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Preface




Plant Systematics is an introduction to the morphology, evolution, and classification of land plants. My objective is to present a foundation of the approach, methods, research goals, evidence, and terminology of plant systematics and to summarize information on the most recent knowledge of evolutionary relationships of plants as well as practical information vital to the field. I have tried to present the material in a condensed, clear manner, such that the beginning student can better digest the more important parts of the voluminous information in the field and acquire more detailed information from the literature.

The book is meant to serve students at the college graduate and upper undergraduate levels in plant systematics or taxonomy courses, although portions of the book may be used in flora courses and much of the book could be used in courses in plant morphology, diversity, or general botany.

Each chapter has an expanded Table of Contents on the first page, a feature my students recommended as very useful. Numerous line drawings and color photographs are used throughout. A key feature is that illustrated plant material is often dissected and labeled to show important diagnostic features. At the end of each chapter are (1) Review Questions, which go over the chapter material; (2) Exercises, whereby a student may apply the material; and (3) References for Further Study, listing some of the basic and recent references. Literature cited in the references is not exhaustive, so the student is encouraged to do literature searches on his/her own (see Appendix 3). Web sites are listed for some chapters.

The book is classified into units, which consist of one or more chapters. Of course, a given instructor may choose to vary the sequence of these units or the chapters within, depending on personal preference and the availability of plant material. There is a slight amount of repetition between chapters of different units, but this was done so that chapters could be used independently of one another.

Unit 1, Systematics, gives a general overview of the concepts and methods of the field. Chapter 1 serves as an introduction to the definition, relationships, classification, and importance of plants and summarizes the basic concepts and principles of systematics, taxonomy, evolution, and phylogeny. Chapter 2 covers the details of phylogenetic systematics, and the theory and methodology for inferring phylogenetic trees or cladograms, including parsimony, Bayesian, and maximum likelihood methods.

Unit 2, Evolution and Diversity of Plants, describes in detail the characteristics and classification of plants. The six chapters of this unit are intended to give the beginning student a basic understanding of the evolution of Green and Land Plants (Chapter 3), Vascular Plants (Chapter 4), Woody and Seed Plants (Chapters 6–8). Chapters 3–5 are formatted into two major sections. The first section presents cladograms (phylogenetic trees), which portray the evolutionary history of the group. Each of the major derived evolutionary features (apomorphies) from that cladogram is described and illustrated, with emphasis on its possible adaptive significance. This evolutionary approach to plant systematics makes learning the major plant groups and their features conceptually easier than simply memorizing a static list of characteristics. Treating these features as the products of unique evolutionary events brings them “to life,” especially when their possible functional significance is pondered. The second section of Chapters 3–5 presents a survey of the diversity of the group in question. New to this second edition are detailed family descriptions of lycophytes (all 3 families treated), ferns (15 of 37 families treated), and gymnosperms (9 of 13 families treated). Family etymologies are included, these, of course, based upon the type genus name; rare conditions and synonyms are enclosed by square brackets. Exemplars within major groups are described and illustrated, such that the student may learn to recognize and know the basic features of the major lineages of plants.

Because they constitute the great majority of plants, the flowering plants, or angiosperms, are covered in three chapters. Chapter 6 deals with the evolution of flowering plants, describing the apomorphies for that group and presenting a synopsis of their origin. Chapters 7 and, 8 describe specific groups of flowering plants. In Chapter 7 the non-eudicot groups are treated, including the earliest diverging angiosperm lineages and the monocotyledons. Chapter 8 covers the eudicots, which make up the great majority of angiosperms. In these two chapters numerous flowering plant families (129 of ca. 400 recognized) are described in detail, accompanied by photographs and illustrations; these are mostly families that are commonly encountered or for which material is usually available to the beginning student. Additional families are not described, but are illustrated with one or more exemplars. I have tried to emphasize diagnostic features a student might use to recognize a plant family, and have included some economically important uses of family members. Reference to Chapter 9 and occasionally to Chapters 10–14 (or use of the comprehensive Glossary) may be needed with regard to the technical terms. The Angiosperm Phylogeny Group III system of classification is used throughout (with few exceptions). This system uses orders as the major taxonomic rank in grouping families of close relationship and has proven extremely useful in dealing with the tremendous diversity of the flowering plants.

Unit 3, Systematic Evidence and Descriptive Terminology, begins with a chapter on plant morphology (Chapter 9). Explanatory text, numerous diagrammatic illustrations, and photographs are used to train beginning students to precisely and thoroughly describe a plant morphologically., Appendices 1 and, 2 (see below) are designed to be used along with Chapter 9. The other chapters in this unit cover the basic descriptive terminology of plant anatomy (Chapter 10) plant embryology (Chapter 11) palynology (Chapter 12) plant reproductive biology (Chapter 13) and plant molecular systematics (Chapter 14). The rationale for including these in a textbook on plant systematics is that features from these various fields are described in systematic research and are commonly utilized in phylogenetic reconstruction and taxonomic delimitation. In particular, the last chapter on plant molecular systematics reviews the basic techniques and the types of data acquired in what has perhaps become in recent years the most fruitful of endeavors in phylogenetic reconstruction.

Unit 4, Resources in Plant Systematics, discusses some basics that are essential in everyday systematic research. Plant identification (Chapter 15) contains a summary of both standard dichotomous keys and computerized polythetic keys and reviews practical identification methods. The chapter on nomenclature (Chapter 16) summarizes the basic rules of the most recent International Code of Botanical Nomenclature, including the steps needed in the valid publication of a new species and a review of botanical names. A chapter on plant collecting and documentation (Chapter 17) emphasizes both correct techniques for collecting plants and thorough data acquisition, the latter of which has become increasingly important today in biodiversity studies and conservation biology. Finally, the chapter on herbaria and data information systems (Chapter 18) reviews the basics of herbarium management, emphasizing the role of computerized database systems in plant collections for analyzing and synthesizing morphological, ecological, and biogeographic data.

Unit 5, Species Concepts and Conservation Biology, new to this second edition, contains a chapter (Chapter 19) that reviews basic plant reproduction and the criteria and concepts of species and infraspecies definitions. In addition, a section on conservation biology reviews the basic concepts of this field, how it relates to taxonomy and systematics, and its importance to biologists and society.

Lastly, four Appendices and a Glossary are included. I have personally found each of these addenda to be of value in my own plant systematics courses., Appendix 1 is a list of characters used for detailed plant descriptions (available on the Plant Systematics Resources web site). This list is useful in training students to write descriptions suitable for publication., Appendix 2 is a brief discussion of botanical illustration. I feel that students need to learn to draw in order to develop their observational skills., Appendix 3 is a listing of scientific journals in plant systematics, with literature exercises., Appendix 4, new to the second edition, gives a brief overview of statistical and morphometric methods and how those may be applied in addressing questions in taxonomy and phylogenetic systematics. The Glossary defines all terms used in the book and indicates synonyms, adjectival forms, plurals, abbreviations, and terms to compare.

Three web sites will be available to be used in conjunction with the textbook: (1) a Plant Systematics Resources site (http://www.sci.sdsu.edu/plants/plantsystematics), with web links and materials that are universally available; (2) a companion website (http://www.elsevierdirect.com/companions/9780123743800) that includes the chapter figures, appendix material from the textbook, and links to the author's website; and (3) an Instructor Resources site (http://textbooks.elsevier.com/web/Login.aspx), with material that is password protected. Please contact your sales representative at textbooks@elsevier.com for access to the Instructor Resources site.

Throughout the book, I have attempted to adhere to W-H-Y, What-How-Why, in organizing and clarifying chapter topics: (1) What is it? What is the topic, the basic definition? (Many scientific arguments could have been resolved at the start by a clear statement or definition of terms.) (2) How is it done? What are the materials and methods, the techniques of data acquisition, the types of data analysis? (3) Why is it done? What is the purpose, objective, or goal; What is the overriding paradigm involved? How does the current study or topic relate to others? This simple W-H-Y method, first presented to me by one of my mentors, A. E. Radford, is useful to follow in any intellectual endeavor. It is a good lesson to teach one's students, and helps both in developing good writing skills and in critically evaluating a topic.

Finally, I would like to propose that each of us, instructors and students, pause occasionally to evaluate why it is that we do what we do. Over the years I have refined my ideas and offer these suggestions as possible goals: 1) to realize and explore the beauty, grandeur, and intricacy of nature; 2) to engage in the excitement of scientific discovery; 3) to experience and share the joy of learning. It is in this spirit that I sincerely hope the book may be of use to others.
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This book is about a fascinating field of biology called plant systematics. The purpose of this chapter is to introduce the basics: what a plant is, what systematics is, and the reasons for studying plant systematics.


Plants


What is a Plant?

This question can be answered in either of two conceptual ways. One way, the traditional way, is to define groups of organisms such as plants by the characteristics they possess. Thus, historically, “plants” included those organisms that possess photosynthesis, cell walls, spores, and a more or less sed-entary behavior. This traditional grouping of plants contained a variety of microscopic organisms, all of the “algae,” and the more familiar plants that live on land. A second way to answer the question “What is a plant?” is to evaluate the evolutionary history of life and to use that history to delimit the groups of life. We now know from repeated research studies that some of the photosynthetic organisms evolved independently of one another and are not closely related.

Thus, the meaning or definition of the word plant can be ambiguous and can vary from person to person. Some still like to treat plants as a “polyphyletic” assemblage (see later discussion), defined by the common (but independently evolved) characteristic of photosynthesis. However, delimiting organismal groups based on evolutionary history has gained almost universal acceptance. This latter type of classification directly reflects the patterns of that evolutionary history and can be used to explicitly test evolutionary hypotheses (discussed later; see Chapter 2).

An understanding of what plants are requires an explanation of the evolution of life in general.




Plants and the Evolution of Life

Life is currently classified as three major groups (sometimes called domains) of organisms: Archaea (also called Archae-bacteria), Bacteria (also called Eubacteria), and Eukarya or eukaryotes (also spelled eucaryotes). The evolutionary relation-ships of these groups are summarized in the simplified evolutionary tree or cladogram of Figure 1.1. The Archaea and Bacteria consist of small, mostly unicellular organisms that possess circular DNA, replicate by fission, and lack membrane-bound organelles. The two groups differ from one another in the chemical structure of certain cellular components. Eukaryotes are unicellular or multicellular organisms that possess linear DNA (organized as histone-bound chromosomes), replicate by mitotic and often meiotic division, and possess membrane-bound organelles such as nuclei, cytoskeletal structures, and (in almost all) mitochondria (Figure 1.1).

[image: Image]
FIGURE 1.1 Simplified cladogram (evolutionary tree) of life (modified from Kim and Graham 2008, Moreira et al. 2007, and Yoon et al. 2008), illustrating eukaryotic apomorphies (the relative order of which is unknown) and the hypothesis of a single origin of mitochondria and chloroplasts via endosymbiosis (arrows). Note modification of chloroplast structure in the red and green plants, and subsequent secondary endosymbiosis in numerous other lineages (indicated by *). Eukaryotic groups with photosynthetic members are in bold.



Some of the unicellular bacteria (including, e.g., the Cyanobacteria, or blue-greens) carry on photosynthesis, a biochemical system in which light energy is used to synthesize high-energy compounds from simpler starting compounds, carbon dioxide and water. These photosynthetic bacteria have a system of internal membranes called thylakoids, within which are embedded photosynthetic pigments, compounds that convert light energy to chemical energy. Of the several groups of eukaryotes that are photosynthetic, all have specialized photosynthetic organelles called chloroplasts, which resemble photosynthetic bacteria in having pigment-containing thylakoid membranes.

How did chloroplasts evolve? It is now largely accepted that chloroplasts of eukaryotes originated by the engulfment of an ancestral photosynthetic bacterium (probably a cyanobacterium) by an ancestral eukaryotic cell, such that the photosynthetic bacterium continued to live and ultimately multiply inside the eukaryotic cell (Figures 1.1, 1.2). (Mitochondria also evolved by this process, from an ancestral, nonphotosynthetic bacterium; see Figure 1.1.) The evidence for this is the fact that chloroplasts, like bacteria today, (a) have their own single-stranded, circular DNA; (b) have a smaller sized, 70S ribosome; and (c) replicate by fission. These engulfed photosynthetic bacteria provided high-energy products to the eukaryotic cell; the “host” eukaryotic cell provided a beneficial environment for the photosynthetic bacteria. The condition of two species living together in close contact is termed symbiosis, and the process in which symbiosis results by the engulfment of one cell by another is termed en-dosymbiosis. Over time, these endosymbiotic, photosynthetic bacteria became transformed structurally and functionally, retaining their own DNA and the ability to replicate, but losing the ability to live independently of the host cell. In fact, over time there has been a transfer of some genes from the DNA of the chloroplast to the nuclear DNA of the eukaryotic host cell, making the two biochemically interdependent.

[image: Image]
FIGURE 1.2 Diagrammatic illustration of the origin of chloroplasts by endosymbiosis of ancestral photosynthetic bacterium within ancestral eukaryotic cell.



Although knowledge of eukaryotic relationships is still in flux, the most recent data from molecular systematic studies indicates that this so-called “primary” endosymbiosis of the chloroplast probably occurred one time, a shared evolutionary novelty of the red algae (Rhodophyta) and green plants (Viri-diplantae or Chlorobionta; Figure 1.1). This early chloroplast became modified with regard to photosynthetic pigments, thylakoid structure, and storage products into forms characteristic of the red algae and green plants (see Figure 1.1). In addition, several lineages of photosynthetic organisms—including the euglenoids, dinoflagellates, and brown algae (Phaeophyta), and a few other lineages—may have acquired chloroplasts via “secondary” endosymbiosis, which occurred by the engulfment of an ancestral chloroplast-containing eukaryote by another eukaryotic cell (Figure 1.1). The final story is yet to be elucidated.




Land Plants

Of the major groups of photosynthetic eukaryotes, the green plants (Viridiplantae or Chlorobionta) are united primarily by distinctive characteristics of the green plant chloroplast with respect to photosynthetic pigments, thylakoid structure, and storage compounds (see Chapter 3 for details). Green plants include both the predominately aquatic “green algae” and a group known as embryophytes (formally, the Embryophyta), usually referred to as the land plants (Figure 1.3). The land plants are united by several evolutionary novelties that were adaptations to the transition from an aquatic environment to living on land. These include (1) an outer cuticle, which aids in protecting tissues from desiccation; (2) specialized gametangia (egg and sperm producing organs) that have an outer, protective layer of sterile cells; and (3) an intercalated diploid phase (sporophyte) in the life cycle, the early, immature component of which is termed the embryo (hence, “embryophytes”; see Chapter 3 for details).

[image: Image]
FIGURE 1.3 Simplified cladogram (evolutionary tree) of the green plants, illustrating major extant groups and evolutionary events (or “apomorphies,” notated by thick hash marks). *Embryophytes are treated as “plants” in this book.



Just as the green plants include the land plants, the land plants are inclusive of the vascular plants (Figure 1.3), the latter being united by the evolution of an independent sporophyte and xylem and phloem vascular conductive tissue (see Chapter 4). The vascular plants are inclusive of the seed plants (Figure 1.3), which are united by the evolution of wood and seeds (see Chapter 5). Finally, seed plants include the angiosperms (Figure 1.3), united by the evolution of the flower, including carpels and stamens, and by a number of other specialized features (see Chapters 6–8).

For the remainder of this book, the term plant is treated as equivalent to the embryophytes, the land plants. The rationale for this is partly that land plants make up a so-called monophyletic group, whereas the photosynthetic eukaryotes as a whole are not monophyletic and, as a group, do not accurately reflect evolutionary history (see later discussion Chapter 2). And, practically, it is land plants that most people are talking about when they refer to “plants,” including those in the field of plant systematics. However, as noted before, the word plant can be used by some to refer to other groupings; when in doubt, get a precise clarification.




Why Study Plants?

The tremendous importance of plants cannot be overstated. Without them, we and most other species of animals (as well as many other groups of organisms) wouldn't be here. Photosynthesis in plants and the other photosynthetic organisms changed the earth in two major ways. First, the fixation of carbon dioxide and the release of molecular oxygen in photosynthesis directly altered the earth's atmosphere over billions of years. What used to be an atmosphere deficient in oxygen underwent a gradual change. As a critical mass of oxygen accumulated in the atmosphere, selection for oxygen-dependent respiration occurred (via oxidative phosphorylation in mitochondria), which may have been a necessary precursor in the evolution of many multicellular organisms, including all animals. In addition, an oxygen-rich atmosphere permitted the establishment of an upper atmosphere ozone layer, which shielded life from excess UV radiation. This allowed organisms to inhabit more exposed niches that were previously inaccessible.

Second, the compounds that photosynthetic species produce are utilized, directly or indirectly, by nonphotosynthetic, heterotrophic organisms. For virtually all land creatures and many aquatic ones as well, land plants make up the so-called primary producers in the food chain, the source of high-energy compounds such as carbohydrates, structural compounds such as certain amino acids, and other compounds essential to metabolism in some heterotrophs. Thus, most species on land today, including millions of species of animals, are absolutely dependent on plants for their survival. As primary producers, plants are the major components of many communities and ecosystems. The survival of plants is essential to maintaining the health of those ecosystems, the severe disruption of which could bring about rampant species extirpation or extinction and disastrous changes in erosion, water flow, and ultimately climate.

To humans, plants are also monumentally important in numerous, direct ways (Figures 1.4, 1.5). Agricultural plants, most of which are flowering plants, are our major source of food. We utilize all plant parts as food products: roots (e.g., sweet potatoes and carrots; Figure 1.4A,B); stems (e.g., yams, cassava/ manioc, potatoes; Figure 1.4C); leaves (e.g., cabbage, celery, lettuce; Figure 1.4D); flowers (e.g., cauliflower and broccoli; Figure 1.4E); and fruits and seeds, including grains such as rice (Figure 1.4F), wheat (Figure 1.4G), corn (Figure 1.4H), rye, barley, and oats, legumes such as beans and peas (Figure 1.4I), and a plethora of fruits such as bananas (Figure 1.4J), tomatoes, peppers, pineapples (Figure 1.4K), apples (Figure 1.4L), cherries, peaches, melons, kiwis, citrus, olives (Figure 1.4M), and others too numerous to mention. Other plants are used as flavoring agents, such as herbs (Figure 1.5A-D) and spices (Figure 1.5E), as stimulating beverages, such as chocolate, coffee, tea, and cola (Figure 1.5F), or as alcoholic drinks, such as beer, wine, distilled liquors, and sweet liqueurs. Woody trees of both conifers and flowering plants are used structurally for lumber and for pulp products such as paper (Figure 1.5G). Non-woody plants, such as bamboos, palms, and a variety of other species, serve as construction materials for a great variety of purposes. Plant fibers are used to make thread for cordage (such as sisal), for sacks (such as jute for burlap), and for textiles (most notably cotton, Figure 1.5H, but also linen and hemp, Figure 1.5I). Extracts from plants, which include essential oils, latex (for rubber or balata), vegetable oils, pectins, starches, and waxes, have a plethora of uses in industry, food, perfume, and cosmetics. In many cultures, plants or plant products are used as euphorics or hallucinogenics (whether legally or illegally), such as marijuana (Figure 1.5I), opium, cocaine, and a great variety of other species that have been used by indigenous peoples for centuries. Plants are important for their aesthetic beauty, and the cultivation of plants as ornamentals is an important industry. Finally, plants have great medicinal significance, to treat a variety of illnesses or to maintain good health. Plant products are very important in the pharmaceutical industry; their compounds are extracted, semisynthesized, or used as templates to synthesize new drugs. Many “modern” drugs, from aspirin (originally derived from the bark of willow trees) to vincristine and vinblastine (obtained from the Madagascar periwinkle, used to treat childhood leukemia; Figure 1.5J), are ultimately derived from plants. In addition, various plant parts of a great number of species are used whole or are processed as so-called herbal supplements, which have become tremendously popular of late.
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FIGURE 1.4 Examples of economically important plants. A-E. Vegetables. A. Ipomoea batatas, sweet potato (root). B. Daucus carota, carrot (root). C. Solanum tuberosum, potato (stem). D. Lactuca sativa, lettuce (leaves). E. Brassica oleracea, broccoli (flower buds). F-H. Fruits, dry (grains). F. Oryza sativa, rice. G. Triticum aestivum, bread wheat. H. Zea mays, corn. I. Seeds (pulse legumes), from top, clockwise to center: Glycine max, soybean; Lens culinaris, lentil; Phaseolus aureus, mung bean; Phaseolus vulgaris, pinto bean; Phaseolus vulgaris, black bean; Cicer arietinum, chick-pea/garbanzo bean; Vigna unguiculata, black-eyed pea; Phaseolus lunatus, lima bean. J-M. Fruits, fleshy. J. Musa xparadisiaca, banana. K. Ananas comosus, pineapple. L. Malus domestica, apple. M. Olea europaea, olive.



[image: Image]
FIGURE 1.5 Further examples of economically important plants. A-D. Herbs. A. Petroselinum crispum, parsley. B. Salvia officinalis, sage. C. Rosmarinus officinalis, rosemary. D. Thymus vulgaris, thyme. E. Spices and herbs, from upper left: Cinnamomum cassia/zeylanicum, cinnamon (bark); Vanilla planifolia; vanilla (fruit); Laurus nobilis, laurel (leaf); Syzygium aromaticum, cloves (flower buds); Myristica fragrans, nutmeg (seed); Carum carvi, caraway (fruit); Anethum graveolens, dill (fruit); Pimenta dioica, allspice (seed); Piper nigrum, pepper (seed). F. Flavoring plants, from upper left, clockwise. Theobroma cacao, chocolate (seeds); Coffea arabica, coffee (seeds); Camellia sinensis, tea (leaves). G. Wood products: lumber (Sequoia sempervirens, redwood), and paper derived from wood pulp. H. Fiber plant. Gossypium sp., cotton (seed trichomes), one of the most important natural fibers. I. Euphoric, medicinal, and fiber plant. Cannabis sativa, marijuana, hemp; stem fibers used in twine, rope, and cloth; resins contain the euphoric and medicinal compound tetrahydrocannabinol. J. Medicinal plant. Catharanthus roseus, Madagascar periwinkle, from which is derived vincristine and vinblastine, used to treat childhood leukemia.



The people, methods, and rationale concerned with the plant sciences (defined here as the study of land plants) are as diverse as the uses and importance of plants. Some of the fields in the plant sciences are very practically oriented. Agriculture and horticulture deal with improving the yield or disease resistance of food crops or cultivated ornamental plants, e.g., through breeding studies and identifying new cultivars. Forestry is concerned with the cultivation and harvesting of trees used for lumber and pulp. Pharmacognosy deals with crude natural drugs, often of plant origin. In contrast to these more practical fields of the plant sciences, the “pure” sciences have as their goal the advancement of scientific knowledge (understanding how nature works) through research, regardless of the practical implications. But many aspects of the pure sciences also have important practical applications, either directly by applicable discovery or indirectly by providing the foundation of knowledge used in the more practical sciences. Among these are plant anatomy, dealing with cell and tissue structure and development; plant chemistry and physiology, dealing with biochemical and biophysical processes and products; plant molecular biology, dealing with the structure and function of genetic material; plant ecology, dealing with interactions of plants with their environment; and, of course, plant systematics.

Note that a distinction should be made between “botany” and “plant sciences.” Plant sciences is the study of plants, treated as equivalent to land plants here. Botany is the study of most organisms traditionally treated as plants, including virtually all eukaryotic photosynthetic organisms (land plants and the several groups of “algae”) plus other eukaryotic organisms with cell walls and spores (true fungi and groups that were formerly treated as fungi, such as the Oomycota and slime molds). Thus, in this sense, botany is inclusive of but broader than the plant sciences. Recognition of both botany and plant sciences as fields of study can be useful, although how these fields are defined can vary and may require clarification.






Systematics


What is Systematics?

Systematics is defined in this book as a science that includes and encompasses traditional taxonomy, the description, identification, nomenclature, and classification of organisms, and that has as its primary goal the reconstruction of phylogeny, or evolutionary history, of life. This definition of systematics is not novel, but neither is it universal. Others in the field would treat taxonomy and systematics as separate but overlapping areas; still others argue that historical usage necessitates what is in essence a reversal of the definitions used here. But words, like organisms, evolve. The use of systematics to describe an all-encompassing field of endeavor is both most useful and represents the consensus of how most specialists in the field use the term, an example being the journal Systematic Botany, which contains articles both in traditional taxonomy and phylogenetic reconstruction. Plant systematics is studied by acquiring, analyzing, and synthesizing information about plants and plant parts, the content and methodology of which is the topic for the remainder of this book. (See Stevens 1994.)

Systematics is founded in the principles of evolution, its major premise being that there is one phylogeny of life. The goal of systematists is, in part, to discover that phylogeny.




Evolution

Evolution, in the broadest sense, means “change” and can be viewed as the cumulative changes occurring since the origin of the universe some 14 billion years ago. Biological evolution, the evolution of life, may be defined (as it was by Charles Darwin) as “descent with modification.” Descent is the transfer of genetic material (enclosed within a cell, the unit of life) from parent(s) to offspring over time. This is a simple concept, but one that is important to grasp and ponder thoroughly. Since the time that life first originated some 3.8 billion years ago, all life has been derived from preexisting life. Organisms come to exist by the transfer of genetic material, within a surrounding cell, from one or more parents. Descent may occur by simple clonal reproduction, such as a single bacterial cell “parent” dividing by fission to form two “offspring” cells or a land plant giving rise to a vegetative propagule. It may also occur by complex sexual reproduction (Figure 1.6A), in which each of two parents produces specialized gametes (e.g., sperm and egg cells), which contain half the complement of genetic material, the result of meiosis. Two of the gametes fuse together to form a new cell, the zygote, which may develop into a new individual (as occurs in plants; see Chapter 3) or may itself divide by meiosis to form gametes. Descent through time results in the formation of a lineage (Figure 1.6B), a set of organisms interconnected through time and space by the transfer of genetic material from parents to offspring. So, in a very literal sense, we and all other forms of life on earth are connected by descent, the transfer of DNA (actually the pattern of DNA) from parent to offspring (ancestor to descendant), generation after generation.
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FIGURE 1.6 
A. Simplified diagram of descent in sexually reproducing land plants, in which diploid sporophytes give rise to haploid spores (through meiosis), which develop into haploid gametophytes; the latter produce egg and sperm, fusing to form a diploid zygote, which develops into a diploid sporophyte. B. A lineage, the result of transfer of genetic material over time and space. C. Divergence of one lineage into two, which may result in speciation (illustrated here).



The modification component of evolution refers to a change in the genetic material that is transferred from parent(s) to off-spring, such that the genetic material of the offspring is different from that of the parent(s). This modification may occur either by mutation, which is a direct alteration of DNA, or by genetic recombination, whereby existing genes are reshuffled in different combinations (during meiosis, by crossing over and independent assortment). Systematics is concerned with the identification of the unique modifications of evolution (see later discussion).

It should also be asked, what evolves? Although genetic modification may occur in offspring relative to their parents, individual organisms do not generally evolve. This is because a new individual begins when it receives its complement of DNA from the parent(s); that individual's DNA does not change during its/his/her lifetime (with the exception of relatively rare, nonreproductive “somatic” mutations). The general units of evolution are populations and species. A population is a group of individuals of the same species that is usually geographically delimited and that typically have a significant amount of gene exchange. Species are groups of populations that are related to one another by various criteria and that have evolutionarily diverged from other such groups. There are a number of different species concepts or definitions, dependent on the biological system and on the criteria used to recognize them (see Chapter 19). With changes in the genetic makeup of offspring (relative to parents), the genetic makeup of populations and species changes over time.

In summary, evolution is descent with modification occurring by a change in the genetic makeup (DNA) of populations or species over time. How does evolution occur? Evolutionary change may come about by two major mechanisms: (1) genetic drift, in which genetic modification is random; or (2) natural selection, in which genetic change is directed and nonrandom. Natural selection is the differential contribution of genetic material from one generation to the next, differential in the sense that genetic components of the population or species are contributed in different amounts to the next generation; those genetic combinations resulting in increased survival or reproduction are contributed to a greater degree. (A quantitative measure of this differential contribution is known as fitness.) Natural selection results in an adaptation, a structure or feature that performs a particular function and which itself brings about increased survival or reproduction. In a consideration of the evolution of any feature in systematics, the possible adaptive significance of that feature should be explored.

Finally, an ultimate result of evolution is speciation, the formation of new species from preexisting species. Speciation can follow lineage divergence, the splitting of one lineage into two, separate lineages (Figure 1.6C). Lineage divergence is itself a means of increasing evolutionary diversity. If two, divergent lineages remain relatively distinct, they may change independently of one another, into what may be designated as separate species (see Chapter 19).




Taxonomy

Taxonomy is a major part of systematics that includes four components: Description, Identification, Nomenclature, and Classification. (Remember the mnemonic device: DINC.) The general subjects of study are taxa (singular, taxon), which are defined or delimited groups of organisms. Ideally, taxa should have a property known as monophyly (discussed later; Chapter 2) and are traditionally treated at a particular rank (see later discussion). It should be pointed out that the four components of taxonomy are not limited to formal systematic studies but are the foundation of virtually all intellectual endeavors of all fields, in which conceptual entities are described, identified, named, and classified. In fact, the ability to describe, identify, name, and classify things undoubtedly has been selected for in humans and, in part, in other animals as well.

Description is the assignment of features or attributes to a taxon. The features are called characters. Two or more forms of a character are character states. One example of a character is “petal color,” for which two character states are “yellow” and “blue.” Another character is “leaf shape,” for which possible character states are “elliptic,” “lanceolate,” and “ovate.” Numerous character and character state terms are used in plant systematics, both for general plant morphology (see Chapter 9) and for specialized types of data (Chapters 10–14). The purpose of these descriptive character and character state terms is to use them as tools of communication, for concisely categorizing and delimiting the attributes of a taxon, an organism, or some part of the organism. An accurate and complete listing of these features is one of the major objectives and contributions of taxonomy.

Identification is the process of associating an unknown taxon with a known one, or recognizing that the unknown is new to science and warrants formal description and naming. One generally identifies an unknown by first noting its characteristics, that is, by describing it. Then, these features are com- pared with those of other taxa to see if they conform. Plant taxa can be identified in many ways (see Chapter 15). A taxonomic key is perhaps the most utilized of identification devices. Of the different types of taxonomic keys, the most common, used in virtually all floras, is a dichotomous key. A dichotomous key consists of a series of two contrasting statements. Each statement is a lead; the pair of leads constitutes a couplet (Figure 1.7). That lead which best fits the specimen to be identified is selected; then all couplets hierarchically beneath that lead (by indentation and/or numbering) are sequentially checked for agreement until an identification is reached (Figure 1.7).
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FIGURE 1.7 Dichotomous key to the genera of the Crassulaceae of California, by Reid Moran, © The Jepson Manual (1993, Hickman, ed., University of California Press, Berkeley), reprinted by special permission.



Nomenclature is the formal naming of taxa according to some standardized system. For plants, algae, and fungi, the rules and regulations for the naming of taxa are provided by the International Code of Botanical Nomenclature (see Chapter 16). These formal names are known as scientific names, which by convention are translated into the Latin language. The fundamental principle of nomenclature is that all taxa may bear only one scientific name. Although they may seem difficult to learn at first, scientific names are much preferable to common (vernacular) names (Chapter 16).

The scientific name of a species traditionally consists of two parts (typically underlined or italicized): the genus name, which is always capitalized, e.g., Quercus, plus the specific epithet, which by general consensus is not capitalized, e.g., agrifolia. Thus, the species name for what is commonly called California live oak is Quercus agrifolia. Species names are known as binomials (literally meaning “two names”) and this type of nomenclature is called binomial nomenclature, first formalized in the mid-18th century by Carolus Linnaeus.

Classification is the arrangement of entities (in this case, taxa) into some type of order. The purpose of classification is to provide a system for cataloguing and expressing relationships between these entities. Taxonomists have traditionally agreed upon a method for classifying organisms that utilizes categories called ranks. These taxonomic ranks are hierarchical, meaning that each rank is inclusive of all other ranks beneath it (Figure 1.8).
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FIGURE 1.8 The primary taxonomic ranks accepted by the International Code of Botanical Nomenclature, with some examples of taxa.



As defined earlier, a taxon is a group of organisms typically treated at a given rank. Thus, in the example of Figure 1.8, Magnoliophyta is a taxon placed at the rank of phylum; Liliopsida is a taxon placed at the rank of class; Arecaceae is a taxon placed at the rank of family; etc. Note that taxa of a particular rank generally end in a particular suffix (Chapter 16). There is a trend among systematic biologists to eliminate the rank system of classification (see Chapter 16). In this book, ranks are used for naming groups but not emphasized as ranks.

There are two major means of arriving at a classification of life: phenetic and phylogenetic. Phenetic classification is that based on overall similarities. Most of our everyday classifications are phenetic. For efficiency of organization (e.g., storing and retrieving objects, like nuts and bolts in a hardware store) we group similar objects together and dissimilar objects apart. Many traditional classifications in plant systematics are phenetic, based on noted similarities between and among taxa. Phylogenetic classification is that which is based on evolutionary history, or pattern of descent, which may or may not correspond to overall similarity (see later discussion Chapter 2).




Phylogeny

Phylogeny, the primary goal of systematics, refers to the evolutionary history of a group of organisms. Phylogeny is commonly represented in the form of a cladogram (or phylogenetic tree), a branching diagram that conceptually represents the evolutionary pattern of descent (see Figure 1.9). The lines of a cladogram represent lineages, which (as discussed earlier) denote descent, the sequence of ancestral-descendant populations through time (Figure 1.9A). Thus, cladograms have an implied (relative) time scale. Any branching of the cladogram represents lineage divergence, the diversification of lineages from one common ancestor.
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FIGURE 1.9 Example of a cladogram or phylogenetic tree for taxa A-F. A. Cladogram showing lineages and apomorphies, the latter indicated by thick hash marks. B. Cladogram with common ancestors shown and monophyletic groups (clades) circled.



Changes in the genetic makeup of populations, i.e., evolution, may occur in lineages over time. Evolution may be recognized as a change from a preexisting, or ancestral, character state to a new, derived character state. The derived character state is an evolutionary novelty, also called an apomorphy (Figure 1.9A). Phylogenetic systematics, or cladistics, is a methodology for inferring the pattern of evolutionary history of a group of organisms, utilizing these apomorphies (Chapter 2).

As cited earlier, cladograms serve as the basis for phylogenetic classification. A key component in this classification system is the recognition of what are termed monophyletic groups of taxa. A monophyletic group, or clade, is a group consisting of a common ancestor plus all (and only all) descendants of that common ancestor. For example, the monophyletic groups of the cladogram in Figure 1.9B are circled. A phylogenetic classification recognizes only monophyletic groups. Note that some monophyletic groups are included within others (e.g., in Figure 1.9B the group containing only taxa E and F is included within the group containing only taxa D, E, and F, which is included within the group containing only taxa B, C, D, E, and F, etc.). The sequential listing of clades can serve as a phylogenetic classification scheme (see Chapter 2).

In contrast to a monophyletic group, a paraphyletic group is one consisting of a common ancestor but not all descendants of that common ancestor; a polyphyletic group is one in which there are two or more separate groups, each with a separate common ancestor. Paraphyletic and polyphyletic groups distort the accurate portrayal of evolutionary history and should be abandoned (see Chapter 2).

Knowing the phylogeny of a group, in the form of a cladogram, can be viewed as an important end in itself. As discussed earlier, the cladogram may be used to devise a system of classification, one of the primary goals of taxonomy. The cladogram can also be used as a tool for addressing several interesting biological questions, including biogeographic or ecological history, processes of speciation, and adaptive character evolution. A thorough discussion of the principles and methodology of phylogenetic systematics is presented in Chapter 2.




Why Study Systematics?

The rationale and motives for engaging in a study of systematics are worth examining. For one, systematics is important in providing a foundation of information about the tremendous diversity of life. Virtually all fields of biology are dependent on the correct taxonomic determination of a given study organism, which relies on formal description, identification, naming, and classification. Systematic research is the basis for acquiring, cataloging, and retrieving information about life's diversity. Essential to this research is documentation, through collection (Chapter 17) and storage of reference specimens, e.g., for plants in an accredited herbarium (Chapter 18). Computerized data entry of this collection information is now vital to cataloging and retrieving the vast amount of information dealing with biodiversity (Chapter 18).

Systematics is also an integrative and unifying science. One of the “fun” aspects of systematics is that it may utilize data from all fields of biology: morphology, anatomy, embryology/ development, ultrastructure, paleontology, ecology, geography, chemistry, physiology, genetics, karyology, and cell/molecular biology. The systematist has an opportunity to understand all aspects of his/her group of interest in an overall synthesis of what is known from all biological specialties, with the goal being to understand the evolutionary history and relationships of the group.

Knowing the phylogeny of life can give insight into other fields and have significant practical value. For example, when a species of Dioscorea, wild yam, was discovered to possess steroid compounds (used first in birth control pills), examination of other closely related species revealed species that contained even greater quantities of these compounds. Other examples corroborate the practical importance of knowing phylogenetic relationships among plant species. The methodology of phylogenetics is now an important part of comparative biology, used by, for example, evolutionary ecologists, functional biologists, and parasitologists, all of whom need to take history into account in formulating and testing hypotheses.

The study of systematics provides the scientific basis for defining or delimiting species and infraspecific taxa (subspecies or varieties) and for establishing that these are distinct from other, closely related and similar taxa. Such studies are especially important today in conservation biology (Chapter 19). In order to determine whether a species or infraspecific taxon of plant is rare or endangered and warrants protection, one must first know the limits of that species or infraspecific taxon. In addition, understanding the history of evolution and geography may aid in conservation and management decisions, where priorities must be set as to which regions to preserve.

Finally, perhaps the primary motivation for many, if not most, in the field of systematics has been the joy of exploring the intricate complexity and incredible diversity of life. This sense of wonder and amazement about the natural world is worth cultivating (or occasionally rekindling). Systematics can also be a challenging intellectual activity, generally requiring acute and patient skills of observation. Reconstruction of phylogenetic relationships and ascertaining the significance of those relationships can be especially challenging and rewarding. But today we also face a moral issue: the tragic and irrevocable loss of species, particularly accelerated by rampant destruction of habitat, such as deforestation in the tropics. We can all try to help, both on a personal and professional level. Systematics, which has been called simply “the study of biodiversity,” is the major tool for documenting that biodiversity and can be a major tool for helping to save it. Perhaps we can all consider reassessing our own personal priorities in order to help conserve the life that we study.






Review Questions


Plants


	What is a “plant”? In what two conceptual ways can the answer to this question be approached?


	What are the three major groups of life currently accepted?


	Name and define the mechanism for the evolution of chloroplasts.


	Name some chlorophyllous organismal groups that have traditionally been called “plants” but that evolved or acquired chloroplasts independently.


	Draw a simplified cladogram showing the relative relationships among the green plants (Chlorobionta/Viridiplantae), land plants (embryophytes), vascular plants (tracheophytes), seed plants (spermatophytes), gymnosperms, and angiosperms (flowering plants).


	Why are land plants treated as equivalent to “plants” in this book?


	List the many ways that plants are important, both in evolution of life on earth and in terms of direct benefits to humans.






Systematics


	What is systematics and what is its primary emphasis?


	Define biological evolution, describing what is meant both by descent and by modification.


	What is a lineage?


	Name and define the units that undergo evolutionary change.


	What are the two major mechanisms for evolutionary change?


	What is a functional feature that results in increased survival or reproduction called?


	Name and define the four components of taxonomy.


	Define character and character state.


	Give one example of a character and character state from morphology or from some type of specialized data.


	What is a dichotomous key? A couplet? A lead?


	What is a scientific name?


	Define binomial and indicate what each part of the binomial is called.


	What is the difference between rank and taxon?


	What is the plural of taxon?


	Name the two main ways to classify organisms and describe how they differ.


	Define phylogeny and give the name of the branching diagram that represents phylogeny.


	What does a split, from one lineage to two, represent?


	Name the term for both a preexisting feature and a new feature.


	What is phylogenetic systematics (cladistics)?


	What is a monophyletic group or clade? A paraphyletic group? A polyphyletic group?


	For what can phylogenetic methods be used?


	How is systematics the foundation of the biological sciences?


	How can systematics be viewed as unifying the biological sciences?


	How is systematics of value in conservation biology?


	Of what benefit is plant systematics to you?






Exercises


	Obtain definitions of the word plant by asking various people (lay persons or biologists) or looking in reference sources, such as dictionaries or textbooks. Tabulate the various definitions into classes. What are the advantages and disadvantages of each?


	Take a day to note and list the uses and importance of plants in your everyday life.


	Pick a subject, such as history or astronomy, and cite how the principles of taxonomy are used in its study.


	Do a web search for a particular plant species (try common and scientific name) and note what aspect of plant biology each site covers.


	Peruse five articles in a systematics journal and tabulate the different types of research questions that are addressed.
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Overview and Goals

As introduced in the previous chapter, phylogeny refers to the evolutionary history or pattern of descent of a group of organisms and is one of the primary goals of systematics. Phylogenetic systematics, or cladistics, is that branch of systematics concerned with inferring phylogeny. Ever since Darwin laid down the fundamental principles of evolutionary theory, one of the major goals of the biological sciences has been the determination of life's history of descent. This phylogeny of organisms, visualized as a branching pattern, can be determined by an analysis of characters from living or fossil organisms, utilizing phylogenetic principles and methodology.

As reviewed in Chapter 1 a phylogeny is commonly represented in the form of a cladogram, or phylogenetic tree, a branching diagram that conceptually represents an estimate of phylogeny (Figure 2.1). The lines of a cladogram are known as lineages, often referred to simply as “branches.” Lineages represent the sequence of ancestral-descendant populations through time, ultimately denoting descent. (The term “lineage” is treated here as a single branch; “clade” is defined as a given common ancestor plus all descendants, including two or more lineages, being essentially equivalent to a monophyletic group; see later discussion.)
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FIGURE 2.1 A. Example of a cladogram or phylogenetic tree for taxa A–F, with apomorphies indicated by thick hash marks. See text for explanation of terms. B. Same cladogram topology but drawn horizontally, with branch lengths scaled to number of apomorphic changes.



Evolution may occur within lineages over time and is recognized as a change from a preexisting ancestral (also called plesiomorphic or primitive) condition to a new, derived
(also called apomorphic or advanced) condition. The derived condition, or apomorphy, represents an evolutionary novelty. As seen in Figure 2.1A, an apomorphy that unites two or more lineages is known as a synapomorphy (syn, together); one that occurs within a single lineage is called an autapomorphy (aut, self). However, either may be referred to simply as an apomorphy, a convention used throughout this book.

Any branching of the cladogram represents lineage divergence or diversification, the formation of two separate lineages from one common ancestor. (The two lineages could diverge into what would be designated separate species, the process of forming two species from one termed speciation.) The point of divergence of one clade into two (where the most recent common ancestor of the two divergent clades is located) is termed a node; the region between two nodes is called an internode (Figure 2.1A). Cladograms may be represented in different ways. Figure 2.1B shows the same cladogram as in Figure 2.1, but shifted 90 ° clockwise and with the lineages drawn perpendicular to one another and of a length reflective of the number of apomorphic changes. (These two representations of a cladogram have the same topology, which is the structure of the branching diagram, i.e., how lineages, including those terminating in taxa, are connected together.)

Cladograms have an implied, but relative, time scale. For example, in Figure 2.1, the common ancestor giving rise to taxa E and F occurred later in time than that giving rise to taxa D, E, and F, but we do not know when the lineage splitting at these nodes occurred or how long the lineages are in terms of real time. The term phylogram is often used for a cladogram that has an absolute time scale, such that nodes and branch lengths are calibrated and correspond more closely to real elapsed time. (See later discussion.)

Why study phylogeny? Knowing the pattern of descent, in the form of a cladogram, can be viewed as an important end in itself. The branching pattern derived from a phylogenetic analysis may be used to infer the collective evolutionary changes that have occurred in ancestral/descendant populations through time. Thus, a knowledge of phylogenetic relationships may be invaluable in understanding structural evolution as well as in gaining insight into the possible functional, adaptive significance of hypothesized evolutionary changes. The cladogram can also be used to classify life in a way that directly reflects evolutionary history. Cladistic analysis may also serve as a tool for inferring biogeographic and ecological history, assessing evolutionary processes, and making decisions in the conservation of threatened or endangered species. (See Chapter 19.)

The principles, methodology, and applications of phylogenetic analyses are described in the remainder of this chapter.




Taxon Selection

The study of phylogeny begins with the selection of taxa (taxonomic groups) to be analyzed, which may include living and/or fossil organisms. Taxon selection includes both the group as a whole, called the study group or ingroup, and the individual unit taxa, often termed Operational Taxonomic Units, or OTUs. The rationale as to which taxa are selected from among many rests by necessity on previous classifications or phylogenetic hypotheses. The ingroup is often a traditionally defined taxon for which there are competing or uncertain classification schemes, the objective being to test the bases of those different classification systems or to provide a new classification system derived from the phylogenetic analysis. The OTUs are previously classified members of the study group and may be species or taxa consisting of groups of species (e.g., traditional genera or families). Sometimes named subspecies or even populations, if distinctive and presumed to be on their own evolutionary track, can be used as OTUs in a cladistic analysis.

In addition, outgroup OTUs are selected. An outgroup is a taxon that is closely related to but not a member of the ingroup (see Outgroup Comparison). Outgroups are used to “root” a tree (see later discussion).

Some caution should be taken in choosing which taxa to study. First, the OTUs must be well-circumscribed and delimited from one another. Second, the study group itself should be large enough so that all probable closely related OTUs are included in the analysis. Stated strictly, both OTUs and the ingroup as a whole must be assessed for monophyly before the analysis is begun (see below). In summary, the initial selection of taxa in a cladistic analysis, both study group and OTUs, should be questioned beforehand to avoid the bias of blindly following past classification systems.




Character Analysis


Description

Fundamental in any systematic study is description, the characterization of the attributes or features of taxa using any number of types of evidence (see Chapters 9–14). A systematist may make original descriptions (for example, acquisition of DNA sequence data) or rely partly or entirely on previously published or cataloged data. In any case, it cannot be overemphasized that the ultimate validity of a phylogenetic study depends on the descriptive accuracy and completeness of the primary investigator. Thorough research and a comprehensive familiarity with the literature on the taxa and characters of concern are prerequisites to a phylogenetic study.




Character Selection and Definition

After taxa are selected and the basic research and literature survey are completed, the next step in a phylogenetic study is the actual selection and definition of characters and character states from the descriptive data. (Recall that a character is an attribute or feature; character states are two or more forms of a character.) Generally, those features that (1) are genetically determined and heritable (termed “intrinsic”), (2) are relatively invariable within an OTU, and (3) denote clear discontinuities from other similar characters and character states should be utilized. However, the selection of a finite number of characters from the virtually infinite number that could be used adds an element of subjectivity to the study. Thus, it is important to realize that any analysis is inherently biased simply by which
characters are selected and how the characters and character states are defined. (In some cases, certain characters may be weighted over others; see later discussion.)

Characters used in phylogenetic analyses are usually conceptually divided into two classes: “morphological,” essentially equivalent to nonmolecular features, such as organ morphology (Chapter 9) anatomy (Chapter 10) embryology (Chapter 11) palynology (Chapter 12) and some aspects of reproductive biology (Chapter 13); and “molecular,” derived from genetic data, such as DNA sequences (see Chapter 14).

Morphological features are generally the manifestation of numerous intercoordinated genes, and because evolution occurs by a change in one or more of those genes, the precise definition of a morphological feature in terms of characters and character states may be problematic. A structure may be defined broadly as a whole entity with several components. Alternatively, discrete features of a structure may be defined individually as separate characters and character states. For example, in comparing the evolution of fruit morphology within some study group, the character “fruit type” might be designated as two character states: berry versus capsule, or the characteristics of the fruit may be subdivided into a host of characters with their corresponding states, for example, “fruit shape,” “fruit wall texture,” “fruit dehiscence,” and “seed number.” (These characters may be correlated, however; see later discussion.) In practice, characters are divided only enough to communicate differences between two or more taxa. However, this type of terminological atomization may be misleading with reference to the effect of specific genetic changes in evolution, as genes do not normally correspond one for one with taxonomic characters. The morphology of a structure is the end product of development, involving a host of complex interactions of the entire genotype.

Molecular characters may be less “subjective” than morphological ones, but they are not fool proof. Polymorphisms or uncertainties in base determination may occur for DNA sequence data. Sequence alignment, in particular, may not be clear-cut if sequences between taxa are very different (e.g., some taxa having significant deletions or insertions), necessitating often “black-box” sequence alignment programs. And the possibility of paralogy due to ancestral gene duplication or hybridization may confound comparison of sequences that are homologous. (See Chapter 14.)




Character State Discreteness

Because phylogenetic systematics entails the recognition of an evolutionary transformation from one state to another, an important requirement of character analysis is that character states be discrete or discontinuous from one another. Molecular characters and their states are usually discrete (see Chapter 14) although polymorphism of nucleotide base sites can occur. For some morphological, qualitative characters such as corolla color, the discontinuity of states is clear; e.g., the corolla is yellow in some taxa and blue in others. But for other features, character states may not actually be clearly distinguishable from one another. This lack of discontinuity often limits the number of available characters and is often the result of variation of a feature either within a taxon or between taxa. Because character states must be clearly discrete from one another in order to be used in a cladistic analysis, they must be evaluated for discontinuity. A standard way to evaluate state discontinuity is to do a statistical analysis, e.g., by comparing the means, ranges, and standard deviations of each character for all taxa in the analysis (including outgroup taxa; see later discussion). Such an analysis may reveal two or more classes of features that may be defined as discrete character states (Figure 2.2). The investigator must decide what con stitutes discreteness, such as lack of overlap of ranges or lack of overlap of ±1 standard deviation. Additional statistical tests, such as ANOVAS, t-tests, or multivariate statistics, may be used as other criteria for evaluating character state discontinuity. (See Appendix 4 for details.)
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FIGURE 2.2 Example of a pollen character (exine wall foot-layer thickness) for which the character states are quantitatively analyzed for each taxon. The dashed horizontal lines represent “breaks” or discontinuities between states. Solid dots are means, vertical lines are ranges, and boxes are ±1 standard deviation from the mean (used here as the measure of “discreteness”). Outgroup taxa are to the left, ingroup taxa to the right.

(From Levin, G. A., and M. G. Simpson. 1994. Annals of the Missouri Botanical Garden 81: 203–238.)





Character Correlation

Another point to consider in character selection and definition (generally with nonmolecular data) is whether there is possible correlation of characters. Character correlation is an interaction between what are defined as separate characters, but which are actually components of a common structure, the manifestation of a single evolutionary novelty. Two or more characters are correlated if a change in one always accompanies a corresponding change in the other, bringing up the possibility that they are genetically linked. When characters defined in a cladistic analysis are correlated, including them in the analysis (as two or more separate characters) may inadvertently weight what could otherwise be listed as a single character. In the example above, in which the original single character “fruit type” is subdivided into many characters (“fruit shape,” “fruit wall texture,” “fruit dehiscence,” and “seed number”), it is likely that these separate characters are correlated with an evolutionary shift from one fruit type (e.g., “capsule”) to another (e.g., “berry”). This is tested simply by determining if there is any variation in the character states of the subdivided characters between taxa. If characters appear to be correlated, they should either be combined into a single character or scaled, such that each component character gets a reduced weight in a phylogenetic analysis (see Character Weighting, page 23).




Homology Assessment

One concept critical to cladistics is that of homology, which can be defined as similarity resulting from common ancestry. Characters or character states of two or more taxa are homologous if those same features were present in the common ancestor of the taxa. For example, the flower of a daisy and the flower of an orchid are homologous as flowers because their common ancestor had flowers, which the two taxa share by continuity of descent. Taxa with homologous features are presumed to share, by common ancestry, the same or similar DNA sequences or gene assemblages that may, e.g., determine the development of a common structure such as a flower. (Unfortunately, molecular biologists often use the term homology to denote similarity in DNA sequence, even though the common ancestry of these sequences may not have been tested; using the term sequence similarity in this case is preferred.)

Homology may also be defined with reference to similar structures within the same individual; two or more structures are homologous if the DNA sequences that determine their similarity share a common evolutionary history. For example, carpels of flowering plants are considered to be homologous with leaves because of a basic similarity between the two in form, anatomy, and development. Their similarity may be hypothesized to be the result of a “sharing” of common genes (or of duplicated genes) that direct their development. The duplication and subsequent divergence of genes is a type of intra-individual or intra-species homology; the genes are similar because of origin from a common ancestor, in this case the gene prior to duplication.

Molecular data must also be assessed for homology. Generally, a common nucleotide base site for a given gene or intergenic region is assumed to be homologous among the OTUs of a study. However, gene duplication or past hybridization (e.g., resulting in polyploidy; see Chapter 13) may confound homology of even DNA sequence data, in that nonhomologous, paralogous genes or sequences are unknowingly being compared (Chapter 14).

Similarity between taxa can arise not only by common ancestry, but also by independent evolutionary origin. Similarity that is not the result of homology is termed homoplasy (also sometimes termed analogy). Homoplasy may arise in two ways: convergence (equivalent to “parallelism,” here) or reversal. Convergence is the independent evolution of a similar feature in two or more lineages. Thus, liverwort gametophytic leaves and lycophyte sporophytic leaves evolved independently as dorsiventral, photosynthetic appendages; their similarity is homoplasious by convergent evolution. (However, although “leaves” in the two groups evolved independently, they could possibly be homologous in the sense of utilizing at least some gene complexes of common origin that function in the development of bifacial organs. This is unknown at present.)


Reversal is the loss of a derived feature with the reestablishment of an ancestral feature. For example, the reduced flowers of many angiosperm taxa, such as Lemna, lack a perianth; comparative and phylogenetic studies have shown that flowers of these taxa lack the perianth by secondary loss, i.e., via a reversal, reverting to a condition prior to the evolution of a reproductive shoot having a perianth-like structure.

The determination of homology is one of the most challenging aspects of a phylogenetic study and may involve a variety of criteria. Generally, homology is hypothesized based on some evidence of similarity, either direct similarity (e.g., of structure, position, or development) or similarity via a gradation series (e.g., intermediate forms between character states). Homology should be assessed for each character of all taxa in a study, particularly of those taxa having similarly termed character states. For example, both the cacti and stem-succulent euphorbs have spines (Figure 2.3). Thus, for the character “spine presence/absence,” the character state “spines present” may be assigned to both of these two taxa in a broad cladistic analysis. Whether intended or not, this designation of the same character state for two or more taxa presupposes that these features are homologous in those taxa and arose by common evolutionary origin. Thus, a careful distinction should be made between terminological similarity and similarity by homology. In the above example, more detailed study demonstrates that the spines of cacti and euphorbs are quite different in origin, cacti having leaf spines arising from an areole (a type of short shoot), euphorbs having spines derived from modified stipules. Despite the similarity between spines of cacti and stem-succulent euphorbs, their structural and developmental dissimilarity indicates that they are homoplasious and had independent evolutionary origins (with similar selective pressures, i.e., protection from herbivores). This hypothesis necessitates a redefinition of the characters and character states, such that the two taxa are not coded the same.
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FIGURE 2.3 Comparison of cactus (left) and euphorb (right) spines, which are not homologous as spines.



Hypotheses of homology are tested by means of the cladistic analysis. The totality of characters are used to infer the most likely evolutionary tree, and the original assessment of homology is checked by determining if convergences or reversals must be invoked to explain the distribution of character states on the final cladogram (see later discussion).




Character State Transformation Series and Polarity

After the characters and character states have been selected and defined and their homologies have been assessed, the character states for each character are arranged in a sequence, known as a transformation series or morphocline. Transformation series represent the hypothesized sequence of evolutionary change, from one character state to another, in terms of direction and probability. For a character with only two character states, known as a binary character, obviously only one transformation series exists. For example, for the character “ovary position” having the states “inferior” and “superior,” the implied transformation series is “inferior ⇔ superior.” This two-state transformation series represents (at least initially) a single, hypothesized evolutionary step, the direction of which is unspecified, being either “inferior ⇒ superior” or “superior ⇒ inferior.”

Characters having three or more character states, known as multistate characters, can be arranged in transformation series that are either ordered or unordered. An unordered transformation series allows for each character state to evolve into every other character state with equal probability, i.e., in a single evolutionary step. For example, an unordered transformation series for a three-state character is shown in Figure 2.4A; one for a four-state character is shown in Figure 2.4B and C. An ordered transformation series places the character states in a predetermined sequence that may be linear (Figure 2.4D) or branched (Figure 2.4E). Ordering a transformation series limits the direction of character state changes. For example, in Figure 2.4E, the evolution of “2 stamens” from “5 stamens” (or vice versa) takes two evolutionary steps and necessitates passing through the intermediate condition, “4 stamens”; the comparable unordered series takes a single step between “2 stamens” and “5 stamens” (and between all other character states; Figure 2.4B).
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FIGURE 2.4 Examples of character state transformations used in a cladistic analysis. A. Unordered, three-state character. B,C. Unordered, four-state character. D. Ordered, three-state character. E. Ordered, four-state character. F. Ordered and polarized, three-state character.



The rationale for an ordered series is the assumption or hypothesis that evolutionary change proceeds gradually, such that going from one extreme to another most likely entails passing through some recognizable intermediate condition. Ordered transformation series are generally postulated vis-à-vis some obvious intergradation of character states or stages in the ontogeny of a character. A general suggestion in cladistic analyses is to code all characters as unordered unless there is compelling evidence for an ordered transformation, such as the presence of a vestigial feature in a derived structure.

A final aspect of character state transformations is the assignment of polarity. Polarity is the designation of relative ancestry to the character states of a morphocline. As summarized earlier, a change in character state represents a heritable evolutionary modification from a preexisting structure or feature (termed plesiomorphic, ancestral, or primitive) to a new structure or feature (apomorphic, derived, or advanced). For example, for the character “ovary position,” with character states “superior” and “inferior,” if a superior ovary is hypothesized as ancestral, the resultant “polarized” morphocline would be “superior ⇒ inferior.” For a multistate character (e.g., “leaf type” in Figure 2.4D), an example of a polarized, ordered trans formation series is seen in Figure 2.4F. (In this example, the unifoliolate leaf possesses a vestige of an ancestrally compound condition, evidence that it should terminate in the ordered character state transformation.) In practice polarity determination of characters is usually attained by assigning one or more outgroups (see Outgroup Comparison, page 33).




Character Weighting

As part of a phylogenetic analysis, the investigator may choose to weight characters. Character weighting is the assignment of greater or lesser taxonomic importance to certain characters over other characters in determining phylogenetic relationships. Assigning a character greater weight has the effect of listing it more than once in the character × taxon matrix (see later section) in order to possibly “override” competing changes in unweighted characters. (Note that fractional weights can also be assigned using computer algorithms.)

Characters may be given greater weight in cases for which the designation of homology is considered relatively certain. The expectation is that, by increasing the weight of characters for which homoplasy is deemed unlikely, taxa will be grouped by real, shared derived features. Such characters given greater weight may be hypothesized as having homologous states for various reasons. For example, a feature distinctive for two or more taxa may be structurally or developmentally complex, such that the independent evolution of the same character state would seem very unlikely. (It should be realized, however, that if a feature is most likely highly adaptive, convergence of similar complex features in two or more taxa may not necessarily be ruled out.)

Characters may be weighted unintentionally because they are correlated, i.e., the corresponding character state values of two or more characters are always present in all taxa and believed to be aspects of the same evolutionary novelty. In order to prevent excess weighting of correlated characters, they may be scaled, meaning that each character receives a weight that is the inverse of the number of characters (e.g., if there are three correlated characters, each receives a weight of 1/3).

In practice, character weighting of morphological data is rarely done, in part because of the arbitrariness of determining the amount of weight a character or state should have. A frequent exception, however, is molecular data, for which empirical studies may justify the rationale for and degree of weighting. Evolutionary models utilize a sophisticated type of character weighting (see later discussion).

Alternatively, weighting may be done after the first stage of a phylogenetic analysis. Those characters that exhibit reversals or parallelisms on the cladogram are recognized and given less weight over those that do not, sometimes as a direct function of the degree of homoplasy they exhibit. For example, if, after a cladistic analysis, a character exhibits two convergent changes, that character would be given a weight of 1/2 in a second cladistic analysis. This type of a posteriori analysis is called successive weighting (which relies on the assumption that the initial tree(s) are close to an accurate representation of phylogeny). Often, the rescaled consistency index (RC) value is used as a basis for successive weighting (see Measures of Homoplasy, page 39).




Character Step Matrix

As reviewed earlier, assigning a character state transformation determines the number of steps that may occur when going from one character state to another. Computerized phylogeny reconstruction algorithms available today permit a more precise tabulation of the number of steps occurring between each pair of character states through a character step matrix. The matrix consists of a listing of character states in a top row and left column; intersecting numbers within the matrix indicate the number of steps required, going from states in the left column to states in the top row. For example, the character step matrix of Figure 2.5A illustrates an ordered character state transformation series, such that a single step is required when going from state 0 to state 1 (or state 1 to state 0), two steps are required when going from state 0 to state 2, etc. The character step matrix of Figure 2.5B shows an unordered transformation series, in which a single step is required when going from one state to any other (nonidentical) state. Character step matrices need not be symmetrical; that of Figure 2.5C illustrates an ordered transformation series but one that is irreversible, disallowing a change from a higher state number to a lower state number (e.g., from state 2 to state 1) by requiring a large number of step changes (symbolized by “∞”). Character step matrices are most useful with specialized types of data. For example, the matrix of Figure 2.5D could represent DNA sequence data, where 0 and 1 are the states for the two purines (adenine and guanine) and 2 and 3 are the states for the two pyrimidines (cytosine and thymine; see Chapter 14). Note that in this matrix the change from one purine to another purine or one pyrimidine to another pyrimidine (each of these known as a “transition”) requires only one step, being biochemically more probable to occur, whereas a change from a purine to a pyrimidine or from a pyrimidine to a purine (termed a “transversion”) is given five steps, being more biochemically less likely. Thus, in a cladistic analysis, the latter change will be given substantially more weight.
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FIGURE 2.5 Character step matrices for: A. Ordered character. B. Unordered character. C. Irreversible character. D. Differentially weighted character.



DNA sequence data may be transformed in a more complicated evolutionary model, based on a number of parameters, such as branch length, codon position, base frequency, or transition/transversion ratio. Such models of evolution are an integral component of maximum likelihood and Bayesian analyses (see later discussion).




Character × Taxon Matrix

Prior to cladogram construction, characters and character states for each taxon are tabulated in a character × taxon matrix, as illustrated in Figure 2.6A. In order to analyze the data using computer algorithms, the characters and character states must be assigned a numerical value. In doing so, character states are assigned nonnegative integer values, typically beginning with 0. Figure 2.6B shows the numerical coding of the matrix of Figure 2.6A. The states are numerically coded in sequence to correspond with the hypothesized transformation series for that character. For example, for the ordered transformation series “leaf type” of Figure 2.4D,F, the character states “simple,” “ternately compound,” and “unifoliolate” could be enumerated as 0, 1, and 2. In the character × taxon matrix, polarity is established by including one or more out-group taxa as part of the character × taxon matrix (as in Figure 2.6A,B) and by subsequently “rooting” the tree by placing the outgroups at the extreme base of the final cladogram (see later discussion).
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FIGURE 2.6 Character × taxon matrix for five species of hypothetical genus Xid plus an outgroup taxon (left column), showing six characters (top row) and their character states (inner columns; character 5 is ordered). A. Character state names listed. B. Characters and character states converted to numerical values. C. Unresolved cladogram. D. Addition of characters 1–3. E. Most parsimonious cladogram, with addition of other characters. Note common ancestors Q, R, S, T, shown for illustrative purposes. Circled C denotes convergent homoplasies. F. Cladogram at E, with all monophyletic groups circled.








Cladogram Construction


Apomorphy

A primary tenet of phylogenetic systematics is that derived character states, or apomorphies, that are shared between two or more taxa (OTUs) constitute evidence that these taxa possess them because of common ancestry. These shared derived character states, or synapomorphies, represent the products of unique evolutionary events that may be used to link two or more taxa in a common evolutionary history. Thus, by sequentially linking taxa together based on their common possession of shared apomorphies, the evolutionary history of the study group can be inferred.

The character × taxon matrix supplies the data for constructing a phylogenetic tree or cladogram. For example, Figure 2.6 illustrates construction of the cladogram for the five species of the hypothetical genus Xid from the character × taxon matrix at Figure 2.6A,B. First, the OTUs are grouped together as lineages arising from a single common ancestor above the point of attachment of the outgroup (Figure 2.6C). This unresolved complex of lineages is known as a polytomy (see later discussion). Next, derived character states are identified and used to sequentially link sets of taxa (Figure 2.6D,E). In this example, synapomorphies include (1) the derived states of characters 1 and 3 that group together X. nigra, X. purpurea, and X. rubens; (2) the derived state of character 4 that groups together X. alba and X. lutea; (3) the derived state “four stamens” of (ordered) character 5, which is found in all ingroup OTUs and constitutes an apomorphy for the entire ingroup and the derived state “two stamens” of character 5 that groups X. nigra and X. purpurea. The derived state of character 2 is restricted to the taxon X. lutea and is therefore an autapomorphy. Autapomorphies occur for a single OTU and are not informative in cladogram construction. Finally, the derived state of character 6 evolved twice, in the lineages leading to both species 
X. alba and X. purpurea; these independent evolutionary changes constitute homoplasies due to convergence.

One important principle is illustrated in Figure 2.6E for character 5, in which the derived state “four stamens” is an apomorphy for all species of the study group, including X. nigra and X. purpurea. Although the last two species lack the state “four stamens” for that character, they still share the evolutionary event in common with the other three species. The lineage terminating in X. nigra and X. purpurea has simply undergone additional evolutionary change in this character, transforming from four to two stamens (Figure 2.6E).




Recency of Common Ancestry

Cladistic analysis allows for a precise definition of biological relationship. Relationship in phylogenetic systematics is a measure of recency of common ancestry. Two taxa are more closely related to one another if they share a common ancestor that is more recent in time than the common ancestor they share with other taxa. For example, in Figure 2.7A taxon C is more closely related to taxon D than it is to taxon E or F. This is true because the common ancestor of taxa C and D is more recent in time (closer to the present) than is the common ancestor of taxa C, D, E, and F (Figure 2.7A). In the earlier example of Figure 2.6E, it is evident that X. nigra and X. purpurea are more closely related to one another than either is to X. rubens. This is because the first two species together share a common ancestor (S) that is more recent in time than the common ancestor (R) that they share with X. rubens. Similarly X. rubens is more closely related to X. nigra and X. purpurea than it is to either X. lutea or X. alba because the first three taxa share a common ancestor (R) that is more recent in time than Q, which is the common ancestor shared by all five species.
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FIGURE 2.7 
A. Hypothetical cladogram, illustrating recency of common ancestry. B. Cladogram of A with all monophyletic groups circled.



The fact that descent is assessed by means of recency of common ancestry gives the rationale that the branches of a given cladogram may be visually rotated around their junction point or “node” (at the common ancestor) with no change in phylogenetic relationships. For example, the cladograms portrayed in Figure 2.8A, 2.8B, and 2.8C are all the same as that in Figure 2.6E, differing only in that the lineages have been rotated about their common ancestors. As discussed earlier, the topology of all these cladograms is exactly the same; only the visual structure of branches varies. (Again note that cladograms can be portrayed in different manners, with taxa at the top, bottom, or sides and with lineages drawn as vertical, horizontal, or angled lines, as in Figure 2.8A–C.)
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FIGURE 2.8 A–C. Most parsimonious cladogram of Fig. 2.6E. A. Cladogram with diagonal lines, but lineages rotated about common ancestor. B. Cladogram portrayed with perpendicular lines. C. As in B but rotated 90 °. D. Alternative cladogram for the data set of Fig. 2.6A, showing a different relationship among the five species of genus Xid, requiring 11 character state changes, three more than the most parsimonious cladogram in Fig. 2.6E. Convergent and reversal homoplasies are denoted by circled C and R, respectively.






Monophyly

A very important concept in phylogenetic systematics is that of monophyly, or monophyletic groups. As introduced earlier, a monophyletic group or clade is a group that consists of a common ancestor plus all descendants of that ancestor. The rationale for monophyly is based on the concept of recency of common ancestry. Members of a monophyletic group share one or more unique evolutionary events; otherwise, the group could not generally be identified as monophyletic. For example, four monophyletic groups can be delimited from the cladogram of Figure 2.6E; these are circled in Figure 2.6F. In another example, the monophyletic groups of the cladogram of Figure 2.7A are shown in Figure 2.7B. Note that all monophyletic groups include the common ancestor plus all lineages derived from the common ancestor, with each most recent lineage terminating in an OTU.

The two descendant lineages or clades from a single common ancestor are known as sister groups or sister taxa. For example, in Figure 2.6E and F, sister group pairs are: (1) X. lutea and X. alba; (2) X. nigra and X. purpurea; (3) X. nigra + X. purpurea and X. rubens; and (4) X. lutea + X. alba and X. nigra + X. purpurea + X. rubens.

The converse of monophyly is paraphyly. A paraphyletic group is one that includes a common ancestor and some, but not all, known descendants of that ancestor. For example, in Figure 2.6E, a group including ancestor Q plus descendants X. lutea, X. alba, and X. rubens alone is paraphyletic because this group has omitted two taxa (X. purpurea and X. nigra), which are also descendants of common ancestor Q. Paraphyletic groups have usually been designated by the absence of an apomorphy; in the example of Figure 2.6E, X. lutea, X. alba, and X. rubens may have originally been grouped by their lack of the derived condition (two stamens, character 5) that links X. purpurea and X. nigra. Similarly, a polyphyletic group is one containing two or more common ancestors. For example, in Figure 2.6E, a group containing X. alba and X. purpurea alone could be interpreted as polyphyletic because these two taxa do not share a common ancestor apart from that shared by the other taxa, X. lutea, X. nigra, and X. rubens. Polyphyletic groups have typically been defined based on convergences; in the example of Figure 2.6E, X. lutea and X. purpurea share a feature (spiny pollen of character 6), which has been determined from the analysis to be convergent in the two taxa. (“Paraphyletic” and “polyphyletic” as designates for a group may intergrade; the term non-monophyletic may be used to refer to either.)

Non-monophyletic groups do not accurately portray evolutionary history and should be abandoned in formal classification systems (see Phylogenetic Classification, page 41). Their use in comparative studies of character evolution, evolutionary processes, ecology, or biogeography will likely bias the results. A good example of a paraphyletic group is the traditionally defined “dicots” (Dicotyledonae). Because all recent analyses show that some members of the dicots are more closely related to, e.g., monocots (Monocotyledonae) than they are to other dicots, the dicots are paraphyletic (see Chapter 7) and should no longer be recognized as a taxonomic group.




Parsimony Analysis

In constructing a cladogram, a single branching pattern may be selected from among many, many possibilities. The number of possible “rooted” dichotomously branching cladograms increases dramatically with a corresponding increase in the number of taxa. For two taxa, there is only one rooted cladogram (Figure 2.9A); for three taxa, there are three rooted, dichotomously branched trees (Figure 2.9B); and for four taxa, 15 rooted, dichotomously branched cladograms are possible (Figure 2.9C). (See later discussion for explanation of rooted versus unrooted trees.) The formula for the number of rooted trees is ∏ (2i−1), with ∏ being the product of all the factors (2i−1) from i = 1 to i = n−1, where n is the number of OTUs. For a cladistic analysis involving 54 OTUs, the number of possible dichotomously branching trees is 3 × 1084 (which is greater than the number of atoms in the universe!). The number of trees is even greater when the additional possibilities of reticulation or polytomies are taken into account (see later discussion).
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FIGURE 2.9 All possible rooted, dichotomously branched cladograms for a group consisting of the following. A. Two taxa (A and B). B. Three taxa (A, B, and C). C. Four taxa (A, B, C, and D).



Because there are generally many possible trees for any given data set, one of the major methods of reconstructing phylogenetic relationships is known as the principle of parsimony or parsimony analysis. The principle of parsimony states that of the numerous possible cladograms for a given group of OTUs, the one (or more) exhibiting the fewest number of evolutionary steps is accepted as being the best estimate of phylogeny. (Note that there may be two or more cladograms that are equally most parsimonious.) The principle of parsimony is actually a specific example of a general tenet of science known as Ockham's Razor (“Entia non sunt multiplicanda praeter necessitatem”), which states that given two or more competing hypotheses, each of which can explain the facts, the simplest one is accepted. The rationale for parsimony analysis is that the simplest explanation minimizes the number of ad hoc hypotheses, i.e., hypotheses for which there is no direct evidence. In other words, of all possible cladograms for a given group of taxa, the one (or more) implying the fewest number of character state changes is accepted. A consequence of minimizing the total number of character state changes is also to minimize the number of homoplasious reversals or convergences. The principle of parsimony is a valid working hypothesis because it minimizes uncorroborated hypotheses, thus assuming no additional evolutionary events for which there is no evidence.

Parsimony analysis can be illustrated as follows. For the example data set of Figure 2.6A, which includes five taxa (plus an outgroup), there are actually 105 possible dichotomously branching, rooted cladograms; the cladogram in Figures 2.6E and 2.8A (having a total of eight character state changes) is only one of these. One of the other 104 alternative cladistic hypotheses is illustrated in Figure 2.8D. Note, however, that for this cladogram, there are a minimum of 11 character state changes (including three pairs of convergent evolutionary events and one reversal). Thus, of all the possible cladograms for the data set of Figure 2.6A, the one shown in Figures 2.6E and 2.8A is the shortest, containing the fewest number of evolutionary steps, and would be accepted as the best estimate of phylogeny by parsimony analysis.

Various computer programs (algorithms) are used to determine the most parsimonious cladogram from a given character × taxon matrix. (See Cladistic Computer Programs, page 52.)




Unrooted Trees

In contrast to a cladogram, a method for the representation of relative character state changes between taxa is the unrooted tree, sometimes called a “network.” Unrooted trees are constructed by grouping taxa from a matrix in which polarity is not indicated (in which no hypothetical ancestor or outgroup is designated), perhaps because the polarity of one or more characters cannot be ascertained. Because no assumptions of polarity are made, no evolutionary hypotheses are implicit in an unrooted tree. Figure 2.10 illustrates the unrooted tree for the data set of Figure 2.6A,B. Note that monophyletic groups cannot be recognized in unrooted trees because relative ancestry (and therefore an outgroup) is not indicated. The character state changes noted on the unrooted tree simply denote evolutionary changes when going from one group of taxa to another, without reference to direction of change. After an unrooted tree is constructed, it may be rooted and portrayed as a cladogram. If the relative ancestry of one or more characters can be established, a point on the network may be designated as most ancestral, forming the root of the cladogram. For example, if the unrooted tree of Figure 2.10 is rooted (at * in the figure), the result is the tree of Figure 2.6E. However, rooting is effectively done by simply including one or more outgroup(s) in the analysis and placing these outgroups to denote the base (the “root”) of the tree.
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FIGURE 2.10 Unrooted tree for the data set of Fig. 2.6A (minus the Outgroup taxon). Direction of evolutionary change is not indicated and monophyletic groups cannot be defined. The “*” indicates the point of rooting that yields the tree of Fig. 2.6E.






Polytomy

Occasionally, the relationships among taxa cannot be resolved. A polytomy (also called a polychotomy) is a branching diagram in which the lineages of three or more taxa arise from a single hypothetical ancestor. Polytomies arise either because data are incomplete or missing, because of conflicting data, or because three or more of the taxa were actually derived from a single ancestral species. (In addition, polytomies are often found in consensus trees; see later discussion.)

In the case of a polytomy arising via missing data, there are no derived character states identifying the monophyly of any two taxa among the group. For example, from the character × taxon matrix of Figure 2.11A, the relationships among taxa W, X, and Y cannot be resolved; synapomorphies link none of the taxon pairs. Thus, W, X, and Y are grouped as a polytomy in the most parsimonious cladogram (Figure 2.11B).
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FIGURE 2.11 
A. Hypothetical data set. B. Resultant tree from data set at A. Note polytomy of lineages to W, X, and Y. C. Hypothetical data set. D. Cladogram exhibiting reticulation that is compatible with data set at C. E,F. Dichotomously branching cladograms arising from data set at C, showing two alternative distributions of character state changes. G. Evolution of wheat via ancestral hybridization and polyploidy.



Polytomies often arise because of conflicting data in a consensus tree (see later discussion). Lastly, another possible reason for the occurrence of a polytomy is that three or more taxa actually diverged from a single ancestral species, or diverged dichotomously but within such a short time period that no synapomorphic evolutionary event links any two of the taxa as a monophyletic group. (See Chapter 19.) The occurrence of polytomies in phylogenetic analysis may be indicative of an interesting evolutionary history, warranting further research.




Reticulation

The methodology of phylogenetic systematics generally presumes the dichotomous or polytomous splitting of taxa, representing putative ancestral speciation events. However, another possibility in the evolution of plants is reticulation, the hybridization of two previously divergent taxa forming a new lineage. A reticulation event between two ancestral taxa (E and F) is exemplified in Figure 2.11D (assuming transmission of derived states of characters 1–3 to hybrid taxon G), resulting in the hybrid ancestral taxon G, which is the immediate ancestor of extant taxon X. Most standard phylogenetic analyses do not consider reticulation and would yield an incorrect cladogram if such a process had occurred. For example, the character × taxon matrix of Figure 2.11C is perfectly compatible with the reticulate cladogram of Figure 2.11D. However, the methods of phylogenetic systematics would construct the most parsimonious dichotomously branching cladogram of Figure 2.11E or 2.11F, which show homoplasy and require one additional character state change than Figure 2.11D.

Reticulation among a group of taxa should always be treated as a possibility. Data, such as chromosome analysis, may provide compelling evidence for past hybridization among the most recent common ancestors of extant taxa. A good example of this is the evolution of durum and bread wheat (Triticum spp.) via past hybridization and polyploidy (Figure 2.11G).




Taxon Selection and Polymorphic Characters

As alluded to earlier, the initial selection of taxa to be studied may introduce bias in a phylogenetic analysis. Prior to a phylogenetic analysis, each of the smallest unit taxa under study (OTUs) and the group as a whole must be assessed for monophyly prior to the analysis. Monophyly is ascertained by the recognition of one or more unique, shared derived character states that argue for most recent common ancestry of all and only all members of the taxon in question. If such an apomorphy cannot be identified, any relationships denoted from the phylogenetic analysis may be in doubt. For example, in a cladistic analysis of several angiosperm genera (Figure 2.12A), only if each of the unit taxa (genera in this case) is monophyletic will the resultant cladogram be unbiased. If, however, genus A is not monophyletic, then it may be possible for some species of genus A to be more closely related to (i.e., have more recent common ancestry with) a species of another genus than to the other species of genus A (e.g., Figure 2.12B). Therefore, if any doubt exists as to the monophyly of component taxa to be analyzed, the taxa in question should be subdivided until the monophyly of these subtaxa is reasonably certain. If this is not possible, an exemplar species (selected as representative of a higher taxon and assumed to be monophyletic) may be chosen for a first approximation of relationships.
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FIGURE 2.12 A. Cladogram of hypothetical genera A–F. B. Cladogram of the species of genera A–F. Note that genus A is not monophyletic. C. Character × taxon matrix for taxa V–Z plus OUTGROUP. D. Most parsimonious cladogram for taxa V, W, X, Y, and Z. E. Character × taxon matrix for same taxa, minus taxon W, omitted because it is not considered as part of the ingroup. F. Most parsimonious cladogram for taxa V, X, Y, and Z. Note different branching pattern for taxa X, Y, and Z.



Related to the requirement of OTU monophyly is the problem of polymorphic characters, i.e., those that have variable character state values within an OTU. If an OTU for which monophyly has been established is polymorphic for a given character, then it may be subdivided into smaller taxonomic groups until each of these groups is monomorphic (i.e., invariable) for the character. If an OTU at the level of species is polymorphic, it is generally listed as such in computer algorithms.

If the ingroup as a whole is not monophyletic, the effect is identical to excluding taxa from the analysis, which could give erroneous results under certain conditions. For example, the most parsimonious cladogram constructed from the data matrix of Figure 2.12C is that of Figure 2.12D. However, if taxon W is inadvertently omitted from the ingroup (which is now not monophyletic; Figure 2.12E), then a different, most parsimonious cladogram topology may result for taxa X, Y, and Z (Figure 2.12F). The question of monophyly may be a serious problem for traditionally recognized taxa that were generally not defined by demonstrable apomorphies.




Outgroup Comparison

As mentioned earlier in the discussion on character analysis, knowledge of character polarity is necessary to recognize shared derived character states that define monophyletic taxa. The only valid criterion for ascertaining polarity is outgroup comparison. An outgroup is a taxon that is not a member of the study group under investigation (the ingroup). Outgroup comparison entails character assessment of the closest outgroups to the ingroup. Those character states possessed by the closest outgroups are considered to be ancestral; states present in the ingroup, but not occurring in the nearest outgroups, are derived.

The rationale for outgroup comparison is founded in the principle of parsimony. For example, given some monophyletic ingroup X (Figure 2.13A), members of which possess either state 0 or 1 of a character, and given that taxon Y (nearest outgroup to X) possesses only character state 1, then the most parsimonious solution (requiring a single character change: 1 ⇒ 0) is that state 1 is ancestral and present in the common ancestor M (the “outgroup node”); character state 0 is derived within taxon X (Figure 2.13A). The alternative, that state 0 is ancestral, requires at least two character state changes (Figure 2.13B). Verification is made by considering an additional outgroup (e.g., taxon Z in Figure 2.13C). If this next outgroup possesses only character state 1, then the ancestral status of state 1 for taxon Y is substantiated (Figure 2.13C). If, however, outgroup Z contains only character state 0, then it is equally parsimonious to assume that state 1 is ancestral to ingroup X (Figure 2.13D) versus derived within ingroup X (Figure 2.13E). In this case, consideration of additional outgroups may resolve polarity. The major problem with outgroup comparison is that the cladistic relationships of outgroup taxa may be unknown; in such a case, all reasonably close outgroups (in all possible combinations) may be tested. In practice, prior studies at a higher taxonomic level are often used to establish near outgroups for a phylogenetic analysis.
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FIGURE 2.13 Determination of character state polarity using outgroup comparison. A. Most parsimonious assumption in which character state 1 is ancestral and present in ancestor M. B. Alternative, less parsimonious cladogram, in which state 0 is assumed to be ancestral. C. Verification of cladogram at A by addition of next outgroup Z, which also has state 1. D,E. Cladograms in which additional outgroup Z has state 0, showing that assumption of polarity is equivocal; ancestor M is equally likely to possess state 0 as opposed to state 1. F. Character × taxon matrix for taxa W–Z plus OUTGROUP. G. Most parsimonious cladogram of taxa W, X, Y, and Z and ancestors E, F, and G.






Ancestral Versus Derived Characters

A common point of confusion is seen in the use of the terms ancestral (plesiomorphic or primitive) and derived (apomorphic or advanced). It is advisable that these terms be limited to the description of characters (not taxa) and then only relative to monophyletic groups. For example, in the cladogram of Figure 2.13G (constructed from the matrix of Figure 2.13F), state 1 of character 1 is derived within the group including W, X, Y, and Z (i.e., state 1 is absent in common ancestor E), but it is ancestral with regard to the monophyletic group X, Y, Z (i.e., state 1 is present in F, the common ancestor of X, Y, and Z). The use of the terms ancestral and derived to describe taxa should be avoided to prevent ambiguity. For example, from Figure 2.13G, it might be asked which taxon is most “primitive”? Confusion is avoided by describing, e.g., taxon W as phylogenetically most “basal” (or “earliest diverging”) and, e.g., taxon Z as possessing the fewest number of observed apomorphic states (relative to a common ancestor, such as ancestral taxon E).




Consensus Trees

In practice, most cladistic analyses yield numerous cladograms that are equally most parsimonious. Rather than view and discuss each of these cladograms, it is usually convenient to visualize the one tree that is compatible with all equally most parsimonious trees. A consensus tree is a cladogram derived by combining the features in common between two or more cladograms. There are several types of consensus trees. One of the most commonly portrayed is the strict consensus tree, which collapses differences in branching pattern between two or more cladograms to a polytomy. Thus, the two equally parsimonious cladograms of Figure 2.14A,B are collapsible to the strict consensus tree of Figure 2.14C. Another type of consensus tree is the 50% majority consensus tree, in which only those clades that occur in 50% or more of a given set of trees are retained. Consensus trees may be valuable for assessing those clades that are robust, i.e., have strong support (see Cladogram Robustness, page 39). Greater confidence may be given to such clades in terms of recognition of accepted and named monophyletic groupings.
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FIGURE 2.14 A,B. Two equally most parsimonious cladograms resulting from cladistic analysis. C. Strict consensus tree of cladograms at A and B. D. Cladogram illustrating taxon Z with very long branch.






Long Branch Attraction

Sometimes, e.g., with molecular sequence data, one or more taxa will have a very long branch, meaning that these taxa have a large number of autapomorphies relative to other taxa in the analysis (e.g., taxon Z of Figure 2.14D). This can be caused by unequal rates of evolution among the taxa examined or can be the by-product of the particular data used. Such a situation can result in “long branch attraction,” in which taxa with relatively long branches tend to come out as close relatives of one another (or, if only one taxon has a long branch, its phylogenetic placement may easily shift from one analysis to another). Long branch attraction occurs because when relatively numerous state changes occur along lineages, random changes can begin to outweigh nonrandom, phylogenetically informative ones. The phylogenetic placement of a taxon with a long branch can be uncertain and can unduly influence the placement of other taxa.

Taxa with long branches may need to be analyzed using a different data set. They are sometimes left out of an analysis to see what the effect is on cladogram robustness (see later discussion).




Maximum Likelihood

The principle of parsimony can be viewed as evaluating all alternative trees (or as many subsets as feasible), calculating the length of those trees, and selecting those trees that are shortest, i.e., require the minimum number of character state changes under the set of conditions (character coding) specified. Another method of phylogenetic inference is termed maximum likelihood. Maximum likelihood, like parsimony methods, also evaluates alternative trees (hypotheses of relationship), but considers the probability, based on some selected model of evolution, that each tree explains the data. That tree which has the highest probability of explaining the data is preferred over trees having a lower probability. The appropriate model of evolution used is typically based on the data of the current analysis, but may be based on other data sets.

Maximum likelihood is used in practice for molecular sequence data, although morphological data or a combination of the two can be used. Figure 2.15A shows a simple molecular data set of three characters (three nucleotide sites of some gene or gene region). In this example, there are three possible trees, shown as unrooted in Figure 2.15B and rooted at taxon Z (assuming this is the outgroup) in Figure 2.15C. Maximum likelihood evaluates each tree and calculates, for each character, the total probability that each node of the tree possesses a given nucleotide. (See Chapter 14 for information on molecular data.)
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FIGURE 2.15 Maximum likelihood. A. Example character × taxon matrix (three nucleotide base sites shown) for taxa W–Z. B. The three possible unrooted trees for taxa W–Z. C. Three possible rooted trees for taxa, with Z set as the root.



In this same example, Figure 2.16A shows the actual probability of a change from one base to another, i.e., via nucleotide substitutions. Thus, a change from A (adenine) to C (cytosine) has a probability of 0.1 (10%), that from an A to G has a probability of 0.2 (20%), etc. Consider the first unrooted tree of Figure 2.15B for the first character (site 43) of Figure 2.15A. Nucleotide bases (A, C, G, or T) are substituted for taxon names (W–Z), and each of the two internal nodes (ultimately corresponding to hypothetical common ancestors) are arbitrarily assumed to possess A (adenine), shown in Figure 2.16B. The overall probability for this nucleotide combination on this particular tree is the starting probability of any particular nucleotide (0.25 in this example, with the assumption that nucleotide bases are in equal frequency, each being 25% given there are 4 bases) × the probability of going from an A to a C (= 0.1) × the probability of going from an A to a G (= 0.2) × the probability of going from an A to an A (= 0.60), and so on; the total probability for this tree topology and base combination is P1=0.00003 (Figure 2.16B). Now, the total probabilities for all 16 possible combinations of nucleotide bases at the internal nodes is seen in Figure 2.16C (P1 … P16). The likelihood score for this tree and site (character 1) is calculated by adding all of these individual probabilities (P1 + P2 + … P16) = 0.0026 in this example (Figure 2.16C).
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FIGURE 2.16 Maximum likelihood. A. Matrix showing the probabilities of a change from one base to another. B. Tree 1 (one of three possible unrooted trees from Figure 2.15B), with nucleotide bases of character 1 substituted for terminal taxa and with internal nodes arbitarily set to A (adenine). Note calculation of probability of site 1 (P1). C. The sixteen possibilities for internal node bases for tree 1, with probabilities calculated. D,E. Representation of nucleotides at terminal taxa in tree 1 for characters 2 (D) and 3 (E), with likelihood calculations below.



Likelihoods scores for each of the other two characters (sites 58 and 90 in Figure 2.15A) of this first tree topology are then calculated (Figure 2.16D,E). The total likelihood for this tree topology is obtained by multiplying the likelihood scores of each of the three characters. (Normally, the negative natural log of each probability is calculated and these added together, due to the often small numbers obtained for L.) In the example of Figure 2.16, L = 0.0026 × 0.01132 × 0.01132 = 3.332 × 10−7, or -LnL = -(Ln 0.0026 + Ln 0.1132 + Ln 0.1132) = 14.915. It turns out that the first tree represented [(W,X)(Y,Z)] has the highest likelihood (L) of the three possible unrooted trees and would be accepted over the other two.

Maximum likelihood uses a DNA substitution model to determine the probabilities of going from one nucleotide to another. These models and algorithms are complicated, but the very basics are important to grasp. One that is commonly used and serves as the basis for other specific models is the general time-reversible model (GTR), in which a change from one base to another (e.g., A to C) is equivalent to the reverse (e.g., C to A). As seen in Figure 2.17, the GTR model is based on substitution probabilities that are influenced by the rate parameter (e.g., µa), which is the product of the mean instantaneous substitution rate (µ) and the relative rate parameters (a, b, … f), those for each substitution type (e.g., A to C) and the frequency parameters (πA, πC, πG, and πT), which are the frequencies of the nucleotide bases A, C, G, and T. (Other assumptions are made in this model; see Hillis et al., 1996.) Specific models may be derived from the GTR model. For example, if the frequency parameters are equivalent (πA = πC = πG = πT = 0.25, given there are 4 bases), and if all substitutions occur at the same rate (a = b = c = d = e = f = 1), then the Jukes-Cantor (JC) model is obtained (Figure 2.17B). If the frequency parameters are equal, but substitutions occur at different rates, such that all transition rates (A⇔G and C⇔T) are equivalent but potentially different from all transversions (A⇔C, A⇔T, G⇔C, and G⇔T), then Kimura's two parameter model (K2P) is obtained (Figure 2.17C). Other models might take into account, e.g., the codon position of a base. The model that is used in a maximum likelihood analysis is calculated from the actual sequence data using a computer algorithm. For example, if significantly more transitions occur than transversions, the K2P model might be selected. (See WEB SITE, Phylogeny Programs, page 52 for a listing of phylogeny computer programs, including those determining the model from a data set.)
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FIGURE 2.17 Models of base substitution. A. General time reversable model, in which probabilities of change from one base to another are a function of mean instantaneous base substitution rate (µ), relative rate parameters (a,b,c,d,e,f), and base frequencies (πA, πC, πG, πT). B. Jukes-Cantor (JC) model, in which substitution rates are the same. C. Kimura's two-parameter model (K2P), in which base frequencies are the same but transitions (in red) and transversions (in blue) occur at different rates.



Maximum likelihood methods have an advantage over parsimony in that the estimation of the pattern of evolutionary history can take into account probabilities of character state changes from a precise evolutionary model, one that is based and evaluated from the data at hand. Maximum likelihood methods also help eliminate the problem of long branch attraction (discussed earlier), as the probabilities of base change from one node to another are influenced by the length of that branch. (Generally, as the length of a branch increases, the probabilities of state changes along that branch decrease.) A disadvantage of maximum likelihood has been that both the analyses and calculation of confidence measures (usually bootstrap calculations; see Cladogram Robustness, page 39) have been very “computer-intensive” and generally not feasible for large data sets; however, new computer programs have dramatically increased the calculation speeds. See Hillis et al. (1996) for more detailed information about maximum likelihood and models.




Bayesian Analysis

Another more recent method of phylogenetic analysis is Bayesian inference (which is worth mentioning briefly here, but see the references at the end of this chapter for a detailed understanding). This method is based on calculations of posterior probability, utilizing a probability formula devised by T. Bayes in 1763.

Bayesian inference calculates the posterior probability of the phylogeny, branch lengths, and various parameters of the data. In practice, the posterior probability of phylogenies is approximated by sampling trees from the posterior probability distribution, using algorithms known as the Markov chain Monte Carlo (MCMC) or the Metropolis-coupled Markov chain Monte Carlo (MCMCMC). The results of a Bayesian analysis yield the posterior probabilities for each of the branches of a given tree (derived from the 50% majority consensus tree of sampled trees). Bayesian inference is similar to maximum likelihood in that the same models of evolution can be used. In addition, Bayesian algorithms are relatively rapid, and the posterior probabilities that are generated for each clade are direct measures of robustness. (Generally, a Bayesian probability of 95% or greater is considered robust for a particular clade: see Cladogram Robustness, right.)




Measures of Homoplasy

If significant homoplasy occurs in a cladistic analysis, the data might be viewed as less than reliable for reconstructing phylogeny. One measure of the relative amount of homoplasy in the cladogram is the consistency index. Consistency index (CI) is equal to the ratio m/s, where m is the minimum number of character state changes that must occur and s is the actual number of changes that occur. The minimum number of changes is that needed to account for a single transformation between all character states of all characters. For example, a three-state character transformation, 0 ⇔ 1 ⇔ 2, requires a minimum of two steps; e.g., one possibility (of several) is the change 0 ⇒ 1 (first step) and then 1 ⇒ 2 (second step).

A consistency index close to 1 indicates little to no homoplasy; a CI close to 0 is indicative of considerable homoplasy. As an example, the character × taxon matrix of Figure 2.6A,B necessitates a minimum of seven changes; i.e., there must be at least seven character state transformations to explain the distribution of states in the taxa. The actual number of changes in the most parsimonious cladogram is eight because of homoplasy (Figure 2.6E). Thus, the CI for this cladogram is 7/8 = 0.875. The consistency index may be viewed as a gauge of confidence in the data to reconstruct phylogenetic relationships.

A consistency index may be calculated for individual characters as well. For example, relative to the most parsimonious cladogram of Figure 2.6E, the CI of all characters is equal to 1, except for character 6, which has a CI of 0.5 (because of two convergent character state changes).

Two other measures of homoplasy may be calculated: the retention index (RI) and the rescaled consistency index (RC). The retention index is calculated as the ratio (g – s)/(g – m), where g is the maximum possible number of state changes that could occur on any conceivable tree. Thus, the retention index is influenced by the number of taxa in the study. The rescaled consistency index (RC) is equal to the product of the CI and RI. The RC is used most often in successive weighting; the rationale for its use is based on theoretical simulation studies.




Cladogram Robustness

It is very important to calculcate metrics of robustness, the confidence for which a tree or particular clade actually denotes true phylogenetic relationships. A common way to evaluate cladogram robustness is the bootstrap, which can be used in both parsimony and maximum likelihood inference methods. Bootstrapping is a method that reanalyzes the data of the original character × taxon matrix by selecting (resampling) characters at random, such that a given character can be selected more than once. The effect of this resampling is that some characters are given greater weight than others, but the total number of characters used is the same as that of the original matrix. (See example in Figure 2.18A,B.) This resampled data is then used to construct new trees. Many sequential bootstrapping analyses are generated (often 100 or more runs), and all most parsimonious or greatest likelihood trees are determined. From all of these trees, a 50% majority consensus tree is constructed; the percentages placed along each internode of the cladogram represent the percentage of the time (from the bootstrap runs) that a particular clade is maintained from all resampled runs (e.g., Figure 2.18D). A bootstrap value of 70% or more is generally considered a robustly supported node. The rationale for bootstrapping is that differential weighting by resampling of the original data will tend to produce the same clades if the data are “good,” i.e., reflect the actual phylogeny and exhibit little homoplasy. One problem with the bootstrapping method is that it technically requires a random distribution of the data, with no character correlation. These criteria are almost never verified in a cladistic analysis. However, bootstrapping is still the most used method to evaluate tree robustness.
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FIGURE 2.18 CLADOGRAM ROBUSTNESS. A. Data matrix of six taxa (T–Y) and 12 characters. B. Resampling of matrix, to be used in a bootstrap analysis. Note that the number of characters is the same and that some characters are repeated, some deleted. C. Resampling of matrix, to be used in a jackknife analysis. Note that no characters are repeated and the number of characters has been reduced. D. Cladogram showing parsimony bootstrap values at internodes with values > 50. F. Same cladogram as in E showing decay index values. (Increasing numbers correspond to increasing line thickness; internodes not numbered have a decay index of 1.) F. Same cladogram showing (left to right) parsimony bootstrap values, maximum likelihood bootstrap values, and Bayesian posterior probabilities.



Another method of measuring cladogram robustness occasionally used is the so-called jackknife (or jackknifing), which is similar to the bootstrap but differs in that each randomly selected character may only be resampled once (not multiple times), and the resultant resampled data matrix is smaller than the original. (See example in Figure 2.18A,C.) The resampled matrix is used to generate a tree or trees. This is repeated multiple times and, like the bootstrap, a 50% majority tree is created to generate jackknife values.

A second way to evaluate clade confidence is by measuring clade “decay.” A decay index (also called “Bremer support”) is a measure of how many extra steps are needed (beyond the number in the most parsimonious cladograms) before the original clade is no longer retained. Thus, if a given cladogram internode has a decay index of 4, then the monophyletic group arising from it is maintained even in cladograms that are four steps longer than the most parsimonious (e.g., Figure 2.18E). The greater the decay index value, the greater the “confidence” in a given clade.

Finally, Bayesian analysis provides a measure of robustness in calculating posterior probabilities for each of the clades generated. Any branch with a posterior probability of 95% or greater is statistically well-supported. However, this method has come under some scrutiny because it often generates particularly high values of support. In some analyses, parsimony bootstraps, maximum likelihood bootstraps, and Bayesian posterior probabilities may be indicated on the same cladogram, (e.g., a consensus tree), illustrating clade support from the three different analyses (see Figure 2.18F).






Cladogram Analysis

A typical cladistic analysis may involve the use of DNA sequence data from one or more genes plus the use of “morphological” (i.e., nonmolecular) data. (Tests may be used to evaluate the homogeneity or compatibility of phylogenetic information from different types of molecular data, e.g., from chloroplast versus nuclear genes.) Often, separate analyses are done for (1) each of the gene sets individually; (2) all molecular data combined; (3) morphological data alone; and (4) a combined analysis utilizing all available data—molecular and morphological. It has been demonstrated that utilizing the totality of data often results in the most robust cladogram. The strict consensus tree of this combined analysis generally represents the best estimate of phylogenetic relationships of the group studied.

From the most robust cladogram(s) derived from cladistic analyses, it is valuable to trace all character state changes. In addition, all monophyletic groupings should be evaluated in terms of their overall robustness (e.g., bootstrap support) and the specific apomorphies that link them together. Homoplasies (convergences or reversals) should also be noted. A homoplasy may represent an error in the initial analysis of that character that may warrant reconsideration of character state definition, intergradation, homology, or polarity. Thus, cladogram construction should be viewed not only as an end in itself, but as a means of pointing out those areas where additional research is needed to resolve satisfactorily the phylogeny of a group of organisms.

Cladograms represent an estimate of the pattern of evolutionary descent, both in terms of recency of common ancestry and in the distribution of derived (apomorphic) character states, which represent unique evolutionary events. Once a robust cladogram is derived, the pattern of relationships and evolutionary change may be used for a variety of purposes, discussed next.


Phylogenetic Classification

One of the most important uses of cladograms is as a basis for classification. The pattern of evolutionary history portrayed in a cladogram may be used to classify taxa phylogenetically. A phylogenetic classification may be devised by naming and ordering monophyletic groups in a sequential, hierarchical classification, sometimes termed an indented method. The hierarchically arranged monophyletic groups may be assigned standard taxonomic ranks. For example, for the most parsimonious cladogram of Figure 2.19A, one possible classification of hypothetical genus Xid is seen in Figure 2.19B. Note that in this example, each named taxon corresponds to a monophyletic group (Figure 2.19A) and that these groups are sequentially nested such that the original cladogram may be directly reconstructed from this classification system. Two taxa of the same rank (e.g., sections Rubens and Nigropurpurea) are automatically sister groups. Each higher taxon above (e.g., subgenus Luteoalba) would also include automatically created lower taxa (e.g., species Xid alba and Xid lutea in this case).
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FIGURE 2.19 A. Cladogram from Fig. 2.6E. B–D. Classification schemes based on cladogram A. B. Indented classification. C. Annotated classification. D. Annotated, but rankless, classification. E. Cladogram illustrating node-based, apomorphy-based, and stembased classification. †Extinct taxon. *Major evolutionary change, used as the basis for an apomorphy-based group.



An alternative, and often more practical, means of deriving a classification scheme from a cladogram is by annotation. Annotation is the sequential listing of derivative lineages from the base to the apex of the cladogram, each derivative lineage receiving the same hierarchical rank. The sequence of listing of taxa may be used to reconstruct their evolutionary relationships. For example, an annotated classification of the taxa from Figure 2.19A is seen in Figure 2.19C. In this case all named taxa are monophyletic, but taxa at the same rank are not necessarily sister groups. This is common, for example, in the naming of angiosperm orders (see Chapters 7 and, 8).

The particular rank at which any given monophyletic group is given is arbitrary and is often done to conserve a past, traditional classification. A recent trend in systematics is to eliminate ranks altogether or, alternatively, to permit unranked names between the major rank names (see Chapter 16). In either case, the taxon names, minus ranks, would still retain their hierarchical, evolutionary relationship (e.g., as in Figure 2.19D).

This most common type of phylogenetic classification is sometimes termed node-based, because it recognizes a node (common ancestor) of the cladogram and all descendants of that common ancestor as the basis for grouping (Figure 2.19E). A node-based classification may specify a crown clade, one in which both or all branches from the common ancestor contain extant members. In some cases, it may be valuable to recognize a group that is stem-based, i.e., one that includes the “stem” (internode) region just above a common ancestor plus all descendants of that stem (Figure 2.19E). A stem-based group may be equivalent to a total clade, one that includes a crown clade plus all other taxa that share a recent common ancestor with the crown clade but not with other crown clades. A stem-based classification might be useful, for example, in including both a well-defined and corroborated node-based monophyletic group (crown clade) plus one or more fossil lineages that arise along the stem, the lineage below the crown clade. The paraphyletic stem may contain some, but not all, of the apomorphies possessed by the node-based crown clade. Yet a third general type of phylogenetic classification is apomorphy-based, in which all members of a mono phyletic group that share a given, unique evolutionary event (illustrated by an “*” in Figure 2.19E) are grouped together. (See Cantino et al. 2007 for an explanation of phylogenetic classification.)

Last, it should be mentioned that a monophyletic group can be recognized with a phylogenetic “definition.” For example, in Figure 2.19A, the monophyletic Xid might be “defined” as the “least inclusive monophyletic group containing the common ancestor of X. lutea and X. nigra.” The rationale is that this presents a more explicit and stable means of classification of taxa. However, any given phylogenetic definition is based on some cladistic analysis. If future cladistic analyses portray a somewhat different relationship of taxa, then the phylogenetically defined groups may contain taxa that were unintended, making them less useful and less stable than more standard classifications.

As mentioned in Chapter 1 a second major type of classification is phenetic, in which taxa are grouped by overall similarity. This phenetic grouping may be represented in the form of a branching diagram known as a phenogram. For example, for the data matrix of Figure 2.20A, the resultant phenogram is seen in Figure 2.20B. In this case taxa X and Y share more similar features (state 0 of characters 2 and 3) than either does with taxon W; thus, X and Y are more similar and are grouped together. (Note that no outgroup is included in the matrix.) Phenetic classifications will often be quite different from phylogenetic ones because in a phenetic analysis, taxa may be grouped together by shared ancestral features (known as symplesiomorphies) as well as by shared derived character states (synapomorphies). For example, the data matrix of Figure 2.20C (identical to that of 2.20A except for the addition of an outgroup) yields the most parsimonious cladogram at Figure 2.20D, which has a different branching pattern from the phenogram of Figure 2.20B. Note that in the cladogram, taxa W and X are grouped as sister taxa because they share the derived state of character 1, which is a synapomorphy for W and X. In contrast, the phenogram of Figure 2.20B groups together taxa X and Y because they are more similar, having in common state “0” of characters 2 and 3; however, these are shared ancestral states (symplesio morphies) and cannot be used to recognize monophyletic groups. Because many past classification systems have been based on overall phenetic similarity, great caution should be taken in evaluating “relationship.” Taxa that are most similar to one another may not, in fact, be particularly close relatives in a phylogenetic sense (i.e., by recency of common ancestry).
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FIGURE 2.20 A. Character × taxon matrix for taxa W–Y. B. Phenogram of taxa W, X, and Y. C. Character × taxon matrix for taxa W–Y plus OUTGROUP. D. Most parsimonious cladogram of taxa W, X, and Y. Note different branching pattern.



In summary, phylogenetic classification of taxa has the tremendous advantage of being based on and of reflecting the evolutionary history of the group in question. The International Code of Botanical Nomenclature (Chapter 16) has been used very successfully to assign taxonomic names based on the criterion of monophyly (although some problems persist that it is hoped will be addressed in future versions of the Code). Phylogenetic classifications have resulted in several name changes in some groups, but these are gradually beginning to stabilize, particularly with additional, robust molecular studies. In practice, assigning a name to every monophyletic group, whether ranked or not, is unwieldy, impractical, and unnecessary. Generally, only monophyletic groups that are well-supported (and ideally that have a well-recognized apomorphy) should be formally named, and every effort should be made to retain (or modify) former classification systems, where possible.




Character Evolution

Cladograms can be used as an analytical device to evaluate the ancestral conditions at the cladogram nodes and the evolutionary change (apomorphies) occurring from one node to another. This may be done using the character × taxon matrix and a preexisting tree, one inferred, e.g., by parsimony, maximum likelihood, or Bayesian methods. The character(s) evaluated may or may not have been included in the original tree reconstruction.

A standard way to evaluate character evolution is by parsimony optimization. Optimization of characters refers to their representation (or “plotting”) on a cladogram in the most parsimonious way, such that the minimal number of character state changes occur between nodes. This method assigns those character states at ancestral nodes that minimize the number of state changes between nodes, i.e., that minimize the tree length. (In the optimization procedure, a given type of character coding is selected, such as ordered, unordered, step matrices, weighted/scaled, etc.) For example, Figures 2.21A,B show a cladogram in which the evolution of a character is explained in two different ways, but neither of which is the most parsimonious explanation. In Figures 2.21C,D the character is optimized, showing the fewest possible number of state changes. In these last two examples, character state evolution can be optimized in either of two equally parsimonious ways (with ancestral nodes assigned a different set of states). Acctran (accelerated transformation) optimization hypothesizes an earlier initial state change with a later reversal of the same character (Figure 2.21C). Deltran (delayed transformation) optimization hypothesizes two later, convergent state changes (Figure 2.21D). Note that when alternative character optimization exists, there are nodes in the cladogram that are equivocal, i.e., for which the character state cannot be definitively determined. Optimization is automatically performed by computer algorithms that trace characters and character states. (See Cladistic Computer Programs, page 52.)
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FIGURE 2.21 A,B. Cladograms for taxa W–Z and Outgroup, in which character states of a character (superposed above taxa) are accounted for by hypothesizing three state changes, not optimized. C. Parsimony optimization (“Acctran”) of character, hypothesizing two state changes, including one reversal. D. Parsimony optimization (“Deltran”) of character, hypothesizing two convergent state changes. E. Character evolution assessed by likelihood ancestral state reconstruction. Note that ancestral nodes show a probability between ca. 25% and 95% for a given state. (Example courtesy of M. Guilliams.) F. Character evolution using parsimony optimization, illustrated for haploid chromosome number. States at ancestral nodes in bold. Note that parsimony optimization minimizes tree length, requiring a total of three state changes.



Another way of assessing character evolution is using maximum likelihood in ancestral state reconstruction, so called because it emphasizes determining the character condition at each ancestral node rather than changes between nodes. For a given tree and character distribution of the terminal taxa, this method calculates the maximum probability of a state at each node, using a selected model of evolution (generally the one used to construct the tree). An example of maximum likelihood ancestral state reconstruction is seen in Figure 2.21E. Note that ancestral nodes often do not have discrete states, but a probability of a given state, between 0 and 100%. As with maximum likelihood tree construction, branch lengths influence the probability of state changes in ancestral state reconstruction. A relatively long branch may introduce a higher or lower probability of a state, which would not be evident in parsimony optimization.

Assessment of character evolution often yields insight into the possible adaptive significance of a feature. For example, Figure 2.21F shows parsimony optimization of chromosome number for a given tree and state distribution. Studies of character evolution may allow detection of the correlation of character shifts, indicative of, say, a genetic or adaptive linkage. It may also give insight into past classification, e.g., as to whether a particular taxon was historically grouped by an apomorphy or plesiomorphy.




Biogeography and Ecology

A phylogenetic analysis can be used to evaluate past changes in biogeographic distribution and ecological habitat. Both distribution and habitat data are considered to be “extrinsic” in nature, i.e., not determined by the genetic makeup (genome) of a taxon, and, therefore, not subject to biological evolution. Thus, data on distribution and habitat cannot be included in the data matrix of a cladistic analysis. (Note that ecological data in the simple sense of the habitat a taxon occupies, such as “desert” or “salt marsh,” is extrinsic. However, the propensity or capability to survive in a particular habitat, e.g., physiological or morphological adaptations that allow survival in the desert, are intrinsic and may be used directly as characters in an analysis.) A historical analysis of extrinsic data may be accomplished by superposing the data onto an existing cladogram and optimizing the changes that would be needed, e.g., using the principle of parsimony (see later discussion).

Analysis of biogeographic data can give insight into the direction of change in biogeographic distribution. A change from one distribution to another can occur by either of two means: dispersal or vicariance. Dispersal is the movement of an organism or propagule from one region to another, such as the transport of a seed or fruit (by wind, water, or bird) from a continent to an island (Figure 2.22A). Vicariance, in contrast, is the splitting of one ancestral population into two (or more) populations, e.g., by continental drift or the formation of a new waterway or mountain range, resulting in a barrier between the split populations; this barrier prevents gene flow between these populations, allowing them to diverge independently (Figure 2.22B).
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FIGURE 2.22 Cladistic analysis of biogeographic data. A. Hypothesis of dispersal, in which a propagule of species Y lands on another island. The isolated population subsequently diverges into Y″. B. Hypothesis of vicariance, in which ancestral population X is divided into two populations by a mountain range. The two populations, now isolated, can subsequently diverge, one becoming X″. C. Cladogram of taxa A–R in which geographic distributions are superposed atop lineages, illustrating dispersal in Hawaiian archipelago. Optimized explanation is dispersal of ancestral taxa from Kauai to Maui and then from Maui to Hawaii. D. Cladogram in which geographic distributions are superposed atop lineages, illustrating vicariance. Continental drift explains current distribution of taxa D–K. E. Superposition of ecological habitat data, illustrating use of cladogram to deduce history of ecological change.



Determining vicariance versus dispersal as an explanation for biogeographic change cannot always be made, and requires additional knowledge of geologic history. For example, Figure 2.22C illustrates a cladogram of taxa endemic to the Hawaiian archipelago, in which the ranges (by island) are superposed. A simple optimization shows the changes in geographic ranges that would be needed to explain the data. In this case, a shift from the island of Kauai to Maui and one from Maui to the island of Hawaii constitutes the simplest explanation needed to account for the current distribution of taxa. Because geologic data firmly suggests that the Hawaiian islands arose from sequential “hot-spot” volcanic activity and that the major islands were never connected, vicariance as an explanation is ruled out, leaving dispersal as the mechanism for biogeographic change. The hypothetical example of Figure 2.22D shows another cladogram in which both biogeographic distributions are superposed. A likely explanation for change in biogeographic distributions in this example is the splitting of the three continents from an ancestral Gondwana (Figure 2.22D). Although dispersal across oceans cannot be ruled out, vicariance might be more likely because the changes in distribution correspond to a hypothesis of continental drift. (Note that the continentally delimited groups need not be monophyletic.)

An example of tracing extrinsic ecological data is seen in Figure 2.22E, in which habitat types are superposed on the taxa from a cladistic analysis. Note in this example the shift from a terrestrial to an aquatic habitat. Analyses such as this may yield insight into the adaptive significance of evolutionary changes in anatomy, morphology, or physiology relative to differing habitat requirements.




Ontogeny and Heterochrony

Phylogeny and character evolution are normally studied only with regard to the mature features of adult individuals. However, a mature structure, whether organ, tissue, or cell, is the end product of ontogeny, the developmental sequence under the control of a number of genes. Ontogeny may be visualized in either of two ways. First, a study of the developmental pattern may reveal a series of discrete structural stages or entities, one transforming into the next until the end point (the mature adult structure) is obtained. These discrete stages are identified and named and the transformation in ontogenetic sequence, from one stage to the next, is compared in different taxa (Figure 2.23A). Second, some feature of the developmental change of a structure may be measured quantitatively as a function of real time. This plot of morphology as a function of time is called an ontogenetic trajectory (Figure 2.23B). Ontogenetic trajectories may be compared between different taxa. Note, e.g., in Figure 2.23B that taxon Z and taxa W and Y have the same adult structures but differing ontogenetic trajectories.
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FIGURE 2.23 
A. Representation of an ontogenetic sequence, a change from one discrete stage to another in various taxa. B. Ontogenetic trajectories of various taxa. Note juvenile and adult stages. C–E. Cladograms, with ontogenetic data (in parentheses next to taxa) and character state changes of mature structures (along lineage internodes). Note that “s” represents a juvenile developmental stage; “S” is a mature, adult feature. See text for further explanation.



Ontogenetic data may be used in a cladistic analysis like any other character. Thus, two or more discrete ontogenetic sequences (Figure 2.23A) or ontogenetic trajectories (Figure 2.23B) may be defined as separate character states of a developmental character. (See Appendix 4.) The polarity of ontogenetic character states may be assessed by outgroup comparison as can be done for any other character.

Evolution may often be manifested by a change in ontogeny. An evolutionary change in the rate or timing of development is known as heterochrony. Heterochrony has apparently been an important evolutionary mechanism in many groups, in which the relatively simple evolutionary alteration of a regulatory gene results in often profound changes in the morphology of a descendant. Heterochrony can be assessed by performing a cladistic analysis and determining from this the ancestral versus the derived condition of an ontogenetic sequence or trajectory. There are two primary categories of heterochrony, namely peramorphosis and paedomorphosis. Peramorphosis is a derived type of heterochrony in which ontogeny passes through and goes beyond the stages or trajectory of the ancestral condition. Peramorphosis can result in the addition of a new stage or an ontogenetic trajectory that continues beyond that of the ancestral trajectory. For example, in Figure 2.23C, the derived ontogenetic sequence of taxa A and D (s1 ⇒ s2 ⇒ S3) is the result of peramorphosis via the terminal addition of stage S3 to the ancestral sequence (s1 ⇒ S2). (Note that “s” represents a juvenile developmental stage; “S” is a mature, adult feature.) Thus, the adult condition (S2) in the ancestral ontogeny is homologous with a juvenile condition (s2) in the derived ontogeny of taxa A and D. This principle is termed terminal addition or Haeckelian recapitulation and is often summarized by the expression “ontogeny recapitulates phylogeny.”

Paedomorphosis is a type of heterochrony in which the mature or adult stage of the derived ontogenetic sequence resembles a juvenile ontogenetic stage of the ancestral condition. (Neotony is one type of paedomorphosis that is caused by a decrease in the rate of development of a structure.) For example, in Figure 2.23D, the derived ontogenetic sequence of taxon Z (s1 ⇒ S2) is the result of paedomorphosis by the terminal loss of stage S3 in the ancestral sequence (s1 ⇒ s2 ⇒ S3). Thus, the adult condition (S2) in the derived ontogeny of taxon Z is homologous with a juvenile condition (s2) in the ancestral ontogeny. In a cladistic analysis paedomorphosis is portrayed as the reversal of a character state and can only be detected via the utilization of other characters in the analysis.

Evolutionary change may result in the modification of mature structures by affecting early developmental stages. For example, if the ontogeny of structure S3 occurs in two discrete stages (s1 ⇒ s2) and (s2 ⇒ S3), then a single alteration of the regulatory pathway controlling the first developmental sequence (represented by “*” in Figure 2.23E) may cause a change in both the final structure and the intermediate stage (e.g., to s1 ⇒ s4 ⇒ S5; Figure 2.23E). Thus, structural evolution may occur by modification at any developmental stage, and mature ancestral structures need not be preserved as extant juvenile developmental stages.




A Perspective on Phylogenetic Systematics

The careful researcher, in constructing cladograms or critically reading cladistic analyses in the literature, should be aware of several potential pitfalls in phylogenetic studies. Lack of consideration of any of the following renders the study questionable at best and useless at worst. Are unit taxa (OTUs) and the group as a whole monophyletic? If evidence for monophyly is not presented, the study may be faulty from the start. What are the sources of the data? The validity of a phylogenetic study is based on the comprehensiveness and accuracy of the original descriptive data. Which characters are selected and how are they defined? It is important to question the basis for the selection of these characters and not others. Are character states assessed for discreteness? Is homology assessed? Has an effort been made to determine whether similar characters and character states presumably have a common evolutionary origin? Or is observed similarity more one of traditional and imprecise terminology and possibly homoplasious? Have any characters been weighted? If so, what is the rationale behind it? How are polarities determined? The evidence for selection and relative placement of outgroups should be thoroughly investigated. How do cladograms compare with respect to different types of data (e.g., chloroplast versus nuclear DNA) or different types of analyses (e.g., parsimony versus Bayesian)? Finally, is the resultant cladogram analyzed in terms of monophyletic groupings, character state changes, assessment of convergences and reversals, testing of homology, and possible reevaluation of characters and character states? The thorough phylogenetic study critically reviews each step of cladogram construction, considers all alternatives, and evaluates and reevaluates the significance of the phylogenetic analysis in terms of future research that might clarify our understanding of plant evolutionary relationships. Although the determination of phylogeny using the methodology of phylogenetic systematics may be problematic, it has the significant advantage of being repeatable and explicit. Each step of the analysis can be duplicated, evaluated, and critiqued in subsequent investigations.






Review Questions


Overview, Taxon Selection, and Character Analysis


	Define phylogeny and give the name of the branching diagram that represents phylogeny.


	What is phylogenetic systematics and what are its goals?


	What are the lines of a cladogram called and what do they represent?


	What does a split, from one lineage to two, represent?


	Name the term for both a preexisting feature and a new feature.


	What is the difference between an autapomorphy and a synapomorphy?


	What does topology refer to and what is its significance in displaying cladograms?


	What is a “phylogram” and how does it differ from a typical cladogram?


	What names are given to both the group as a whole and the individual component taxa in a cladistic analysis?


	What precautions must be taken in taxon selection?


	What criteria are used in the selection and definition of characters and character states?


	Why and how are characters assessed for character state discreteness?


	How might characters be correlated, and what should be done in a cladistic analysis if they are?


	What is homology and how may it be assessed?


	What is homoplasy?


	Name and define the two types of homoplasy and give an example of each.


	What is a transformation series or morphocline?


	What is character state polarity and what is the most common method for establishing polarity?


	Name, define, and discuss the rationale for the two basic types of transformation series.


	What is character weighting? Scaling? Why is either done?


	What is a character step matrix? A character × taxon matrix?






Cladogram Construction


	What is a primary tenet of phylogenetic systematics with respect to apomorphies?


	What is meant by recency of common ancestry?


	What is a monophyletic group? What is the rationale for their recognition?


	What are sister groups?


	What is a paraphyletic group? A polyphyletic group?


	Name a traditionally named taxonomic plant group that is not monophyletic. (Refer to Chapters 3–8.)


	What is the principle of parsimony and what is the rationale of this principle?


	From the data set of Figure 2.6, construct five trees that are different from the one in Figure 2.6E, draw in all character state changes, and calculate the total length of these trees. Are these trees of a different length than that of Figure 2.6E?


	What is an unrooted tree and what can it not represent?


	What is a polytomy and how may polytomies arise in cladistic analyses?


	What is reticulation? How might it be detected?


	Why do the OTUs of a study need to be verified for monophyly?


	Why does the whole study group (ingroup) need to be verified for monophyly?


	What is outgroup comparison and what is the rationale for using it to determine character state polarity?


	Why should the terms ancestral/plesiomorphic and derived/apomorphic not be applied to taxa?


	What is a consensus tree?


	What is long branch attraction and why is it a problem in phylogenetic analysis?


	Briefly describe the rationale and methodology of maximum likelihood. How are likelihood values calculated?


	What are the advantages of maximum likelihood over parsimony?


	Briefly describe the methodology of Bayesian analysis.


	What is a consistency index and what does it measure?


	What is a bootstrap, jackknife, decay index, and posterior probability? What do these assess?






Cladogram Analysis


	Describe ways in which a classification system may be derived from a cladistic analysis.


	What are the differences between a node-based, apomorphy-based, and stem-based classification system?


	What is parsimony optimization and how is it used to assess character evolution?


	How does maximum likelihood ancestral state reconstruction differ in assessing character evolution?


	Give an example as to how a cladistic analysis can be used to assess (a) change in habitat; (b) biogeographic history.


	Name the two major explanations for changes in distribution and indicate how they differ.


	What is ontogeny and how may ontogeny be measured?


	Define heterochrony, peramorphosis, paedomorphosis, and neotony.


	Review the precautions to be taken in a cladistic analysis.


	For the following data sets: (a) draw the three possible (dichotomously branching) cladograms; (b) for each of the three cladograms indicate (with arrows and corresponding characters and states) the minimum character state changes that are needed to explain the data; (c) indicate which of the three trees would be accepted by a phylogenetic systematist as the best estimate of phylogeny and why.
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	For each of the following data sets: (a) draw the most parsimonious cladogram; (b) indicate all character state changes; (c) circle all monophyletic groups; (d) derive a hypothetical classification scheme. Assume an ordered transformation series where more than two character states per character occur.
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	Given the following data matrix and model of evolution, calculate the maximum likelihood values for at least one of the three possible unrooted trees.
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Exercises


	Computer phylogeny applications.

If computers are available, you may wish to explore one of the commonly used phylogeny software applications, such as MacClade (Maddison and Maddison, 2000; see others cited hereafter). These programs allow the user to input data, including taxa names and their characters and character states, and enable both the phylogenetic relationships of taxa and specific character state changes to be visualized.


With the help of your instructor, enter a data file using MacClade or some other phylogeny application for a given taxonomic group. You may use the data matrix below for the families of the Zingiberales. (Note: Root the tree at Musaceae.)

Examine the optimal (most parsimonious) tree. Engage the function that displays characters and visualize several, noting the distribution of their states. You may also “swap branches” on the cladogram, exploring alternative evolutionary hypotheses and noting the change in tree length.

If time allows, choose a volunteer to redraw the cladogram from MacClade onto the chalkboard. List each apomorphy illustrated on MacClade by placing the derived character state (apomorphy) beside a hatch-mark on the cladogram. Circle and tentatively name all monophyletic groups.

Review as a class the following terms: cladogram, lineage, clade, common ancestor, lineage divergence/diversification, apomorphy, synapomorphy, autapomorphy, monophyletic, paraphyletic.

Example data set of the families of the Zingiberales.

	 
	LEAF ARRANGEMENT
	SEED ARIL
	POLYARC ROOT
	INNER MED. STAMEN
	RAPHIDES
	SILICA CRYSTALS

	Cannaceae
	distichous
	present
	present
	present
	absent
	present

	Costaceae
	monistichous
	present
	present
	present
	absent
	present

	Heliconiaceae
	distichous
	present
	present
	present
	present
	absent

	Lowiaceae
	distichous
	present
	absent
	absent
	present
	absent

	Marantaceae
	distichous
	present
	present
	present
	absent
	present

	Musaceae
	spiral
	absent
	absent
	absent
	present
	absent

	Strelitziaceae
	distichous
	present
	present
	absent
	present
	absent

	Zingiberaceae
	distichous
	present
	present
	present
	absent
	present




	 
	STAMEN NUMBER
	STAMINODE PETALOID
	PERISPERM
	OUT. TEPALS FUSED
	ANTHER TYPE

	Cannaceae
	1
	present
	present
	absent
	monothecal

	Costaceae
	1
	present
	present
	present
	bithecal

	Heliconiaceae
	5
	absent
	absent
	absent
	bithecal

	Lowiaceae
	5
	absent
	absent
	absent
	bithecal

	Marantaceae
	1
	present
	present
	absent
	monothecal

	Musaceae
	5
	absent
	absent
	absent
	bithecal

	Strelitziaceae
	5
	absent
	absent
	absent
	bithecal

	Zingiberaceae
	1
	present
	present
	present
	bithecal





	Web trees.

Log onto The Tree of Life (http://tolweb.org), TreeBASE (http://www.treebase.org), Angiosperm Phylogeny website (http://www.mobot.org/MOBOT/research/Apweb), or a similar web page. These web pages contain up-to-date information on the relationships of organismal groups and plants, respectively. Browse through the trees illustrated on the sites and note the source of the data. Examine the apomorphies denoted at the nodes for these trees.
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K.C. Nixon. WinClada. Software and documentation by the author, 2000, Cornell University, Ithaca, New York http://www.cladistics.com/aboutWinc.htm.

D.L. Swofford. PAUP*. Phylogenetic Analysis Using Parsimony (*and Other Methods), 2003, Sinauer Associates, Sunderland, Massachusetts http://paup.csit.fsu.edu.






Web Site


Phylogeny Programs (J. Felsenstein). http://evolution.genetics.washington.edu/phylip/software.html An exhaustive list and links to just about every phylogeny computer program available, a very few of which are listed above.








Unit II

Evolution and Diversity of Plants






End of sample




    To search for additional titles please go to 

    
    http://search.overdrive.com.   


OEBPS/images/B978012374380050004X_f04-09-9780123743800.jpg





OEBPS/images/B9780123743800500051_f05-20-9780123743800.jpg
Seeds






OEBPS/images/B9780123743800500051_f05-19-9780123743800.jpg
leaf of axillary

shoatsystem  shootsysiem sterile leaves of

Shoot system

%
‘;gm (

ovuliferous
sﬂle

7 compound

‘cone bract





OEBPS/images/B9780123743800500075_f07-58-9780123743800.jpg
bract
(adaxial surface)

inferior
ovary

perianth

female
flowers

5 connate
abaxial tepals





OEBPS/images/B9780123743800500026_f02-10-9780123743800.jpg
e b ol

o ©
X purpurea






OEBPS/images/B978012374380050004X_f04-16-9780123743800.jpg





OEBPS/images/B9780123743800500051_f05-26-9780123743800.jpg





OEBPS/images/B9780123743800500075_f07-60-9780123743800.jpg
——
\ e bract

W
auter
posterior tepals

fnner (median) anterior tepals

mm%

outer (median)

T

—

anterior tepal

\\/‘_





OEBPS/images/B9780123743800500026_f02-09-9780123743800.jpg





OEBPS/images/B978012374380050004X_f04-15-9780123743800.jpg





OEBPS/images/B9780123743800500051_f05-25-9780123743800.jpg





OEBPS/images/B9780123743800500075_f07-56-9780123743800.jpg
Heliconiaceae

The Zingiberales





OEBPS/images/B9780123743800500026_f02-12-9780123743800.jpg
SLO8 S SR 01 28 080 8 8

v W X v 2
)
ji-to 11 12 13 14
010
o 1110
P
i1
L (| OUTGR.
ourak |0 0 0 0 o
C D
2o
010
' Lo
ima
01
T






OEBPS/images/B978012374380050004X_f04-18-9780123743800.jpg





OEBPS/images/B9780123743800500051_f05-28-9780123743800.jpg





OEBPS/images/B9780123743800500075_f07-57-9780123743800.jpg





OEBPS/images/B9780123743800500026_f02-11-9780123743800.jpg
——o|w

i
T
|

0

0

[
el
ok

I ——






OEBPS/images/B978012374380050004X_f04-17-9780123743800.jpg
N e S

o, ot & Eriton k. v & Bfrntn
Embeie Ny
5 Micrsporaagium Megasporagiom
p T T
s s et . TS
SPOROPHYTE GENERATION M rocye
e (5 I i
B Y

b4
T
g g '

s, gk & dfmsition
AN ity

Female Gametophs e
r=1





OEBPS/images/B9780123743800500051_f05-27-9780123743800.jpg





OEBPS/images/B9780123743800500075_f07-54-9780123743800.jpg
Zingiberales 1
“Bananas™

Marantaceae —I i |
2
S
%
]

Cannaceae
Heliconiaceae

Zingiberaceae
Costaceae
Lowiaceae
Strelitziaceae
Musaceae

leaves monistichous.

V7
‘staminodes connate
(above perianth tube)

epals connaté

flowers asymmetric
anthers bisporangiate.

siaminodes fetaloid
feile damen 1 el postion
aphides abscht

oufter, latera stamen staminodial®

leaves distichous

ovary inferior
silica cells

supervolute ptyxis.

leaves penni-parallel, with air chambers





OEBPS/images/B9780123743800500026_f02-06-9780123743800.jpg
TR, B P S W
Lot Pl Pl Flover Sumen Pollen

et _cole b st
Tt <lioc b ot oy
e |l et N ow s
X nigrs | e seow o
i ooy Jelow o ey
&b | e v Soow o s
OUTGROUP | il e Yoo _ive s |

Xotha X ltea

oure.

Xnigra X pupurea . rubens

X purparea X.rubens






OEBPS/images/B978012374380050004X_f04-11-9780123743800.jpg





OEBPS/images/B9780123743800500051_f05-21-9780123743800.jpg





OEBPS/images/B9780123743800500075_f07-55-9780123743800.jpg
outer coil
blade half






OEBPS/images/B9780123743800500026_f02-05-9780123743800.jpg
{0

nwn=o

o—nn

a-os
—ous
cnss





OEBPS/images/B978012374380050004X_f04-10-9780123743800.jpg





OEBPS/images/B9780123743800500051_f05-23-9780123743800.jpg





OEBPS/images/B9780123743800500075_f07-52-9780123743800.jpg





OEBPS/images/B9780123743800500026_f02-08-9780123743800.jpg
Xobow  Xwigw  Xlaes  Xah X pupera

Xt

outGR. X nigm

b X pupurs






OEBPS/images/B978012374380050004X_f04-13-9780123743800.jpg





OEBPS/images/B9780123743800500051_f05-22-9780123743800.jpg





OEBPS/images/B9780123743800500075_f07-53-9780123743800.jpg





OEBPS/images/B9780123743800500026_f02-07-9780123743800.jpg
(Presen)

TVE

TVE

Past)

Tason A
Taxon B

Common ancestor of € & D

Common ancestor of C. D, E.& F

Py

ARy

H
H

Taxon D

s C4 D

Taxon £

Taxon F






OEBPS/images/B978012374380050004X_f04-12-9780123743800.jpg
\/

Riynia
stem axes leat
(ycophyl)

eaf
(ycophyll)






OEBPS/images/B9780123743800500051_f05-24-9780123743800.jpg





OEBPS/images/B9780123743800500075_f07-61-9780123743800.jpg
posterior
inner tepal

2 connate,
jor anterior staminodes

(labellum)






OEBPS/images/B9780123743800500075_f07-62-9780123743800.jpg







OEBPS/images/B9780123743800500075_f07-59-9780123743800.jpg
outer,
Tosterior tepals

inner, median,
posterior tepal

inner,
anterior tepals
(connate)

B i
2 outer, petaloid
® staminodes

‘median
posterior
fertile
Shamen 2 connate,
inner, petaloid
staminodes
labellum)
3 connate,
inner tepais 3 connate,

outer tepals






OEBPS/images/B9780123743800500026_f02-14-9780123743800.jpg
C






OEBPS/images/B9780123743800500026_f02-13-9780123743800.jpg
X©0 __xon __xon
vy —— Y PO
My Ao A
A B
X©n xon

700 Yy —— z0 T ——






OEBPS/images/B978012374380050004X_f04-19-9780123743800.jpg
/ S

base

orangiom]| microsporophyiL
megasporophyll






OEBPS/images/B9780123743800500026_f02-15-9780123743800.jpg
Taxon| Site  Site

WO
WlC A
x| 6 A
¥| ¢
A T
w>_<y u>_<x w>—<
X z ¥ z Z
z z





OEBPS/images/B978012374380050004X_f04-21-9780123743800.jpg





OEBPS/images/B978012374380050004X_f04-20-9780123743800.jpg





OEBPS/images/B9780123743800500075_f07-69-9780123743800.jpg
paea
N

forets

Al upper
= m\:m'.: e

grass spikelet gras spikelet

seed coat +

pericarp
(=bran)

embryo






OEBPS/images/B9780123743800500026_f02-21-9780123743800.jpg





OEBPS/images/B978012374380050004X_f04-27-9780123743800.jpg





OEBPS/images/B9780123743800500026_f02-20-9780123743800.jpg
0






OEBPS/images/B978012374380050004X_f04-26-9780123743800.jpg





OEBPS/images/B9780123743800500075_f07-67-9780123743800.jpg
ovary

o






OEBPS/images/B9780123743800500026_f02-23-9780123743800.jpg
oot s’

O

Taon ¥ ' P s

MORPHOLOGY






OEBPS/images/B978012374380050004X_f04-37-9780123743800.jpg





OEBPS/images/B9780123743800500075_f07-68-9780123743800.jpg
Istyle
branches
(coiled)

unifacial

loculicidal






OEBPS/images/B9780123743800500026_f02-22-9780123743800.jpg
o WP

v ¥

> .EP

Kauai Maui Hawaii Kauai

ABCDETFGHI J KLMNOTPQR

c Howsii
P A Affcan Auilis- aquaic pe—
D E F G H I J K Db B F G H I J K

it from.

el to
vicaanceevents i i
ptamed by
contnemaldatt
D E





OEBPS/images/B978012374380050004X_f04-28-9780123743800.jpg
rhizome
(below ground)

leaf divisionflobe
(pinnule)

division

) (pinnule)

leaf division’
(pinna)

2° leaf division
@ pinna)

wripinnatifid

pinnatifid
bipinnatifid






OEBPS/images/B9780123743800500075_f07-65-9780123743800.jpg





OEBPS/images/B9780123743800500026_f02-17-9780123743800.jpg
A [ G L
A | wame s brg + crp) i ubrig ey
c yar, uar, + dn + eny) wdr ey
G wbr, wdr -u(bry + drg + fy) iy
T wery e witg
x c G T
A e 14 14 iz
14y 3y 14 iz
G Vag ™ an 1
B 7 Va Vg an Em
1y c G T
A ) 14 1dux 1ay
£ jrn “Udp(x+2) i 14ux
G 1Ak Vaw | a2y I
C T 140 1y )






OEBPS/images/B978012374380050004X_f04-23-9780123743800.jpg





OEBPS/images/B9780123743800500075_f07-66-9780123743800.jpg





OEBPS/images/B9780123743800500026_f02-16-9780123743800.jpg
L= Tree l o
Al T T o1 o
Al os [ o1 o2 [ o A 06 p
cloi o6 [oi [0 0 o1
- Character 1
G o2 [ o1 [oe [ o
(B it 43)
¥ 0.1 02 ol 06 6 ¥
B provebiey, vy
< € C c c <
o o o o8 o o
A8 PRTI a_02
03 o 0 2w o

G =000y T

c

< c
05 08

T e

G po=000108 T

c ¢ &
Qi o o

os, & o 08/

. TG

£ 02 02 < € 02
T8 T 15

o @ o
P, =000036 T

© peoooos T C b,

G p=0.000015 T

c
o1

<< 3
o o 06 o 02
Hae o Se N

000003 TG p X
< ¢ ¢ e 3
o 02 o8 02 o
o g g T g
YY) 02w o

G p,=000000s T G p =00002 T

Ly =Py + Py e + Py = (0.00003) + (0.00006) ..+ (0.000005) = 0.0026

A

Treet

Character 2

3= 00113

G

< Treet 1

Character 3

B 3= 001132






OEBPS/images/B978012374380050004X_f04-22-9780123743800.jpg
pith
o mm

v \,mv

uw

1}1) f::;:>

A






OEBPS/images/B9780123743800500075_f07-63-9780123743800.jpg





OEBPS/images/B9780123743800500026_f02-19-9780123743800.jpg
oureR.

‘Genus Xid (including all S species)
Subgenus Lutcoalha (2 pecien)
X, aibu
X lutca
Subgenus Rubenigropurpurea (3 specie
Seetion Rutens (1 pecies
X, rbens
Section Nigmpurpura (2 species)
X e
X purpurea

Genus i including al  species)

Subgenus Lutcoulh (2 pecies)
X.uiba
X e

Stbgenus Rubens (1 specis)
X, rubens

Subgenus Nigmpurpurca (2 species)
Xonigra
X pupurea

Xt

Luteoulba

¥ atba

X lutea
Rabens

X ubens
Nigmppra

X nigr

X purpurea






OEBPS/images/B978012374380050004X_f04-25-9780123743800.jpg
Serlesegment
ith i
fertic

scgment






OEBPS/images/B9780123743800500075_f07-64-9780123743800.jpg





OEBPS/images/B9780123743800500026_f02-18-9780123743800.jpg
Tlo1 001010

v

|

T[oo01001 0011

v
v

01001011

T
4
v

01010

1110100011
I

1

1o

v[ooo

0000011001

10101101

0001

110011000

1
1
1

W

1001001010

0011010100

110
1

1001

11000011

100001






OEBPS/images/B978012374380050004X_f04-24-9780123743800.jpg





OEBPS/images/B9780123743800500075_f07-72-9780123743800.jpg





OEBPS/images/B9780123743800500075_f07-73-9780123743800.jpg
male 4 female
inflorescence % inflorescence
% »

=4 s

femate





OEBPS/images/B9780123743800500075_f07-70-9780123743800.jpg
lateral
branches





OEBPS/images/B9780123743800500075_f07-71-9780123743800.jpg
lume A
Sy floret 2.

glume floret 3
(ower) _ floret1

detached
lodicules






OEBPS/images/B9780123743800500026_u02-01-9780123743800.jpg





OEBPS/images/B978012374380050004X_f04-40-9780123743800.jpg





OEBPS/images/B9780123743800500026_u02-03-9780123743800.jpg
[ Gene: | A [ G T
Taxon| Site

73 09 o o o
wia c [ 0 o Y]
I A ot o ) o

z| 6 | T [ 04 [ 09






OEBPS/images/B978012374380050004X_f04-30-9780123743800.jpg





OEBPS/images/B9780123743800500026_u02-02-9780123743800.jpg
1

&

2

3

1 2 3 4 5 6
Flower Perianth Perianth Stamen Anther  Pollen
GENERA: | symmetry _whe__gestivation number _shape ___exine.
Aafi | bilateral _present  valvate 6 oblong _homogencous
Batahr | bilateral present  valvate 6 oblong ~homogeneous
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SPECIES: | 1ype _number_sculpturing __type. - vesttue
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0 2 3 0 g . 7
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Haemodoraceae BLOODWORIT FAMILY
. Fertile stamens 3 or 1 (Subfamily Haemodoroideae)
2. Ovary superior
3. Fenile siamen 1...
3 Fertile stamens 3
4. Corolla ctinomorphic:
5. Inflorescence a simple raceme; functional carpel 1 ovule 1;style sublerminal ...
' normcsncs songl e il mosschasl s o iyl 3
ovules 20-30 per carpel; syl terminal .
4 Corolla rygomorphic
6. ‘Stamens uncqual, th 2 latero-posterior anthers reduced; ovules 3-4 per carpel
6' Stamens cqual; ovule 1 per carpel .
2 Ovary inferior
7. Ovile | percarpe ......
7" Ovales 2 or more per carpel
8. Ovules 2 per carpel; perianth glabrous
8" Ovules 5-7 per carpel: peanth abaxially tomentose
" Fertile stamens 6 (Subfamily Conostylidoideae)
. Fiower actinomorpic it o st son mid-aerir e
10, Perianth glabrous 10 gabae ... . Phlchocarya
10" Perianth lanate o tomentose
1. Perianth lanat; richomes simple to sparely branched. white-whitish; anthers with broad, apical
connective appendage ...
11 Peranth tomentose, rchomes dendrtic ellow, whiish,reddish, pink, orange, o purpi
broad. apical conncctive appendage
12. Flowers pendulous; perianth reddish 0 pink-oran ......
12 Flowers generally ascending: peianth usually yellow or whi
9" Flowers zygomarphic: perianth b spiting along mid-anterior line
13. Ovule I per arpel: perianth rchomes DIck ..........
besdhoadelsplhay o spmS sl s Y
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SAN DIEGO STATE UNIVERSITY HERBARIUM
UsA
CALIFORNIA
San Dicgo Co.
Porophyllum gracile Benth.

Perennial subshrub, 30-40 em tall, with several branches from base, densely branched

above. In flower and fruit. Involucre purple. Corolla white 1o greenish yellow. Pappus
bristles white to purplish. Leaves strongly pungent. Note: Flowers visied by checkerspot
buttefles. Material preserved in Camoy’s fxative for chromosomal studies.

Near hiking trsil, jus cast of Osk Canyon, ca. 1.5 miles north of raifhad at Hivy 83 and
Ventura Rd., Pickwood State Reserve. Mountain slope. Rocky. sandy loam soil. Slope
. 30 degrees, south facing, exposed. Open Eriogonum fasciculatum-mixed (Ariemisia
californica, Malosma laurina) scrub. 32°5028" N 117°02'59" W (USGS 7.5' La Mesa
quad, +1” accuracy. Elevation 1100 fi. Ca 4.7 miles northwest of Wilson Pek.

‘Cynibia . Jones 702 24 April 1994
with John J. Smith
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‘SAN DIEGO STATE UNIVERSITY HERBARIUM (SDSU)
Adenophyllum porophylloides (A. Gray) Strother

Determined by: John J. Smith 27 Apel 1994
Determination source: The Jepson Manual, 1993 (verifed from
‘morphological study)

SAN DIEGO STATE UNIVERSITY HERBARIUM (SDSU)
Adenophyllum porophylloides (A. Gray) Strother

Determined by: John J. Smith 27 April 1994
Determination source: Monograph (in preparation) by John J. S

SAN DIEGO STATE UNIVERSITY HERBARIUM (SDSU)
Fragment removed for palynological study
Name: Date:
Institution:
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