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ne of the most exciting developments in the past decade has been
the application of nucleic acid data to problems in systematics. The

term molecular systematics is used to mean macromolecular systemat-
ics—the use of DNA and RNA to infer relationships among organisms.
Although technically, isozyme methods and flavonoid data are also molec-
ular, they are usually discussed separately. In this chapter we outline the
major types of nucleic acid data currently available, the molecules and
genomes that have been most commonly used, and some aspects of data
analysis that are unique to molecular data.

Molecular data have revolutionized our view of phylogenetic relation-
ships, although not for the reasons initially suggested. Early proponents of
molecular systematics claimed that molecular data were more likely to
reflect the true phylogeny than morphological data, ostensibly because
they reflected gene-level changes, which were thought to be less subject to
convergence and parallelism than were morphological traits. This early
assurance now appears to be wrong, and molecular data are in fact subject
to most of the same problems that morphological data are. The big differ-
ence is that there are simply many more molecular characters available,
and their interpretation is generally easier—an adenine is an adenine,
whereas compound leaves, for example, can form in quite different ways
in different plants. As a result, molecular data are now widely used for
generating phylogenetic hypotheses.

In many cases, molecular data have supported the monophyly of
groups that were recognized on morphological grounds (e.g., Poaceae,
Fabaceae, Rosaceae). More importantly, molecular data often have
allowed systematists to choose among competing hypotheses of relation-
ships (e.g., to decide what group is the sister group of the Asteraceae, or
the Poaceae). In other cases, molecular data have allowed the placement of
taxa whose relationships were known to be problematic. For example,
although the Hydrangeaceae were traditionally placed in or near the Sax-
ifragaceae, it was clear that the two were unrelated. Only with molecular
data, however, was there a strong alternative hypothesis for the placement
of the Hydrangeaceae: in the order Cornales. It has been fairly rare for
molecular data to suggest something completely novel, although there
have been a few dramatic cases, such as the monophyly of the glucosino-
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late clade and the placement therein of the
Limnanthaceae, the inclusion of the
Vochysiaceae in the Myrtales, and the docu-
mentation of introgression between species
that were apparently intersterile.

Plant Genomes
The plant cell contains three different
genomes: those of the chloroplast, the
mitochondrion, and the nucleus (Table
5.1). Systematists have used data from all
three. The two organelles are generally inherited uni-
parentally (usually maternally in angiosperms); the
nucleus is biparental. The three genomes differ dramati-
cally in size, with the nucleus being by far the largest—
measured in megabases. The mitochondrial genome
includes several hundred kilobase pairs (kbp) of DNA
(200–2500 kbp), which is small relative to the nuclear
genome, but quite large relative to the mitochondrial
genomes of animals (which tend to be about 16 kbp).
The chloroplast genome is the smallest of the three plant
genomes, in most plants ranging from 135 to 160 kbp.

Like the eubacteria from which
they are derived, mitochondria
and chloroplasts have circular
genomes. The order of genes in
the mitochondrion is variable,
and they are separated by large
regions of noncoding DNA. The
mitochondrial genome rearranges
itself frequently, so that many
rearranged forms can occur in the
same cell. This means that re-
arrangements of the genome
occur so often within individual
plants that they do not charac-
terize or differentiate species or
groups of species; therefore they
are not especially useful for infer-
ring relationships.

The chloroplast, in contrast, is
stable, both within cells and with-
in species. The most obvious fea-
ture of the chloroplast genome is
the presence of two regions that
encode the same genes, but in
opposite directions; these are
known as the inverted repeats.
Between them are a small single-
copy region and a large single-
copy region (Figure 5.1). Re-
arrangements of the chloroplast
genome are rare enough in evolu-
tion that they can be used to
demarcate major groups. Also,
gains and losses of genes, or their

introns, are common enough to be worth looking for, but
rare enough to be a stable marker of evolutionary
change.

The order of genes in the nuclear genome is also pre-
sumed to be stable, at least within species, and may be
stable across groups of species as well. Some information
on gene order has been revealed by classic techniques of
cytogenetics, but much more detailed information is
now being provided by genome mapping (see below). In
the coming years, this could become an important
source of systematic information.

TABLE 5.1 Comparison of the three genomes in a plant cell.

Genome size (kbp) Inheritance

Chloroplast 135–160 Generally maternal 
(from the seed parent)

Mitochondrion 200–2500 Generally maternal 
(from the seed parent)

Nucleus 1.1 × 106 to Biparental
110 × 109

IR

IR

Figure 5.1 Diagram of the chloroplast genome of maize, showing the locations of some
major genes and the inverted repeat regions. (From S. Rodermel, Maize Newsletter 1993.)
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DNA sequences change at a rate different from the rate
of genomic rearrangement. Chloroplast genes tend to
accumulate mutations more rapidly than do mitochondr-
ial genes in plants. It is harder to generalize about nuclear
genes, which is hardly surprising because there are so
many of them, and because we know less about them.

Generating Molecular Data
Molecular systematics has been and remains technique-
driven; as new molecular methods become available,
they expand the kinds and amounts of systematic data
that can be extracted from nucleic acids. A number of
good textbooks describing the techniques for generating
and analyzing molecular data are available (Hillis et al.
1996; Soltis et al. 1997, 1998; Crawford 1990; Miyamoto
and Cracraft 1991).

If useful comparisons are to be made across many
taxa, the technique applied has to be fast and easy. This
meant that molecular systematics was barely possible
until the invention of recombinant DNA, became easier
as sequencing techniques were improved, and took
another leap forward with the invention of the poly-
merase chain reaction (PCR) technique. The current
advances in automated sequencing will continue to add
speed to the mechanical task of data collection, which is
already being done by robots in some large sequencing
facilities.

GENE MAPPING
Most molecular systematic studies were initially done
using restriction site analysis. This technique can be
used to generate maps of individual genes or entire
genomes. Much of what we now know about chloro-
plast and mitochondrial genome structure comes from
such studies.

In this procedure, DNA is extracted from a plant, and
is then cut with restriction enzymes—enzymes that cut
DNA at a particular sequence. The enzyme known as
BamHI, for example, cuts DNA everywhere it finds the
sequence GGATCC, and EcoRI cuts at GAATTC. (The
names of restriction enzymes are acronyms based on the
first letter of the genus and first two letters of the species
of the bacterium from which the enzyme was isolated.
So BamHI is from Bacillus amylofaciens, EcoRI from
Escherichia coli.) A map is constructed by cutting the
DNA with one enzyme and examining the resulting pat-
tern of fragment sizes, then cutting it with a second
enzyme, and finally cutting it with both enzymes togeth-
er. This creates a sort of puzzle from which the order of
the restriction sites can be constructed.

Such studies were initially done by the laborious
process of separating organelles from plant tissue, isolat-
ing their DNA, cutting it with a particular restriction
enzyme, and then measuring the fragment sizes on an
ethidium-stained gel. Once a couple of cloned organellar
genomes became widely available, it proved easier to use

them as probes. In this process, the DNA of interest is cut
and then transferred to a nylon membrane. A cloned
piece of chloroplast DNA (the probe) is then labeled with
radioactive phosphorus and denatured to produce sin-
gle-stranded DNA. This single-stranded DNA is then
allowed to bind to the DNA on the membrane; it will
bind only to matching (chloroplast) sequences. The mem-
brane is then placed next to a piece of X-ray film. The
bands where the probe has bound appear as dark lines
on the film. (This technique is known as Southern blot-
ting, named after E. M. Southern, who invented it.)

Restriction site analysis is less widely used today than
it was initially, but it remains common for studying vari-
ation in the chloroplast genome and in ribosomal RNA
spacers, particularly among congeneric species and
sometimes within species as well. Restriction site studies
are also sometimes used for assessing variation among
PCR fragments, although with recent advances in gene
sequencing techniques, this is less of a shortcut than it
once was.

Nuclear genome mapping remains a large commit-
ment of time and effort. It requires that two plants be
crossed, and their F1 offspring self-pollinated to pro-
duce a large number (100 or more) of F2 plants. Then the
genotypes of both parents and offspring are determined
using restriction site, RAPD, or AFLP markers (see
below); these must be polymorphic between the par-
ents. The parents and offspring are then scored for
whatever morphological characters are of interest, and
these are mapped according to their linkage to the mol-
ecular markers. This technique generally requires the
use of sophisticated statistical programs to infer linkage
relationships.

GENE SEQUENCING
DNA sequencing of genes, parts of genes, or noncoding
regions is becoming more and more common and is now
widely used in systematics. Sequencing determines the
precise order of nucleotides—adenine (A), cytosine (C),
guanine (G), or thymine (T)—in a stretch of DNA. The
central difficulty of sequencing has always been getting
enough DNA to work with. This was done initially by
cloning genes into bacteria and allowing the bacteria to
replicate the genes along with their own genomes. Genes
were taken from genomic libraries, which were made by
cutting all the DNA of an organism with a restriction
enzyme and then cloning all the resulting fragments into
an appropriate plasmid, bacteriophage, or other vector.
This method is quite slow, but is reliable and avoids
some of the possible artifacts of more efficient methods.
It is also the only method available if only a few
sequences of the gene are known.

This laborious approach was later replaced by the
polymerase chain reaction technique (PCR), in which
DNA is replicated enzymatically, allowing the cloning
step to be omitted (Figure 5.2). PCR requires some
knowledge of the sequence to be studied. Small pieces of



single-stranded DNA (primers) are produced to match
the DNA sequences at either end of the region of interest.
These primers are placed in a tube with DNA from the
organism, a DNA polymerase, and free nucleotides. The
mix is then subjected to repeated heating and cooling. As
it heats, the double-stranded organismal DNA denatures
and becomes single-stranded. Then, as it cools, the
primers bind to their complementary sequences at either

end of the target region. The temperature is then raised to
the point at which the polymerase becomes active. It
binds to the DNA + primer complex and begins synthe-
sizing a complementary strand using the free nucleotides
in the solution. Then the temperature is raised to dena-
ture the DNA, and the cycle repeats. The DNA in the
region between the primers is thus copied, and the
amount increases exponentially. The PCR product can be
sequenced directly or can be cloned and then sequenced.

This rapid method has allowed systematists to study
the same region in many species of a particular group.
One disadvantage of PCR is that the polymerase itself
introduces occasional errors, which could in theory affect
an estimate of phylogeny, particularly if the sequences
being compared are extremely similar. In practice, this
may be not be a serious problem, in that the errors are not
likely to be biased in favor of any one grouping.

One way to reduce potential error in sequencing is to
sequence both strands of the molecule. This is required
by some journals before the results will be published,
but is not universal practice. The decision of how accu-
rately to sequence depends on the relative costs of an
error versus the costs of repeatedly sequencing the same
region. Systematists must often make a choice between
highly accurate sequences from fewer taxa or less accu-
rate sequences from more taxa.

Direct sequencing of the PCR product will not gener-
ally reveal minor variants of the sequence if they are
present. This is sometimes a problem with highly repeti-
tive genes such as ribosomal genes, for which the many
copies often are not identical. Direct sequencing also
cannot distinguish between alleles of the same gene.
Imagine that two alleles differ from each other at two
positions, such that one allele has an A at the first posi-
tion and a T at the second, whereas the other has a T at
the first position and an A at the second. Both positions
will appear as A/T polymorphisms on a sequencing
gel, and it is impossible to tell which allele has which
base at which position. The latter problem can be over-
come by cloning the PCR products (which remains easi-
er than screening gene libraries but can create its own
sampling bias).

As the major genome sequencing projects progress,
the technology for gene sequencing is improving and
becoming increasingly automated. It seems likely that
systematics laboratories will make increasing use of
commercial sequencing facilities in the future, so that the
attention of systematists can be focused on the more
intellectually demanding work of analyzing sequences.

Types of Molecular Data
Virtually all molecular phylogenetics is now done using
either genome rearrangements or sequences of DNA as
characters. The former are studied using restriction sites
as genomic markers, and the latter are either sequenced
completely or sampled with restriction enzymes.
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Figure 5.2 The polymerase chain reaction.
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GENOME REARRANGEMENTS
Studies of the chloroplast and mitochondrial genomes
proceed by constructing genomic maps, which reveal the
order of genes in the genome. One of the early successes
of molecular systematics was the identification of the ear-
liest diverging members of the Compositae by Jansen
and Palmer (1987). Using restriction site mapping, they
found that almost all members of the family had a
unique order of genes in the large single-copy region of
the chloroplast genome. This order could be explained by
a single inversion of the DNA. All other angiosperms
lacked the inversion. The few composites that had the
ancestral arrangement of the genome were members of
the subtribe Barnedisiinae, a South American group with
bilabiate corollas. This finding strongly suggested that
the Barnedisiinae (now treated as a subfamily, the Barne-
disioideae) is the sister group to the rest of the enormous
sunflower family, and that the latter is monophyletic.

The context of this discovery is important. Many pre-
vious researchers had speculated on what the “ances-
tral” composite might have looked like, and had sug-
gested several extant groups that might represent the
earliest lineages. The Barnedisiinae was one of several
possibilities, and had been supported by cladistic analy-
ses of morphological data. In this case, then, the molecu-
lar data did not completely change our view of evolu-
tion, but they did resolve the ambiguity of the mor-
phological data.

Other mapping data have supported a number of
major groups. The grass family (Poaceae), for example,
has three inversions in the chloroplast genome. One of
these is unique to the Poaceae, one is shared with the
Joinvilleaceae, and a third is shared with the Joinvil-
leaceae and Restionaceae. The inversion that is unique to
the Poaceae is hardly a surprise—the family is unques-
tionably monophyletic, a result that can be confirmed by
almost any sort of data. The inversions shared with the
Joinvilleaceae and Restionaceae again helped to clarify
the morphological data, which suggested that either
might be the sister group to the grasses.

Loss of genes from the chloroplast is also common.
Some groups, for instance, have lost one of the inverted
repeats. This has occurred among the angiosperms (e.g.,
in a group of papilionioid legumes), in all conifers, and
in Euglena (a flagellated photosynthetic eukaryote unre-
lated to green plants). In general, however, losses of a
smaller piece of DNA, such as an intron or an entire
gene, are more common than major rearrangements, and
may occur multiple times in evolution. For example,
most angiosperms have an intron in the chloroplast gene
rpoC1, but this intron has been lost in grasses, one sub-
family of cacti (Cactoideae), at least two members of
Goodeniaceae, some Aizoaceae, and some, but not all,
members of the genera Passiflora (Passifloraceae) and
Medicago (Fabaceae) (Downie et al. 1996).

Mapping of the nuclear genome is in its infancy, and
is only rarely applied outside the model systems for

molecular biology and major crop plants. Techniques for
mapping are developing rapidly, however, and compar-
ative studies using the nuclear genome have been done
in the grasses and in the Solanaceae. In addition, nuclear
mapping studies are just beginning to address questions
of speciation. In a study of Mimulus, Bradshaw et al.
(1995) found that the shift from bee pollination to bird
pollination involved eight genes, which they were able
to localize to linkage groups (see Chapter 4). In a similar
study of Helianthus, Rieseberg and his colleagues (1995,
1996) found that two species (H. annuus and H. petiolaris)
differed by at least ten genomic rearrangements (three
inversions and at least seven translocations), which
affected recombination and possibilities for introgres-
sion. The genome of their hybrid derivative, H. anomalus,
was rearranged relative to that of both parents, so that
the species was partially reproductively isolated from
both. Rieseberg's group then created new hybrids of H.
annuus and H. petiolaris, and found that the chromoso-
mal rearrangements in the experimental hybrids were
similar to those in the naturally occurring hybrid species,
H. anomalus. They concluded that certain combinations
of genes and gene rearrangements were selectively
favored in the hybrid.

It is not clear whether this laborious approach will
ever become simple enough to apply to the multiple
species usually covered by a systematic study. It may,
however, become extremely useful for systematists inter-
ested in the mechanics of the speciation process.

SEQUENCE DATA
By far the majority of molecular systematic studies have
used DNA (or RNA) sequences. Initially this was done
indirectly by using restriction enzymes to sample the
underlying sequence, generally as part of the same stud-
ies that generated gene or genome mapping data.
Because restriction enzymes cut DNA at a particular
sequence, any time a particular restriction site is found,
the sequence can be inferred at that position. Conversely,
if the site is not found, a mutation in one of the four or
six bases in the restriction site can be inferred. This rela-
tively simple inference has been turned into a powerful
tool for systematics. It has been used most notably in
studies of the chloroplast genome. Sequences (restriction
sites) are scored as present or absent, and these scores are
then used as characters in phylogenetic analysis. Meth-
ods for this sort of study are the same as those used for
genome mapping, now most commonly done using
Southern blots. Yet another method, devised once PCR
was widely available, is to amplify a particular piece of
DNA and then cut it with restriction enzymes.

The advantage of using any restriction site approach
is that it potentially covers a large stretch of DNA, and
thus is thought to be less sensitive to local vagaries of
selection or differences in mutation rate. This is also a
disadvantage, of course; generally one does not know
exactly where the restriction sites are (e.g., inside a gene



or outside it, in the third position of a codon or not, etc.).
Therefore it is not possible to be absolutely certain that a
restriction site gain or loss is in exactly the same place
across several taxa. Using standard methods, estimates
of the size of restriction fragments are accurate only to 50
or 100 bp, which means that two sites very close to each
other could easily be confused. There is an additional
problem: A restriction site is a four- or six-base sequence
of DNA, and it can be lost by mutations in any one of its
four or six bases. This means that different mutations
will all look the same, and cannot be distinguished. With
a complete DNA sequence, some of these ambiguities
are no longer a problem. Nonetheless, sequence data
have their own set of complexities. These are described
briefly in the next section.

Analysis of Molecular Data
There is a huge literature on the use of DNA sequences
in phylogeny reconstruction. Here we will discuss some
of these uses and some examples that have affected our
current view of phylogenetic relationships. The major
issues to be addressed are mutation rate, alignment, ana-
lytic technique, and the relationship between the history
of genes and the history of organisms (gene trees vs.
species trees).

Genes accumulate mutations at different rates. This is
in part because the gene products (RNA or protein) dif-
fer in how many changes they can tolerate and still func-
tion. Histones, for example, generally cease to work if
many of their amino acids are replaced with different
ones, whereas the internal transcribed spacer of riboso-
mal RNA (ITS) can still fold properly even if many of the
nucleotides are changed. Thus genes for histones do not
accumulate mutations rapidly, whereas genes for the ITS
do, reflecting the different functional constraints on their
gene products. This simple observation has implications
for the use of particular genes in phylogenetic recon-
struction. If a gene is changing slowly, then a lot of data
will have to be generated to find mutations from which a
phylogeny can be constructed. At a very low mutation
rate, the level of variation will approach the irreducible
level of sequencing error (often estimated at about 3 in
10,000 bp for a double-stranded sequence), and infer-
ences will become unreliable. Conversely, if a gene is
changing too fast, parallelisms and reversals will accu-
mulate to the point that all phylogenetic information is
lost—the history of the sequence will be obliterated. The
latter problem is particularly acute when working with
noncoding sequences or remotely related taxa.

Many of the methods used to analyze molecular data,
and the limitations that apply to them, are similar to
those for morphological data. There are some methods,
however, that were developed specifically for use with
molecular data (e.g., neighbor joining, maximum likeli-
hood), and some problems that, while present in all data
sets, become more acute with molecular data.

ALIGNMENT OF SEQUENCES
Once sequences are generated, they must be aligned.
This is a critical step in that it determines which bases
will be compared. It is the stage at which the scientist
makes the initial assessment of similarity of nucleotide
sites. Alignment is by far the greatest difficulty in using
sequence data, and one for which there is no good ana-
lytic solution at the moment.

There are many computer programs that will produce
alignments, although in practice most systematists rely
heavily on alignment “by eye.” For many molecules in
current use (e.g., rbcL), alignment is not a serious prob-
lem. For other molecules, such as genes encoding RNAs,
alignment can be guided by models of secondary struc-
ture (the way the molecule folds). In this case, the sec-
ondary structure is used as a template, and the sequence
is mapped on it. This ensures that the proposed align-
ments maintain the structure of the molecule. (Methods
for inferring secondary structure, however, have their
own limitations.) In protein-coding sequences, align-
ments generally need to maintain the reading frame, so
that any postulated insertions or deletions occur in sets of
three, corresponding to the gain or loss of an amino acid.
Addition or subtraction of a single base pair will change
the entire structure of the protein encoded by the
sequence. For example, the sequence ATGTCTCCTGAA
codes for the four amino acids Met-Ser-Pro-Glu (the first
four amino acids of the large subunit of RuBisCO). If a
single base is deleted from the second codon, for exam-
ple, ATGCTCCTGAA, the protein changes and now is
Met-Leu-Leu followed by Asn or Lys.

HOMOPLASY AND LONG BRANCHES
A reversal or convergence at a particular nucleotide is
undetectable except via a phylogenetic analysis; more
detailed study of the character won't help. Multiple
mutations (sometimes called “multiple hits”) at a site are
another aspect of this problem—such multiple changes
may well be invisible and can be corrected for only by
assuming particular models of evolutionary change. Dis-
cussion of this problem is beyond the scope of this text; it
is described in Swofford et al. 1996.

With high rates of mutation, or long evolutionary
times between speciation events, parallelisms and rever-
sals will increase purely because of random changes. For
example, an adenine at a particular position in a gene
may have changed to guanine and then back to adenine.
Thus, the actual amount of evolutionary change will be
underrepresented by the observed differences. If a high
rate of mutation appears in only a few taxa, it creates
what has become known as “long branch attraction.” If
one or more of the species studied have accumulated
many mutations since diverging from other taxa, they
will appear on long branches in phylogenetic trees
(where length equals number of mutations). Because
there are only four nucleotides, some mutations will
make the sequence of the divergent taxon look more
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similar to the sequence(s) of other taxa than it really is,
purely by chance. Random mutations tend to make
those taxa (species) look alike, and they may appear in
the analysis to be closely related even if they are not; the
long branches “attract” each other. This can be a particu-
lar problem if there is more than one long branch. This
could occur in principle with morphological data, but it
is more likely with molecular data because the potential
number of characters is so large and the available char-
acter states (A, C, G, T) are so few.

METHODS OF PHYLOGENY RECONSTRUCTION
Some of the methods of phylogeny reconstruction that
have been described in Chapter 2 are particularly appro-
priate for use with DNA sequence data. These are gener-
ally methods that rely on statistical models of how DNA
has changed over time. As noted there, for data with lit-
tle homoplasy, virtually all methods will produce the
same phylogenetic tree. In some cases, however, the
choice of method will affect the result, and this is partic-
ularly true in the case of unequal rates of evolution
described above. Because of the problem of multiple
mutations at the same site, the observed number of
mutations, and thus the apparent divergence between
sequences, can easily be less than the actual number of
changes. In this case, a correction factor can be applied to
estimate the actual evolutionary distance. Which correc-
tion factor to use depends on estimates of the probability
of particular types of mutations. (A full discussion of this
sort of analysis can be found in Swofford et al. 1996.)

GENE TREES VERSUS SPECIES TREES
If a species has a single history, then we expect that all
parts of the plant should reflect that history. This implies
that any phylogeny based on any gene will reflect the his-
tory of the organisms bearing the genes, but we now know
that this is not necessarily true. Nuclear genes may or may
not track the history of the nucleus, and chloroplasts and
mitochondria may or may not have a histo-
ry different from that of the nucleus. There
are three main reasons for this.

1. Mutation is a random process; there-
fore the phylogeny reconstructed for a
particular gene may differ from other
genes by chance alone.

2. Hybridization or introgression may
transfer some DNA into a different lin-
eage. This is particularly true for
organelles, which are not linked to par-
ticular nuclear genomes.

3. Polymorphisms in an ancestral species
can be lost in descendant species. This
can, by chance, happen so that the his-
tory of the genes is actually differ-
ent from the history of the organisms 
(Figure 5.3).

We are rapidly approaching a time when there will be
multiple gene trees for a group of organisms and none of
those gene trees will necessarily be exactly the same as
the species tree (Box 5A). An early hope was that the
relationships among species indicated by DNA were
more likely to be correct than those based on morpholo-
gy; this now seems naive. There are now many examples
of plants that have the “wrong” chloroplast, presumably
because of introgression.

Molecular Characters
Good systematic work requires detailed knowledge of
characters, their underlying biology, and the nature of
variation. For morphological characters, this leads nat-
urally into studies of developmental morphology. For
molecular characters, it directs our attention to molecu-
lar biology and the structure and function of particular
molecules. Each molecule has its own role in the cell,
and its sequence is constrained according to that role.
Each molecule, like each set of morphological charac-
ters, has its own natural history, reflecting historical
contingency, developmental constraints, past and cur-
rent adaptations (to both intra- and extracellular fac-
tors), and stochastic changes, whether fixed or tran-
sient. This means that future molecular systematists
will need to become as familiar with the structure and
function of the molecules they study as they are with
the plants themselves. (At the same time, of course,
they must be careful not to overlook the plants for the
molecules!) Molecular genetics and biochemistry are
becoming increasingly important as tools for under-
standing evolution.

In the following discussion, we will describe some of
the major molecules used in systematic studies and what
they do in the cell. The literature on biochemistry and
molecular biology, however, should be explored for each
molecule used.
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Figure 5.3 A comparison of gene trees and species trees. The gene tree is
shown by a dark line, the species tree by gray shading. In the left-hand tree, the
genes have the same history as the species that bear them. In the right-hand
tree, a polymorphism appears in the lineage leading to species B and C. One of
the two gene copies is more closely related to A. Sampling of this gene will lead
to incorrect inferences about the species tree. (After Avise 1994.)



For historical reasons, the most data are available on
chloroplast DNA and on nuclear genes for ribosomal
RNA. These pieces of DNA are abundant in the cell,
making their detection on Southern blots easy. Riboso-
mal RNA was initially sequenced directly, without refer-
ence to the genes; this was possible because its high copy
number made it easy to extract and sequence. The
strengths and limitations of each of these molecules, as
well as those of other molecules, are discussed below.
The choice of molecule for phylogenetic analysis is a dif-
ficult one and will continue to be a topic of much discus-
sion for the foreseeable future.

CHLOROPLAST DNA STRUCTURE
Many phylogenetic studies of plants have used chloro-
plast DNA (see reviews by Olmstead and Palmer 1994;
Sytsma and Hahn 1997). Analysis of restriction site vari-

ation was the method of choice in the 1980s and remains
a good way to assess relationships among species that
have diverged recently. For taxa that are more distantly
related, restriction site variation often becomes hard to
interpret—once there have been too many mutations or
rearrangements, it is impossible to infer which muta-
tions occurred in which order.

Because restriction site variation is generally lower
within than between species, systematists have been
somewhat slower to realize the potential of restriction
site studies for assessing population histories. In one
extensively studied example, Soltis et al. (1991) found
that individuals of Tellima grandiflora (Saxifragaceae)
have two distinct chloroplast genomes, with distinct
geographic ranges. The two differ by at least 18 restric-
tion sites. The “northern” genome type occurs in plants
from northern Oregon to Alaska, and the “southern”
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The grass family has been the subject
of many molecular systematic stud-
ies. Consider the subfamily Pooideae
of the family Poaceae (Figure 5.4).
This group was identified as mono-
phyletic by cladistic studies of mor-

phology, but there were several gen-
era or small tribes, including the
genus Brachyelytrum and the Stipeae,
that were sometimes placed with the
pooids and sometimes placed in
other subfamilies. We now have five

molecular phylogenies of the pooid
clade, and these all show the Stipeae
as an early-diverging lineage. The
morphological characters of the

BOX 5A Gene Trees and Species Trees
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Figure 5.4 Phylogeny of the subfamily Pooideae.
Semi-strict consensus tree, showing clades supported
by particular data sets and not strongly contradicted
by any other data set.



type mostly in plants from northern Oregon south into
California; there are also a few “southern” plants on
Prince of Wales Island in the Alaskan panhandle and on
the Olympic Peninsula in Washington. Because the
“southern” chloroplast genome is most closely related to
that of the genus Mitella, it is likely that there was some
ancestral introgression from Mitella into T. grandiflora.

The situation in Tellima is not an isolated example. In
Coreopsis grandiflora (Asteraceae), the chloroplast genome
is highly polymorphic and can be divided into two types
that differ by at least 19 restriction sites (Mason-Gamer et
al. 1995). Both types can be found co-occurring in popu-
lations and within different varieties of the species.
Other species of the genus Coreopsis have one chloroplast
type or the other, but it is not known how many are
polymorphic like C. grandiflora. The chloroplast poly-
morphism suggests either that C. grandiflora is the result

of hybridization between two morphologically distinct
species, or that both chloroplast types are shared by
many members of the genus. The latter explanation sug-
gests that polymorphism can be retained for many years,
even through multiple speciation events.

Many other examples of chloroplast DNA variation
are cited by Soltis et al. (1992). Such studies illustrate
how dynamic plant populations are, and how much
gene exchange can occur over evolutionary time.

rbcL Many plant systematists have been involved in
a community-wide effort to generate a large database
of sequences of the chloroplast gene rbcL. This gene
encodes the large subunit of the photosynthetic
enzyme ribulose-1,5-bisphosphate carboxylase/oxyge-
nase (RuBisCO), which is the major carbon acceptor in
all photosynthetic eukaryotes and cyanobacteria. The
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Stipeae are thus a mixture of
synapomorphies linking them with
the pooids and symplesiomorphies,
which they share with many other
grasses. Two of these studies were
based on chloroplast DNA, using
restriction site polymorphisms (cp
RFLP; Davis and Soreng 1993) and
sequences of ndhF (Catalán et al.
1997). We would expect these to
give the same phylogeny because
the chloroplast does not recombine
and thus has a single history. The
other three studies were based on
nuclear genes—those for the ITS
(Hsiao et al. 1994), phytochrome B
(Mathews and Sharrock 1996), and
granule-bound starch synthase I
(Mason-Gamer et al. 1998). These
support the same placement of the
Stipeae. The fact that all data from
both nuclear and chloroplast
genomes suggest the same relation-
ships indicates that the gene trees
are probably good estimates of the
organismal phylogeny. These data
are also congruent with information
on chromosome number.

A different result appears when
we investigate relationships within
the tribe Triticeae (Figure 5.5). For
this group we have five molecular
phylogenies, all dealing with the
diploid genera. The two chloroplast
phylogenies, based on restriction site
polymorphisms (Mason-Gamer and
Kellogg 1996) and rpoA sequences
(Petersen and Seberg 1997), suggest
the same groupings, as expected.
However, the three nuclear gene
trees (based on three different chro-
mosomes) are significantly different

(Kellogg et al. 1996). The explanation
for this is not clear, but may involve
a history of limited gene flow among
the genera. The important point is
that not all genes have identical his-

tories. This means that one gene tree
needs to be compared with a second
one, preferably from a different
genome, if we are to begin to infer
organismal histories.

Taeniatherum caput-medusae
Aegilops searsii
Aeg. bicorn./longis./sharon.
Aeg. com./tripsa./dichas.
Aegilops tauschii
Aegilops uniaristatum
Aegilops speltoides
Triticum monococcum
Crithopsis delileana
Thinopyrum bessarabicum
Thinopyrum junceiforme
Lophopyrum elongatum
Dasypyrum villosum
Pseudoroegneria spp.
Heteranthelium piliferum
Agropyron cristatum
Eremopyrum distans
Eremopyrum bonaepartis
Australopyrum velutinum
Australopyrum pectinatum
Peridictyon sanctum
Secale spp.
Henrardia persica

Psathyrostachys spp.
Hordeum spp.
Critesion spp.
Bromus spp.

Chloroplast
Chromosome 1
Chromosome 5
Chromosome 7

Figure 5.5 Phylogeny of the tribe Triticeae. Data for the two chloroplast phyloge-
nies are from rpoA sequences and restriction site polymorphisms. Chromosome 1
and 5 histories are based on sequences of independent sets of 5S DNA spacers.
Chromosome 7 history is based on sequences of granule-bound starch synthase I.



secondary structure of the gene
is known (Figure 5.6), and amino
acids can be assigned to particu-
lar structural components of the
gene. This gene was chosen be-
cause it is almost universal
among plants (excepting only the
parasites), it is fairly long (1428
bp), it presents no problems of
alignment, and as part of the
chloroplast, it is present in many copies in the cell. The
enthusiasm for sequencing the rbcL gene was aided by
the generosity of Gerard Zurawski (University of
Georgia), who designed a set of near-universal PCR
primers that he distributed freely to anyone who want-
ed them. The availability of these primers has encour-
aged many plant systematists to generate rbcL
sequences and has resulted in well over 2000
sequences, primarily of seed plants. The power of this
broadly collaborative approach should not be underes-
timated.

The gene trees generated from these rbcL sequences
have had an enormous influence on our view of relation-
ships among angiosperm families, and they are referred
to throughout this book. In particular, several studies pre-
sented in a single issue of the Annals of the Missouri Botan-
ical Garden in 1993 have generated many hypotheses of
relationship, which are now available for testing with
other molecular and morphological data. These studies
are remarkable for their tremendous heuristic value.

Like any heuristic study, however, these studies have
limitations. Much attention has been focused on the
work of Chase and his co-authors (1993), who attempted
to generate a phylogeny for all seed plants using 499
rbcL sequences. The published trees turned out not to be
the shortest available for that data set, a few of the
sequences proved to be pseudogenes, and whole fami-
lies were represented by single sequences, among other
problems. Reanalyses of the 499-taxon data set have
found many equally parsimonious trees, many of which
are quite different from the ones presented in the origi-
nal study (Rice et al. 1997).The results, in other words,
should be interpreted with caution—a point that the
authors of the paper recognized. Nonetheless, rbcL data,
and the Chase et al. tree in particular, are widely cited
and are taken as the starting point for many current
research projects. We will therefore discuss the results
briefly as an entrée into the current literature.

The trees based on rbcL data support many ideas that
were accepted based on morphology. The Caryophilli-
dae, for example, are monophyletic. The groups that
Cronquist called Rosidae and Dilleniidae are largely
intermingled, as had been suspected by anyone who had
tried to teach according to Cronquist's system. Several
well-known family pairs (e.g., Asclepiadaceae/Apocy-
naceae, Araliaceae/Apiaceae, Brassicaceae/Capparaceae,
here united to preserve monophyly) are supported by
rbcL data, although the exact relationships between mem-
bers of the pairs differ. Families long suspected of being
polyphyletic (e.g., Saxifragaceae, Caprifoliaceae) appear
polyphyletic based on rbcL data. The eudicot (tricolpate)
clade is supported, albeit weakly, by rbcL data.

In other cases, rbcL data have helped to resolve rela-
tionships that were previously ambiguous. The Eri-
caceae, for example, were included in Engler and
Prantl's Sympetalae, but current thought had placed
them well outside it. Trees based on rbcL data support
the placement of an Ericalean clade in a larger clade with
the Asteridae, reuniting much (but not all) of the Engler-
ian Sympetalae. These data also support a monophyletic
Rosaceae, within which three of the four subfamilies are
monophyletic; some genera will need to be realigned,
however (Morgan et al. 1994).

Finally, there are a few cases in which rbcL data sug-
gest something quite surprising. We have mentioned the
placement of Vochysiaceae and Limnanthaceae in the
Myrtalean and glucosinolate clades, respectively. Anoth-
er striking example is the finding that the nine families
with nitrogen-fixing members fall into a single large
clade, along with a restricted set of families that are not
nitrogen-fixing (Soltis et al. 1995). Because previously the
N-fixing families had appeared to be completely unrelat-
ed, this finding suggests that these families may have
more in common than previously believed.

OTHER CHLOROPLAST GENES
One of the limitations of rbcL as a phylogenetic marker is
its slow rate of change. It is fundamentally a conserva-
tive molecule that is highly constrained at the amino
acid level. It is therefore not particularly useful for infer-
ring relationships within or between closely related gen-
era. Instead, other chloroplast genes have been used for
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such purposes, notably those for subunit F of NADP
dehydrogenase (ndhF, in the small single-copy region),
those for the α and β′′ subunits of RNA polymerase II
(rpoA and rpoC2, in the large single-copy region), and a
maturase gene in the intron separating the coding region
of trnK (matK, previously known as ORF, for open read-
ing frame, K). Because these are all part of the same non-
recombining genome as rbcL, they all track the same
(generally maternal) history.

AtpB, the gene encoding the β subunit ot ATP syn-
thase, is used increasingly to address the same problems
as rbcL. It appears to evolve at about the same rate and
thus provides additional phylogenetically informative
characters.

NUCLEAR GENES

Ribosomal RNA Historically, the only nuclear genes
with a high enough copy number for easy study were
the ribosomal genes. These are arranged in tandem
arrays of several hundred to several thousand copies.
The general arrangement of these genes is shown in
Figure 5.7. The small subunit (18S) and large subunit
(26S) genes are separated by a smaller (5.8S) gene, and
the whole set of genes is transcribed as a single unit.
There are short transcribed spacers (ITS) between the
three genes. Each set of three genes is separated from
the following set by a large spacer, variously referred
to as the intergenic spacer (IGS), extragenic spacer
(EGS), or nontranscribed spacer (NTS). The last is
something of a misnomer, in that some of the sequence
immediately upstream of the 18S gene and down-
stream of the 26S is actually transcribed; these regions
are sometimes called the external transcribed spacers
(ETS). The middle portion of the spacer is not tran-
scribed, and is made up of variable numbers of short
repeated sequences (ca. 100–300 bp each). These are
thought to play a role in gene regulation.

A completely separate rRNA array encodes only 5S
RNA (not to be confused with 5.8S rRNA), a molecule
with an unknown function in the ribosome. The 5S rRNA
genes are in tandem arrays of several thousand copies, and
are separated by nontranscribed spacers.

Such highly repetitive sequences undergo homoge-
nization processes known as concerted evolution. If a
mutation occurs in one copy of a sequence, it is general-
ly corrected to match the other copies, but sometimes the
nonmutated copies are “corrected” to match the mutat-
ed one, so that nucleotide changes propagate throughout

the array. This means that the many copies of the
sequence are generally more similar to one another than
they are to copies in other species. Within-species varia-
tion does occur, however, because concerted evolution is
slower than the mutation rate. This means that some
highly repetitive sequences can be used to assess varia-
tion within and among populations of the same species.

Ribosomal genes were studied initially by restriction
site mapping of the intergenic region. This region, partic-
ularly the short repeated sequences, is quite variable
even within populations. Its major value has therefore
been in studies of closely related plants, where it has
been useful in determining population structure and in
assessing patterns of hybridization (see Box 5B). King
(1993), for example, studied North American and Euro-
pean species of dandelions. All known North American
dandelions are asexual, but European ones are both sex-
ual and asexual. All rDNA and chloroplast DNA geno-
types found in asexual plants were also found in sexual
plants, but in different combinations. This finding is evi-
dence that asexual plants are produced frequently by
hybridization between sexual ones. 

Methods for direct sequencing of RNA (without
recourse to the DNA that encodes it) were developed
earlier than rapid DNA sequencing methods, and well
before PCR. This led to some early hope that the 5S
rRNA gene sequences would be the key to evolutionary
history. Researchers soon recognized, however, that the
5S rRNA genes were too short (at 120 bp) and too con-
servative to illuminate relationships. The nontranscribed
spacer region has been used with some success in close-
ly related groups, however.

Sequences of the 18S and 26S genes are more promis-
ing. These genes are large (about 1800 and 3300 bp
respectively). They have some regions that are highly
conserved, which helps in alignment, and others that are
quite variable, which helps to distinguish phylogenetic
groups. A large cooperative effort, analogous to the rbcL
study, is now under way to generate a large database of
18S sequences (Soltis et al. 1997). The results of this study
are helping to test some of the hypotheses that emerged
from the rbcL study. In broad outline, phylogenies of the
two genes have found similar groups among the angio-
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Figure 5.7 Structure of the ribosomal array. Coding regions of
the 18S small subunit (SSU), 5.8S, and 26S large subunit (LSU) are
shown as heavy open rectangles; the transcription unit is brack-
eted. Spacers are indicated by black lines, and the short repeats
in the intergenic spacer (IGS) are indicated by small boxes. ETS =
external transcribed spacer, ITS = internal transcribed spacer.



sperms. Many exciting insights are forthcoming as
details of these gene trees continue to be worked out.

Recently some researchers have used the ITS region to
determine relationships among species. In general, the
ITS region has supported relationships inferred from the
chloroplast or from morphology. In other cases, howev-
er, it has proved to be polymorphic within species, or
even within individual plants, suggesting that concerted
evolution has not completely homogenized the repeats.
Although this polymorphism may be a problem in some
cases, it also provides tools for understanding gene flow
and population-level variation.

Low copy number genes Work on genes with low
copy numbers is in its infancy in plant molecular sys-
tematics, and it is safe to say that no nuclear gene has
yet been used across enough groups to provide a real-
ly clear comparison with chloroplast or ribosomal
data. The difficulties of working with low copy num-
ber genes are appreciable, but by no means insur-
mountable. In order for a gene to be a useful phyloge-

netic indicator, it must not be easily confused with any
other gene. This requirement can be a problem because
many nuclear genes are duplicated or exist as a part of
a small set of genes (a gene family). If there are multi-
ple genes in the gene family, they must be distinguish-
able and not undergo any sort of concerted evolution.
Population genetic theory suggests that allelic varia-
tion should not be misleading above the species level
because alleles in one species should be more closely
related to each other than they are to alleles in other
species. Data on the genes for alcohol dehydrogenase
in Arabidopsis and granule-bound starch synthase I
(waxy) in grasses and Rosaceae support this expecta-
tion, but it still needs to be tested more broadly.

The gene for phosphoglucoisomerase (PGI) has been
studied in some detail in the genus Clarkia, by Gottlieb
and his colleagues (1996). There are actually two PGI
genes in angiosperms, one used in the cytosol and one in
the plastid. The two can easily be distinguished. Isozyme
studies indicated that some species of Clarkia had two
copies of the cytosolic gene, rather than just one. Studies
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Wendel and his colleagues (1995)
studied the evolution of the genus
Gossypium, which includes all the
species that produce cotton. They
used isozymes, nuclear ITS

sequences, and chloroplast restriction
site analysis to study the history of
both diploid and tetraploid species.
Most of their data indicate that the
New World diploids (with a genome

designated D; Figure 5.8) are mono-
phyletic, as are the Old World
diploids (genome groups A, B, and
F). The surprise came in analyzing
the New World tetraploids, including
Gossypium hirsutum, the source of
most of the world's commercial cot-
ton. These were formed by allopoly-
ploidization of A and D genomes.
Wendel and his colleagues found that
G. hirsutum has a chloroplast derived
from one of the African species, and
that it must have acquired it only

about 1–2 million years ago, well
after the formation of the Atlantic
Ocean. One other New World species
has elements of an Old World ITS
sequence as well. We do not know
how such long-distance gene flow
might have occurred.

BOX 5B Molecular Data Reveal Ancient Hybridization

G. robinsonii

G. sturtianum

G. triphyllum
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G. thurberi

G. trilobum

G. raimondii

G. gossypioides
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G. lobatum

G. aridum

G. schwendemanii

G. armourianum

G. turneri

G. harknessii

G. klotschianum
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Figure 5.8 History of species of Gossypium. The New World
AD genome allopolyploids were formed by the joining of an Old
World ancestor similar to G. herbaceum to a New World ancestor
similar to G. raimondii. (Redrawn from Wendel 1995.)



of DNA sequences showed that both copies were present
in all species of the genus, but that in some species the
extra copy had accumulated so many mutations that it
could no longer be translated properly and thus would
not appear on an isozyme gel. Such nonfunctional genes
are known as pseudogenes. The sequences themselves,
however, provided robust and identical gene trees,
which clarified relationships among the species.

In general, nuclear genes and gene families need to be
extensively characterized before they can be used to
infer relationships. Other nuclear genes that are good
candidates for phylogeny reconstruction are those for
the phytochromes, the small heat-shock proteins, and
glutamine synthetase. Before such genes can be used
reliably for phylogenetic studies, considerable data must
be acquired to determine the taxonomic level at which
the genes vary, the copy number of the genes, and
whether the copies tend to correct each other. The latter
process, concerted evolution, can lead to confusion
about which gene copies are most closely related to each
other. Over the next several years, low copy number
nuclear genes will give us much new information on
plant phylogeny.

High copy number noncoding nuclear sequences
Unlike chloroplast, ribosomal, and nuclear protein-
coding genes, high copy number noncoding sequences
appear to evolve rapidly, and are thus useful for
addressing questions at the species level or below.
These high copy number sequences are generally
short sequences that are repeated many times, often at
many locations in the genome. So-called minisatel-
lites or variable number tandem repeats (VNTR) are
made up of repeated sequences that are generally tens
of base pairs in length. There are also similar regions,
known as microsatellites, in which the repeats are
much shorter, consisting of only two or three nucleo-
tides. Such repeated sequences are unstable and prone
to errors in replication usually deriving from replica-
tion slippage (although unequal crossing-over is also
a possibility in some cases). Replication slippage
occurs as the DNA is being copied. The strands sepa-
rate for replication, but reanneal out of register, lead-
ing to a loop in the DNA. Mismatch repair mecha-
nisms then either remove the loop (leading to a loss of
the repeat unit) or insert extra bases on the opposite
strand (leading to a duplication). Because of this insta-
bility, individual organisms often vary in the number
of repeats at a particular satellite locus. This variation
can be used to determine a DNA “fingerprint” unique
to a particular plant or closely related group of plants.
Studies of population structure generally depend on
accurate assessment of relationships among individ-

ual plants, and these markers are useful for such
assessment.

Another method often used in studies at the popula-
tion level is the random amplified polymorphic DNA
(RAPD) method. In this technique, short (10 bp) PCR
primers are designed with arbitrary sequences. These
short random sequences will generally match one or
more sequences somewhere in the genome of the plant,
and the primers will bind to and amplify a fragment of
DNA. By doing many such PCRs with random primers,
one can generally find fragments that distinguish indi-
vidual plants or populations. This allows for a rapid
assessment of how many genotypes are present in a
population and a rough estimate of how different they
are. The technique is limited, however, because the
identity of the fragments is not known. In other words,
a fragment of 150 bp in one plant may not actually rep-
resent the same part of the genome as a 150 bp fragment
in another plant. Verifying the identity of the fragments
requires Southern blotting or restriction site analysis, at
which point the technique may become as laborious as
restriction site studies or sequencing. Other techniques,
such as AFLP (amplified fragment length polymor-
phisms), have been developed to circumvent the prob-
lems of RAPD, but a full discussion of these is beyond
the scope of this book.

Summary
Molecular techniques provide powerful tools for the
study of evolution and phylogeny. Most data on rela-
tionships at the species level and above have so far
come from the chloroplast genome and the highly
repeated sequences of ribosomal RNA. Future data are
likely to come also from low copy number nuclear
genes. New tools are continually being developed for
the study of variation within and among conspecific
populations, including methods of genome mapping.
As these tools come into more widespread use, they will
provide new insights into the processes of population-
level differentiation.

No matter how powerful the molecular data, how-
ever, morphological data will remain critical for phylo-
genetic studies. The major questions in plant systemat-
ics are still morphological. Questions about the origin
of species, the mechanisms of diversification, and the
best way to classify that diversity all require under-
standing of morphology as well as phylogeny. We can
now envision a time when robust phylogenies will
have been constructed for all groups of plants, and the
question of systematics will shift from “What is the
phylogeny of my group?” to “How did the morpholog-
ical diversity arise?”
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