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DNA AND PHYLOGENY IN PLANTS: HISTORY AND
NEW PERSPECTIVES

PaoOLO CAPUTO

Abstract

This paper briefly reviews the experimental techniques and the methods of phylogenetic
inference used in plant molecular systematics. Special attention has been given to chloroplast
DNA and nuclear ribosomal DNA, as well as to the results obtained by mapping or sequencing
these molecules in seed plants. Limitations of the techniques are discussed, especially for what
pertains to comparison with other sources of data. A possible future for molecular systematics is
outlined.

Introduction

Understanding biological variation is one of the major intellectual endeavors that
mankind has been undertaking for the last two thousand years. However, in the long
history of this still unfinished quest, we can detect only few important breakthroughs,
the majority of which only occurred in the last few centuries. I am obviously referring
to Linnean hierarchies, evolutionary theory, Mendelian genetics, all of which were
necessary prerequisites to the developments occurred in the second half of this century.

The past few decades have proven to be unusually momentous in modifying
systematic thought, as the theoretical foundations of modern population biology,
neodarwinism, phenetics, cladistics were laid at the same moment in which new
techniques were being developed in microscopy, cytology, genetics and molecular
biology. In particular, it has been an exceptionally felicitous coincidence that progress
in molecular biology allowed systematists to make use of macromolecules at the same
moment in which computer-aided methods were available to analyze large data sets,
so opening the way for a novel and virtually inexhaustible source of evidence.

The origin of molecular systematics may be dated back to the publication of
ZUCKERANDL & PAULING’s seminal paper (1965), in which they suggested a potential
phylogenetic usage of macromolecular sequence data, by indicating that mutation rate
may be proportional to clock time, and that phylogeny may be deduced from mutations.
Much ground was covered since then.

Possible substrates

The choice of the substrate DNA is perhaps the most crucial point in any molecular
study; it heavily depends upon the evolutionary span of the problem at hands, and also
upon a careful evaluation of the most cost-effective approach. Selection of the
appropriate molecule is carried out by evaluating mutation rates and way of inheritance.
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Ideally, the molecule or the gene(s) of choice should show enough variation as to allow
systematic analysis, but not so much divergence as to hinder the understanding of
phylogenetic relationships among the taxa in study. The chosen substrate should also
be easy to obtain in large amounts.

Three different kinds of DNA molecules are normally found in a photosynthetic
plant cell: nuclear DNA (nDNA), chloroplast DNA (cpDNA) and mitochondrial DNA
(mitDNA). These molecules have been exploited to very different degrees by plant
systematists, according to their suitability to phylogenetic research and to the easiness
of their manipulation.

Chloroplast DNA. CpDNA is the most widely used nucleic acid in plant phylogeny,
as it offers several advantages to the systematist. For example, its abundance in plant
cells makes it easy to extract in quantitative amounts, so facilitating further analysis
(PALMER, 1986). Extensive information on its sequence (OHYAMA & al., 1986;
SHINOZAKI & al., 1986; HIRATSUKA & al., 1989) and structure (PALMER, 1985; LAVIN
& al., 1990, DOWNIE & PALMER, 1992a and references therein) is available, so that
investigation of changes in gene content, structural organization and mutation rates is
easily accomplished. Finally, it shows a low rate of nucleotide substitution, at least in
land plants (WOLFE & al., 1987; CLEGG & al., 1990), as well as infrequent
modifications of structure and gene order (PALMER, 1985; PALMER & STEIN, 1986).
This represents a great advantage both on a technical and a systematic standpoints: in
fact, cpDNA conservativity allows the usage of the same molecular probes virtually
across all embryophytes; moreover, and more importantly, its slow rate of nucleotide
substitution makes cpDNA a most suitable tool for studies on distantly related taxa,
in such a way relieving morphological analyses, often beset by parallelisms at that level.
CpDNA is a circular, covalently closed molecule, typically ranging from 135 to 160
kilobases (kb) in angiosperms. It consists of two identical segments (approx. 25 kb)
forming an inverted repeat (IR) which separates the rest of the molecule in two single
copy regions (OLMSTEAD & PALMER, 1994 and references therein). Some exceptional
genomes have been documented which greatly depart from this structure. Lack of a
copy of the IR has been described for some legume taxa (PALMER & THOMPSON, 1982;
LAvIN & al., 1990) and for conifers (RAUBESON & JANSEN, 1992); a triple-sized IR
was discovered in a genus of Geraniaceae (PALMER, NUGENT & HERBON, 1987); loss
of various genes and vast deletions have been demonstrated for members of
Orobanchaceae, a non-photosynthetic and parasitic angiosperm family (DE PAMPHILIS
& PALMER, 1990). Apart from these cases, rare major sequence rearrangements (usually
in the form of large inversions) are present; they usually are very useful on a
phylogenetic standpoint, as they precisely mark monophyletic groups. The split between
Barnadesioideae and the rest of Asteraceae, for example, is revealed by a 22 kb
inversion (BREMER & JANSEN, 1992 and references therein).

The most commonly employed chloroplast gene is rbcL (ribulose 1,5 diphosphate
carboxylase, large subunit - the chief enzyme in carbon fixation), for which a large
database is available (CHASE & al., 1993). Generous estimates (CLEGG, 1993) suggest
that rbcL is phylogenetically informative in an interval of 400-100 million years before
present, albeit more conservative opinions exist (ALBERT & al., 1994).
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A promising gene is rps4 (encoding a chloroplast ribosomal protein), which has
been used up to now to infer phylogeny in Poaceue (NADOT & al., 1994),

Other cpDNA genes which very recently entered the field of molecular systematics
are: matK (encoding a maturase), which has been used on Saxifragaceae (JOHNSON &
SOLTIS, 1995); ndhF (which possibly encodes a dehydrogenase), used on
Scrophulariaceae (OLMSTEAD & REEVES, 1995) and Solanaceae (OLMSTEAD &
SWEERE, 1995); atpB, used on Lardizabalaceae (HOOT & al., 1995).

Mitochondrial DNA. MtDNA, which so much has been employed by zoologists, is
virtually useless for systematic purposes in plants: its large size (ranging between 300
and 2000 Kb), its widespread intra- and intermolecular recombination, the speed of its
rearrangements, and the slowness of the rate of point mutations (PALMER, 1992) make
this molecule unsuitable for the restriction mapping approach which so much helped
the understanding of molecular phylogeny in plants.

Nuclear DNA. Depending on the regions chosen, nDNA could be exceedingly useful
for a multitude of systematic problems pertaining to very different hierarchical levels,
but we are still far from exploiting it in its full power. Several of the difficulties met
when dealing with nuclear DNA (e.g., obtaining the gene of interest for the first time),
which, until few years ago, required the tedious and time-consuming procedure of
genomic cloning have already been solved by the widespread use of PCR thermocyclers,
oligonucleotide synthesizers and automated sequencing apparatuses.

Among the few regions of nuclear DNA which, up to now, have been closely
scrutinized by plant systematist is ribosomal DNA (n-rDNA), i.e., the DNA which codes
for ribosomal RNA (e.g., HAMBY & ZIMMER, 1992). Among the reasons of the
widespread use of rDNA we may indicate both technical and fundamental issues: first,
it is an abundant fraction of total DNA, as it is represented by a very high, yet highly
variable number of copies per genome (see for example ROGERS & BENDICH, 1987);
some of its regions are so well conserved that the same probes may be used across
broad evolutionary spans; some others are so variable that can be used for
microevolutionary studies. In facts, its structure consists of three highly conserved
coding units, 18S, 5.8 and 26S, which have been used to provide data at the highest
level of plant phylogeny (MISHLER & al., 1994 and references therein), separated by
two quite variable internal transcribed spacers, ITS 1 and 2, normally used in
infrageneric comparisons (SUH & al., 1993; KM & JANSEN, 1994a and references
therein; BALDWIN & al., 1995); each of these transcription units is separated by a highly
variable intergenic spacer (IGS). Besides these, other ribosomal sequences have been
used to infer phylogenetic hypotheses, and namely those of the 58 RNA, which are
located in other chromosomal sites and code for a RNA molecule of different size. 55
sequences, because of their shortness and high substitution rates (STEELE & al., 1991),
can be used only for lower taxonomic hierarchies.

Among the potentially useful nuclear genes which will probably be widely used in
the next few years are heat shock genes (WATERS, 1995) and the phytocrome gene
family (MATHEWS & al., 1995).
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Data collection

The techniques used to analyze the DNA molecules listed above are manifold. For
the sake of concision, only the two most popular will be described here: restriction
analysis and sequencing.

Restriction endonucleases are bacterial enzymes which cleave DNA molecules only
when they find a specific sequence, thus producing a set of discrete DNA fragments,
the size of which varies according to the positions of restriction sites. By separating
these fragments by gel electrophoresis, transferring them onto membranes and
hybridizing them against specific DNA probes, it is possible to detect the presence or
absence of a given DNA fragment in a given taxon and, with more effort, to determi-
ne the physical succession of restriction sites in a given DNA molecule. The presence
or absence of these restriction sites can then be compared across the taxa in analysis.

By using this method, which is called restriction mapping analysis, not only the
presence of sites, but also major physical rearrangements in DNA molecules of fairly
large size can be easily detected.

The other technique in use, DNA sequencing, involves the detection of the order
by which different nucleotides follow each other in a DNA helix. A burdensome
technique until few years ago, it has been made much easier by the use of PCR and
automated apparatuses. PCR technique simplifies isolation of the target sequence, which
formerly required lengthy and expensive cloning, and automated apparatuses facilitate
the actual collection of data.

Restriction analysis, being technically simpler, was historically the first technique
employed for wide phylogenetic studies in plants. However, the generic expression
“restriction analysis” encompasses very different methods (reviewed by BREMER, 1991).
Mainly, either restriction fragment length polymorphisms (RFLP) or restriction sites
may be used. Theoretical reasons would suggest the use of site data (i.e., restriction
mapping) for phylogenetic inference (PALMER, 1987). However, mapping is not always
straightforward, and, in the worst cases, may be so difficult to be unpractical. A partial
defence of fragment data has been attempted by BREMER (1991) and MORETT! & al.
(1993), and fragment data have helped to solve several low-level phylogenetic problems
in different plant groups (e.g., STRAUSS & DOERKSEN, 1990; CAPUTO & al., 1991).

A major critique, however, has been raised also to restriction site data, when used
to infer phylogenies at high hierarchical levels: gains and losses of sites, in fact, should
be used only when gains and losses are proved to be originating from the same point
mutation, and this is very difficult, if not impossible, to prove in most cases.

The only constructive way of using restriction data across broad evolutionary spans
is mapping large DNA rearrangements (typically, this is done with cpDNA). By this
method, for example, the phylogeny of the Asteridae sensu Cronguist (1981) was
reassessed (DOWNIE & PALMER, 1992b).

Sequence data, which up to few years ago have been more difficult to obtain, are
on the contrary of very simple and unequivocal interpretation. They provide more
detailed information (but forcefully on smaller regions) than restriction data. Moreover,
PCR-mediated techniques require very little amounts of leaf tissue and may use even
badly degraded DNA, extracted from herbarium specimens or even from fossils
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(GOLENBERG & al., 1990). This makes sequencing the method of choice over restriction
analysis when starting material is a limiting factor. Finally, any additional taxon may
be included in a pre-existing data matrix in a much easier way than with restriction
data.

However, PCR technique is prone to several problems, among which
misincorporation and, especially, danger of contamination with different DNAs. This
may lead to inexplicable results originating from the casual amplification of the wrong
molecule. OLMSTEAD & PALMER (1994), in a review on chloroplast DNA systematic
methods, report some very interesting (and worrisome) stories on the matter.

Impact of DNA phylogenies on systematic thought

The exploitation of the above-mentioned techniques produced a host of data, which
is readily available to the scientific community both as restriction maps or cladograms
in papers and as raw sequences in computerized databases.

The recent history of plant molecular systematics can be easily followed by looking
at the tables of contents of a few botanical journals, among which American Journal
of Botany, Plant Systematics and Evolution, Annals of Missouri Botanical Garden,
Systematic Botany.

At the beginning, on the contrary, molecular systematic papers were more frequently
published in molecular journals, and, of course, attention was drawn mainly by selected
cultivated plants. Among others, Lycopersicon (PALMER & ZAMIR, 1982), Cucumis
(PALMER, 1982; PERL-TREVES & GALUN, 1985), Brassica (PALMER & al., 1983},
various legumes (PALMER & THOMPSON, 1982; PALMER & al., 1985; PALMER & al.,
1987), Triticum (BOwWMAN & al., 1981, 1983), Hordeum (POULSEN, 1983), Zea
(TIMOTHY & al., 1979). This possibly not so much for their applicative implications,
but because they were very well studied systems, from which DNA was easily
extracted. Later on, problems of general taxonomic interest started being faced by
molecular techniques (and molecular papers started shifting from molecular journals
to botanical ones); nowadays molecular systematics is part of many thorough botanical
studies. Among seed plants, and regardless to method of molecular analysis, studies
are available for the following groups (only the most recent and relevant studies above
tribal level are included): Acanthaceae (HEDREN & al., 1995), Asteraceae (JANSEN &
al.,, 1992; Kim & al., 1992; MICHAELS & al., 1993), Asteridae (DOWNIE & PALMER,
1992b; OLMSTEAD & al., 1993), Arecaceae (UHL & al., 1995), Berberidaceae (KIM &
JANSEN, 1994b), the major clades of Bromeliiflorac-Commelinifiorae-Zingiberifiorae
(CLARK & al., 1993), Caryophyllales (RETTIG & al., 1992), Caryophyllidae (GIANNASI
& al., 1992), Cornaceae p.p. (XIANG & al., 1993), Cupressaceae and Taxodiaceae
(GADEK & QUINN, 1993; BRUNSFELD & al., 1994), Dipsacales (DONOGHUE & al.,
1992), Droseraceae (WILLIAMS & al., 1994), Ericales (KRON & CHASE, 1993),
Fabaceae (LAVIN & al., 1990), Geraniaceae-Geraniales (PRICE & PALMER, 1993),
Hydrangeaceae (SOLTIS & al., 1995), Juncaceae-Cyperaceae (PLUNKETT & al., 1995),
Lardizabalaceae (HOOT & al., 1995), Liliaceae p.p. (SHINWARI & al., 1994),
Magnoliidae (QIU & al., 1993), Loasaceae-Hydrostachyaceae (HEMPEL & al., 1995),
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Nepetoideae-Lamiaceae (WAGSTAFF & al., 1995), Onagraceae (CONTI & al., 1993),
Orchidaceae-Orchidales (DRESSLER & CHASE, 1995), Poaceae (DOEBLEY & al., 1990;
NADOT & al., 1994), Ranunculaceae (JOHANNSON & JANSEN, 1993), Rosaceae
(MORGAN & al., 1994), Rubieae-Rubiaceae (MANEN & al., 1994), Scrophulariaceae
(OLMSTEAD & REEVES, 1995), Saxifragaceae (SOLTIS & al., 1993; JOHNSON & SOLTIS,
1995), Solanaceae (OLMSTEAD & PALMER, 1992; OLMSTEAD & SWEERE, 1995),
Winteraceae (SUH & al., 1993), Zamiaceae p.p., (CAPUTO & al., 1991), Zingiberales
(SMITH & al., 1993). Furthermore, various wider studies exist on monocotyledons (e.g,
DUVALL & al., 1993), angiosperms (e.g, NICKRENT & SOLTIS, 1995 and references
therein), “gymnosperms” (e.g, HASEBE & al., 1992), seed plants as a whole (e.g., CHASE
& al., 1993; DOYLE & al., 1994; MISHLER & al., 1994).

DNA characters presently provide an indispensable complement to traditional
systematic analyses; in many cases they help to choose among different hypotheses of
phylogenetic relationships not discriminable by traditional methods, or provide new
notions on the location of misplaced taxa.

DNA opened new insights in the phylogeny of several major groups of flowering
plants. One of the most studied groups, at all levels, is Asteridae sensu CRONQUIST
(1981). The phylogeny of this group and its intersection with Rosidae can be counted
among the most fascinating intricacies in angiosperm phylogeny. Classical techniques
alone have been of little avail in this case, as it appears from the fact that CRONQUIST’s
(1981) and TAKHTAJAN’s (1987) systems, which are usually so similar, greatly differ
in the circumscription of some orders and in the hypotheses of mutual affinities. What
is more, some small families (e.g., Menyanthaceae, Oleaceae, Callitrichaceae,
Loasaceae) were of uncertain placement within Asteridae. Two independent molecular
analyses respectively based on restriction mapping of the cpDNA inverted repeat and
on rbel. sequencing (DOWNIE & PALMER, 1992b; OLMSTEAD & al., 1992) showed that
Asteridae sensu Cronguist may be divided at least in two major lineages, and that, in
order to be monophyletic, they should include also Cornales, Apiales and Ericales, as
well as Hydrangeaceae, Loasaceae and Fouquieraceae, all included by Cronquist into
Dilleniidae and Rosidae.

Even when molecular studies do not completely allow the choice of one hypothesis
against all others, they may still be of great help in excluding some of them. One of
the most debated issues in flowering plant phylogeny is the identification of the most
archaic living groups. At present, it is still unclear whether magnolioid taxa
(CRONQUIST, 1981), calycanthoid taxa (LOCONTE & STEVENSON, 1991),
monocotyledonous or chloranthoid taxa (BURGER, 1977, 1981), “palecherbs” (TAYLOR
& HICKEY, 1992) or Ceratophyllum (CHASE & al., 1993) are at the base. In spite of
the fact that no conclusive hypothesis has been published up to now, and that molecular
trees are overall at least as different from one another as they are from morphological
trees, molecular hypotheses constantly rule out the presence of monocotyledonous and
chloranthoid taxa at the base, so reducing the number of competing hypotheses
(DONOGHUE, 1994).
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The pessimism of reason

The constant improvement and the power of molecular techniques have convinced
many systematists that all evolutionary problems can be soived with molecular data:
regarding molecular methods as the panacea, however, would be a gross misconception.

Among the various problems met when using molecular data, the choice of the
method of phylogenetic inference is one of the most vexing. In fact, reliable
phylogenetic hypotheses can be derived from raw data if, and only if. the data fit (or
do not depart too much from) the assumptions of the model used to analyze them.

The crucial issue is that we still do not entirely know which are the selective
constraints acting upon DNA sequences and how they relate to those acting on the
corresponding proteins (see ALBERT & al., 1994 for an example in which rbcL
sequences yield a topology different from that obtained with the aminoacid translation
of the same data). We also ignore whether neutralistic models (KIMURA, 1983 and
references therein) can always be assumed in case of silent nucleotide substitutions.

Methods of phylogenetic inference. The standard methods of analysis until few years
ago, have been Wagner's (FARRIS, 1970) and FITCH's (1971) parsimony, both of which
find cladograms minimizing the number of transitions between character states required
to justify the results, with no constraints on the direction of change. However, the
straight use of cladistics implies that any change (e.g., gain vs. loss of restriction sites
or transitions vs. transversions) is equally likely as another. This is not true, both for
point mutations and, especially, for restriction site mutations (for which, theoretically,
the gain/loss ratio is 1/18); for the latter, the usage of Dollo parsimony (which does
not allow parallel gains of characters) was deemed more suitable (LE QUESNE, 1974;
FARRIS, 1977). Recently, however, ALBERT & al. (1992) demonstrated that Dollo
parsimony is inappropriate for restriction site data. by indicating that the proper weight
for character states in restriction analyses should be between 1 and 2. They conclude
that a parsimony model allowing, but biasing against, less probable events should
instead be used.

Still, transitions are overall more likely than transversions (LAKE, 1987), and any
synonymous change in a codon more likely than a non synonymous one (KIMURA,
1983). For this reason, generalized parsimony methods (SWOFFORD & OLSEN, 1990 and
references therein), which assign a cost for any kind of character state transformations,
have been devised, but they are of still cumbersome implementation. What is more,
generalized parsimony moves the problem just a step forward: in fact, even if some
quite technical procedures have been devised (e.g., ALBERT & al., 1992; ALBERT & al.,
1993), it is often difficult to objectively define the costs, the choice of which seems
somehow arbitrary (or, however, implying a model of uncertain application).

The choice of different methods of phylogenetic inference is questionable to the
same or higher extent. In fact, techniques which may seem virtually assumption-free
(e.g., cluster analysis), actually require at least that data are ultrametric (i.e., the distance
between any pair of taxa equals the sum of the length of the branches joining them
and all taxa should be equidistant from the root); unfortunately, ultrametricity is an
assumption which can hardly be demonstrated for the majority of molecular data
(SWOFFORD & OLSEN, 1990).
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Integration with other sources of data. Another, even more severe problem with
molecular analyses is the difficulty of reconciling results with data produced by using
morphology. This is true on computational grounds, but even truer because there is no
acceptable way of determining which relative weight to attribute to the different subsets
of characters: one cannot be sure, in fact, that sequence mutations, or even major DNA
rearrangements in a very short region of the genome, are comparable with the gain of
a complex morphological trait.

Moreover, in some cases, the topology of a gene tree can be positively misleading
when used to infer organismal phylogeny. This may happen especially when using
chloroplast DNA (which is usually uniparentally inherited) in the study of
hybridogenous/introgressive groups.

Various techniques have been devised to compare trees derived from molecular and
morphological data. A rather extreme and provocative view is that maintained by
DOYLE (1992), by which molecular data should be inserted in non-molecular studies
as a single, multistate, ordered character. The other extreme consists in simply
combining data matrices, regardless to the fact that the usually greater length of
molecular matrices may cause (in case of comparable homoplasy) morphological data
to virtually disappear. Apparently, however, in spite of its counter-intuitiveness (numbers
of characters, character weighting, nature of the sampling seem just to be t00 different)
combining matrices has some theoretical merit (DONOGHUE & SANDERSON, 1992).

More moderate views (PAGE, 1993; CAPUTO & al., 1992) consist in combining in
different ways the cladograms obtained by separate analyses.

In spite of all difficulties, there is a deeply felt need of combining all possible
sources of evidence, when inferring phylogenies. Arguments in favor of this may be
found in DONOGHUE & SANDERSON (1992) and in DONOGHUE (1994). Recent studies
using this combined approach (ALBERT & al., 1994; DOYLE & al., 1994; MISHLER &
al., 1994) have in fact shown that the combination of the different data sets may pro-
duce more resolved results, and may cause the appearance of clades not supported by
either single analysis.

A glimpse of the future

To foresee the future development of molecular systematics is an arduous task, given
the continuous, and often abrupt, technical progress in the field. Certainly, widening
the choice of sequence substrates to include many more genes (especially nuclear ones)
is a deeply felt need. Large databases exist in fact only for rbcL and ribosomal
sequences. The study of different sequences may allow to understand better the
mechanisms underlying selective value (or potential neutrality) of DNA mutations. On
the other hand, widening the existing databases is a stringent necessity: many of the
discrepancies between molecular and morphological hypotheses may find their reasons
in paucity of sampling for molecular analyses; the latter in fact may cause the presence
of long diverging branches attracting one another by chance (FELSENSTEIN, 1978;
ALBERT & al., 1994).
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In terms of data analysis. new softwares, which can handle very large data masri-
ces are needed, as well as algorithms whose assumptions fit better the tempo and mode
of DNA evolution. This in turn will hopefully produce more consistent und objective
methods of merging different sources of data, in such way to allow a better integration
in phylogenetic studies.

A parallel effort should be made by classical systematists to increase the number
of phylogenetic analyses available, as well as to undertake developmental studies, which
may still provide many valuable characters (DONOGHUE, 1994).

Finally, regulatory sequences should enter the database available to phylogenetic
inference, and greater attention should be paid to floral developmental sequences: as
traditional systematics is mainly founded on reproductive structures, the study of tlo-
ral homeotic genes will provide the still missing link between DNA and complex
morphological features.
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