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Phylogenetic systematic analysis of the Neodermata (Platyhelminthes) and 
Aspidobothrea (Trematoda, Neodemata) with investigation of the evolution of the 
quinone tanned eggshell. Masters of Science, 2001. David Zamparo, Graduate 
Deputment of Zoology. University of Toronto. 

A phylogenetic analysis of the Neodermata and their closest relatives (the 

Rhabdocoela) was undertaken in order to provide a robust estimate of phylogeny. This 

phylogenetic analysis incorporates new character information and addresses a number of 

methodological issues raised by recent phylogenetic systematic analyses of the 

Platyhelminthes. A phylogenetic analysis of the Aspidobothna incorporates a new genus, 

Sychnocoryle Ferguson et al. 1999, and 16 new rnorphological characters. This analysis 

tests three previously proposed farnily-level hypotheses. The two phylogenetic systematic 

studies undertaken herein provides the basis for a study of the evolution of quinone- 

tanned eggshell arnong the parasitic platyhelminths. Its been hypothesized that quinone- 

tanned eggshell are a "pre-adaptation" (exaptation) to endoparasitism. 1 evaluate this 

hypothesis by means of the comparative phylogenetic approach, which provides both 3 

test and suggests future research. 
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Chapter One 

GENERAL INTRODUCTION 

THE IMPORTANCE OF PARASITES 

Parasitism is a ubiquitous and highly successful mode of life. Most avid 

naturalists have surely, and most likely unexpectedly, encountered parasitic organisms as 

a byproduct of interest in their hosts. Parasitisrn has arisen independently at least once in 

most phyla, and by some accounts the majority of species on this planet are parasites 

(Price, 1980). Parasites have received considerable attention from scientists kcause 

many of their members are of medical and commercial importance as parasitic diseases 

of humans and their livestock. References to pmsitic diseases of humans and their 

livestock date back to ancient Egyptian and Roman civilizations (Roberts & Janovy, 

1996). The first major treatise devoted to the subject, De lumbricus alvum occupantibus 

by Hieronyrnus Gabuccini, was published in 1547 (Reinhard, 1957). The importance of 

parasitic diseases is reflected in direct socio-economic terms. such as annual deaths 

revenue losses in agriculture, and in public health costs (see Roberts & Janovy, 1996). In 

addition, parasites have and continue to influence humanity in indirect ways by shaping 

diverse social, economic and culturai facets of Our daily lives (see Desowitz. 1997; 

Zimmer, 2000). Studies in ecology, population biology, systematics. and evolution 

suggests that parasites may have a tremendous ecological influence on the ecosystems in 

which they Live, making them important components of biodiversity studies (Brooks & 

Hoberg, 2000). 

Only recently have parasites begun to play a prominent role in Darwinian-based 

evolutionary biology. Most notable are the 'Red Queen Hypothesis' (Van Vdlen, 1973; 



and see Ridley, 1995) and the "Hamilton-Zuk Hypothesis' (Hamilton & Zuk. 1982; 

Andersson, 1994; see discussion in Brooks & McLennan, 1993~). These hypotheses 

suggest that parasites are imposing strong selection pressures on their hosts. Two major 

texts published during the 1990's (Brooks & McLennan, 1993c; Poulin, 1998) were 

concerned wholly with the evolution of parasites and their use in general evolutionary 

biology . 

The three most species-rich, and best-studied, groups of parasitic helrninths are 

the phylum Acanthocephala, and members of the phyla Nematoda and Platyhelminthes. 

The parasitic platyhelminths (the Neodermata) are a diverse and species-rich group, with 

over 15,ûûû species having been described, and rnany potential hosts remaining 

unsampled. Of al1 the parasitic helminths, die Neodemata represents the most tractable 

mode1 system for evolutionary studies because it is one of the most extensively studied 

and phylogenetically analyzed groups. This phylogenetic database, accumulated over the 

past 25 years, is approaching 2,500 morphological character States (in addition to a 

rapidly growing molecular database), w hich permits resolution of relationships at least to 

the family level (see Brooks & McLennan, 1993c; Brooks & Hoberg, 2000 and 

references therein). This information represents an excellent platform for integrating 

more than two centuries of investigations on the development, ecology, and behaviour of 

neoderrnatans into a modem evolutionary context, and may also help test general 

hypotheses conceming the evolution of parasitism. 



The phylum Platyhelminthes @lafyp flac h r h i n t ~  wonn), su calleci because they 

are characteristically dorso-ventrally flattened worms, comprises both a non- 

monophyletic assemblage of free-living organisms (referred to as the "Turbellaria"), 

many of which engage in varying degrees of commensalism, and a derived monophyletic 

group of parasitic organisms, the Neodemata Ehlers, 1984. The Neodemata are 

classified into three major clades, the Trematoda, Monogenea, and Cestodarîa: 

1. The Trematoda (trema, with holes) is comprised of two sub-clades; (1) the 

Aspidobothrea (aspis, shield; bothros, holes), so named because the type species 

Aspidogaster conchicola has an enlarged and loculate ventral sucker; and (2) the 

Digenea, a name derived to reflect the life cycles of these fïatworms (an alternation of 

generations). Trematodes are characterized by having an oral and a ventral sucker, the 

latter being a modification of the posterior adhesive organ. Some digeneans have 

secondarily lost the ventral sucker and the aspidobothrean Stichocovle has a series of 

ventral suckers. Trematodes plesiornorphically have a two-host life cycle involving a 

mollusc and a vertebrate. Some trematodes have secondarily lost the vertebrate host, 

while some digeneans have added hosts to the plesiomorphic life cycle. Digeneans are 

characterized by, among other traits, the developmental innovation of asexual 

multiplication, whereby several generations of larva are produced within the mollusc, 

ultirnately producing many infective larva, called cercariae. The cercariae will infect the 

definitive host (plesiomorphic two-host life cycle) through ingestion of the mollusc by 

the vertebrate. Where a second intemediate host is involved (derived three or four host 

life cycle), the cercariae, plesiomorphicafly escape from the mollusc and encyst in the 



open environment, while infection through peneuation of the host is &rive& The 

resulting encysted form. called a metacercaria, infects the definitive or second 

intermediate host via ingestion. The second intermediate host serves a source of infection 

for the next host (four-host life cycle) or the definitive host, which acquires the infection 

through ingestion of the second intermediate host dong with its infectious agents. Adult 

digeneans typically live in the intestine and associated offshoots of the digestive tract like 

the bile ducts, stomach, esophagus, nasal cavity and eustachian tubes. Infections of the 

lungs, blood vessels and several other sites of their vertebrate hosts including the eyes 

and oviducts also occur. Perhaps the most famous of these worms are the schistosomes, 

blood parasites of birds and mammals, whose cercariae produce a dermatitis known as 

'swimmers itch', caused by immune reaction to these invasive l a m e  of which the human 

is not the specific host. The eggs of these adults can cause serious pathology to the liver 

and other organs of the host (including humans) as they work their way through various 

intemal structures to exit the host. This migration of eggs leaves a characteristic 

abdominal distension if left untreated. This distension, unfortunately, is cornmonly 

associated with developing countries and generally interpreted as a byproduct of 

malnutrition. Currently a great deal of effort is put into eradication of schistosomes 

through research into new chemotherapies and biological methods to control the 

intermediate hosts. 

2. The Monogenea are characteristically ectoparasitic on fishes, attaching themselves to 

the gills or over the skin, although some have secondarily acquired intemal habitats (see 

Euzet & Combes, 1998 for review to al1 known exceptions). The posterior adhesive organ 



of both lama and adult are armed with hooks throughout k i r  ontogeny. These woms. 

unlike the trematodes. have a direct life cycle, through loss of the symplesiomorphic 

neodermatan arthropod host. A ciliated lava, cailed an oncomiracidium hatches from the 

egg, actively seeks its vertebrate host, attaches itself and clings tenaciously while 

creeping dong the body surface looking for the particular part of the host where it will 

mature into an adult. The aquaculture industry is al1 too familiar with monogeneans. The 

direct life cycle means that not only can a single infected fish infect an entire stock, but 

also parasite loads can become lethal as fish are confined to small rearing pens. As the 

parasite load increases, fish respond by secreting mucous that ultimately suffocates and 

kills the host. 

3. The Cestodaria comprises the ((Gyrocotylea (Amphilinidea + Eucestoda)), the latter 

being true tapeworms. Except for the amphilinids, and some caryophyllid eucestodes, 

which are found in the body cavity of their host, these are strictly intestinal worms. 

Cestodarians have lost their gut and associated feeding appantus, instead acquiring 

nutrients through their tegument. The gyrocotyliids and amphiliniids are species-poor, 

represented by only 10 and 8 nominal species, respectively. Amphiliniids are not as 

diverse as their hosts while the gyrocotyliids seem confined to their holocephalan hosts 

which are themselves extremely old and species poor (Brooks and Bandoni 1988: Brooks 

and McLennan 1993 b, c). The life cycle requires at least two hosts. The first host in the 

life-cycle is invariably an arthropod. Aquatic and terrestrial hosts have been colonized by 

cestodes both by releasing eggs that are able to withstand desiccation and by their use of 

appropriate intermediate hosts, like the trematodes but unlike the monogeneans. 



Plesiomorphically the larva of cestoduians. like monogeneans, possess hooks on the 

posterior adhesive organ but these hooks are not retained by the adult cestodarians. (For 

good reviews of platyhelminth life cycles see Olsen. 1974; Yamaguti, 1975; Schell, 1985; 

for reviews of their general biology see Smyth, 1994; Roberts & Janovy, 1996). 

THE: FOCUS OF THlS THESIS 

Chapter 2: Researchers have been studying the phylogenetic relationships arnong 

platyhelminths in general (Ehlers, 1985a,b, 1986; Jondelius & Tholleson, 1993; 

Littlewood et al., 1999a,b) and the Neodermata in particular (Brooks, 1982; Brooks et al., 

1985; Brooks & McLennün, 1993; Rohde, 1990; Rohde et al., 1990; Litvatis & Rohde, 

1999) for nearly 20 years. Although most of those studies have produced highly 

congruent results, there is still no general consensus on two matters. Fint, which 

platyhelminth clade is the sister-group to the parasitic Neodemata? Four candidates have 

been proposed: the Ternocephdida (Brooks, 1982; 1989a,b; Brooks et al., 1985a; 

Brooks & McLennan, 1 9 9 3 ~ ) ~  the Dalyelliidae + Typhloplanidae (Ehlers, 1984, 198Sa,b, 

1986, 1995; Ehlers & Sopott- Ehlers, 1993); the Fecampiidae (Rohde, 1990, 199 1; 

Litvaitis & Rohde, 1999), and Urasotorna (Rohde et al., 1990; Williams, 1993; Watson, 

1997; Komakova & loffe, 1999). Second, where does the enigmatic Udonella belong? 

Parasite taxonornists have debated whether Udonella is a derived monogenean (e.g. 

Furhman, 1928; Dawes, 1946; Sproston, 1946; Littlewood et ai., 1999a,b) or whether the 

taon is a basal member of the neodermatans (e.g. Ivanov, 1952; Ivanov & Mamkaev, 

1973; B Y C ~ O W S ~ Y ,  1961; Brooks et al., 1985a and Komakova, 1988). None of the 

preceding studies have evaluated the same set of data or the same set of relevant taxa. 

Understanding the evolution of life history traits within the Neodermata requires 



information from outgroups. in particular the sister-group. In this chapter, therefore, I 

address the "sister-group" problem by combining ail available data from al1 neodematan 

taxa and potential sister group candidates to produce as robust an estimate of 

phylogenetic relationships as is presently possible. 

Chapter 3: Within the Neodemata, questions have also &sen regarding the monophyl y 

of, and relationships within, the Aspidobothrea. These questions revolve primanly around 

one group, the Aspidogastridae, which has been placed outside the aspidobothreans as the 

sister-group to the Digenea (Gibson 1987) or within a monophyletic Aspidobothrea as the 

most derived (Brooks et al. 1989) or basal most (Pearson, 1992) member. In this chapter 1 

ask two questions, 1s Aspidobothrea monophyletic? and, What are the relationships 

among the major subgroups within the clade? 1 will answer these questions by combining 

d l  of the available data from the previous literature, adding new characters to the data 

matrix, and adding a genus (Sychnocotyle Ferguson et al., 1999) that was previously not 

included in any analyses. 

Chapter 4: Platyhelminth eggs are diverse. Some have an operculum, a lid-like structure, 

others have filaments at their pole@), and the eggs may be deposited at various stages of 

development, from an uncleaved embryo to a fully developed larva. One of the most 

obvious features about the eggs is that they may be coloured, ranging from dark brown to 

pale yellow. Such coloured eggs are called 'tanned' because the colour is thought to 

reflect the presence of quinone-tanned (sclerotized) eggshell proteins. Llewellyn (1965) 

proposed that tanned eggs were a "pre-adaptation" to parasitism. The hypothesis contends 



that without such an eggsheii the free-living, ancestral platyhelminths could aot have 

successfully colonized the intestine of a vertebrate. As such, the tanned egg is a "key 

innovation" that allowed for the passage of eggs through the vertebrate host's gui. This 

hypothesis has thus far been uncritically accepted (e.g. Wharton, 1983; Kearn, 1998) or 

ignored. Recent advances in theoretical evolutionary biology allow for a revisiting of this 

macroevolutionary question. Such a hypothesis lends itself to the comparative 

phylogenetic approach (Brooks & McLennan, 199 1) and will provide for both a test and 

guide to fi~ture research. 

A comparative phylogenetic study requires a robust estimate of phylogeny upon 

which the evolution and diversification of traits cm be deciphered. In this instance, a 

phylogeny for the Neodermata and their closest relatives within the Rhabdocoela. as well 

as detailed phylogenies for the parasitic groups themselves are needed. As noted above, 

previous phylogenetic hypotheses of the Neodermata have produced congruent results 

with the exception of the exact sister group of the Neodemata, the placement of 

Udonella, and the relationships among the aspidobothreans. 1 will use the results of the 

previous two chapters to provide the most up to date phylogenetic hypothesis with which 

to examine the question of the evolution of quinone tanning in these organisms. 



Chapter Two 

PHYLOGENETIC ANALYSIS OF THE RHABDOCOELA (~ATYHELMINTHES) WlTH 

EMPHASIS ON THE NEODERMATA AND RELATIVES 

INTRODUCTION 

The phylogenetic relationships among members of the phylum Platyhelminthes 

have received extensive scrutiny for nearly twenty years. Ehlers (1984) published the first 

phylogenetic systematic treatment for the phylum at about t?e same time parasitologists 

were tuming their attention towards intensive phylogenetic analysis of the parasitic 

groups within that phylum (the Neodermata and relatives: Brooks, 1982, 1989a,b; Brooks 

et al., 1985a,b). Although most of the studies since those initial attempts have produced 

remarkably congruent results, there have ken  some disagreements, especially about the 

identity of the sister group to the Neodemata (Ehlers, 1984, 1985a,b, 1986; Brooks, 

1982, 1989a,b; Brooks et al., 1985a; Brooks & McLennan, 1993c; Rohde, 1990,199 1; 

Rohde et al., 1990; Williams, 1993; Jondelius & Tholleson, 1993; Watson, 1997). 

Congruence notwithstanding, some parasite taxonomists (e.g., Rohde, 1990, 

1994a, 1996) have objected to the hypothesized relationships among the parasitic groups, 

the choice of characters, and the evolutionary implications of the phylogenetic systematic 

analyses, which cal1 into question a number of long-standing myths about parasite 

evolution (Brooks and McLennan, 1993a,b,c). More recently the debate has shifted to 

assertions that molecular data are inherently superior to morphological data as markers of 

phylogeny (e.g., Justine, 1998b; Littlewood et al., 1999a,b; Litvatis & Rohde, 1999). 

Recent molecular shidies, for example, have either ignored (e.g., Baverstock et al., 1991; 



Blair, 1993; Litvatis & Rohde, 1999) or minimized (Rohde et ai., 1995; Litt lewd et al., 

1999a,b) the extensive morphological database that has been collected for the parasitic 

platyhelminths over the last 200 years. The assertion that morphological data are not as 

reliable as molecular data is a curious one, given that (1) morphological studies routinely 

produce fewer equally parsimonious trees with better goodness of fit values that their 

wholly molecular counterparts and (2) molecular studies have often produced results 

virtually identical to those already published by morphologists (e.g., Hoberg et al., 1997; 

Mariaux, 1997; Hoberg et al., in press). This sarne debate has been carried out by 

systematists working on many different taxa. The result of that debate has been 

widespread agreement that the goal of systematics should be the production of 

phylogenetic hypotheses based on the most parsimonious (Le., most scientifically robust) 

arrangement of al1 available evidence (see Kluge, 1989, 1997, 1998a,b, 1999). 

Jondelius & Tholleson (1993) provided the first direct phylogenetic systematic 

link between intense analysis of the parasitic groups and extensive analysis of the 

Platyhelminthes as a whole with their pioneering analysis of the Rhabdocoela. The 

emphasis of the present study is the Neodermata and their closest relatives, incorporating 

new character information that has k e n  collected since the study by Jondelius & 

Tholleson (1993), with panicular interest in answering two questions: What is the sister- 

group of the Neodermata?; and Do the new data support or refute previous hypotheses of 

phylogenetic relationships within the Neodermata? In doing so, discussion of the 

rationale for a priori exclusion of many morphological characters from recent 

phylogenetic analyses of these taxa is considered. In this regard, it will be shown that the 



database of suitable moqhological charactess is fm larges than that used in recent "total 

evidence" studies, 

MATERIALS AND METHODS 

Trrra. 

The following 24 taxa were included in this study (see aiso Jondelius & Tholleson, 

1993): Umagillidae, Pseudognffillinae, Graffillinae, Acholadidae, Pterastericolidae, 

Fecampiidae, Hypoblepharinidae, Dalyellidae, Provorticidae, Temnocephalida, 

Kytorhynchidae, Promesostomidae, Solenopharyngidae, Trigonostornidae, 

Typhloplanidae, Kalyptrorhynchidae, Urastoma, (Idonelfa, Aspidogastrea, Digenea, 

Monogenea, Gyrocotylidea, Amphilinidea, and k c  Eucestoda. 

Character List. 

Characters were recorded based upon extensive descriptions in the literature: Aken'ova & 

Lester (1996); Bandoni & Brooks (1987a,b); Boeger & Kntsky (1993, 1997); Brooks 

(1982, 1989a,b); Brooks Br McLennan (1993a,b,c); Brooks et al. (1985a,b, 1989, 199 1); 

Bullock (1 965); Cannon ( 1982, 1987); Ching & Leighton ( 1993); Chnstensen (1 976); 

Christensen & Kanneworff ( 1965); DeClerk & Schockaert (1995); ENets (1 984, l98Sa,b, 

1986, 1995); ENers & Sopott-Ehlers (1993); Fleming ( 1986); Fleming et al. (1 98 1); 

Hoberg et al. ( 1997, in press); Hyrnan (195 1); Ivanov (1952); Joffe & Komakova (1998); 

Jondelius (199 1, 1992); Jondelius & Tholleson (1993); Justine (1990, 1991, 1993, 1995, 

1998a); Kanneworff & Christensen (1966); Komakova & Joffe (1999); Koie & Bresciani 

(1973); Lee (1972); Littlewood et al. (1998, 1999a); Noury-Srairi et al. ( l989a,b); Rohde 

( 1986a,b, 1987, 1989, 1990, 1991, 1994b, 1998); Rohde & Watson (1993); Rohde et al. 



(1987a,b, 1989a.b. 1992, 1995, 1999); S hinn & Chnstensen (1985); Sopott-Ehlers (199 1, 

1996, 1998,2000): Sopott-Ehlers & Ehlers (1995, 1997, 1998); Watson (1997, 1998a,b); 

Watson & Jondelius ( 1995); Watson & L' Hardy ( 1995); Watson & Rohde (1994a,b, 

1995a,b,c); Watson & Schockaert (1996, 1997); Watson et al. (1992, 1995); Williams 

( 1993); Wirth ( 1984); Xylander ( 1986, 1987a,b,c,d, 1988a.b. 1989, 1990). Characters 

were polarized using information on platyhelminth groups other than the Rhabdocoela 

summarized pnmarily in Ehlers ( 1984, l985a,b. 1986, 1993, Jondelius & Tholleson 

(1993) and Littlewood et al. (1998, 1999a). "?" indicates that the state of the character is 

unknown in a particular taxon. Higher taxa that are polymorphic for a character were 

coded with the plcsiomorphic state. as per Jondelius & Tholleson (1993) and standard 

phylogenetic systematic practice (Wiley, 198 1; Wiley et al., 1991, in press; Brooks & 

McLennan, 1991; McLennan & Brooks, in press). The data matrix is given in Table 2.1. 

Spermatozoal Ultrastructure 

1. Number of sperm axonemes. Two (O); none ( 1). 

2. Axonemes. Free (O); incorporated into sperm ceIl body by proximo-distal fusion (1); 

incorporated into sperm ce11 body by distal proximal hision (2). 

3. Dense bodies. Present (0); absent (1). 

4. Reverting migration which leads to the nucleus occupying a more distal position 

relative to the basal bodies. Absent (0); present (1). 

5. Reverting migration includes a backward movement of the basal bodies and their 

axonemes to a proximal position. Absent (0); present (1). 

6. Basal bodies retain their proximal position. Absent (O); present (1). 



7. Electron dense granules. Absent (O); present (1). 

8. Spermatogenesis. Mature spermatozoa lacking dense heel, rotation of flagella, and spur 

(0); mature spermatozoa possessing dense heel. rotation of flagella. and spur (1). 

9. Intercentriolar body during. present, well developed during spermatogenesis (O); 

present, weakly developed (1); absent (2). 

10. Peripheral layer of microtubules in spermatozoa. Not spirally arranged (O); spirally 

arranged (1). 

1 1. Mitochondria in sperm. Present (0); absent (1). 

Protonephridia Ultrastructure 

12. Longitudinal ribs (rods). Absent (0); present. in 2 rows. inner formed by terminal cell, 

outer formed by canal ce11 (1); present, in single row of longitudinal ribs fonned by 

canal ce11 (2). 

13. Interdigitating processes of weir. Absent (O); present (1). 

14. Terminal perikaryon. Present (O); absent (not close to flame) (1). 

15. Support structure of ribs (rods). Microtubules absent (O); microtubules present (1). 

16. Pair of cytoplasmic cords from canal ce11 connected by a desmosome. Absent (O); 

present (1). 

17. Surface of capillary. "Saccate'*/simple (O); lamellae of connected spaces ( 1 ); 

rnicrovilli (2). 

Osmoregulatory System Micrortructure 

18. Secondary protonephridial system of canais and pores. Absent (O); present (1). 

19. Giant paranephrocytes. Absent (0); present (1). 

20. Osmoregulatory system. Never reticulate (O); becornes reticulate in late ontogeny (1). 



21. Osmoregulatory system in early ontogeny. Not reticuiaîe (O); reticulate (1). 

22. Protonephridia in larvae. In anterior end of body (O); in anterior and posterior end of 

body (1); in postenor end of body (2). 

23. Desrnosornes in the passage of the first excretory canal cell. Present (O); absent (1). 

Tegument 

24. Tegument. Cellular (0); syncytial, protruding to surface between epidermal cells ( 1); 

syncytial, not protruding to surface between epidermal cells (2). 

25. Adult body ciliation. Completely ciliated (O); at least some body ciliation lost (1); al1 

ciliation lost (2). Some umagillids have lost body ciliation (Jondelius, 1991); this will 

be considered a derived trait within the group the family is thus considered to be 

plesiomorphically ciliated. 

26. Rhabdites. Present (0); absent (1). 

27. Duo gland organ. Present (0); absent ( 1). 

28. Rhabdomeric eyes. Two (O); none (1); four (2). 

29. Lensing. Non-mitochondrid (0); mitochondrial(1); no lenses (2). 

30. Rhabdoids (large granular and vesicular bodies in epidermis). Absent (O); present (1). 

3 1. Spur projecting from the basal body opposite the horizontal rootlet of epidermal cilia. 

Absent (0); present ( 1). 

32. Pharyngeal musculature. Circular muscle innennost (0); longitudinal muscle 

innennost; (1) circular muscle layer only (2); pharynx absent (3). 

33. Dictyosomes and endoplasmic reticulum in larvab'juvenile epidermis. Present (0); 

absent (1). 

34. Larval epidermis. Not shed at end of Imal  stage (O); shed at end of Iarval stage (1) 



35. Cilia of larval epidumis. With more than one rosinlly-direcied rootlet (O); with one 

rostrally -directeci rootlet ( 1 ). 

36. Specialized microvilli and microtubules in epithelium. Absent (O); present (1); 

modified into microtriches (2). 

37. Epithelial sensory cells. EM-dense collars absent (O); EM-dense collars present (1). 

38. Post-larval epidemiis. Not syncytiai (0); syncytial [neodermis] (1). 

39. Excretory vesicles. Lateral, paired (0); single, medial opening postero-dorsally (1). 

40. Cephalic tentacles. Absent (0); present ( 1). 

4 1. Vitelloducts. Absent (0); present, lining not syncytial ( 1); present, lining syncytial(2). 

42. Anterior and posterior nervous system commissures. Single bilobed units (0); two 

bilobed units (1). 

43. Ciliary bands on embryo. Absent (0); present, in three rows (1). 

44. Larval epidemiis. Not syncytial(0); syncytial(1). 

45. Endoderm. Present in embryos (O); absent in embryos (1). 

46. Vitellogenic cells. With more than one kind of electron-dense vesiculated inclusions 

(O); with one kind of electron-dense vesiculated inclusion ( 1 ). 

47. Inner longitudinal muscle layer. Poorly developed (O); well developed (1). 

48. Antero-lateral notch. Absent (O); present (1). 

49. Nuclei in larval epidemiis. Present (0); absent (1). 

50. Multiîiliary nervous receptors. Present (O); absent (1). 

5 1. Epithelial lining of genital ducts. Not syncytial (O); syncytial(1). 

52. Protononephridial ductules. Ciliated (O); not ciliated (1). 

53. Medullary and cortical distinction. Not apparent (0); apparent (1). 



54. Protein embedments in larval epidemiis. Absent (0); present (1). 

Reproductive System 

55. Male intromittent organ. Simple stylet (O); c ims [sometimes mistakenly called a 

p i s ]  (1); copulatory papilla (2); complex stylet (3); absent (4). Monogeneans do not 

have a copulatory stylet (the accessory piece in some Monogeneans is an 

independently evolved structure, and a cirrus is plesiomorphic for the group: Boeger 

& Kritsky, 1993, 1997). The copulatory papillae of Gyrocotylidea and Amphilinidea 

may be vestigial/reduced cirri. 

56. Openings of male and female gonopores. Common genital atrium (0); separrite (1); 

separate sexes (2). 

57. Position of genital atrium or genital pores. Posterior (O); caudal (1); anterior (2); 

lateral (3). 

58. Muscular copulatory bulb. Present (O); absent (1). 

59. Testes. Paired (O); single (1); multiple, in two lateral bands (2 ). A single testis occurs 

convergently within Aspidogastrea, Digenea, Monogenea, but phylogenetic analyses 

(Brooks et al., 1985b, 1989; Boeger & Kritsky, 1993,1997) have shown that paired 

testes are plesiomorphic in each case. 

60. Female reproductive system. Simple oviduct (O); oviduct expanded to form antmm 

(functional uterus) without separate opening (1); oviduct coiled, with mal1 secondary 

tube (Laurer's Canal) opening to the surface (not opening to surface or absent in 

derived taxa), used to vent excess material from oviduct (2); oviduct relatively 

straight, with secondary tube forming separate tubular utems with uterine pore 

opening to surface (3); oviduct relatively straight, uterus highly coiled (4). Previous 



phylogenetic analyses of the Cercomeria (Brooks et al., 1985a) and Rhabclocoela 

(Jondelius & Thollesson, 1993) have treated various portions of the femaie 

reproductive system as a series of separate characten. These include the presence or 

absence of a vagina, presence or absence of a uterus, and their position(s) relative to 

the male gonopore and to the body in general. This has been complicated in part by 

the fact that most neodematans possess two (or even three) openings of the female 

reproductive tract. 

The majority of Cercomerideans (Trematoda + Cercomeromorphae) exhibit a 

bifurcated oviduct, with each bifurcation fonning a tube that opens to the exterior. 

These tubes have been functionally defined in the parasitic taxa. Le., any egg- 

containing tube is cailed the uterus, and the alternative tube is called the vagina. Thus, 

in the trematodes the male gonopore and uterine pore are said to be proximate, with 

the vagina separate. The vagina (called the Laurer's Canal) is almost always short, 

narrow and relatively straight (in many cases it does not open to the exterior or is 

even lost) and the utems is generally coiled. In the Monogenea, al1 three pores are 

separate plesiomorphicall y, with the apomorphic state "uterine and male pores 

proximate" king displayed by some taxa. The uterus and vagina are relatively well 

developed, short and straight. Doubling of the vagina (considered by Brooks et al., 

1985a to be an autapomorphy for the Monogenea) appears to be an apomorphic trait 

within the Monogenea (Boeger & Kntsky, 1993, 1997). In the Gyrocotylidea, a l l  

three pores are proximal and separate (the plesiomorphic condition for the 

Monogenea). In the Cestoidea (Amphilhidei + Eucestoda), the male pore and the 

vaginal pore are proximal, with the uterine pore distantly situated. Finally, within the 



Cestodaria (Gyrocotylidea + Arnphilinidea + Eucestoda), the  uterus is 

plesiomorphically highly coiled (it is apomorphically saccate in the Eucestoda: 

Brooks et al., 199 1 ; Hoberg et al., 1997, in press). Such coiling also occurs 

convergentiy within the Monogenea (Boeger & Kritsky, 1993, 1997). Establishing 

homologies for these structures across taxa has been difficult, demanding complex 

evolutionary scenarios to explain the diversity of ducts, tubes, pores, and their 

positions relative to each other. It is suggested here that those scenarios have been 

unnecessarily complex and instead the following alternative is proposed. 

The basic unit of the platyhelminth fernale reproductive system is an ovary 

(paired plesiomorphically) connected to a tubular oviduct, a canal which originates 

from the ovary and terminates in a genital pore that cornmunicates with the external 

environment. Plesiomorphically, this canal hinctions as both vagina (receiving sperm) 

and uterus (delivering eggs to the external environment) and is situated proximate the 

male genital pore, either sharing a common atrium with the mde pore or not (Figure 

2.1 ). Within the Rhabdocoels, including fecampiids, Urastoma and Udonella, the 

oviduct is expanded, producing a hinctional uterus, or antrum. The antrum rnay be 

syrnmetrical or asymmetrical, it rnay be small, containing a single egg, or large, 

containing several eggs, and it rnay be saccate or somewhat tubular. 

1 propose that, regardless of the perceived function, the oviduct is that portion of 

the female reproductive system plesiomorphically proximal to the male genital pore, 

with which it rnay or rnay not share a comrnon gonopore (genital atrium). The 

secondary duct rnay be proximal to (Monogenea, Gyrocotylidea) or distant from the 

openings of the oviduct and male genital pore (dorsal in the trematodes, ventral in the 



Amphilinidea and Eucestoda). The Laurer's Canai is thus actualiy homologous with 

the uterus, not the vagina, of the Cercomeromorphae. The current function of the 

Laurer's Canal, expulsion or digestion of spem and other debris from the fertilization 

and egg-rnaking process (e.g. Juel's Organ in some hemiuriform digeneans), may 

well have been the original function of the duct. The widespread belief that the 

Laurer's Canal is a vestigial vagina stems from discussions of the presumed 

degenerate evolutionary nature of parasites beginning in the late 19'~  century. Actual 

evidence of the Laurer's canal use as a vagina is rare. For example, without 

sectioning his material, Cohn (1902) stated that he had found one specimen of 

Liolope copuluns extruding its cirrus into the Laurer's Canal of another. Brooks & 

Overstreet (1978), however, noted that they never fourid any evidence of this 

behavior in a close relative of L. copulans, Dracovermis occidentalis Brooks & 

Overstreet, 1978. They stated that ". . . based on the narrow Laurer' s Canal, wide 

cirrus, thick and large genital atrium, and uterus occasionally entirely packed with 

spenn in Dracovermis occidentalis. we doubt that Laurer's Canal in that species 

serves for more than elirnination of excess products." Increased egg-holding capacity 

in the trematodes is made possible by extensive coiling of the oviduct, while in the 

cercomeromorphs it is due to the elongation (Monogenea) and coiling (Gyrocotylids, 

Arnphilinids, and Eucestodes) of the Laurer's Canal, CO-opted (an exaptation: Gould 

& Vrba, 1982) as a functional uterus distinct from the oviduct. 

The above proposai provides a succinct conception of the evolution of the 

number, nature, and position of the ducts and pores of the female reproductive system 

in the Cercomeridea. Interestingly, it is also the scheme proposed by Looss (1893) but 



apparcntiy forgotten uatil now. The above character coding reflets this new 

hypothesis. Findiy, many trematodes have been described as exhibiting a glandular 

muscle surrounding the terminal end of the utems called the "metatherm" (Smyth, 

1994) or "metraterm" (Noble et al., 1989). Many eucestodes have k e n  described as 

having a muscular structure at the terminal end of the vagina called a "vaginal 

sphincter". If the hypothesis above is true, it is likely that these structures are 

homologous. At present, there is insufficient information to use this as a character. 

6 1. Ovary. Paired (O); single and spherical ( 1); single and bilobed (2). 

62. Mehlis' gland. Absent (0); present (1). 

63. Vitellaria. Paired, compact, media1 (0); iateral and follkular (1); compact and medial 

vitellarium (2). Compact vitellaria occur convergently in a number of digenean and 

eucestode groups, but are apomorphic within those taxa (Brooks et al., 19854 1989, 

1991; Hoberg et al., 1997, in press). 

64. Cirrus. Absent (0); present, muscular and aspinose (1); present, muscular and spinose 

(2) 

65. Testes. Preovarian (0); postovarian (1); dioecious (2). Dioecy appears convergently in 

some digenean (e.g. Schistosomatidae) and some eucestode groups (e.g., 

Dioecotaenia, Dioecocestus, Shipleya, Gyrocoelia) (Brooks et al., l98Sb, 1989, 199 1 ; 

Hoberg et al., 1997, in press). Because the Fecarnpiidae are dioecious the character is 

inappropnate. There are two options available in this situation, either coding the 

Fecampiids as '9'- inappropriate, or as '2 ' ,  as the condition is autapomorphic. Choice 

of coding in this instance does not affect the analysis and thus the latter is used. 



66. Eggs. round adhesive disc at the end of filament where the substance of the disc is 

secreted later when the worm attaches the egg to the body of the host. Absent (O); 

present (1). 

67. Vitellaria. Not encircling entire body (O); encircling entire body, extending dong 

entire body length (1). The apomorphic state appears convergently in some eucestode 

groups (Hoberg et al., 1997, in press). 

68. Permanent uterine pore. Absent (O); present, dorsal (1); present. ventral (2). 

69. Uterine pore. Not proximal to pharynx (O); proximal to pharynx (1). 

70. Uterus. Coiled, not N-shaped (O); "N"-shaped (1). 

Digestive System 

71. Mouth and pharynx. Present (0): absent (1). Tne apharyngeate condition exhibited by 

some Monogeneans and digeneans is convergently evolved within those groups 

(Boeger & Kritsky, 1993, 1997; Brooks et al., 1985b, 1989). 

72. Doliiform pharynx (pharynx bulbosus of Jondelius & Tholleson, 1993). Present (O); 

absent (1). 

73. Pharynx placement. In anterior half of worm (1); medial to posterior half of worm 

(2); absent (3). This is a difficult character to polarize because most outgroups are 

polymorphic. Jondelius & Tholleson (1993) proposed that anterior was plesiomorphic 

for the rhabdocoels, but their own argument can also be used to support the 

contention that a pharynx in the rnid to posterior half of the body is plesiomorphic; 

therefore, I have coded the outgroup state as "?' and given each ingroup state a non- 

zero number. 

74. Oral sucker. Lacking a capsule (O); with a capsule (1). 



75. Gut shape. Saccate (O); bifurcate (1); lacking in adults (2 ). Convergent reversal to a 

saccate gut nom a plesiomorphically bifurcate gut occurs within the Aspidogastreans. 

digeneans and Monogeneans (Brooks et al.. 1985b 1989; Boeger and Kritsky, 1993, 

1 997). 

76. Oral sucker. Absent (O); present (1). 

Posterior Adhesive Organs 

77. Posterior adhesive organ. Absent (0); present, not delimited by capsule (1); present, 

delimited by capsule (2). 

78. Posterior adhesive organ. Absent (0); present, no hooks (1); present, with hooks (2). 

79. Posterior adhesive organ. Absent (O); present throughout life (1); present only during 

early development, partially invaginated (2). 

80. Posterior adhesive organ. Absent (0); present, terminal (1); present, ventral (2). 

8 1. Posterior sucker. Without transverse septa (O); hypertrophy and linear subdivision of 

posterior sucker by transverse septa (1). 

82. Hooks on posterior end of larva Absent (O); 16 equal-sized hooks (1); 10 equal-sized 

hooks (2 ); 6 large and 4 small hooks (3); six hooks (4). 

83. Posterior body invagination. Absent (0); present (1). 

84. Rosette at posterior end of body. Absent (O); present (1). 

Ontogeny 

85. Miracidium. Absent (0); present (1). 

86. Sporocyst. Absent (O); present (1). 

87. Cercaria. Absent (O); present (1). 

88. Procercoid. Absent (O); present (1). 



89. Plerwercoid. Absent (O); present (1). 

90. Cerebral development in larvae. Present (O); absent (1). 

9 1. Extra embryonic membrane. Not formed by embryo (O); formed by embryo (1). 

Analyses perfomed 

Data were analyzed using standard Hennigian Argumentation (see Hennig, 1966; Wiley, 

1981; Wiley et al., 1991, in press; Brooks & McLennan, 1991), and results were 

generated using the Branch and Bound option on the cornputer program PAUP 4*, 

implemented on Macintosh G3/400, G4/450, and G4/500 computers. Acctran and Deltran 

character optimization produced the sarne results. Bootstrap and Iackknife analyses were 

performed using 10,000 replicates, with the exception of the complete data set, for which 

only 100 replicates were performed due to computational constraints. 

RESULTS 

Analysis of al1 91 characters, unordered, produces 98 MPTs, each 190 steps long 

with a CI of 67% and RCI of 552. Fortysne of these MPTs place the Kytorhynchidae, 

Promesostomidae, Trigonostornidae, Typhloplanidae, Dayellidae and Temnocephalida at 

the base of the tree, similar to results reported by Jondelius & Thulleson (1993) and 

Littlewood et al. (1999a,b). The remaining 57 MFTs suggest that those taxa are part of 

an inclusive clade also containing the Neodermata, a result more similar to the hypothesis 

proposed by Ehlers (1984, 1985a,b, 1986, 1995) and Brooks et al. ( 1985a; Brooks, 

1989a,b; Brooks & McLennan, 1993). Figure 2.2 is the 50% majority rule consensus tree 

for those 98 MPTs. This "dichotomous" result in the placement of the Kytorhynchidae, 



Promesostomidae, Trigonostomidae, Typhlopknidae, Dayellidae and T e m e p h d i d a  

seems to be the product of rnissing data for key taxa in characters 17 and 28. In 

computer-assisted phylogenetic studies, some configurations of rnissing data can produce 

effects similar to long branch attraction effects in analysis of nucleotide sequence data 

(see Nixon & Davis, 199 1 ; Platnick et al., 1991; Maddison, 1993; Wilkinson, 1995). 

Other characters show low character consistencies on the tree as well, but their inclusion 

does not affect the stability of the results. Characters 17 and 28 would appear to be too 

poorly-documented at present to be useful. 

Removing characters 17 and 28 produces two most parsimonious trees (MPT: 

Figure 2.3), 18 1 steps long with a consistency index (CI) of 0.69 and a rescaled 

consistency index (RCI) of 0.56, differing only in the degree of resolution of that portion 

of the tree containing the Umagillidae, Achocladidae, Grafilliinae, Pseud~gr~ l inae ,  

Pterastercolidae and Hypoblepharinidae. Characters 16,22,24,4 1,60,61,78,79 and 82 

are multistate transformation series produced by combining what were previously 

considered to be a series of binary characters (Brooks & McLennan. 1993~). The 

relationships shown in Figure 2.3 supported ordering those transformation series. 

Phylogenetic analysis with those 9 characters ordered produced the same results as Figure 

2.3. Successive approximations re-weighting of the data produced the single tree shown 

in Figure 2.3a. 

Six taxa in the present study, the Acholadidae, Pseudograffillinae, 

Hypoblepharinidae. Solenopharyngidae, Promesostornidae, and Kytorhynchidae have 

substantid missing data entnes, and the portion of the tree containing the Umagillidae, 

Pseudograffillinae, Graffiilinae, Acholadidae, Pterastericolidae, Hypoblepharinidae 



produces the two MPTs shown in figure 2.3. Not surprisingly, then, Bootstrap and 

Jackknife analyses indicate that only the groupings of ((Dalyellidae + Temnocephalidae) 

Typhloplanidae) and of ((Fecampiidae +Urastoma) (Udonella ((Aspidbothrea + 

Digenea) (Monogenea (Gyrocotylidea (Amphilinidea + Eucestoda)))))) are robust (Figure 

2.4). Given recent successes at finding many morphological traits for other platyhelminth 

groups ( e g ,  Lundin, 2000). there is reasonable confidence that sufficient characters are 

there to be discovered, and a fully robust assessrnent of the Rhabdocoela is feasible. The 

rest of this study will concentrate on the Neodemata and their closest relatives for which 

the results indicate the analysis is robust. 

The placement of the Temnocephalida in this analysis precludes the interpretation 

that al1 posterior holdfast organs in this clade are homologous. The taxon Cercomeria 

Brooks, 1982 therefore cannot be maintained, as suggested by Ehlers & Sopott-Ehlers 

(1993) and Rohde & Watson (1995). The clade of Fecarnpiidae + Urastoma as the sister 

group of the Neodemata supports the monophyly of the Revertospermata Kornakova & 

Joffe, 1999 but not the Mediofusata Kornakova & Joffe, 1999. 

DISCUSSION 

Discussions of the phylogeny of the Neodemata revolve around two questions: 

(1) What is the sister group of the Neodermata and (2) how does the choice of sister 

groups affect hypotheses of relationships among taxa within the Neodemata? With 

regard to the first question, four taxa have been previously suggested as the sister group 

of the Neodemata: (1) the Dalyelliidae and Typhloplanidae (Ehlers, 1984, 1985a,b, 

1986, 1995; Ehlen and Sopott-Ehlers, 1993), (2) the Ternnocephalida (Brooks, 1982, 



l989a,b; Brooks et al.. 1 !%Sa; Brooks & McLennm, 1993c), (3) Clras to~  (Rohde et al., 

1990; Williams, 1993; Watson, 1997; Kornakova & Joue 1999) and (4) the Fecampiidae 

(Rohde, 1990, 1991; Litvaitis & Rohde 1999). This study included ail four candidates in 

the same analysis, and the results indicate that they comprise the four closest relativas of 

the Neodermata (Figure 2.3). With respect to the second question, the present analysis 

supports the monophyly of the Monogenea and the placement of Udonella as the basai 

member of the Neodermata as originaliy proposed by Brooks et al. (1985a). Re-analyzing 

the present data set using any number and combination of the four putative sister groups 

as outgroup taxa produces the same result. This occurs because the data for relationships 

within the Neodemata are highly robust (CI = 948, RCI = 87%) making any 

combination of the four candidates suitable outgroups. The portion of the tree comprising 

the (Fecampiidae + Urastomu) + Neodermata is slightly less robust (CI=90%, RCI=82%) 

because the Fecmpiidae + Urastoma clade is not as well-supported (see Bootstrap and 

Jackknife values on Figure 2.5). 

Brooks et al. (1985a) used a data set of 39 transformation series in their initiai 

analysis of the Neodermata; this produced a single MPT 41 steps long (CI=95%) 

depicting the same relationships as shown in Figure 2.3. In that analysis the authors used 

only attributes deemed informative by authors of numerous earlier studies in order to 

demonstrate that differences in results were due to differences in methods of anaiysis, not 

to choice of characters. Adding more morphological traits produced a data set of 127 

binary characters (Brooks 1989a.b) corroborating the original phylogenetic hypothesis, 

producing a single MIT 131 steps long (CI = 97%). Brooks and McLennan (1993~) 

produced the same MPT 161 steps long for 153 apomorphic traits (CI = 95%). In the 



present study, some cbaracters were modifed accordhg to new findings, some redundant 

characters listed by Brooks and McLennan (1993~) were combined, and 47 fewer 

autapomorphies were used, resulting in the sarne MPT 107 steps long for 100 apomorphic 

traits (CI= 93%); including the 47 autapomorphies produces a single MPT for the 

Neodermata 154 steps long for 147 apomorphic traits (CI = 95%). 

Despite consistent robust support for this hypothesis during the past 15 years, 

some researchers have felt uncornfortable with the results (Rohde, 1990, 1994a, 1996; 

Justine, 1998b; Littiewood et al., 1998, 1999a.b). It is suggested here that 

misunderstandings about phylogenetic systematics have been responsible for these 

differences of opinion. The most fundamental misunderstanding stems from the way in 

which phylogeneticists determine homologous character States. Al1 systematists begin the 

search for homology by using a set of criteria, such as those proposed by Remane (1952), 

to detennine whether two or more characters are "similar" (see discussion in de Pinna, 

1991). These similarities apply to both identity (a finger is a finger) and also 

transformation (a bird's wing is a tetrapod forearm). Assessing similarity based upon 

such biologicai criteria, without recourse to knowledge of underlying genealogical 

relationships, eliminates any hint of circularity in the process (see Eldredge & Cracraft, 

1980; Wiky, 1981; Wiley et al., 1991, in press; Brooks & McLennan, 1991; McLennan 

& Brooks, in press). The difference among systematists begins with how those 

similarities are treated next. Phylogenetic systematists use assessments of similarity to 

construct hypotheses of homology "If a and b look the same (e.g., are in the same 

position, develop from the same tissue), then they are homologous". This is calied 

Hennig's Auxiliary Principle (see Hennig, 1966; Wiley, 198 1; Wiiey et al., 199 1, in 



press; Brodts & McLennan, 1991; McLennan & Brooks, in press). These hypotheses are 

tested by using phylogenetic systematics and are ultimately corroborated or rejected. In 

the latter case one concludes that the similarity is due to homoplasy. 

Some taxonornists, on the other hand, believe that they cm make a priori 

judgements about which sirnilarities are due to homology, and which are due to 

homoplasy, and thus elirninate some characters (the putative homoplasies) from the data 

set before the analysis begins. Such a priori judgements are valid only if they are 

supported by evidence. For example, experimental research has demonstrated that 

characters such as the number of vertebrae or fin rays in stickleback fishes are strongly 

influenced by the temperature under which the larvae develop (Lindsay, 1962; Hagen, 

1967). Reporting number of vertebrae or fin rays without adjusting for developmental 

temperature, an almost impossible feat in wild caught fish, thus introduces a known 

source of homoplasy into the data set. In this case systematists are justified in eliminating 

these traits from their analysis a priori. Because such data are rare, however, it becomes 

important to ask "what suppons the elimination of a particular character, or type of 

character, from an andysis?". 

With regard to the Neodemata, it has k e n  asserted that complex characters are 

more likely to be homologous than simple characters (Rohde 1990, 1994a, L996; 

Littlewood et al., 1999). What evidence is there to support this assertion? There is a large 

body of evidence documenting simple genetic bases for many homologous behavioral 

and morphological characters in Drosophila species. That alone would seem to falsify the 

hypothesis that simple characters are not likely to be homologous. This assertion stems, 

in part, from a misunderstanding of levels of homology. The presence of bnstles may be 



homologous across D m p h ü a ,  but the exact number of bristles may display some 

homoplasy. In other words, there is no evidence indicating that sweeping generalities cm 

be made about the nature of homology versus homoplasy based upon a vague notion of 

simple versus complex character structure. 

The hypothesis about the relative merits of simple versus complex characters as 

markers of genealogical relationships could be examined by assigning a "simple" versus 

"complex" status to characters a priori, running those characters through a phylogenetic 

systematic analysis, and then asking whether there is a signifiant difference in 

homoplasy arnong the two character classes. Once this process has been repeated for a 

substantial number of data sets from different groups of organisms, could we then begin 

to detennine the validity of such a hypothesis. In lieu of this evidence, one should use al1 

available characters, presuming maximum homology and character independence a 

priori, and relying on phylogenetic congruence among al1 characters a posteriori as the 

final arbiter of homology (Wiley, 198 1 ; de Pinna, 199 1 ; Kluge, 1989, 1997,1998a,b. 

1 999). 

While the primary lunction of phylogenetic analysis is to produce a robust 

hypothesis of phylogenetic relationships, it also provides a means for helping u s  know 

when Our a priori presumptions are incorrect. Once we have a phylogenetic hypothesis 

based on as many characters as possible. we can move from homology presumptions to 

homology determinations. Hennig (1966) considered such "reciprocal illumination", 

using the overall analysis to assess individual a priori presumptions of homology, to be a 

primary benefit of phylogenetic systematics. The homologies are the traits that are 

congruent with the phylogenetic tree, whether they are complex or superficial in nature; 



homoplasies are those thai are incongruent with the tree. For exmple, this study supports 

the proposal by Ehiers & Sopott-Ehiers ( 1993) and Rohde & Watson (1995) that the 

holdfast organ of the temnocephalids is not homologous with the holdfasts of 

neodermatans (characters 77-84). Brooks et al. (1985a) hypothesized that the various 

holdfasts, while demonstrably different, were al1 part of a homologous transformation 

series. Within phylogenetic systematic methodology, this hypothesis could not be 

faisified by reiterating that the holdfasts were different (Rohde & Watson. 1995) but 

could be falsified by including more taxa in the analysis, as was done herein. 

Additionally, Rohde and CO-workers (Rohde, 1990, 1994a, 1996; Littlewood et 

ai., 1999a) suggested that protonephridial characters should be given high weight in 

phylogenetic analyses of the Platyhelminthes. This analysis considered 6 protonephridial 

characters. Three of them (12, 13, 16) have character consistencies of IO%, character 15 

has a character consistency of 50%, 17 has a character consistency of 33%, and character 

14 has a character consistency of 25%. The combined character consistencies for these 

traits is 68%, and their exclusion from the analysis produces the same tree topology as 

shown in Fig 3a and increases the CI slightly. In addition, character 17 is one of the 

characters producing marked instability due to rnissing data. Reciprocal illumination thus 

tells us  that protonephridial characters are, at best, no better than any other character. 

Phylogeneticists expect that analysis of a data set comprised of incorrect 

homology assessments will produce a distinctive result - many MPTs with low Cls. This 

is not the case with the Brooks et al. (1985; see also Brooks 1989a,b; Brooks & 

McLennan, 1993c) data sets, nor is it the case with the present data set. In the current 

study, 90% of the characters support the relationships indicated for the Revertospermata, 



and these results strongly corroborate previous analyses. in the past, these results have 

been rejected because we are dealing with parasites (Neodemata) and symbiotic 

"turbellaria", and adaptation to a common lifestyle is "known" to produce high degrees of 

correlated homoplasy (Rohde, 1990, 1994a. 1996; Littlewood et al., 1999a). To correct 

for this problem, charactea "known" to be adaptations to parasitism/symbiosis should be 

discounted (eliminated from analysis a priori). For example, Rieger & Tyler (1985) 

suggested that similar structures in taxa sharing similar environments (e.g.. exposed to 

similar selection pressures) should be coded a priori as homoplasious, or ambiguous as in 

Littlewood et al. (1999a,b). 

Such suggestions ignore the basic Darwinian notion that homologies can be 

adaptations and that adaptation need not produce homoplasy. In the past decade a 

substantid amount of evidence has accumulated indicating that most sirnilarities in 

structure, fünction, and preferred envuonment are due to common ancestry (Wanntorp et 

al., 1990; Harvey & Pagel, 199 1; Brooks & McLennan, 199 1). There is thus no reason to 

exclude, or manipulate, any "adaptive" character from any analysis (McLennan et al., 

1988; Brooks & McLennan, 1991,1993c, 1994; McLennan, 1993). In addition, 

Ronquist's (1994) study on the evolution of inquilinism in cynipid hymenopterans, for 

example, showed that removal of charactea associated with parasitic lifestyle did not 

alter the phylogenetic assessrnent that inquilinism had arisen only a single time in the 

group. And finaily, Trouvé et al. (1998) showed that a suite of life-history traits for free- 

living and parasitic platyhelminths did not differ, suggesting that Neodematans do not 

have a "parasitic mode of Life" so much as a 'bplatyhelminth mode of life" in a parasitic 

context. 



In recent years, some have disparaged the morphologicd data upon w hich 

previous analyses of the Neodemata and their relatives had been performed because it is 

not compatible with molecular data (Rohde 1990, 1994a. 1996; Litvatis & Rohde, 1999; 

Mollaret et ai. 2000; Littlewood et al., 1999a). It has also k e n  suggested that the 

phylogenies based on morphological data have been highly variable and differ greatly 

among each other (Littlewood et ai. 1999a). This has not actually been the case. First, the 

relationships among the Neodematan groups have been the same in multiple studies 

using phylogenetic systematic methods beginning in 1985, with CI values remaining 

between 95% and 97% despite an increase in the number of characters used from 39 to 

147. Second, differences in hypotheses of the sister group of the Neodemata have been 

based on differences in the taxa analyzed; the analysis herein accommodates ail 

previously proposed sister groups in a manner that is congruent with al1 previous 

hypotheses. 

In addition, Komakova and Ioffe (1999) pointed out that molecular results have 

failed to reproduce the monophyly of several firrnly established taxa (based on 

morphology) and suggest that we consider sampling and long-branch attraction as serious 

effects in molecular analyses. For example, molecular studies suggest various 

combinations of para- or even polyphyly for the Monogenea, whereas morphological 

studies consistently suggest the group is monophyletic. Some take this as an indication 

that we should question al1 morphological traits used in phylogenetic snidies of 

Monogeneans (Rohde 1990,1994a, 1996; Litvatis & Rohde. 1999; Mollaret et al. 2000; 

Justine, 1998b). Littlewood et al. (1999b) showed that a combination of sequence data 

and only 50 of the 89 characters used herein supported a monophyletic Monogenea, and 



accepted that grouping. Since the molecukr data alone did not support Monogenean 

monophyly, the study by Littlewood et al. (1999b) provides evidence of insufficiencies in 

the sequence data as suggested by Komakova and Joffe ( 1999). 

This thinking needs to be c d e d  through consistently in ail future total evidence 

studies. Littlewood et al. (1999a) coded 9 characters shared uniquely by Urastoma, the 

Fecampiidae and the Neodemat a as ambiguous for Urastoma and Fecarnpiidae, 

presumably based on Rohde's (1994a: 1104) assertion that "cornparison of DNA 

sequences ... suggests that the [fecampiids are] not a close relative of the Neodemata.. . 
thus the morphological sirnilarities of the two groups appear indeed to be due to 

convergent evolution". Likewise, Littlewood et al. (1999a.b) made a number of ad hoc 

assumptions conceming Udonella. For example, the absence of larval hooks was coded a 

priori as apomorphic secondary loss, when the same absence of lwa l  hooks in 

aspidobothreans and digeneans was coded as plesiomorphic absence. These added 

assumptions clearly demonstrate an a priori coding "preference" for regarding Udonella 

as a Monogenean. And finally, Littlewood et al. (1999a.b) utilimd only slightly more 

than h d f  of the available morphological charactea that had been summarized in Brooks 

and McLennan (1993b). Many of those traits were characterized by Rohde (1990, 1994a, 

1996; also Litvatis & Rohde 1999) as exhibiting a low probability of being homologous. 

n i e  study herein does not support that characterization. In fact, the total morphological 

database provides very strong support not only for the monophyly of the Monogenea, 

which Littlewood et aL(1999b) accepted. but also for the Fecampiids + Urastoma as the 

sister group of the Neodenata and Udonella as the sister group of the Cercomeridea 

@3rooks, O' Grady & Glen, 1985 (Trematoda + Cercomeromorphae)]. 



Finally, this study corroborates the hypothesis thet the ancestor of the Tnmatoûa 

+ Cercomeromorphae had a two-host life cycle involving the addition of a vertebrate host 

to the plesiomorphic arthropod host direct life cycle (Brooks et al., 1995a; Brooks, 

1989b; Brooks & McLennan, 1 9 9 3 ~ ) ~  contrary to the proposa1 by Littlewood et al. 

(1999b) that the original life cycle was a single vertebrate host direct cycle. This is the 

most parsimonious explanation even if Udonella is a monogenean. It supports the notion 

that vertebrate endoparasitism in this group originated through predation of vertebrates 

on arthropods. It may also be an example supporting the hypothesis that alternation of 

hosts is an adaptive response to avoid the evolutionary costs of over-specialization 

(Moran, 1988, 1994; see also Kuris and Norton, 1985). 

CONCLUSIONS 

The rnorphological database for the Neodemata and close relatives is highly 

robust. This is partly due to the fact that the data themselves are numerous and 

unarnbiguous. More importantly, scientific hypotheses become more robust in proportion 

to the number of tests they have survived (Popper, 1960, 1968a,b. 1972, 1976, 1992). and 

the current database reflects the efforts of a number of specialists to rehite the hypothesis 

first proposed by Brooks et al. (1985a). The current study also shows that phylogenetic 

systematic analysis is capable of uncovering instances in which our a priori presumption 

of homology is not supported. Thus. the selective removal of characters a priori is not 

necessary and indeed is counterproductive if our aim is always to produce the most robust 

hypothesis of phylogenetic relationships possible given all available evidence. The 

parasitic platyhelminths represent one of the most extensively studied animal groups, 



with a database assembled over the pst 200 years that will soon exceed 2500 

morphological characters. This represents historical continuity in studies of fiatworms, 

which comprises a formidable assemblage of knowledge about structure and biology. 

Results of the current study indicate that comparative morphology remains viable, 

tractable, and powemil. Phylogenetic analyses using morphological data provide an 

excellent framework for assessing a young but growing molecular database. It is with 

hopeful optimism that future total evidence studies will make full use of the large and 

robust morphological database documented herein. 

This study also highlights two other benefits of a phylogenetic systematic 

approach: the ability, through reciprocd illumination, to falsify previous hypotheses of 

character evolution, and the ability to highlight areas where further research would be 

imrnediately beneficial. In this case, more studies on enigmatic groups (e.g., 

Acholadidae, Pseudograffillinae, Hypoblepharinidae, Solenopharyngidae, 

Promesostornidae, Trigonostomidae and Kytorhynchidae) and poorly documented 

characters (e.g., 17 and 28) are clearly needed. 



Figure 2.1 : Schernatic representation of diversity in the fernale reproductive system of 

Neodematans. O. 1,2,3,4 refer to the character States used in this analysis. State O is the 

condition found among various Rhabdocoels. State 1 occurs in Urastoma, Fecampiidae, 

Udonella, and various Rhabdocoels. State 2 is the condition found in trematodes. State 3 

is the condition among the Monogeneans. State 4 is the condition of the Cestodaria. A = 

antrum; L = Laurer's canal; M = Metraterm; OD = Oviduct; OV = Ovary; S = 

Sphincter; U = Utems. 





Figure 2.2: Majority Rule consensus tree for 24 Rhabdocoel taxa based on 98 M P T s  

(TL= 190, CI= 67%, RCI= 55%) produced by phylogenetic systematic analysis of 91 

morphological characters. 
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Figue 2.3: Two MPTs (TL 18 1, CI= 69% , RCI= 56%) for 24 Rhabdocoel taxa 

produced by phylogenetic systematic analysis of 89 morphological characters. Ordering 

rnultistate characters 16,22,24,41,60,61,78,79 and 82 produces the same results. 
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Figure 2.4: Bootstrap and Jackknife consensus tree for 24 rhabdocoel taxa bsed on 89 

morphologicd characters, with multistate characters 16, 22,24,4 1,60,6 1, 78,79 and 82 

ordered. Bootstrap and Jac kkni fe values appear on appropriate branches. 
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Figure 2.5: Bootstrap and Jackknife consensus trees for the Revertospermata Komakova 

& Joffe (Neodemata (Fecampiidae + Urastoma)), based on 89 morp holog ical c haracters, 

with multistate characters 16,22,24,41,60,61,78,79 and 82 ordered. Bootstrap and 

Jackknife values appear on appropriate branches. 
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Table 2.1. Data matrix for phylogenetic analysis of the Rhabdocoels. In this study, 92 

morphological transformation series were considered. The most robust and inclusive 

results are based on 90 transformation series (17 and 28 excluded) and with characters 

16,23,25,42,61,61,76,80, and 83 ordered. For identities of characters and states, refer 

to text. O = plesiomorphic state; 1,2,3,4,5 = apomorphic states; ? = unknown. OG= 

Outgroup function (composite outgroup based on character argumentations for each 

transformation series). 
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Chapter Three 

PHYLOGENETIC SYSTEMATIC ASSESSMENT OF THE ASPIDOBOTHREA 

(PLATYHEL~THES, NEODERMATA, TREMATODA) 

INTRODUCTION 

Burmeister (1856) proposed the Aspidobothrii (aspis, shield; bothros, pit) for 

Aspidogaster conchicola Baer, 1827 to indicate an intermediate position between the 

Digenea and Monogenea within the Trematoda. Van Beneden (1858) used the term 

Aspidobothrea and considered A. conchicola and relatives to be closer to the digeneans 

than to the monogeneans. Monticelli (1892) suggesteci the name Aspidocotylea to reflect 

the inclusion of Aspidocorylus mutabilus Diesing, 1837 in the group. Faust and Tang 

(1936) agned with Bumeister and Monticelli that A. conchicola and relatives should be 

removed from the Digenea and classified in an intermediate position between the 

Digenea and Monogenea. Furthemore, in an apparent effort to standardize terminology, 

Faust and Tang proposed the name Aspidogastrea for the group, sternming from the type 

genus Aspidogaster. Dollfus (1956) reporîed that Aspidocotylus mutabilus was a 

paramphistome digenean and, following Faust and Tang's nomenclature, referred to 

Aspidogaster and its relatives as the Aspidogastrea. Because there are no nomenclatural 

rules above the family group in zoological taxonomy, and favoring the maximum 

conservation of names as a means of preserving the maximum amount of taxonornic 

history, the older name Aspidobothrea will be used henin. 

Cunent phylogenetic analyses place the Aspidobothrea as the sister group of the 

Digenea, each considered a sub-class of the class Trematoda (Ehlers, 1984, 1985a,b, 



1986; Brooks et al. 1985b; Littlewood et al., 1999a,b; Chapter 2). Within the 

Aspidobothrea, most systematists (Gibson, 1987; Brooks et al., 1989; Pearson, 1992) 

accept four families, Aspidogastridae Poche, 1907, Stichocotylidae Faust and Tang, 

1936, Rugogastridae Schell, 1973. and Multicalyicidae Gibson and Chinabut, 1984. 

Despite a long history of confusion regarding nomenclature there has not been an explicit 

phylogenetic analysis of relations within the group until recently. Gibson (1987) 

proposed the first phylogenetic hypothesis for the Aspidobothrea, based on a suite of 10 

morphological characters. He considered the Aspidobothrea paraphyletic, with 

Aspidogastridae the sister group of the Digenea and the grouping ((Multicalycidae 

(Rugogasteridae + Stichocotylidae))) as the sister group of Aspidogastridae + Digenea. 

Brooks et al. (1 989) showed the most parsimonious arrangement of Gibson's (1987) 

characters supported a monophyletic Aspidobothrea, and familial relationships of 

(((Rugogastridae (Stichocotylidae (Multicalycidae + Aspidogastridae))). Pearson (1 992) 

suggested an additional 7 characters which he felt supponed a monophyletic 

Aspidobothrea, with relationships of (((Aspidobothriidae (Multicalycidae 

(Rugogastendae + Stichocotylidae))), but he did not subject those characters to 

phylogenetic systematic analysis. 

In this study, a phylogenetic systematic analysis of a suite of 33 morphological 

transformation series, compnsing of the 10 original characters proposed by Gibson 

(1987), the 7 characters proposed by Pearson (1992). and 16 new characters is presented. 

This new data set allows consideration of 20 aspidobothrean taxa, including Sychnocotyle 

Ferguson et al, 1999 which has not been previously included in phylogenetic analyses of 

the Aspidobothrea. 



MATERIALS AND METIIODS: 

T a a .  

The following taxa were included in this study: Rugogaster, Schell, 1973; Stichocotyle, 

Cunningham, 1884; Multicalyx, Olsson, 1868; Cotylogaster michaelis, Monticelli, 1892; 

Cotylogaster basiri, Siddiqi & Cable, 1960; Cotylogasteroides occidentalis, Yamaguti 

1963; Cotylogasteroides barrowi, Huehner & Etges. 1972; Aspidogaster conchicola, 

Baer, 1827; AspUIogaster, Baer, 1827; Lubatosorna manteri, Rohde, 1973; Labatosorna 

hanumanthai, Narasirnhulu & Madhavi, 1980; Lobatosoma, Eckman, 1932; Cotylaspis, 

Leidy , 1857; Lissemysia, Sinha, 1935; Rohdella siamensis, Gibson and Chinabut, 1985; 

Multicotyle purvisi, Dawes, 194 1; Sychnocotyle kholo, Ferguson et al., 1999; Lophotaspis 

vallei, S tossic h, 1 899; Lophotaspis interiora, Ward & Hopkins, L 933; Lophotaspis 

orientalis, Faust & Tang, 1936. Lophotaspis rnacdonaldi and L. margaritiferae are 

excluded from the analysis because they are poorly described and specimens were not 

available for examination. Cotylogaster dinosoides is likewise excluded from the analysis 

because the taxon consists of only five juvenile specimens. Generic narnes appear where 

dl species contained therein share the same States for ai i  33 characters used in this 

analysis. In the course of this study, it was found that al1 33 transformations series could 

be used without resorting to coding some traits as polymorphic only if Aspidogaster 

conchicola was treated as distinct from the other members of Aspidogaster, Lobatosowza 

manteri and L. hanumanthai as distinct Erom the other members of tobatosoma, 

Cotylogaster basini as distinct fkom C. michaelis and each of the three species of 

Lophotaspis as separate entities. 



CkatUCt8~ u t .  

Characters were coded based on discussions in Gibson (1987), Brooks et al. (1989; see 

also Brooks Br McLennan, 1993c) and Pearson (1992) and the foilowing primary 

literature, confumed by examination of specimens of selected available taxa: 

Aspidogaster conchicola (Baker & Davids, 1973; Dollfus, 1958; Faust, 1922; Huehner 

& Etges, 1977; Stafford, 1896; Williams, 1942); Aspidogaster (Rai, 1964; Rawat, 1948); 

Corylogaster michaelis (Monticelii, 1 892); Cotylogaster basini (Hendrix & Overstreet, 

1977); Corylogasteroides occidentalis (Fredricksen, 1980; Nickerson, 1902) 

Cotylogasteroides barrowi (Huehner & Etges, 1972); Cofylaspis (Osbom, 1904; 

Rumbold, 1928; Cho & Seo, 1977); Lissemysia (Agamal, 1978; Sinha, 1935; Tandon, 

1948; Singh Br Tewari, 1985); Lobatostoma (Caballero y Caballero & Hollis, 1965; 

Zylber & Ostrowski de Nunez, 1999; Oliva & Carvajal, 1984; MacCallum & 

MacCallum, 19 13); Lobatosoma manteri (Rohde, 1973); Lobatosoma hanumanthai 

(Narasimhulu & Madhavi, 1980); Lophotaspis interiora (Hendrix & Short, 1972; Ward & 

Hopkins, 193 1); Lophotaspis vallei (S tossich, 1899; Wharton, 1933); Lophotuspis 

orientalis (Faust & Tang, 1936); Multiculyx (Stunkard, 1962; Thoney & Bumsson, 1987, 

1 988); Multico~le purvisi (Dawes, 1 94 1 ,; Rohde, 1972); Rohdella siamensis (Gibson & 

Chinabu t , 1984); Rugogaster (Sc hell, 1 973; Amato & Pereira, 1995); Stichocotyle 

nephropis (Nic kerson, 1 895); Sychnocotyle kholo (Ferguson et al., 1 999). Characters 

were polarized using the Digenea as the primary outgroup, with the Cercomeromorphae, 

Udonellidea and Revertospennata Fecarnpüds + Urustoma, respectively, as secondary 

outgroups (Chapter 2). '?' indicates that the state of the character is unknown in a 

particulas taxon. As stated above, higher taxa that are polymorphic for a chatacter had 



species removed and treated sepmtely to eüminate polymorphism from the higher 1eveL 

The data matrix is given in Table 3.1. 

Transverse septum dividing body: absent (O); present (1). 

Buccal lobes: absent (O); present pentalobate with two ventral lobes as largest (1); 

present with three lobes the ventral lobes larger (2); pentalobate with the dorsal lobe 

largest (3). 

Out: bifurcating (O); saccate (1). 

Posterior zone of growth and transverse septation: absent (O); located within sucker 

(l), external to sucker (2). 

Transverse septa separates membrane delimi ting capsule: absent (0) present ( 1). 

Longitudinal septa: absent (O); present, forming three rows of alveoü (1); present 

forming four rows of alveoli (2). 

Marginal bodies: absent (0); present (1). 

Papillae on ventral sucker: absent (0); present (1). 

Ventral sucker extending beyond body proper: no (0); yes (1). 

10. Septate oviduct: absent (O); present (1). 

i 1. Ciliated oviduct: present (O); absent (1). 

12. Comrnon genital pore: present (0); absent (1). 

13. Number of testes: two (0); one (1); multiple (2). Lophotaspis vallei & Lophotaspis 

interiora have a single testis with two vas efferentia, which we have coded as two 

testes. Dollfus ( 1958) reported Aspidoguster conchicolo as having a second 

nidimentary testis and is therefore coded it as having two testes. 



14. Genital sac: present incloshg pars prostatica and plostatic c d s  (O); absent (1): 

present inclosing pars prostatica with prostatic cells both intemal and extemal (2); 

present inclosing only the pars prostatica with prostatic cells extemal (3); inclosing 

prostatic cells but pars prostatica absent (4); pars prostatica and prostatic cells 

extemai to genital sac (5). 

15. Genitai sac inclosing terminal end of uterus: absent (0); present (1). 

16. Cirrus: present (O); absent (1). 

17. Metraterm: present (0); absent (1). 

18. Vitellaria: intempted posteriorly (O); not interrupted posteriorly (1). 

19. Vitellaria: intempted anteriorly (0); not intempted antenorly (1). 

20. Paired vitelline ducts (O); single (asymmetrical) duct (1). 

2 1. Vitellaria: follicular (O); compact (as cord) ( 1). 

22. Common vitelline duct: opens between ovary & Mehlis' gland (O); opening at 

Mehlis' gland (1). 

23. Orientation of ovary: oviduct opening posteriorly (O); opening anteriorly (1). 

24. Ootype: posterior to ovary (O); anterior ( 1). 

25. Proximal portion of uterus: passing posteriorly (O); passing antenorly (1). 

26. Laurer's canal: present, proceeding posteriorly, opening extemally or not (0); absent 

(1); present, proceeding anteriorly, opening extemally (2). Agarwal(1978) States that 

a Laurer's canal is present without any furthet information regarding this structure. It 

should be noted that this is in disagreement with bis statements regarding specific 

differences. This stnicture may in fact be a utenne seminal receptacle and not a 

Laurer's canai. However, k ing  unable to locate specimens to c o n f m  the description, 



this character is coded as missing ("T') in this snalysis; its exclusion daes not dter the 

hypothesized relationships. 

27. Eggs naturally: partly embryonated (0); fully developed at deposition (1). 

28. Ciliated lama: present (O); absent (1). 

29. Eyespots: present (O); absent ( 1). 

30. Mode of Infection: larval invasion (O); ingestion of egg (1). 

3 1. Head gland: present (0); absent (1). 

32. Caudal appendage: present (0); absent (1). 

33. Yolk cells lie at one pole: present (O); absent ( 1). 

Analyses perfomed. 

Data were analyzed using standard Hennigian argumentation (Hennig 1966; Wiley 198 1; 

Brooks & McLennan 1991, in press; Wiley et al., 1991. in press), and results were 

generated using the 'branch and bound' option implemented in the computer program 

PAUP* 4b8, implemented on a Macintosh 04/50 computer. Al1 characters were run 

unordered. A c c m  and Deltran character optimization produced the same results. 

RESULTS 

The analysis of ail 33 transformation series produces a single most parsimonious 

tree with a tree length (TL) of 70 steps, a Consistency Index (CI) of 62.86% and a 

Retention Index (RI) of 75.00% (figure 3.1). The tree indicates basal relationships of 

(Rugogasûîdae (Stichocotylidae (Multicalycidae+Aspidogastndae))). The me also 

suggests a basal trichotomy of Cotyiogaster + (Aspidogaster + Lobatostoma) + 



(Cotylogasteroides [as Cotybgaster basin' + Coty~ogu~temides spp.}(fCuty!asp~s + 

Lyssemysia) (RoMella (Luphotaspis (Multicotyle + Sychnocotyie))))). Finally, 

Aspidogaster conchicola, type species of the genus, is the sister group of al1 other species 

currently placed in the genus + iobatosoma spp., rendering Aspidogaster paraphyletic. 

DISCUSSION 

As noted in the introduction, Gibson (1987) provided the first fomal phylogenetic 

hypothesis for the Aspidobothrea. He suggested 10 characters which he felt showed that 

the Aspidobothrea were paraphyletic with respect to the Digenea. proposing a 

phy logenetic hy pothesis of (((S tichocoty lidae (Multicalycidae + Rugogasteridae)) 

(Aspidogastridae + Digenea))). Brooks et al. ( 1989) subjected those 10 characters to 

phylogenetic systematic analysis and discovered that the most parsimonious hypothesis 

for Gibson's own data was a monophyktic Aspidobothrea with familial relationships of 

(((Rugogastridae (S tichocotylidae (Multical ycidae (Aspidogastridae)))). Pearson ( 1992) 

proposed seven additional characters that he felt supported the monophyly of the 

Aspidobothrea but suggested sister group relationships of (((Aspidogastridae 

(Mu1 ticalycidae (S tichocotylidae (Rugogastridae)))). 

This study, in addition to recent molecular (e.g., Littlewood et al., 1999a,b) and 

morphological (e. g . C hapter 2) s tudies corroborating the hypothesis that the 

Aspidobothrea is a monophyletic group and the sister group of the Digenea represents an 

empirical test of the three hypotheses of family-group relationships listed above, based on 

the 10 characters proposed by Gibson (1987) and used by Brooks et al. (1989) and 

Brooks & McLeman (1993c), the seven additional characters proposed by Pearson 



( 1992), and 16 new characters. The mufts unequivbcaliy support the family relationships 

suggested by Brooks et al. (1989) and Brooks & McLennan (1993~). The analysis does 

not, however, support completely the cumnt subfamilial classification of the 

Aspidogastridae, comprising Aspidobothriinae + Cotylaspinae + Rohdellinae (as shown 

by Brooks & McLennan, 1993~).  BO^ the Aspidobothriinae [as (Aspidogaster + 

Lobatostoma) and the Cotylaspinae [a ((((Cotyiogasteroides ((Cotyfaspis + Lissemysia) 

(RohdeUu (Lophotaspis (Multicotyie + Sychnocotyle))))) are supported as monophyletic 

groups. Recognizing Rohdellinae, however, would make the Cotylaspinae paraphyletic. 

The tree suggests a basal tric hotomy of Cotylogaster michaelis + Aspidobothriinae + 

Cotylaspinae; however, until a full fivision of the entire group has been completed, 

proposing a new subfamüy for a single species is not advisable and will not be done 

herein. 

Hendrix & Overstreet (1977) fidescribed Cotylogaster basiri Siddiqi & Cable, 

1960, retaining it in Colylogaster bascd on the possession of a Laurer's canal, paired 

vitelline ducts and follicular vitellaris, They also reported that the species lacks both a 

cirms and a genital sac. This analysis suggests that the three traits used by Hendnx & 

Overstreet are plesiomorphies while the lack of a cirrus and genital sac are apomorphies 

linking C. busiri with Cotylogaster~ides. This analysis thus places C. basiri as the sister 

species of the members of Cotylogast/~>ides Yamaguti, 1963. Within the 

Aspidogastrinae, Aspidogaster conchi~ofa, type species of the genus, is the sister group 

of al1 other species currently placed ih Aspidoguster + Lobatosoma spp., rendering 

Aspidogaster paraphy letic. Within t b ~  Cotylaspinae, neither Lyssemysia, with 1 1 nominal 

species, nor the monotypic Multico y14 have autapomorphies, based on  the data currently 



available. In the absence of a phylogenetic analysis for al1 species within these clades, 

taxonomie changes at this time are not advisable, but if future studies based on d l  species 

confirm the paraphyletic nature of these taxa, Aspidogaster + Labatosonta, Lyssemysia + 

Cotyîaspis. and Muilticotyle + Sychnocotyle may need to be synonymized. 

Traditional classification of the Aspidobotha was based primarily on differences 

in the structure of the ventral adhesive organ. This malysis is based on simultaneous 

assessrnent of many traits, including but not restricted to the ventral adhesive organ. The 

results support earlier findings by Brooks et al. (1989) and Brooks 8r McLennan (1993~) 

that Rugogaster and SIichoco@le are the two basal most members of the Aspidobothrea. 

The analysis supports part of the hypothesis of evolutionary diversification of the ventral 

adhesive organ suggested by Pearson (1992), namely that four longitudinal rows of 

alveoli arose from the Multicalyx condition. This study however, indicates that 

aspidogastrids with four rows of alveoli form a paraphyletic assemblage. This illustrates 

that grouping by plesiomorphies produces classifications that are logically inconsistent 

with phylogeny and are also inherentiy unstable with the addition of new taxa and new 

data (Wiley, 198 1; Wiley et al., 199 1, in press). 

By definition, sister groups are of equal age (Mayden, 1986). AU other things 

king equal, then, sister groups ought to comprise the same nurnber of species. In 

evolution, however, all things are rarely equal. The Aspidobothrea and their sister group, 

the Digenea, occur worldwide, where they exhibit (plesiomorphically) a life cycle pattern 

involving a molluscan and a vertebrate host. Cornparison with the phylogenetic 

relationships of their vertebrate hosts suggests that the common ancestors of 

aspidobothreans and digeneans diverged from each other at the same time as the common 



ancestor of chondrichthyans and the rest of the gnathostome vertebrates diverged from 

each other (Brooks, 1989). This suggests that the aspidobothreans are at least 500 million 

years old. And yet, with 48 nominal species (see appendix 1), the Aspidobothrea is 

dwarfed by the Digenea, which has approximately 5,000 nominal species. Brooks & 

McLennan (1993b,c) suggested that this disparity in species richness rnight be due to the 

absence, in aspidobothreans, of a developmental innovation found in the digeneans, 

narnely indirect development with one or more stages of asexual proliferation of larval 

forms permitting a single embryo to produce more than 1,000 infective larvae. This 

analysis provides additional indirect support for this interpretation. Aspidobothreans 

exhibit substantial ecological diversity, as indicated by their movement between marine 

and freshwater environments, and from chondrichthyans to actinopterygians to 

chelonians (figure 3.2), suggesting that ecological specialization has not been a major 

factor in limiting the diversification of the group. In this sense, the aspidobothans 

resemble the Amphilinidea, sister group of the Eucestoda, and differ from the 

Gyrocotylidea, sister group of the Amphilinidea + Eucestoda. 

CONCLUSIONS 

Although there is considerable agreement on the monophyly of the Aspidobothrea 

and their placement as the sister group of the Digenea (e.g., Ehlers, 1984, 1985a,b, 1986; 

Brooks et al. 1985b; Littlewood et al., 1999a,b; Chapter 2) and for the basal relationships 

within the group, lower level relationships within the group have received little attention. 

This is reflected in the substantial amount of missing data for some characters, especially 

those associated with early ontogeny. Future studies documenting these missing data 



should find substantial congruence between juvenile and adult traits as has been 

documented for other members of the Neodemata (summarized in Brooks & McLennan, 

1 993c). 

The results presented herein also demonstrate that the fundamental difference 

between the hypotheses of Brooks et al. (1989) and those of Gibson (1987) and Pearson 

(1992) is not the result of the characters used; rather the differences Lie in the method of 

analysis used. This point has k e n  made before, beginning with Brooks et al. (1985). 

Effective progress in delineating these and al1 other phylogemtic relationships requires 

the addition of new characters from multiple sources, and the use of a common analytical 

procedure based on al1 available data. 



Figure 3.1. Phylogenetic trees for 20 Aspidobothrean taxa produced by phylogenetic 

sy stematic anal y sis of 33 morphological transformation series. Letters on branches 

indicate the following apomorphies (transformation series number followed by state in 

parentheses): A= 4( 1 1 ), 26( 1 ), 28(1); B= 4(2), 1 1(1), 13(2), 14(4), 20(2), 22( l), 

23 (b  30( 1); C= 3(1), 10(1), 27(1), 29(1); D= S(1); E= 7(1); F= 13(1), 17(1); G= 1(1), 

6(1); H= 2(2), 19(1), 20(1); I= 6(2), 14(3),24(0); J= 13(1); iC= 22(1); L= 2(1); M= 23(1); 

N= 14(2); 0= 22( 1); P= 14(1), 16(1), 27(0), 30(1), 3 l(1); Q= 2(3), 19(1); R= 2 1(1), 

33( 1); S= 18( l), 22( l), 24(0), 32(1); T= 12(1), 13(1), 20(1); U= 14(0), 23(1); V= 

6(2), 28(0); w= 14(5), l5( 11, 16(2); X= 23(1); Y= 22(0), 25(1), 26(0); Z= 9(0), 13(1); 

AA= 8(1), 1 1 (l), 14(4); BB= L7(1); CC= 22(0); DD= 13(1). 





Figure 3.2. Phylogenetic optimization of major host and habitat shifts for 20 

Aspidobothrean taxa. Clear boxes indicate marine habitats, black boxes indicate 

freshwater habitats. Alternative equally parsimonious optimizations include: (1) 

colonization of freshwater habitats associated with the host shift from chonàrichthyans to 

actinopterygians, with secondary colonization of marine habitats in Cotyloguster 

michaelis and (2) host shift from actinopterygians to chelonians once, with a secondary 

shift back to actinopterygians in Rohdella. 



72 
Rugogaster 

Stichocotyle 

Multicalyx 

Cotylogaster michaelis 

A. conchicola 

Aspidoguster 

L. manteri 

Lobatosoma 

L hanumanthai 

Cotylogaster basirî 

C. occidentalis 

Coîy logaste roides ba rro w i 

coryrospis 

Lissemysia 

Rohdella 

Mu1 ticotyle 

SychnocoMe 

Lophotaspis vallei 

L orientalis 



Table 3.1 Data matrix for phylogenetic analysis of the Aspidobothrea. In this study, 33 

morphological transformation series were considered. For identities of characters and 

states, refer to text. O = plesiomorphic state; 1,2,3,4,5 = apomorphic states; ? = unknown. 

OG = Outgroup function (composite outgroup based on character argumentations for 

each transformation series). 





Taxa 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 
Ou tgroup 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
Rugoguster 
Stkhocotyle 
Multicalyx 
Cotylogaster michael is 
Cotylogaster basiri 
C~~logasteroides occidentalis 
Cotylogasteroides barrowi 
Aspidogaster 
A. tonchicola 
Lobutosorna 
Lhanumanthai 
L ~ n t e r i  
Cwaspis 
Lissemysia 
Multicovle 
Sychitocotyle 
Rohdella 
Lophotaspis vallei 
Lophotaspis in terio ru 
Lophotuspis orientalis 0 0 0 1 1 0 0 0 ~ 0 0 ? ? ? ?  



Chapter Four 
THE EVOLUTION OF QUINONE TANNED EGGS IN THE NEODERMATA 

INTRODUCTION 

Many species of parasitic platyhelminthes produce darkly colored eggs that are 

immediately visible through the integument of the adult worm. This colour, which can 

range from dark brown to pale yellow, is associated with the presence of quinone-tanned 

proteins. Pryor (1940) proposed the name "sclerotin" for such proteins that have aromatic 

cross linkages and are derived thmugh the process of "tanning"; a term borrowed from 

then known industrial process of treating leather with vegetable tannins (i.e. polyphenols) 

resulting in physically tougher and chernically resistant leather (proteins). It has been 

demonstrated for both schistosomes (Seed et al., 1980) and fascioliids (Waite & Rice- 

Ficht, 1987) that tyrosine is oxidized to DOPA (dihyàroxyphenlalanine) and packaged 

dong with the enzyme phenol oxidase (also known as phenolase or catechol) in secretory 

vesicles within the vitelline cells that manufacture them. When the vesicles are released 

during eggshell formation, phenol oxidase further oxidizes DOPA to O-quinone, which in 

tum reacts with a Irw NH, group of another protein thereby covalently linking hem 

together. This is referreâ to as bbautotamllng" because thcm arc no fiee quinones (unlike 

in the treatment of leather) binâing adjacent proteins but rather linkage occurs through 

oxidation of the phenolic side chah of the amino acid tyrosine. 

Although the process of quinone tanning is widespread in nature (Waite, 1990) 

and other groups have quinone tanned eggs, and propagules, most researchers have 

sought explanations for its evolution by enamining its presence in parasitic helminths. 

This bias stems, in part, fkom the observation that parasitic organisms tend to docate a 



substantiai amount of their energy resewes to reproduction. Caiow (1981) estimated that 

the average reproductive output of an individual parasitic platyhelminth represents as 

much as 35408 of its total energy expenditure with eggshell production alone making 

up 27.30% of that total (Wharton, 1983). For example, according to Koster et al. (1988). 

the synthesis of eggshell pmcursor proteins for Schistosoma mansoni is one of the highest 

known at 4X 104 molecules/celVsecond which represents a daily production equal to 6% 

total adult mass. The investrnent in egg production in general, and quinone tanning in 

particular. is thus not trivial in these organisms. A number of hypotheses have been 

proposed to explain the amplification of reproductive output in parasites (see, e.g., 

Rogers 1962; discussion in Brooks and McLennan 1993a,b,c; but also see Trouve et al., 

1998). In this chapter, 1 will focus my attention on the evdution of quinone tanning in the 

parasitic platyhelminthes. 

Why expend energy depositing eggshells that are rich in quinone-tanned proteins? 

Llewellyn (1965) proposed that quinone tanned eggs were a "pre-adaptation" (exaptation 

of Gould & Vrba, 1982) for endoparasitism. He used the terni pre-adaptation to indicate 

that the quinone-tanned egg had originated prior to the origin of endoparasitism, but that 

the function of this eggshell had been CO-opted by selection to fit the parasitic lifestyle. In 

particular, Llewellyn suggested that tanning protected the eggs fiom digestion as they 

passed through the newly acquired vertebrate host's gut. He based this suggestion upon 

experimental demonstration that quinone tanned eggs were resistant to the digestive 

actions of pancreatin (eggs from Fasciola heptica migenea], Entobdella soleae, 

Diclidophoru kuscae wonogenea]; Schistocephalus solidur [Eucestoda]) while eggs 

without quinone tanning were not resist ant (eggs from Gorgodera vitelliloba (Digenea] ; 



Moniezu sp., Hymenolepis dirninuta pucestda]). This demonstrates that quinone tanned 

eggshells are a sufflcient cause for resistance to pancreatin (cf. John Stuart Mill, 1843 

System of logic) although the samples are admittedly small. Llewellyn believed that the 

protective action of sclerotized eggshells represented a critical prerequisite for the 

evolution of endoparasitism. His hypothesis thus has two components. First, quinone 

tanning is older than the Neodemata. in order to address this component, we need to 

pinpoint the origin of quinone tanning. Questions of character origin fa11 within the 

domain of the comparative phylogenetic research program (see e.g., Brooks and 

McLennan 199 1, in press and references therein). Two pieces of information are needed, 

a robust phylogenetic tree for the parasitic flatworrns and th& free living relatives, plus 

detailed information about the presence or absence of quinone tanning within these 

groups. The second component of Llewellyn's hypothesis concems the relationship 

between the function of quinone tanning and the success of the Neodemata. Llewellyn 

proposed that quinone tanning was a "key innovation" (Miller, 1949) for these parasites; 

a irait (or one of several traits) that allowed the group to colonize a novel habitat (the 

interior of vertebrates) and speciate therein. In order to study this component furthei we 

need detailed studies of the possible functions of the quinone-tanned eggshell in both the 

ingroup and outgroup, as well as information about speciation patterns in the groups. 

Data about speciation are extremely rare in most groups, and parasitic platyhelminthes 

are no exception. 1 will therefore focus rny attention on four questions in the remainder of 

this chapter: 1s quinone tanning older than the Nedermata?; What are the possible 

functions of such tanning in these parasites and their free living relatives?; Has quinone 

tanning ever been lost in the Neodemata, and if so, are there any correlated changes in 



the other aspects of the parasites' life history that could possibly compensate for its loss 

(assuming that quinone tanning has a demonstrable "function" to begin with)? Llewellyn 

felt that there was a direct coupling between the presence of quinone tanning and the 

habitat in which the parasite lived; that is, then was a direct correlation between having 

tanned eggs and having an intestinal route of egg emergence from the definitive 

vertebrate host. Given this, I would expect to see the following macroevolutionary 

patterns: ( 1) quinone tanned eggs are plesiomorphic for the Neodermata (the character 

onginated before the origin of endoparasitism, (2) the plesiomorphic state for 

endoparasitism is an intestinal route of egg expulsion from the host, and (3) the presence 

or absence of quinone tanning should covary with the route of egg emergence (loss of 

eggs passing through the intestine should be correlated with loss of egg tanning). 

MATERIALS & METHODS 

The strength of a comparative phylogenetic analysis is dependent, in part, on the 

robustness of the phylogenetic tree used to trace the macroevolutionary patterns of 

character origin and diversification (Brooks and McLennan 1991). The Neodermata is 

currently one of the most extensively studied and phylogeneticdy analyzed groups, with 

a database comprising more than 2500 character States (see Brooks & McLennan, 1993~). 

Recent phylogenetic studies have added considerable resolution and support for overall 

systematic schemes among the parasitic flatwoms (Chapter 2). Reliminary phylogenies 

exist for the three major clades within the Neodemata, the Digenea, Monogenea, and 

Cestodaria. Then is a familial level phylogeny with a high consistency index for the 

Digenea (C. I.= 75% Brooks et al. 1985b, 1989; Brooks & McLe~an ,  1993~). The 



Cestodaria is not resolved to famüd level. however. the c m n t  estimate of phylogeny 

based on 49 morphological characters does have a high C. 1. (87.2%) (Hoberg et al., 

1997), indicating that the estimate of phylogeny is robust given the data set. The 

Monogenea is resolved to the familial level, but the phylogeny is not well supported (C. 1. 

= 57.3%; Boeger & Kritsky, 1993, 1997). In fact, some authors question the monophyly 

of the group (Rohde. 1994; Justine, 1998b; Litvatis & Rohde, 1999; Mollaret et al, 1997, 

2 0 ) .  Given the importance of a robust phylogenetic hypothesis as a starting point in 

evolutionary studies, 1 decided to focus my attention on the Digenea and the Cestodaria 

in this preliminary investigation of the evolution of eggshell tanning. Hopefully future 

studies will resolve the status of the Monogenea, and provide a more rigorous template 

for investigating changes in quinone tanning within that clade. 

Information on the presence or absence of quinone-tanned eggs was collected 

primarily fiom histochemical testing summarized in Smyth (1994) for the Neodemata 

and Geneli (1968) for the non-parasitic platyhelminthes, with Bunke (1972) and Isida 

and Teshirosi (1986) king the latest contributions to non-parasitic platyhelminthes. 

Information conceming cestodes was taken from Hoberg et al. (1997) and Swiderski & 

Xylander (2000). Successive sister taxa of the neodematans. Udonella (Schell, 1985; 

Ivanov, 1952) and Fecampiidae (Shinn & Christensen, 1985), are coded absent for 

quinone tanning based on descriptions (see below). Histochernical evidence is compiled 

in Appendix 2. Most of the research that has been done on platyhelminth eggshells has 

ken  with the h o p  of king applied to control of helminthic infections, and thus most of 

the available information is concentrated on medically and commercially important 

groups such as the schistosomes and fascioliids. There is currently very little information 



available for the Aspidobothrea, the sister-group to the Digenea. The presence of quinone 

tanning has been confirmeci using histochemical tests for only one species, Aspidogaster 

conchicola (Gerzeli, 1968), and anecdotal evidence for two others (Multicotyle cristutu: 

Thoney & Burreson, 1987; Sychnocoryle kholo: Ferguson et al., 1999). No information, 

anecdotal or otherwise, exists for the other 10 genera of the order (Chapter 3); therefore 1 

eliminated the Aspidobothrea from this analysis. 

There are two caveats about the way in which this character (presence or absence 

of sclerotin) is scored. First, as mentioned above, the presence of quinone tanning has 

generally been inferred from the presence of colored eggs in gravid adults. The strongest 

line of evidence is generaily considered to be histochemical testing for the components 

involved in tanning (i .e. protein precursors, phenols [free or as residue in an amino acid 

side chain] and phenolase [see Appendix 21 but dso see Smyth & Halton, 1983 and 

Ramalingarn, 1970 for non-specificity of some tests). Histochemical results were checked 

against available descriptions of the eggs and found to perfectly covary, that is, where 

histochemical tests indicate that sclerotin was 'present' for a particular species, that 

species was also described as having colored eggs, but where 'absence' was recorded no 

color has been reported (see Appendix 3). In general then, colour was assumed to be an 

accurate indicator of the presence of quinone-tanned proteins. For the purposes of this 

analysis, 1 will accept this assumption, with the caveat that a substantial arnount of 

research is necessary in order to test the vdidity of the assumption. 

Second, 1 am scoring "quinone tanning present" as one state. If colour is a nliable 

indicator of the presence of quinone-tanned proteins, then the F a t  variety of eggshell 

colors within the Neodemata hints that the character is much more complex than simply 



"present". For example, different groups rmy use different protein precursors, different 

concentrations of the same precursors cesulting in different degrees of tanning, or 

differentid production of melanins etc. It is not unusual for researchers to reduce 

complex characters such as nuptial colouration, parental care, and mating system type 

into simpler States in order to produce a preliminary hypothesis of character evolution 

(see e.g., McLennan, 199 1 ; Sillén-Tullberg & Temrin, 1994; Temrin & SiIlen-Tullberg 

1994, 1995; Lindenfors & Tullberg, 1998; Ah-King & Tullberg. 2000). This process 

represents the beginning of a prolonged investigation; one that helps focus the 

mearcher's attention on areas that require further investigation in order to collect enough 

data to begin breaking the complex character into its component parts. The second caveat 

is that the evolutionary picture will probably twn out to be more complicated than this 

simple presence or absence mapping wilî show. 

1 collected data conceming the site of adult infection in the definitive host and 

route of egg emergence from the primary literature (see AppendU 3) and SchelI(1985). 

The cues and mechanism of larval hatching are not fully understood and may be linked 

with the shell material itself in the parasitic Platyhelminthes (see Symth & Clegg, 1983). 

1 therefore collected information about the following life history characters bat might 

possibly be implicated in the secondary loss of quinone tanning: (1) the state of the egg 

when laid because the larval epidermis may confer protection; (2) whether the egg is 

operculate; (3) mode of hatching; (4) presence of a uterine pore (Cestodaria only). 

Characters were optimized ont0 the phylogenetic trees for the Neodemata, Digenea, and 

Cestodaria using both the Acctran and Deltran options in MacClade v. 4.0 (Maddison and 

Maddison, 2001). 



RESULTS AND DISCUSSION 

Being endoparasitic in the gut of a vertebrate host is a synapomorphy for the 

Cercomeridea (figure 4.1), confvming the second macroevolutionary prediction based on 

Llewell y ni s hypothesis. Optimizing the presence or absence of quinone tanned eggs onto 

the phylogenetic tree for the Neodemata and its relatives (figure 4.2) indicates that 

quinone tanning is extremely old within the Platyhelminthes. Then are two equally 

parsimonious hypotheses for its continued diversification: (1) tanning was lost 

independently in the Fecampiidae and Udonella (tanning is symplesiomorphic for the 

Neodemata) and (2) tanning was lost in the ancestor of the Revertospemta and re- 

appeared in the ancestor of the Cercomeridea (Trematoda + Monogenea + Cestodaria). 

These results appear to indicate that quinone tanning has been lost at least once and 

possibly twice within this group but more data, especiafly from the rhabdocoels, are 

needed to test the hypotheses generated by the optimization. Given that we cannot 

determine the sequence of character evolution within a branch, scenario #2 above 

provides weaker support for Llewellyn's hypothesis than does scenario #l .  However, 

either scenario confirms the fmt prediction from Llewellyn's hypothesis: the presence of 

quinone-tanned eggshells is plesiomorphic for the Neodennata. 

As mentioned previously, quinone tanning is widespread throughout the 

Platyhelrninthes, so its point of origin may be as old, if not older, than the phylum. In 

order to pinpoint that origin, we need data frorn basal members of the phylum (e.g. 

Acoela and Catenulida) as well as from successive sister-groups to the Platyhelminthes 

(e.g., deuterostomes, Riutoct et al., 1993; Carranza et al., 1997). For the purposes of this 



study, however, 1 have now answered my first question: quinone tanning arose. at least. 

concurrently if not before the evolution of endoparasitism 

The next issue that needs to be addressed is the question of the functional 

significance, if any, of quinone tanning. Llewellyn suggested that sclerotin prevented the 

digestion of eggs as they passed through the vertebrate gut on their way to the external 

environment. The macroevolutionary patterns indicate that quinone tanning does appear 

to provide protection for the eggs of Fasciola hepatica, Schistocephalus solidus and the 

monogeneans Entobdella soleae and Diclidophova luscae from at least one digestive 

enzyme, pancreatin (Llewellyn, 1967). Protection from acids and digestive enzymes has 

also k e n  demonstrated for parasitic protozoans with cysts comprising of quinone tanned 

proteins. Being impermeable to water soluble substances, the coccidian quinone tanned 

cyst wall is not injured by chernicals which normally damage the protoplasm (Monné & 

Honig, 1954). Although these studies confirm the potential status of quinone tanning as 

an exaptation for endoparasitism (via protection of the eggs from digestion), this 

conclusion is tentative for two reasons. First, the experimental data base is extremely 

small for the group. Second, there are numerous physico-chemical properties associated 

with quinone tanned proteins; Le. quinone tanning may serve more than one function in 

these organisms (or, aiternatively different functions in different groups). For example, 

the antibacterial action of free quinones has been hown since 19 11 (See review in 

Colwell & McCail, 1945). While no free quinones are present during platyhelminth 

eggshell formation, fungal spores with quinone tanned protein coats demonstrate 

resistance to microbial lysis in soi1 (Kuo & Alexander, 1967; Potgieter & Alexander, 

1966). Kearn (1998) suggested that quinone-tanned eggshells provide a sterile and tightly 



sealed environment for the developing lacva. Protection ftom bacteriai invasion could 

thus hypothetically confer an adaptive benefit to organisms which provide no parental 

care to their eggs (i.e. do not clean or remove decaying eggs during development). The 

eggs are, in essence, on their own when released into water or ont0 soi], until they 

eventually hatch or are ingested by an intermediate host. Experimental investigations 

have also demonstrated that the quinone tanned protein coat of fùngal spores confers 

protection from light, particularly damage from ultraviolet radiation. (Sussaman, 1968). 

This occurs as a side effect of melanin production via the oxidation of tyrosine to DOPA 

to DOPAquinone to melanin. Although melanins have been detected in a variety of 

quinone tanning systems (e.g. insect cuticle: Sugumaran, 1998); to date no one has 

looked for these compounds in parasitic platyhelminth eggshells. Tyrosine is oxidized to 

produce at least DOPA in platyhelminth eggshell production (Waite & Rice-Ficht, 1987) 

so it is possible that the entire! melanin pathway exists in these organisms. Finaily, the 

adhesive quality of quinone tanned proteins (Waite, 1990) is very important to 

ectoparasites and various symbionts in transmission via host contact (e.g. during mating). 

It has also k e n  suggested that the presence of quinone tanmd proteins causes eggs to 

sink, which may be important to interstitial turbellarians (Ginetsinskaya, 1988). Overall, 

then, quinone-tanned eggs might possibly be serving at least five adaptive functions 

within the parasitic platyhelrninthes: protection from (1) macropredators (digestion of 

eggs by the definitive host), (2) micmpredators (bacterial attac k), and (3) the abiotic 

environment (radiation), as well as (4) increasing the Wtelihood of transmission and (5) 

aiding in dispersal. In order to determine whether these "intuitively obvious" benefits are 

indeed mal, we would need substantially more experimental investigations into the 



funciion of quinone tamed proteins. We would also need to demonstrate tàe function(s) 

of quinone tanned eggs in the closest Free living relatives of the Neodemata in order to 

determine whether that function is apomorphic or plesiomorphic within neodematans. 

These questions must be answered if we are ever to understand the complex nature of the 

evolution of quinone tanning. For example, quinone tanning may originally have been 

selectively advantageous in free living platyhelrninthes because of hinctions 2,3,4, and 5 

above. Function 1, protection from digestive enzymes, may be a side effect of quinone 

biochemistry that was never accessed before the association between flatworms and 

vertebrates appeared. In other words, the presence of quinone tanning may have allowed 

the ancestor of the Neodermata to develop and mature in a vertebrate's gut, but that 

functioii did not originate as an adaptation to or for endoparasitism. 

It might be possible to shed a little light on the problem by looking for groups in 

which quinone tanning has been lost, then asking if any other characters changed that 

might permit such a loss (assuming that quinone tanning plays an important role in 

flatworm biology). Optimizing the character ont0 the more detailed phylogenetic trees for 

the two major neodematan clades indicates that quinone tanning has been lost at least six 

times within the Digenea (figure 4.3) and once within the Cestodaria (figure 4.4). The 

convergent loss of quinow tanning within the Digenea is the perfect place to begin an 

investigation into the function of quinone tanning in these organisms. Repeated origins or 

losses of traits provides researchers with the evolutionary equivalent of replicated 

experimental trials; that is, this is a good place to test a hypothesis about the factors that 

might be influencing the evolution of a character (Coddington 1988; Arnold 1990; 

Brooks and McLennan 199 1). 



There are no obvious comlaîio~~~ between loss of quinone tanning and state of the 

egg when laid (figure 4 3 ,  the presence of an operculum (figure 4.6), or the mode of fmt 

intermediate host infection (figure 4.7). There is, however, an association between loss of 

quinone tanning and changes in the plesiomorphic habitat (route of egg emergence 

[figure 4.81 + site of adult infection [figure 4.91). Al1 of the six groups in which quinone 

tanning has been lost are ones in which the route of egg emergence does not require the 

egg to spend any (Sanguinicolidae, Gorgoderiidae), or little (Bucephalidae, Zoogonidae, 

Lepocreadiidae, Paramphistomatidae) time in the presence of the host's digestive 

enzymes. The Sanguinicolidae live in the circulatory system of their hosts where they 

release their eggs which eventually mature in the gills. Here the miracidium hatches and 

penetrates to the extenor. The Gorgoderiidae, inhabit the urinary bladder and shed their 

eggs into the surrounding unne (figure 4.8). The remaining four groups are al1 found in 

the intestinal tract of their host, but they tend to prefer posterior locations within that 

available "habitat" (figure 4.9). However, more detailed information on both hosts and 

specific site of infection are needed to critically evaluate Llewellyn's hypothesis. 

One interesting feature of paramphistomes is that derived members of the group 

have moved up into the rumen and bile ducts of homeothermic hosts. These taxa, as 

mentioned above, do not have quinone tanned eggs. At first glance, this appears to refute 

the hypothesis that quinone tanning is required to protect the eggs on their intestinal 

voyage. Pararnphistomes, however, have heavily keratinized eggshells, and keratin has 

been shown to have similar resistant properties to digestive enzymes (Smyth & Halton, 

1983). Interestingly, "some keratin may dso be present in the eggs of [Fasciola]. . . 
previously thought to consist solely of sclerotin" (Smyth & Haiton, 1983:99), while the 



eggshells of Orchispirium heterovitellatum (a sanguinicolid) are composed of elastin 

(Madhavi & Rao, 1971). Most eggs increase in volume as they develop (Tinsley, 1983), 

which may suggest that elastin, which would permit eggshell expansion, is widespread in 

the neodermatans. It is thus tempting to speculate that the eggshells of Neodematan eggs 

are plesiomorphically a composite of many different materials, including quinone-tanned 

proteins, elastin, and keratin. The composite nature of the eggshell would provide the raw 

materials on which selection could work; modifjhg the eggshell composition by 

emphasizing one component over another (e.g., loss of quinone-tanning and increase in 

keratin). In other words, it might be possible to select against the presence of quinone- 

tanned proteins in the plesiomorphic habitat (the gut) without the added Lamarckian 

stipulation that another functionally equivalent compound rniraculously appear to 

counteract that loss. Re-echoing the sentiments of Smyth & Halton (1983), it is clearly 

important to determine whether both structural proteins (sckrotin and keratin) are present 

because tests for keratin have been employed only in those instances in which sclerotin 

was absent. 1 wish to add that according to this logic, tests for elastin are also needed. 

Can keratin be formed from existing protein precursors in the absence, or 

inhibition, of phenol oxidase (one possible way to lose quinone tanning)? Recent, in vivo 

techniques to inhibit phenolase have been developed (Seed & Bennet, 1980) that would 

lend themselves to this very question. Keratins are formed by disulfîde bonds between 

cysteines, which have thiol sidethains. These ment in vivo techniques use thiols to 

compete with phenolase for copper ions. This suggests that protein precursors with more 

cysteines may effectively inhibit phenolase preventing quinone tanning. So, we can use 



these techniques to ask. If phenolase is inhibited, does katin form instead? and Do these 

eggs remain viable after passage through the host? 

Not ail trematode groups whose eggs receive only minor or no exposure to 

digestive enzymes have lost quinone tanned eggs (for example, the lung fluke, 

Heronimidae; the blood flukes, Schistosomatidae). This does not falsiQ the hypothesis 

that quinone tanning has been CO-opted to serve this protective role because there is 

nothing in Darwinian evolution that stipulates traits must be lost if they are no longer 

necessary. In fact, there are many explanations for why a "non-functionai" tmit may 

persist. The most obvious explanation is that evolution has not had time to eliminate it. 

This would appear to be unlikely in this case kcause the Neodemata is an extremely old 

group, at least 500 million years old. Altematively, there may be no underlying genetic 

variability in the trait, so natucal selection cannot work to modiQ its expression. Finally, 

there rnight be a greater cost incurred to eliminate the trait than to maintain it if the 

geneticldevelopmental bais for the trait is intertwined with the expression of other 

characters (e.g., through pleitropy, developmental constraints, etc: see Maynard Smith et ' 

al. 1985; Rose and Lauder 1996; Kelly 1999). At the moment, then, ail we can Say is that 

neodematan groups which have lost quinone tanning demonstrate a compensatory 

change in habitat (or egg sheli composition), but not ail groups that show a change in 

habitat lose quinone tanning. The two characters are not evolutionarily linked. 

Overail. the rnacroevolutionary patterns of character loss and habitat modification 

in the Digenea support Llewellyn's hypothesis. Clearly, however, until we can quantiS. 

concentration of enzymes in various parts of the intestinal tract and the time spent by the 

eggs in theu passage out of that tract, this support is more suggestive than conclusive. 



T b  are aiso a number of odditionai questions that must be answerecl: Do hosts that 

harbour species h m  any of these six groups also provide habitat for nedermatan 

species with quinone tanned eggs? If so, do the worms with quinone tanned eggshells 

occupy a more anterior position within the gut? 

Quinone tanning has been lost only once within the Cestodaria (figure 4.4). This 

loss occurs following a series of evolutionary modifications within the Eucestoda (true 

tapeworms). The key step here would appear to be the loss of the uterine pore, and 

subsequent packaging of the eggs within the proglottis. This is the functional equivaient 

to changing a quinone-tanned eggshell for a keratinized eggshell; in this case the eggs are 

protected by the adult neodermis of the proglottis. As discussed previously, tanning was 

not lost immediately following the suppused usurping of its huiction by the change in egg 

retention biology. Nevertheless, the pattern is still consistent with Llewellyn's 

hypothesis. What is needed now is a series of studies documenting the actual 

mechanism(s) underlying sclerotin "loss". 1s it the same in al1 groups? The 

macroevolutionary pattem hints that sclerotin, once lost, does not appear again. 1s this 

mly an irreversible evolutionary step or an artifact of missing data? 

The macroevolutionary analysis has thus provided tentative support for 

Llewellyn's hypothesis: quinone-tanned eggs are a plesiomorphy for the Neodemata (the 

character originated before, or concurrentiy with, the origin of endoparasitism), the 

plesiomorphic state for that endoparasitism is for the eggs to be released via an intestinal 

route in a vertebrate host, and the presence of quinone tanning is correlated with the 

requirement for eggs to pass through the harsh environment of the host intestinal tract. 

Relaxation of this requirement has been coupled with the loss of quinone tanning seven 



out of seven times. The correlation between bbq~in~ne-tanning present" and "expel eggs 

through intestinal tract" is not, however, perfect. Some groups living outside of the 

intestine have quinone-tanned eggs (e.g. schistosomes), while others living in the 

intestine (e .g . paramphistomes) have lost quinone tanning w ithout suffering any obvious 

fitness consequences. These observations hint that the system is more complex than 

simply "quinone-tanning present or absent"; that the state of the neodematan eggshell 

represents the outcome of numerous selection vectors acting (possibly) upon the complex 

pathway producing keratin and quinone proteins in the eggshell (e.g., nduce quinone 

tanning, increase keratin content), in concert with other changes in the life history 

parameters (e.g., retention of eggs in proglottids) that affect egg expulsion. We also need 

to examine the suggestion that quinone tanning may have more than one function in these 

parasi tes (e.g . , protec ting the eggs fkom bacterial andor radiation damage). Given the 

complexity of this system, it seems unlikely that there will be just one general 

explanation for the maintenance and modification of quinone tanning in the Neodemata. 



Figure 4.1. Optimization of route of egg emergence onto the phylogemcic trcc for the 

Neodennata and its relatives (strict consensus of figure 2.3) with Ticladida and 

Ploycladida placed at the base of the tree. 
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Figure 4.2. Opiimization of presemx or absence of quinane tanned eggs onta the 

phylogenetic tree for the Neodemata and its relatives (strict consensus of figure 2.3) with 

Tricladida and Ploycladida placed at the base of the tree. There are two equally 

parsimonious optimizations for this trait (as indicated by the hatched lines). 
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Figure 4.3. Opcimization of pence  or absence of quimnie tanning ont0 k pliyfagtnttic 

tree for the Digenea (Brooks and McLennan, 1993). 
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Figure 4.4. Optimization of four Me h i s t q  traits and the piesence or absence of quinant 

tanning ont0 the phylogenetic me for the Cestoclaria (Hoberg et al., 1997). 





Figure 4.5.Op(imhation of cbe mbryonic state of the egg when depsitecl ont0 the 

phylogenetic tree for the Digenea (Brooks and McLennan, 1993). 
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Figure 4.6. Optimization of the prese- or absence of an operculum on the egg ont0 the 

phylogenetic tree for the Digenea (Brooks and McLennan, 1993). 



Microscap hidiidae 
Paramphistomidae 
Echinostomatidae 
Philophthalmidae 

Macroderoididae 

Lecithodend riidae 



Figure 4.7. Optimization of the mode of infection of the intennediatt host bnto che 

phylogenetic tree for the Digenea (Brooks and McLennan, 1993). 
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Figure 4.8. Optimization of the route of egg eme- fian the definitive host ont0 the 

phylogenetic tree for the Digenea (Brooks and McLennan, 1993). 
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Figure 4.9. Optimization of the part of the definitive host inhabitcd by the adttlt parasite 

ont0 the phylogenetic tree for the Digenea (Brooks and McLennan, 1993). 
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Appendix 1 
4 

T m  Vertebrate Host Siteof Geographic Reference 
Adult Location 
wonn 

Stichocotyle nep h ropis Elasmobranchii biliary Atlantic Linton ( 1940) 
Raja clavata ducts Ocean N.A. 

Multicalyx cristata Elasrnobranchii biliary Senegal Reviewed in Thoney & Burreson 
Rhfnoptera quadiloba ducts ( 1  988) 
Mustelus canis spiral 

Multicalyx elegans 

Scoliodon terrae-novae valve? 
Rhinobatus cemiculus 
Pristis pectimta 
Dasyatis sayi 

S p h y m  lewini 
Odontaspis taurus 

Holocephalii 
Chimaera monstosa 

Gulf of 
Mexico 

Massachusetts 
Santa Barbara 
California 
Natal, South 
Africa 
East Cape, 
South Africa 

Reviewed in Thoney & Burreson 
North Sea ( 1988) 
Mississippi 
(Atlantic) 
Argentins 

Callorhynchus milii (Atlantic) 



Cotylogaster michuelis 

C~îylogu~teroides 
occidentalis 
Cotylogasteroides barrowi 
Cotyiogaster dinosoides 

Cotylogaster basiri 

Rugogaster callorhinchi 

Rugogater hydrolagi 

Hydrolagus collei 

Sparidae- porgies 
Cantharus orbicularis 
Spams auratus 

Sciaenidae- drums 
Aplodinotus grunniens 

N/R 
Sciaenidae- drums 

Pogonias cromis 

Archosurgus probatocephnlus 
Sciaenidae- porgies 

Micropogonias undubtus 
Menticirrhus americanus 

Carangidae- pompano 
Trachinotus carofinus 
Tracghinotus falcatus 

Holocephalii 
Callorhinchus callorhinchus 

Holocephaiii 
Hydrolagus colliei 

intestine 

intestine 

intestine 

intestine 
rectum 

rectal 
glands 
rectal 
glands 

NE Atlantic 
New Zealand 
NE Pacific 
Mediterranean 

N.A. 

N.A 
Gulf of 
Mexico 
(Mississipi & 
Louisiana) 

Peurto Rico 
Durban Natal, 
South Africa 
Gulf of 
Mexico 
(Mississippi 
& Louisiana) 

Monticelli (1892) 
Montecelli ( 1906) 
Nickerson (1902) 
Sogandares-Berna1 ( 1955) 
Huehner & Etges (1972) 
Hendrix & Overstreet ( 1977) 

Siddiqi & Cable (1960) 
Bray (1984) 

Hendrix & Overstreet (1977) 

Atlantic Amato & Pereira ( 1995) 
Ocean S.A. 
Pacific Ocean Shell(1973) 
N. A. 

Asidopaster conchicola Amyda sinensis (Turtle) intestine Wuchang Reviewed in DollfÙs (1 958) 



Aspidogaster limacoides 

a, 
@ Cyprinidae (China) 

Leuciscus aethiops Wuchang 
Cyprinus carpio (China) 

N.A. 
Cyprinidae intestine Reviewed in Dollfus (1958) 

Leuciscus idus 
Leucsicus cephalus 
Aspius aspius 
Blicca bjoerkna 
Abrumis sapa 
Abramis ballems 
Abrumis brama 
Rutilus mi 
Rutilus rutilus 
Barbus brachycephalus 
V i d a  vimbu 

Gobiidae 
Gobius jluviatilius 

Siluridae 
Silu ris 

Asidogaster decatis Cy prhidae intestine Lake Reviewed in Dollfus (1958) 
Cyprinus carpio Antioche 

A spiduguster enneutis Cyprinidae intestine Lake Reviewed in Dollfiis (1958) 
Barbus sp. Tiberiade 

A~pidogaster piscicola Cyprinidae intestine India Rawat (1948) 
Labeo rhoita 

Aspidoguster indicuni Cy prinidae intestine India Dayd (1943) 
Barbus tor 

Lobatosoma manteri Carrangidae- pompanos intestine Australia Rohde (1973) 



VI 

2 Trachinotus blochi 
Lobatosoma kemostorna Carrangidae- pompanos Florida 

Trachinofus carolinus 
bbatosoma ringens Carrangidae- pompanos intestine Summarized in Hendrix & 

Trachinotus carofinus North Overstreet (1 977); 
Truchinotus falcatus Catolina Narasimhulu & Madhavi (1980) 

Sciaenidae- drums Gulf of 
Micropogonias furnieri Mexico 
Micropogonias opercularis 
Micropogonias undulatus Jamaica 
Menticirrhus americanus Argentha 

Sparidae- porgies North 
Calamus calamus Carolina 
Calamus bajonado Mississippi 
Stenstomus chrysops 

Ephippidae- spadefishes Florida 
Chaetodipterus faber 

Labridae- wrasses Bermuda 
Halichoeres radiatus 
Iridio radiatus Horida 

Pleuronectidae- flounder 
Oncopterus danvini Bermuda 

Exocoetidae- half'beaks 
Hyporhamphhus roberti Argentina 

Pomatomidae- bluefishes 
Pomatomous saltatrln Gulf of 

Mexico 

Bermuda 



u 2 Lobatosoma ansiotremum Haemulidae intestine Chile 

Lobatosonta albulae 

Lubatosorna hanumanthai 

Lobatosoma jungwirthi 

Lobatosoma pacijkum 

Lophotaspis interiora 
Lophotaspis orientalis 

Mu fticutyle purvisi 
UFsemysia ovata 
Lissemysia indica 
Ussemysia bipini 
L.issemysio mehrai 
LLIsemysia sinha 
Lrrsemysia macrorchis 
L&semysiu pandei 

Lissemysia hepatica 
Ursemysia jagatai 
Usemysia aganvali 

Ansiotremus scapularis 
Al bulidae 

Albula vulpes 
Carangidae- pompanos 

Trachinotus blochi 
Cichilidae 

Geophagus bruchyurus 
Cichlasoma facetum 

Carangidae- pompanos 

Macruchelys 
Amyda tuberculata (mud 
turtle) 
Sieben ruckiella 
NIR 
Lissemys punctata 
Lissemys punctata 
Lissemys punctata 
Lissemys punctata 
N/R 
Cyprinidae 

Puntius sarana 
Lissemys punctata 
Lissemys punctata 
C yprinidae 

intestine 

intestine 

intestine 

esophagus 
& stomach 
intestine 

stomach & 
intestine 

? 

liver 
intestine 
intestine 

Hawaii 

Bay of Bengal 

Brazil 
Argentins 
Gaiapagos 

Gulf of 
Mexico 
N.A. 
China 

Mdaya 
India 
India 
India 
India 
India 

hdia 

India 
India 
India 

Oiiva & Carvajal(1984) 

Yamaguti 1968 

Narasimhulu & Madhavi (1980) 

Zylber & Ostrowski de Nunez 
( 1999) 

Faust & Tang (1936) 

Dawes (1941) 
Tandon (1949) 
Sinha (1935) 
Agarwai (1973) 
Srivastava & Singh (1959) 
Srivastava & Singh (1959) 
Siddiqui (1965) 
Rai (i970) 

Dandotia ( 1972) 
Gwalior & Singh (1973) 
Singh & Tewari (1985) 

Puntius ticto 



fi 2 Lissemysia ocellata N/R India Ramachandnila & Agarwal 
( 1984) 

Coîylaspis stunkardi Chelydra serpentinu intestine N.A. Rumbold (1 928) 
Cotyluspis cokeri Malacoclemys leseurii intestine N.A. Reviewed in Faust & Tang 

(1936) 
Cotylaspis lenoiri Tetrathyra vaillanti intestine Senegal 
Cotylaspis insignis N/R NIA. 

Tetrathyra (hntle) intestine Africa 
Cûtylaspis coreensis Amyda sinensis (mud mie)  intestine Korea Cho & Seo (1977) 
Cotylaspis sinensis Amyda tuberculatu (mud intestine China Faust & Tang (1936) 

Mle) 
Coîylaspis anodontae N/R N .  A. Stunkard (1 9 17) 
Rohdella siamensis Cyprinidae intestine Thailand Gibson & Chinabut (1987) 

Osteochilus melanopIeurw 
Barbus &ruphni 

Sychnocotyle kholo Emydura macquarii intestine Australia Ferguson et al. (1999) 
(freshwater turtle) 



Taxa Phenol Protein Phenolase Reference 

TRICLADIDA 
G d  segmentatu + ? ? Viaili (1933) 
Dendrocoelum lacteum + + + Nurse ( 1 950) 
Polycelis nigra + + + Gemli & Pedrazzi (1965) 
Planaria tonta + + + Geneli & Pedraai (1965) 
Dugesia lugubris + + + Geneli & Pedrazzi ( 1965) 

POLYCLADIDA 
Lepiop fana tremellaris + ? ? Vidli (1933) 
ïhysanozoon brocchii + + ? Gerzelli (1960) 
Pseudoceros velutinus + + ? Gerzelli (1960) 
Pseudostylochus sp. + + + Ishida & Teshirogi (1986) 

RHABDOCOELA 
Macrostomum tuba + + ? Gerzeli (1966) 
Microdaiyellia fairchildi + + + Bunke (1972) 
Micralolyellia sp. + + ? Gerzeli (1946) 
Mesocasirado furhmanni + + ? Geneli (1966) 
Rhynchomeso~tomu + + ? Geneli (1966) 

rostratum 
Mesostoma benazii + + ? Gerzeli ( 1966) 
Mesostoma craci + + ? Gerzeli (1966) 
Mesostomu lingua + + ? Gerzeli (1966) 



Gyratrix hennaphroditus + + ? Gerzeli (1966) 
ASPIDOB~HREA 

Aspidogaster conchicola + + + Gerzeli (1968) 
DIGENEA 
Ailocreadiidae 

Macrolecithus papi figer + + + Rees (1936) 
Aporocotylidae 

Orchispiriwn - + - Madhavi & Rao (197 1 )  
heterovitellatum 

Bucephdidae 
Bucephaloides + ? - Symth & Clegg (1959) 
gracilescens 

Cyathocotylidae 
Cyathocoîye bushiensis + + + Erasmus ( 1972) 
Holostephanus lehei + + + Erasmus (1972) 

Echinostomatidac 
A rtyfechinostomum + + + Madhavi (1971) 
mehrai 
Echinoparyphium + + + Fried & Stromberg (197 1) 
recu watum 
Isoparorchis + + + Srivasta & Gupta ( 1978) 

hypselobagri 
Fasciolidae 

Fasciola hepatica + + + Symth &Clegg (1959) 
Fasciola indica + + + La1 & John (1967) 

Fellodistomatidae 
Lintonium vibex + + + Coi1 ( 1  972) 
Proctoeces subtenuis ? ? - Freeman & Llewellyn (1958) 



Gorgoderidae 
Gorgoderina uttenuata 
Gorgoderina sp. 

Halipegidae 
Hulipegus eccentricus 

Herniuridae 
Syncoeliurn spathulatm 

Heterophyidae 
Crypocotyle lingua 

Lecithodendriidae 
Branîiesia turgido 
Ganeo tigrinum 
Pleurogenes claviger 

Notocotylidae 
Ogmocotyle indic0 

ûpisthorchiidae 
Clonorchis sinensis 

Paramphistomidae 
Carmyerius spatiosus 
Cannyerius synethes 
Diplodiscus amphichurus 
Diplodiscus mehrai 
Gas~rodiscus secundus 
Gastrothyliu crumenifer 
Megalodiscus temperatus 

Nollen (1971) 
Symth & Clegg (1959) 

Guilford (1 96 1) 

Coil & Kuntz (1963) 

Symth & Clegg (1 959) 

Geneli (1968) 
Kandhaswami (1980) 
Geneli (1968) 

Coi1 ( 1966) 

Ma (1963) 

Madhavi ( 1966) 
Eduardo ( 1976) 
Kanwar & Aganval(1977) 
Madhavi ( 1968) 
Madhavi ( 1 966) 
Eduardo (1976) 
Nollen ( 197 1) 

Paramphistomum cervi Madhavi ( 1966) 
# 



Philophthalmidae 
Philophtha1mus 
megalurus 

Plagiorchiidae 
Dolicltosaccus rastellus 
Glypthelmins sp. 
Haematoloechus 
medioplexus 
Haplometra cylindracoe 
Macruderu longicollis 

Schistosomatidae 
Schistosoma japonicwn 
Schistosoma mansoni 

Strigeidae 
Apatemon gracilis 
Diplostomum phoxini 
Diplostumum spathaceum 

Symth (1954) 
Fried & Stromberg (197 1 ) 
Fried & Stromberg (197 1) 

Symth (1954) 
Geneli ( 1968) 

Ho & Yang (1973) 
Clegg & Symth (1968) 

Erasmus (1972) 
Bell & Symth (1958) 
Erasmus (1972) 





Bunoden, l ~ ~ b j w ~  intestine of fish 

Bunoder8 s~ccuI8ta intestine 
Cmpiûostamum coop& pyioric œca 
CIopklostomurn comuîum intestine of fish 

mifacidial invasion 

ecuminete stornach of fishes & eel 

Azygie sebaga stomach of eels 

hmia bnge stomach of fi* 

ingestion 
ingestion-srtail faeces 

examined. Eggs 
passed as a sûhg in 

mucous 

ingesüon. Note eggs 
stored for several 

wedts at 7C readily 
hatched when placed 
in r om temp. These 
were assurneci to be 

non-infecb've. Y B  
mindiiaîed Eggs are light yellow in 

miracidiurn is present dm. Sillman (1860) 



digestive trad of marine 
fidl 

Eggs wecie t& 
(iom e61t and 

required 2 weeks to 
devdop. 

amtain mireadium 
that M W  minutes 

allsr 

intestine of marine 
fishes 

stomacâ-~ of fish 
pyloric ceca of marine 

fish BNesicuIa caribensis 
Brachylaemidae 

ingested. Could nat 
induce hatching. 

ingested stated, but 
na hatching enp. or 

&S. made intestine of mammals 
posterior part of 

intestine and caecum 
ingestion- snail 
îaeces &&ed Posthannosîomum gellinum 

B&laemus mesostomus? 

intestine d mammals 

bursa Fabricii of birds 8 

ingestion-unspaified 
probably ingestion- 
hatching attempts 

failed embrymted golden brown eggs Allisûn (1943) Leucochbn'dîomorphe consfantiae intestine of mammal 



doaca of birds 
panueaüc dud of 

mmmal 

doataofbirds 

intestine of rabbits 

buna F a M i  of birds 

maturs miracidia dark kom, sggs Kagan (1951. 1952) 
paioally âedoped eges goldsn brown es they 

mireddium mature Rowan (1955) 
Timon-David 

(1957e) 

futly ramed 
miraddium W h s a d  (1930) 

oo(odes!? eggs, hatdr 
fully farrned immediateiy on mtad with 
rniFeddium water Woodhaad (1929) 

likely swept siphon faeœs 

did nai hatch. 
eggsshells with open 

operaila tound in 
mail Faeces but no 
primary sporocysb 

were found 2 weeks 
later- natural intedian 

can not be~ 
exduded.Miraciâii 
are quiesœnî within 

e9g. 

EggsWl is K i ,  ydbw b 
opaque. Nd penneable to 

em bryonated stains. Shinkard (1 976) 
fully developed. hatch 

immediatety upon 
mtad d t h  water Kni&em (1952) 

Stunkard (1976) 

Rhipidodotyfe transversale intestine of fish 

Rhipidootyle sepipepillata pyloric ceca of fish 
Rhipidocofyle lintoni 

miracidial inasion 

Matthews (1973b) 
Matthews (1 973) 

embryonation takes 
place in water not quinone tannned Metaiews (1974) 

Bu~eph8/uS heimeanus 

BuœphaEoides grealescens intestine of fishes 
miracidium swept into 

siphan 



Roubotagg 
m-1 

OpsrCulm stateofaggwtmi 
Taxa Sbofrdidtwomi Modeofinhctiori pfesmt kId Egg Cdour Refemlw 

Cep)ialogonimidae 
?egQsckinsd 

ingesüon (mails through W n g  apart Orrmsn6 
Cephakgonimus wsicaudus intedine of turlle eltposed -1 Y= a d t h  U m  (1977) 
Cephabgunimus americsnus intestine of frogs ingestion YeS fully ernbiyonated Lang (1968) 

intestine of D r o ~  Lang 
Cephalogonimus s d a m e d ~ ~  salamander ingestion Y- fully embryonated (1 974)  

Cli&@dae 
Qimstomum camplanetum* mOufh swalbwed and voidsd miracidial invasion Y= bolh üao (1 993) 

Oshm (1890); 
oralcavity&esophagus faeces.buteggsals0 Hopkins (1 933); 

CIi'stomum metginaturn of birds faund in henm uterus. Wi (1934b) 
CIimsbmum sinensis$ bile dud i m  YeS contain m M i u m  

AOa-1 
CIimsîornum gigenticum hatdiing obs. (1959,1963) 

Odhnedoaierna incommodurn buccal cavity harchhg aba. Ldgh (1970) 
Cry Otogonimidae 

ingestion-couldn't 
induœ hatching. 

Adive peneûation not 
intestine. plyforic œca & obs. Snail faeœs not 

Caecincda ~ a n ~ l u s  stomach of barn faeoes ctnxked. 

Siphodefa wnekiwanisii intestine of toadfish 

Caecincda letostome intestine of fishes 

Stemmatosorne pearsoni intestine of fish faeces 
Cyathocotylidae 

caecum birds 8 
Cyalhocotyle bushiensis mammals faeces 
Cyalhocoîyk? gravien intestine of birds 

intestine of birds L 
Metostephanus appendicuîafoides mammak 

intestine of birds 8 
hîeoîephanus eppendiwlatus mammals 

Mesosiephanus yede8e intestine 

miraadia obtain 
through pressure= 

ingestion? 

ingestion - exposed 
to eggs. empty shells 

in stomach 8 
iniestine. Did not 

hatch within 4 weekç. 

miraadial invasion 
miracidial invasion 

Greer & Corkum 
fully embryonated th i i  shelled (1979) 

parüally embryonated- 
mass of cdls wiîh the 

ves fom of the miracidium e(iw thick shelled. Cribb (198û1 

unembryonated- 
develop in 6-10 days Egg light yellow. Thin 

Y= hatch in 14 days 8helled. Khan (1962b) 
Mathias (1935) 

Hutton 8 
Sogandares-Bemal 

(1Qw 

eggs ydlowish oolor Martin (1961) 
Dennis (t 973) 



S D.Vd0pn-l 
~4 R-otegg Operculm s t s t . o f e g g ~  

T u u  Sitoofaddtwonn mwgmce M o d b o f i m  f~wsent kb Egg Colour R d h n c a  
Holhnan 8 Dunôar 

lVeoOogafüa kenhrnkiensis (1 963) 
inWne of îish 8 

~ m i s t o m u m  diandki watemmke Vtwnbafg (1852) 
Andsrsari&Cabb 

Linstowiela &al (1950) 
Stsng I Cabîe 

Holostephanus idalun intestine of catfish (1 966) 
Cyclocoeli- 

air sacs. Miiraüon 
through hitestine into 
body cavity then into 

liver by airad 
penetration alen carried ingested and passeci mirecidiel aitachment 

Cvdo~o~Iurn muîsbik to air sec. îhrowhfaeœs andradialinvadon YB3 
miracidiil invaskk 

eggs hatch quidtly in 
~ 0 ~ 0 8 t u r n  jmnsdri abdominal air sacs wader m 

insss*eMp 
placedwithsnails 
dafievvhours 

lalerlhemoistpa~er 
and eggs wem 

devoumd.Éwperiment 
In a specimen- eggs ally induced egg 

nrere found in mucous of laying by Qutting 
bachea but al1 oaier adults in watw. eggs 

air sacs and body spedrnens were hatched alter onîy 
Pseudhyptttiemus ddîh& cavity. W. and hour or tm. 

CyCrbcllelurn obswnrm 

Cyc/oco~/urn vanelli 

nasal cavity 

air sacs of birds 

air sacs of bids 

air sacs of birds 

Sreekumaran L Peters 
(1973)lnd. Vet. J. 

50:1û60 could not find 
eggs in Faeaes assumed 

ta emerge from nasal redia wittiin 
excretions into water mitaàdium bares into 
whiie bird is dnnking. snail Y s  

miraciâia Mach to 
mil & redia 
.-a Y- 

rniraadia hatch in 
utero il cantain redia 
miracidia -ch to 

snaii 8 redia 
pe-es Y= 

unembryonated light yellow 

miracidia with redia 
pcesent in utelus 

miraadia with redia 
present in cRerus 

miraadia present- 
hatch immediately 
when emersed in 

wakr 

miracidium present eggs light bmwn in color Taft (1973) 

hatch in uim Tact (1 974) 

miracidium p s e n t  eggs gddsci-brown in alor TaCt (1975) 





Aieris anis' intestine taeceS 

? rnany eg@s hatched 
when indibateâ in 

dark at 30 d e g m  C 
f o r 8 ~ s w e r e  g o m  - eggs 

brought into the IiiM tramparant Hendridrsori (1986) 
E t w  (1 B53a) 

miraadiat invasion 
(stimulateci hatching) Y- 

miraQdial invasion- 
Harris et el (1970) 

6ec&eti i  (1971) 

panmatic du& 

intestine 

&S. 
miracklia1 invasion 

(stirnulated hatching) 
miraadial invasion. 

died. Eggs had to be 
pîaœd w i ü ~  snaif. No 

&S. Y= 

12 days for miracidia 
to develop and 18 to 

hakh Chandler (1942) 

intesfine 

intestine 

intestine 

ydlow eggs when mature Velasquez (l964a) 
Martin 8 Adams 

16-27 ta ttatch y d k w  eggs when mature (1961) 
large wa with heavy shells 

amber in coior Beaver, (1941 b) 

miradial invasion- 
hatdiing Y e s  



intestine 
intestine 

-segs 
undsgved conditiori eam wllorn-bnmn in cdor 

UII&WJW%- 28C Bdays 
for mhaddium to 

dwelop ~ydlovv-brami in cûor. 
undeaved may hatch 
within 8 davs et 28C Eggs are ydlowish-komi, 

Eggs am yellomsh-komi. 
unc&ad c a r r d i -  
mimidia cbvebp in 7 

days hatch on 8th yelkwlbromi eggs 

Kanev et el. 
(19-1 

Lie & U m m  
(1 

Lie et ai. (1975) 

intestine miracidial invasion 

miracidial invasion 
mirecidial invasion intestine 

Ediirtasfma auûyi (Kanev 1994 syn. 
of E. mvolufum ) rechrm 

intestine 

mirecidial invadon 
miraciâial invasion 

mifacidial invajon- 
hatc.d eggs but. 

expenmental intectton 
mduded 

miracidial invasion - 
hatching not 

observed 

Echinosfoma munnum Lie (1987) 

intestine 

Stunkard (1960) 
Stunkard (1988) 

undevelopecl, hatch in thin, transparent shelled 
a week @ 26C WgS4 intestine miradial invasion Jain (lBSL,b) 

Peryphoslomum bubukusi intestine of bird miraadial invasion Y a  embrymted bromiish eggs 

ParSlpbostomum rsdiatum (syn. P. 
tenuicdlis ) intestine of Comorant 

incubated 16-18 days 
miracidial invasion Y= frum uterus. Eggs are yeîlowish-brown. 
mitaaidial invasion 

because hatched not doesn'î appear so require 17 days to 
absemd from figure hatch 

unemlxyonated- 7 to 8 
days ta deveiop start 

miradial invasion Y= to hatch ari 11th day Eggs light yellow in adout. 
2 cet1 stage. 18 days at 

20C minimum 
miracidial invasion Y s  incubation Ydb q g j  

ilium of exp. chicken 
Hypodereeum rîtigedane reported hom a willel 

Adams 8 Mariin 
(1963) 

Khan (1962a) 

Hypoderaeum conoideum intestine Mathias (1925) 
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intestine 
mWne 

miracidiel in- 
noî obs. M i i  obs 
to die within minutes 
of being powed ouî 

intestine of raccoon faeces 

intestine of 6she5 

intesüne of birds 
inlestim of birds 

James (1984) 
Bowets L 

James(1967) embryonated 

embryonated 
(z~aote) 

embryonated 
(zygote) 

embryonated 

intestine of fish miracldial invasion 

miracidial invasion intestine of fish 
intestine of fish 

Wtson (1 984) 
Stunkard (1989) colwriess eggs 

colourless eggs intestine of fish Stunkard (1980b) 

Lepocmedium 8miatum 
Monorchlidae 

Asymphybtiom amnicoi88 
(Monordiiiâae- see Stunkard (1983)) 

Stunkard (1980~) 

yeibw eggs. Redewed in 
Stunkard (1983). 

yellow brown eggs 
coloriess eggs 

brownish eggs 

intestine of fish contain miracidia Stunkard (1959) 
Van den Bloek & 
de Jong (1979) 
Schell(1973) 

Macy 8, EnglM 
(1975) 

intestine of fish 
intestine of fi& 

contain miraddia 
embryonated ingestion 

intestine of fish 

intestine of fish 





'0 Dsvel-I 
c*l R ~ d e g g  O ~ u l u m  sfatsofeggwhm 

Taxa Siteofaôukwonn emergenw Modeofinfection pre#mt laid Egg Colour Rehmîue 
Rankhi (1939, 

mirecidial invaskm Nu- only immature 1940); Stunkard 
Gyntmmîyh nessicoia intestine of gulfs evidenœ not g h n  egg is figureâ (1 983) 

Maritrsma I a M a  mtestine of gults WA NCR NIR Chhg ( 1  963) 
LeMnsenEella c m i  intestine Young (1936) 

eggs b m e  thicker, 
tough  6 brigM yeîlolur in 

MfcriophaMus similis ingestbn Y- miracidia prssent oolor Stunkaid (1857) 

wgs - thidrw, 
Odhneda odhneri inte Jne of heron touohef 8 opaque Sîunkard (1 979) 

Lecithodendrii- 
Mus?& drordeilesia 8 

Lecithodendrium chiiostomum McMulbn (1936); 
-Y intesüne of birds Brown (1933) 

&ecitiwdendnurn pymmidium M m  (1936) 
Acanthatrium intestine of bals yellowish brown eggs Cheng (1957) 

Knight U Pratt 
Aba3sogono~s resperiilionis intestine of bats (1 955) 

Macy 6 Moore 
Cephelophallus obscums intestine of marnmal bromish eggs (1 954) 

intestine of Anderson et al 
Cephakwterina dkamptodoni salamander (1 966) 

Macy 8 Bell 
Metdiophilius uetiws intestine of bids yellow-brown eggs (1 968b) 
Pleuri~genoides tener intestine of lizard Macy (1 964) 

Pn,sfhodendrium anapiocami Etges (1960) 
Micmscaphtdiiâae 

Stunkard (1937); 
totz 8 Corkum 

Oictyangium chelydfae intestine of turtle (1 984) 
Notocotylidae 

ceca of mice. also found 
in a woodchuck & 

Quinqueserialis hassalli gopher Smith (1954) 

 inq que se ria lis quinpueserialisg cecum 
waterfowl- ceca 8 

Notocotylus tadomae intestine 
~aterfowl- c e ~ a  8 

Notocotylus gippyensis cloaca 
intestine 8 ceca of bids 

Notmîyius stagnFcolae 8 rnarnmals 
intestine 8 ceca of birds 

Notorotyius utbanensis* & mammals 

fully embyonated 

fully embryonated 

unembryonated 

unembryonated (one 
cell condition) 

ingestion yes & filamented embryonated Merber (1942) 

y- 8 filamented eggs are dodess Bisset (1977) 

ingestiin 





2 
R o u b o t e g g  

m-1 
N OpwCUIlnM statiBOf~wh«i 

Taxa Siteofrddtmnm emwgma Modedi- pmmt Idd Egg colOw Refomnw 
WI &Pdœ (1932); 

Diprodisws tsmpmhs rectum of frogs F mlracidium pmenl -egOs Hûfùu (1939) 
intestine of 3-5 œil sUge. hatai mrgat 6 Wb 

dipkdi's subdavehrs amphiôians mitaadial invasion W 12-13 days ( 19770) 
Simon-via 

Opislhodiiscus nQrivssis cloaca of frogs ai. (1974) 
miraddial invasion- 3-5 dl -, hatch 

Ce-s ddiibsi nimen of bovines hatched YSS 15-1 8 days @ 29C C;retillat (1960) 
cloaca of frogs & 

AUaJOStdma panwm turtle Bsausr (1 929) 

intestine of birds faeces m Y= 

intestine of bnds 
@!#os 

p(scsd mth mails) Y- 
intestine of bids Paeces ingesüon Y- 
intestine of bids faeoes - YSS 
intestine of bats 

i-ing 
intestine of birds faeces notubs v e  

f%giordris anmiurensis intestine of catnsh 
PJsgiord,is megabrchis intestine (ex Tufkey) 

PIagiordtis neotniôis redum 
Plagi0rc)iis dilimanensis intestine (exp. Mouse) 

mouth, air passages, 
ReniiWnae, Dasymetra, 8 lungs. esophagus and 

Pneumatopltilus stomach of snakes 

tradiea CL upper lungs of 
Dolkhopera macalpini snake 

Plagitun, se!@mendra intestine 

'w=tion- ?w.e4p 
Ova deposited in the hatch only tn speafic 

lungs and ~ b i ~ t y e d  to snail gasûic juioes. 
the mot& by ciliary No mirecidia in mail 

ection, swatlawed and faeœs or seen 
passedmthfaeces. swimmim. 

ingestion 

3 Bb- (1977) 
u n e m ~ d  
unembryonatsd 

4-5 days at rwm temp. for 
MstV (1960) 

uncleeved miracidiabdbveloo. Naiarian(1861) 

McCay (1 928); Byrd 
(1935);oWSn 

( 1 W ;  
thin dark biomi etastic Taîbot(1933); 

miracidia oresent shells Goadmari t 1949) 
blly mature Byrd & Maples 
miracüium (1963) 

ingeJtion- didn't hatch 
in water. mi&i 
found in gul after Jbhnmton & AnpI 
eqmsure to eggs miracidia present 6 r k  brown eggs (1 940) 

miraadia M not e d i  
ingesIed- failed to or inFeclive whan 

hatch bui did in mail passed need 4 days in dark brown, thin pliable 
gastric juices Y- waîer shdl Omm (1w) 





a n a  



intestins of freshwatef 
fishes 

intestine of salamander 

lungs of mammals 
lungs of mammals 
lungs of mammals 
lungs of mammals 

intestine of mammals 
intestine of mammals 

miracidia! invasion 

Y ~ ~ O W  essS Velasquer (1961) 
CNSZ & Ratneyake 

yeilaw to dark b r m  eggs 

kiney (ma l  tubules) of 
birds 

kidney (rend tubules) of 
birds 

fully embryonated Eggs dark in cdw Stunkard (1Wb) 
Prevot 6 Bartdi 

(1978) 
em bryonated Stunkard (1974) ingestion 

miraMd invasion. 
eggs hatdi in gill 

filaments 
Mood vessels of marine 

fidl 





intestine 

Coly lu~s  michigenensis- Note the 
m r i a  used were diplostomum 

describe as Cemna emerginata. bursa Fabriai 

S t m  tarda (âted by Cod 8 Olvier, 
1942) intestine 

St-e eiegen* intestine 

minaidial invasion- 
mails exposed to 

faeees miraddia 
miriddial invasion- 
snaLexpos4dto 
mitaàdia but also 
eggs that dii not 
haàh and also 

became intected 

miracidial invasion- 
hatcheâ in 19 days 

mails to 
miracjdia aithough 
waîcheâ caretully 

didn' Ob$. 
pemtmtion.Eggs may 

have been prescrit 

miradial invasion 
miricidial invasion 

ves 

ves 

undeaved conditim eggs ligM orsnge brown 
hatch as da* as 16 cda tîm outer wfabe 

days usualy t&mm beawnes sod<y a&tr a few 
24-28 davs at 28C davs 6as& (1969) 

were al- to Van H a M a  
embryonale (CNiver 8 (1930); ûliviar U 

Cort 1942) Cort ( t 942) 
undeaved- 24hn 1st 
deavage, 4 œll stage 
in 2-3 days, 21 days to 
hatch at 20C 8 days at 

27C E m  are da* vdlow Maaiias /f 9ZS) 



inlestins of lishes 

intestine of llshes 
miraddia probebly 

enter dpbon d mail 

Prsvo( (1988) 
k& (1 976) 

Eggs have no sheil, mature 
miraddia are in 

msmbranous sacs Studmrd (1938) 

*= MD& ël al. iiees) 
#=ûîwn (1974) 




