagus sylvatica;
Demesure et al., 1996) and alder (Alnus gluti-
nosa; King and Ferris, 1998); both studies
indicate a single glacial refugium in the
Carpathians. Phylogeographic studies based
on cpDNA variation in six plant species
from the Pacific Northwest also show pat-
terns concordant with postglacial coloniza-
tion. Here the cpDNA phylogenies for five
vascular plants and one fern, representing a
range of different life-histories, indicate two
clades of populations with a north-south
separation. This separation has also been
supported by population genetic studies on
other plant species (Soltis et al., 1997).
Recent phylogeographic studies on
species in south-west Australia indicate some
commonality in geographical patterns
although the findings here are generally
more complex and appear to reflect a much
more ancient pattern of population evolu-
tion associated with climatic instability since
the late Tertiary. Studies on two species
based on cpDNA variation, Santalum spicatum
(Western  Australian sandalwood) and
Eucalyptus loxophleba, indicate two geographi-
cally distinct haplotype lineages showing a
north—south separation. In both species, a
nested clade analysis inferred past fragmen-
tation as the most likely cause of the differ-
entiation between the lineages (Fig. 9.3).
The level of sequence divergence between
lineages was similar in both species and sug-
gests a mid-Pleistocene timeframe for this
divergence. This shared phylogeographic
pattern is consistent with a hypothesis of sig-
nificant climatic fluctuations during the
Pleistocene and suggests that such climatic
instability has resulted in significant frag-
mentation events in the flora of this region.

Evolutionarily significant units and
conservation

An important factor in assessing priorities for
the conservation and management of species
involves understanding patterns of intraspe-
cific genetic variation to identify populations
which may be critical for the conservation of
genetic resources and evolutionary processes
(Hopper and Coates, 1990; Newton et al.,
1999). Although species are generally
accepted as primary units for conservation,
existing taxonomies may not adequately con-
sider intraspecific variation. The concept of
the ‘evolutionarily significant unit’ (ESU) has
subsequently been introduced to deal with
groups of populations that warrant separate
management for conservation (Ryder, 1986).
The concept is based on a sound under-
standing of the evolutionary significance of
geographically based genetic variation within
a species, with ESUs generally considered to
be geographically discrete.

Criteria for defining an ESU have
included significant divergence of allele fre-
quencies, specific levels of genetic distance
and phylogenetic differences based on cer-
tain genes. A specific approach outlined by
Moritz (1994) defined an ESU as an histori-
cally isolated and independently evolving set
of populations. In animals this was regarded
as populations showing reciprocal mono-
phyly for mitochondrial DNA (mtDNA) alle-
les with significant divergence of alleles at
nuclear loci. As mentioned previously, using
organelle DNA, such as mtDNA or cpDNA,
permits genealogical relationships to be fol-
lowed across populations and the delimita-
tion of  phylogeographically  distinct
population groups and ESUs. For example,
the array of different cpDNA lineages found
in various European tree species has been
considered indicative of separate ESUs.
Perhaps more importantly, however, these
studies have highlighted the value of refu-
gial areas in southern Europe. These are
considered key areas for genetic resource
conservation because they contain many
unique haplotypes (Newton et al., 1999).

Although defining ESUs based on
cpDNA variation and phylogeographic
analysis has potential in plant conservation
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Each line connecting haplotypes represents a single mutational change. One-step clades are indicated by
thin-lined boxes, two- and three-step clades by heavier-lined boxes. Differentiation of the three-step clades
in E. loxophleba and two-step clades in S. spicatum represent distinct lineages in each species and show a
shared phylogeographic pattern indicating a north-south geographic separation. Inferences from a nested
clade analysis identified past fragmentation as the most likely cause of the significant geographic association
of genealogical lineages for each species. Application of a molecular clock indicates a mid-Pleistocene split
and that the past fragmentation is most likely due to significant climate instability during that period in the
south-west Australian region (Byrne et al., 2003; Byrne and Hines, 2004).

genetics (see Newton et al., 1999), it may
well be limited, given the low level of
cpDNA variation found in some plant
groups. Where cpDNA is restricted, it will
probably be necessary to define conservation
units in terms of contemporary population
genetic structure based on polymorphic
nuclear markers, such as allozymes, RAPDs
or microsatellites, rather than historical pop-
ulation structure inferred from phylogeo-
graphic analyses. Whilst these data lack
genealogical information and therefore have
limitations in phylogeographic analyses, sig-
nificant divergence in allele frequencies at
nuclear loci, combined with phylogenetic

analysis of gene frequency data, may still be
extremely valuable in identifying conserva-
tion units in plant taxa (Coates, 2000).

The example given previously (L. orbifolia,
Fig. 9.2) clearly indicates the value of such
information in setting conservation priorities.
Significant ~ genetic  divergence = among
disjunct populations based on nuclear genes
(allozymes) and cpDNA indicates two ESUs.
L. orbifolia has an International Union for
Conservation of Nature and Natural
Resources (IUCN) and Western Australian
ranking of endangered, but with the large
number of critically endangered plants in
that State it has a relatively low priority for
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conservation and recovery actions. Recently,
the two ESUs were recognized as distinct con-
servation units and listed separately under
Western Australian State legislation. Small
population size, increased inbreeding and
threats posed by disease and habitat degrada-
tion indicate that the Narrikup ESU (Fig. 9.2)
is critically endangered (Coates and Hamley,
1999). Subsequently, this ESU was targeted
for a major re-introduction programme with
a new population established on a nearby
nature reserve. This population of some 500
plants is now successfully recruiting from
seed produced by the plants originally estab-
lished on the site (L. Monks, Perth, 2003,
personal communication).

Despite the value of population genetic
and phylogeographic studies in informing
genetic resource conservation and setting
priorities for conservation, caution is needed
in interpreting the results from such studies.
Genetic differences based on molecular
markers may be indicative of adaptive differ-

entiation among populations but this will
certainly not always be the case. Likewise,
lack of any molecular marker differentiation
does not necessarily allow one to infer a lack
of adaptive differences. In addition, as
pointed out by Newton et al. (1999), each
marker has its limitations. While cpDNA has
proved to be extremely valuable, its rela-
tively slow mutation rate may mean that
intraspecific patterns of variation based on
shared haplotypes may be confounded by
much more ancient relationships perhaps
covering timeframes of millions of years. In
that case, phylogeographic patterns may not
be readily interpretable in relation to the
recent history of the populations and geo-
graphical patterns (see Ennos et al., 1999). It
would be more appropriate in these situa-
tions to combine the cpDNA analyses with
studies of genetic relatedness based on
nuclear markers that may help elucidate the
influence of recent population history on
current population genetic structure.
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Introduction

The origin and evolution of the flower have
been intensively studied not only because of
the great importance of flowers (and espe-
cially the fruits they produce) in providing
human food, but also because of their cru-
cial role in angiosperm sexual reproduction
and many plant-animal interactions. The
past centuries of morphologically and taxo-
nomically based studies of flowers gener-
ated much information, but left some of the
most critical questions of flower origin and
evolution unresolved. Recent progress in
understanding angiosperm (and seed plant)
phylogeny provides a solid framework for
evaluating evolutionary innovation, and
identifies the taxa that provide the best
insights into key innovations. The recent
growth of developmental genetics provides
exciting new data for understanding flower
evolution; the interplay of developmental
genetics with focused studies of morphol-
ogy, development and phylogeny has gener-
ated a new field of study: the evolution of

development (evo-devo). Evo-devo offers
the best hope for rapid advance in the
understanding of flower evolution. To
appreciate this potential one must be cog-
nizant of recent advances in all of these
fields — phylogeny, morphology and devel-
opmental genetics — that are merging to cre-
ate evo-devo.

Here we describe recent progress in the
study of floral evolution, beginning with
advances in phylogeny and the reconstruc-
tion of trends in floral evolution. We
include a brief comparative review of some
of the genes known to regulate flower
development, with an emphasis on recent
studies relevant to the classic ABC model
of flower development. We conclude with a
perspective on future research on floral
biology at the genomic level. Throughout
our discussion we describe how experi-
mental genetic and phylogenetic analyses
are together improving our understanding
of the evolution of floral architecture and
the molecules regulating floral develop-
ment.

© CAB International 2005. Plant Diversity and Evolution: Genotypic and

Phenotypic Variation in Higher Plants (ed. R.J. Henry)
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Trends in Floral Evolution Inferred from
Phylogeny

Background

A clear understanding of angiosperm phy-
logeny has recently emerged (e.g. Qiu et al.,
1999; Soltis et al., 1999, 2000; Barkman et
al., 2000; Zanis et al., 2002, 2003). These
well-resolved and highly concordant DNA-
based phylogenies have important implica-
tions for interpreting the morphology of
early angiosperms and subsequent patterns
of floral evolution.

Before the application of explicit phylo-
genetic methods, several investigators pro-
posed that the first angiosperms had large,
Magnolia-like flowers (Arber and Parkin,
1907; Bessey, 1915; Takhtajan, 1969;
Cronquist, 1981). Stebbins (1974), in con-
trast, suggested that the earliest flowers were
moderate in size. Endress (1987) proposed
that the earliest angiosperm was bisexual,
but that the transition to unisexuality was
relatively easy, the perianth was undifferen-
tiated and could be easily lost, and that the
number of floral parts was labile.

Early phylogenetic studies focused
attention on several herbaceous lineages
(e.g. Nymphaeaceae, Piperaceae and
Chloranthaceae; Fig. 10.1) as possible first-
branching extant angiosperms (Donoghue
and Doyle, 1989; Doyle et al., 1994). Based
on these results, it was suggested that early
flowers were small, with a trimerous peri-
anth, and with few stamens and carpels.
However, more recent analyses (e.g.
Mathews and Donoghue, 1999; Parkinson
et al., 1999; Qiu et al., 1999; Soltis et al.,
1999, 2000; Barkman et al., 2000; Doyle
and Endress, 2000; Graham and Olmstead,
2000; Zanis et al., 2002, 2003; Borsch et al.,
2003; Hilu et al., 2003) place Amborella,
Nymphaeaceae (including Cabombaceae;
see APG II, 2003) and Austrobaileyales as
basal to other extant angiosperms (Fig.
10.2). This topology suggests instead that
the earliest flowers were small to moderate
in size, with an undifferentiated perianth,
stamens lacking a well-differentiated fila-
ment, and a gynoecium composed of one
or more distinct carpels.

Fossils are critical for inferring the origin
and early diversification of angiosperms, but
fossil flowers of the earliest angiosperms are
scarce. None the less, early Cretaceous
angiosperm fossils are consistent with the
hypothesis that the first flowers were small
to moderate in size, with an undifferentiated
perianth (Crane, 1985; Friis et al., 1994,
2000; Crane et al., 1995), although Magnolia-
like forms also occurred during the same
geological time (e.g. Archaeanthus; Dilcher
and Crane, 1984). In addition, some early
angiosperms lacked a perianth (e.g.
Archaefructus; Sun et al., 2002), but these may
not be basal within angiosperms (Friis et al.,
2003). There are no known fossils repre-
senting unequivocal stem-group angio-
sperms (i.e. angiosperms that attach below

the basal node leading to Amborella,
Nymphaeaceae and all other living
angiosperms).

One way to infer ancestral states is to
employ character-state reconstruction with
phylogenetic trees and programs such as
MacCLADE (Maddison and Maddison, 1992).
Using this approach, the evolution of spe-
cific floral characters in basal angiosperms
has been reconstructed (e.g. Albert et al.,
1998; Doyle and Endress, 2000; Ronse De
Craene el al., 2003; Zanis et al., 2003; Soltis
et al., 2004). We review some of the findings
of these character-state reconstructions
below using the most conservative optimiza-
tion method (all most parsimonious states;
Maddison and Maddison, 1992). Other
reconstructions, using other optimization
methods and tree topologies, are provided
in the references noted above. Most of the
same general conclusions are supported
regardless of optimization.

Perianth differentiation

A differentiated or bipartite perianth has an
outer whorl of sepals clearly differentiated
from the inner whorl(s) of petals. In con-
trast, an undifferentiated perianth lacks
clear differentiation between the outer and
inner whorls, or the perianth may consist of
undifferentiated spirally arranged parts.
These undifferentiated perianth organs



Fig. 10.1. Floral diversity in basal angiosperms (a—i) and early-diverging eudicots (j-m). (a) Amborella trichopoda (Amborellaceae), staminate flower (from Endress
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