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                    Abstract

Most biologists are familiar only with a few of the approximately 40 extant animal phyla. The purpose of this symposium was to renew interest in the lesser-known invertebrate taxa, encourage their use in research and teaching and to promote the relevance of high-level systematic studies. This paper reviews the two major views of metazoan evolutionary relationships with particular attention to the lesser-known taxa and to some of the new and/or conflicting terminology used in current animal phylogenetic study. The current use of lesser-known taxa in research is briefly described, and the discussion that followed the symposium is summarized. The paper concludes with a brief history of the symposium and a tribute to Robert P. Higgins, who organized three “Symposia on the Lesser-Known Invertebrates” over the past 25 yr.
                    

                    INTRODUCTION

Most biologists are familiar with only a few of the approximately 40 extant animal phyla such as annelids, arthropods, molluscs, echinoderms and chordates. How many are familiar with the more obscure groups such as gnathostomulids, kinorhynchs, priapulids and cycliophorans? This symposium was designed to play a role in renewing interest in the lesser-known animal groups, encourage their use in research and teaching and promote the relevance of high-level systematic studies. The symposium was restricted to protostomes simply to narrow the scope so that it could be completed in a single day. The order of papers in this volume is random and not related to the phylogenetic position of the taxa. The participants of the symposium are shown in Figure 1.
Current advances in evolutionary, developmental and ecological studies make it apparent that the lesser-known animal groups are important subjects of study. Now that we have the tools to study both molecular and morphological aspects of animal evolution it is clear that we cannot understand animal evolution without paying attention to the lesser-known taxa (Garey and Schmidt-Rhaesa, 1998). Many lesser-known groups are far more important ecologically than is generally known, particularly the phyla represented by mostly meiofaunal (microscopic) species. The small body size of many of these species has confounded their placement in metazoan phylogeny. Advances in ultrastructure-level morphology and molecular analysis show promise in determining the relationships of these groups to metazoans as a whole, and it is certain that the lesser-known taxa will play an important role in future studies of metazoan phylogeny.
                    THE PLACEMENT OF THE LESSER-KNOWN GROUPS WITHIN METAZOA

This section reviews the morphological and molecular evidence used to define evolutionary relationships among the Metazoa. Some of the conflicting terminology and definitions of various monophyletic groups used in other papers from these proceedings will be clarified as well. For reviews of morphological analyses, see the recent works of Nielsen (2001) and Ax (1996, 2000). Molecular and combined analyses are reviewed in Garey (2001), Giribet et al. (2000), Peterson and Eernisse (2001), and Zrzavy et al. (1998).
In the traditional view, segmented protostomes are placed together in a clade known as Articulata (Cuvier, 1812), and lophophorates are considered to be basal deuterostomes (Nielsen, 2001). In recent years, a new hypothesis of evolution has been proposed in which all molting animals fall into a single clade called Ecdysozoa (Aguinaldo et al., 1997) and in which the lophophorate groups are considered to be protostomes rather than deuterostomes (Halanych et al., 1995; Mackey et al., 1996). Although controversial, this new hypothesis is gaining significant support in the scientific community (e.g., see Adoutte et al., 2000). These unresolved conflicting views of metazoan phylogeny cause considerable confusion in the interpretation of the current literature. To complicate matters, terminology used to describe the higher taxonomic groupings of metazoans is somewhat fluid, and the names used by American and European workers differ. Table 1 defines some of these terms.
Two contrasting hypotheses of animal phylogeny are shown in Figure 2, one based on the Articulata concept, the other on Ecdysozoa. Articulata (Cuvier, 1812) is based on the hypothesis that segmentation arose only once and unites the annelids and arthropods. It should be noted that the idea that animals evolved as a series of grades, with acoelomate, pseudocoelomate and eucoelomate animals each forming a monophyletic clade is an issue separate from Articulata, and has never been seriously considered by morphologists. Unfortunately it is still commonly taught in introductory biology and invertebrate zoology courses, partly because Libbie Hyman organized her treatise on the invertebrates along those lines (Hyman, 1951). The Ecdysozoa hypothesis, originally discovered from the analysis of gene sequences (Aguinaldo et al., 1997) is that molting evolved a single time and so all molting animals are united by the character of growth by ecdysis. Detailed discussions of the morphological characters related to segmentation and molting can be found in Schmidt-Rhaesa et al. (1998) and Garey (2001). Molecular studies have also shown that the lophophorates, long thought to be related to the deuterostomes, are clearly protostomes, and fall within a clade of the non-molting protostomes named Lophotrochozoa (Halanych et al., 1995; Mackey et al., 1996). The main difference between the morphological tree and the molecular tree is the placement of the lophophorates relative to the deuterostomes and protostomes and the relative position of the annelids and arthropods. The details of the topology within each of the two phylogenies in Figures 1 and 2 are continuously debated, and the two trees shown should be considered as examples of each. Despite the differences between the morphology- and molecular-based trees, some remarkable congruencies highlight the power of using both approaches.
Bilateria can be divided into two major groups in several ways (reviewed more thoroughly in Nielsen, 2001, pp. 82–83). The most common is a division based on the fate of the blastopore during embryonic development. In Deuterostomia, the blastopore most commonly becomes the anus, and a secondary opening forms the mouth. In Protostomia, the blastopore becomes the mouth, although more commonly, the blastopore fuses laterally, forming both the mouth and the anus. Another way to divide Bilateria is based on the cleavage pattern of the early embryo. In Radialia, cleavage follows a radial pattern, while in Spiralia, cleavage follows a spiral pattern. The terms Radialia and Deuterostomia are often considered synonyms, as are Spiralia and Protostomia, but this is an oversimplification (see Table 1). Both the fate of the blastopore and early embryonic cleavage patterns vary considerably among the Bilateria and have not been assessed experimentally in many species. Molecular analyses concur with the protostome/deuterostome split except that the lophophorates are protostomes, not basal deuterostomes.
The lophophorates comprise three phyla, Brachiopoda, Phoronida, and Ectoprocta (also known as Bryozoa) that share a ciliated feeding organ known as the lophophore. Historically they have been considered to be a monophyletic group positioned within the deuterostomes, or immediately basal to the deuterostomes. Molecular analyses have demonstrated very clearly that the lophophorates are not deuterostomes (Halanych et al., 1995; Mackey et al., 1996), but instead are protostomes. They also indicate that although brachiopods are closely related to phoronids, the ectoprocts are not related to the brachiopod/phoronid clade. Nielsen's morphological classification also excludes ectoprocts from Lophophorata and places them with the protostomes, but he still considers brachiopods/phoronids as basal deuterostomes. Nielsen's close association of entoprocts and ectoprocts is not supported by molecular data (Mackey et al., 1996) although both groups fall within the Lophotrochozoa clade.
Most arthropods do not have spiral cleavage, and it has been suggested that spiral cleavage is not present in Arthropoda (see Table 1) at all (Schmidt-Rhaesa et al., 1998). A number of other protostome taxa, most notably onychophorans, tardigrades, and all the cycloneuralians (see Table 1) also lack true spiral cleavage. Molecular studies support the monophyly of all these taxa as Ecdysozoa, so the term Spiralia is sometimes used as a synonym for the non-molting protostomes, Lophotrochozoa.
Cycloneuralia is a group that was identified only recently by morphologists (Ehlers et al., 1996; Nielsen, 2001). Cycloneuralia as defined by Ehlers et al. (1996) includes all the molting animals that are not members of Panarthropoda (see Table 1). Combining Panarthropoda and Cycloneuralia (sensu Ehlers et al.) results in the clade of molting animals known as Ecdysozoa. It is difficult to relate the primarily meiofaunal cycloneuralians to much larger panarthropodans using morphology. In earlier molecular studies (e.g.,Aguinaldo et al., 1997) it was unclear if Cycloneuralia was the sister group to Panarthropoda, or if the relationship between those two groups was more complicated, and a more recent 18S rRNA gene based molecular study suggests that Cycloneuralia is paraphyletic with Panarthropoda as the sister group to Nematoidea (see Fig. 2 and Garey, 2001).
Although Ecdysozoa is well defined by the presence of growth by molting, Lophotrochozoa is not as clear, as no single character identifies it. Instead, Lophotrochozoa has a node-based definition, and is comprised of the “last common ancestor of the three traditional lophophorate taxa, the molluscs, and the annelids, and all of the descendants of that common ancestor” (Halanych et al., 1995). This clade also includes the flatworms and their related taxa (Aguinaldo et al., 1997). More recently it has been noted that Lophotrochozoa might be composed of two clades, one containing annelids, molluscs, sipunculans, lophophorates, nemerteans and entoprocts, the other called Platyzoa, which contains flatworms, gastrotrichs and Gnathifera. The term Platyzoa was coined by Cavalier-Smith (1998) and is recognized by some using combined analyses (e.g.,Garey et al., 1998; Giribet et al., 2000) but not all (e.g.,Peterson and Eernisse, 2001; Zrzavy et al., 1998). Gnathifera is a group that has a very clear morphological basis, but at this point only rudimentary molecular support. Gnathifera are animals with cuticular jaws composed of tube-like rods (Sørensen, 2000), and includes Syndermata (Rotifera + Acanthocephala), Gnathostomulida, and the new taxon Micrognathozoa (see the article by Kristensen in this volume).
The placement of Nemertea continues to be controversial. Traditionally, it has been grouped with Platyhelminthes because both groups have been thought to lack a coelom. More recent molecular and morphological evidence (e.g.,Turbeville et al., 1992; Peterson and Eernisse, 2001) suggests that the two groups are both protostomes but not closely related, while Nielsen (2001) continues to place nemerteans as the sister group to the flatworms as the clade Parenchymia.
The old term “Aschelminthes” refers to a polyphyletic assemblage of mostly meiofaunal size animals which includes those in Cycloneuralia, Gnathifera, Gastrotricha and sometimes additional taxa as well. Neither molecular nor morphological studies support “Aschelminthes” as a legitimate taxon, so “Aschelminthes” is an obsolete term and should no longer be used (Ruppert, 1991).
                    THE USE OF LESSER-KNOWN TAXA IN RESEARCH

The importance of the lesser known taxa is becoming apparent in testing some of the ideas mentioned in the previous section. For example, developmental biologists have examined the hox gene clusters in a brachiopod and a priapulid. These were compared to hox genes in representatives of more well known phyla with results that support the clade Ecdysozoa and the hypothesis that lophophorates are likely to be protostomes rather than deuterostomes (deRosa et al., 1999). Similarly, onychophorans have been used in developmental studies of the evolution of appendages (Panganiban et al., 1997) and of body segmentation (Grenier and Carroll, 2000).
With the completion of the Drosophila and Caenorhabditis elegans genome projects, it is inevitable that some genome researchers will turn their attention toward some of the lesser-known taxa. In the area of ecology, the importance of meiofaunal taxa is being realized (e.g.,Austen et al., 2002; Shirley, 1990), and molecular techniques offer the potential for new ways of identifying and studying these microscopic animals. Advances in biochemistry have led to the discovery and extensive study of entire communities of animals that are based on sulfide metabolism in the marine hydrothermal vent systems. For example, bacterial endosymbionts as found in the giant vent Pogonophora (Jones, 1981) are also present in many meiofaunal oligochaetes, nematodes and flatworms (Dubilier et al., 2001; Hentschel et al., 1999; Ott et al., 1982). In recent years, several taxa of animals thought to be separate phyla allied in some way to annelids have been shown to be derived annelids (e.g., Echiura and Pogonophora, see McHugh, 1997). This has led to some confusion as to how they should be treated in invertebrate zoology classes, and this symposium proved to be an excellent venue to discuss these problems.
                    DISCUSSION AT THE SYMPOSIUM

At the end of the symposium a lengthy discussion concerning lesser-known taxa lasted until the room had to be vacated to make room for another scheduled event. The discussion emphasized increased interest in utilizing lesser-known groups, and it was agreed that the symposium did a good job bringing together systematists who study the taxa, and researchers who focus on evolutionary-developmental problems. Systematists need to make an effort to publish their findings in more widely read journals. For example, many important papers on metazoan phylogeny have been published in highly specialized journals or as articles in volumes that are not included in literature indexes (e.g.,Dougherty et al., 1963; Ehlers et al., 1996; Ruppert, 1991) and are often overlooked. Systematists also should collaborate more with other researchers who use their animals, and it would be helpful if cultures of these animals could be made available. Many cannot currently be cultured and there should be more effort in developing ways of culturing more of them. There are a number of ways that investigators can get in touch with people who work with these organisms other than the traditional literature. SICB is currently developing the Bio-Portal (http://sicb.org/faq.php3) to put researchers in touch with each other. The Census of Marine Life sponsored by the Sloan Foundation (http://www.coreocean.org/censhome.html) and the Fauna Europaea (http://www.faunaeur.org) project also provide information about researchers studying lesser-known invertebrates.
The importance of educating students and the faculty who teach invertebrate zoology cannot be overlooked. One problem is finding drawings and photographs of the lesser-known taxa for educational use. Jon Houseman at the University of Ottawa is involved in BIODIDAC, a bank of digital images, video, and animations that can be used and adapted for teaching without charge. Anyone with images to contribute can contact Jon Houseman through the website (http://biodidac.bio.uottawa.ca/). Many of the lesser-known groups that used to be dumped into the old “Aschelminthes” can now be related to other groups such as Syndermata, Platyzoa, Cycloneuralia, Panarthropoda and Ecdysozoa. This makes it much easier for students to learn about them, and many of these new ideas are presented in current introductory biology texts (e.g.,Campbell and Reece, 2002), invertebrate zoology texts such as the fourth edition of Biology of the Invertebrates by Pechenik (2000) and the upcoming seventh edition of Invertebrate Zoology by Ruppert and Barnes.
Another suggestion was that some terms, particularly “Aschelminthes” as noted above, should be dropped from use since it does not represent a monophyletic group. The term Polychaeta may no longer be valid because Polychaeta is likely a synonym for Annelida (see the paper by Halanych et al., in this volume). If the lophophorates are indeed polyphyletic, and phoronids are simply “shell-less” brachiopods, then use of the term Lophophorata may also need to be discontinued. Clearly, many taxon names are currently in flux, and the use of the conventional taxonomic levels of absolute hierarchy such as Phylum, Class, Order and Family is inconsistent and troublesome.
With all the changes and new ideas in phylogeny, new molecular tools, and with the continued discovery of new taxa (for example, Reinhardt Kristensen introduced a new group of animals, the micrognathozoans, at this symposium that were discovered in a freshwater spring in Greenland), interest appears strong in continuing symposia on this topic at approximately five year intervals, perhaps rotating different taxa at different meetings.
                    HISTORY OF THE SYMPOSIUM AND A TRIBUTE TO ROBERT P. HIGGINS

This symposium was organized in response to requests and inquiries from a number of people at the 1998 SICB symposium on Metazoan evolution (McHugh and Halanych, 1998). The symposium has a history going back to 1976 when Robert Higgins organized a refresher course on the lesser-known invertebrates at a joint meeting of the American Institute of Biological Sciences and the American Microscopical Society (AMS) that took place in New Orleans in 1976, and most recently in 1990 at a joint meeting of the American Society of Zoologists and the AMS in San Antonio that was also organized by Higgins. He has been instrumental in promoting the study of lesser-known taxa over the years. As a graduate student, he was present at the well-known symposium on the “Lower Metazoa” in Berkeley (see Dougherty et al., 1963), which took place in 1961 and included such noted scientists as Adolf Remane, Peter Ax, and others (Fig. 3). Higgins had a long career at the Smithsonian Institution, was very active in the American Society of Zoologists (now SICB) and played a major role in the discovery of the phylum Loricifera. Despite being retired, Bob Higgins was invited to speak at this symposium, and although he was unable to attend, he coauthored a contribution with Birger Neuhaus in these proceedings on kinorhynchs. Bob Higgins provided a short biography/history of his career, which is of interest to anyone who studies the lesser-known animal groups so I have included it here in its entirety:
How the “lesser knowns” became “better-known” by Robert P. Higgins.
My professional introduction to invertebrates occurred in 1953 during an ecology course taught by Robert W. Pennak at the University of Colorado, Boulder. Each student had to design a research project. During this time, I was working in the university's cryptogamic botany lab—processing mosses and lichens for the museum at 35 cents an hour. I asked Dr. Pennak for some ideas for a project and he told me to look at the washings from the mosses and lichens—he assured me that if done carefully, I would find some very interesting invertebrates occupying this habitat. Sure enough, I found tardigrades, thousands of tardigrades, along with bdelloid rotifers, nematodes, water mites, chironomid larvae, and a few others long forgotten.
The next year, I enrolled in Pennak's two-semester course in Invertebrate Zoology. I was now a junior at the university and by the end of that year I decided to study tardigrades as a thesis subject for my Master's degree. Dr. Pennak was very pleased and went on to tell me that there were numerous major taxa that were not as uncommon as were scientists interested in studying them. And that I should study tardigrades. And so I did.
I was awarded a James B. Duke Fellowship at Duke University in the fall of 1958. I had planned on working on marine tardigrades and possibly tardigrade embryology, but along the way, thanks to an NSF Summer Fellowship at Friday Harbor Laboratories, I found kinorhynchs, thousands of kinorynchs, and decided that since even fewer people had studied them, they would be a good addition to my academic interests. And so I did.
And now to connect all of this to today's symposium. At Duke University, my doctoral advisor, C. G. Bookhout, thought that a 1-semester-hour seminar course in “lesser-known” invertebrates might be useful to the half-dozen students working with him at the time. It turned out to be every bit as interesting as he predicted. I was assigned the Kinorhyncha, Tardigrada and Priapulida as topics to present. And so I did.
Over the next fifteen years or so I remained focused on the above groups. Several interesting anecdotal stories connect me historically with the discoveries of Tubiluchus and Macabbeus in the 1960s, both aberrant priapulids. Both genera qualified for inclusion as meiofauna and their obvious relationship with the Kinorhyncha suggested that they would be interesting to add to my repetoire. And so I did.
In May of 1974, I saw the first species (an adult) of what was to become the phylum Loricifera about ten years later. The following year Reinhardt Kristensen also found a representative (a larva) and once we got our act in order, Dr. Kristensen published the discovery. During my doctoral thesis defense I had rather overconfidently talked about theoretical kinorhynch-related meiofaunal taxa, kinds of beasts we were likely to encounter someday if we looked carefully enough and/or in the right places. The loriciferan I saw in 1974, Pliciloricus enigmaticus, was the first of these wild predictions come true. About this same time, several colleagues and I decided it would be of great interest if we assembled experts in “lesser-known” invertebrates in order to present a “refresher course” on this subject at the annual meeting of the American Institute of Biological Science and the American Microscopical Society (AMS) to be held in New Orleans in 1976. I was asked to put it all together. And so I did.
The primary purpose of the “refresher-course” was to fill in the gaps left by invertebrate textbooks or lectures on minor phyla and to present up-to-date information on these taxa as the basis for updating the teaching of invertebrate zoology. At the time, most courses covered about twelve phyla adequately and simply mentioned or ignored the remaining ones thereby giving the student the impression that these were either rare, difficult to find, difficult to work with, or that no experts were available as mentors.
The first presentation on the “lesser-known invertebrates” took place on 31 May 1976 in New Orleans. Speakers and subjects included William Hummon (Gastrotricha), Bradford Calloway (Priapulida), Curtis Swanson (Nematomorpha), Wolfgang Sterrer (Gnathostomulida), Al Grigarick (Tardigrada), Edward Cutler (Sipuncula), and me (Kinorhyncha). There may have been others, but I no longer have the information in my personal files, just some names and whatever in my little black book for that year. The morning session had several empty seats. But by afternoon, word had gotten around and the place was overflowing. I was told that I should repeat this type of presentation every so often. And so I did.
The next time, December, 1984, the “Refresher course on lesser-known invertebrates” was presented in conjunction with the annual meetings of the American Society of Zoologists (ASZ) and AMS in Denver. Here, I have a more accurate list of participants: Edward Ruppert (Gnathostomulida), William Hummon (Gastrotricha), Steve Gardner (Archiannelida), Bradford Calloway (Priapulida), Reinhardt Kristensen (Tardigrada and Loricifera), Mary Rice (Sipuncula), John Pilger (Echiura), Meredith Jones (Pogonophora), Susan Lester (Pterobranchia), Patricia Morse (Aplacophora) and me (Kinorhyncha). Another success. The highlight of the event was the presentation on then, the newest phylum in the animal kingdom, the Loricifera, by my post-doctoral student, Reinhardt Kristensen. “Well, Bob,” they said, “better start thinking about the next workshop in another six to eight years.” And so I did.
The last of my efforts was a presentation at the annual meetings of ASZ and AMS at San Antonio in 1990. I remember only a few of the colleagues who made presentations, among them: William Hummon (Gastrotricha), Bradford Calloway (Priapulida), and me (Kinorhyncha). A few years later, 1993, I told myself it was time to retire. And so I did … or so I thought I did.
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