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Abstract. Rotifers are free-living animals usually 
smaller than 1 mm that possess a characteristic wheel 
organ. Acanthocephalans (thorny-headed worms) are 
larger endoparasitic animals that use vertebrates and ar- 
thropods to complete their life cycle. The taxa Acantho- 
cephala and Rotifera are considered separate phyla, often 
within the taxon Aschelminthes. We have reexamined 
the relationship between Rotifera and Acanthocephala 
using 18S rRNA gene sequences. Our results conclu- 
sively show that Acanthocephala is the sister group of 
the rotifer class Bdelloidea. Rotifera was nonmonophy- 
letic in all molecular analyses, which supports the hy- 
pothesis that the Acanthocephala represent a taxon 
within the phylum Rotifera and not a separate phylum. 
These results agree with a previous cladistic study of 
morphological characters. 
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Introduction 

The Acanthocephala are intestinal parasites of vertebrate 
definitive hosts and are characterized by an eversible 
proboscis with hooks that serve as a holdfast. The epi- 
dermis projects inward at the proboscis base to form a 
pair of lemnisci, which are thought to be involved in 
extension of the proboscis. Acanthocephalans have a 
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syncytial epidermis with unique circulatory channels (la- 
cunar system) that promote the direct absorption of nu- 
trients through the body wall. The phylum is divided into 
three classes (Archiacanthocephala,  Palaeacantho- 
cephala, and Eoacanthocephala) based on the location of 
lacunar canals, the persistence of ligament sacs in fe- 
males, the number and type of cement glands in males, 
proboscis hooks, and host taxonomy and ecology (Bul- 
lock 1969; Dunnagan and Miller 1991). Obligatory para- 
sitism and lack of obvious free-living sister groups has 
hampered the study of morphological changes associated 
with the evolution of parasitism in Acanthocephala and 
other parasites (Brooks and McClennan 1993). 

The phylum Rotifera is composed of three classes: 
Seisonidea, Monogononta, and Bdelloidea. In addition to 
the wheel organ, rotifers have a mastax, a foot with pedal 
(adhesive) glands, and a syncytial epidermis. Many ro- 
tifers also display cutely. The Seisonidea, which is con- 
sidered a basal rotifer group, consists of a single genus 
(Seison) which is epizoic on certain marine crustaceans. 
In Seison the wheel organ is reduced to bristles and go- 
nads are paired. The Monogononta are found mostly in 
freshwater, and the males are nonfeeding dwarfs possess- 
ing a single gonad. The Bdelloidea include freshwater 
and terrestrial taxa, males are absent, and reproduction is 
exclusively by parthenogenesis (Hyman 1951; Brusca 
and Brusca 1990; Dunagan and Miller 1991; Ruppert and 
Barnes 1994). 

Rotifera and Acanthocephala, along with other pseu- 
docoelomate phyla including Nematoda, Gastrotricha, 
Kinorhyncha, and Priapulida, are usually grouped with 
the taxon Aschelminthes (Hyman 1951; Marcus 1958; 
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Clark 1979; Brusca and Brusca 1990; Ruppert  and Bar- 

nes 1994). There  is both morpholog ica l  (Lorenzen 1985; 

Ruppert  1991; Malakhov  1994; Neuhaus  1994) and mo-  

lecular  ev idence  (Winnepenninckx  et al. 1995) that As-  

chelminthes  is not  a val id  taxon because  these phyla  do 

not consti tute a monophyle t i c  group. Despi te  this find- 

ing, there is g rowing  ev idence  (Melone  and Ferraguti  

1994; R a f t  et al. 1994; Neuhaus  1994; Rieger  and Tyle r  

1995; Winnepenn inckx  et al. 1995) that Acan thocepha la  

are c losely  related to Rotifera.  This  has been suggested 

by various authors (Hafner  1950; Remane  1963; Nie lsen  

1995) and subsequent ly  supported by a cladist ic analysis 

of  structural characters by Lorenzen  (1985), which  indi- 

cated that the Acan thocepha la  share most  recent  com-  

mon  ancestry with rotifers of  the class Bdel loidea.  A 

recent  molecu la r  study of  the 18S r R N A  from a mono-  

gonont  rotifer  and an archiacanthocephalalan also sug- 

ges ted  a re la t ionship be tween  Rot i fe ra  and Acantho-  

cephala  (Winnepenninckx  et al. 1995). The  results of  

Lo renzen ' s  cladist ic study have  been  v i ewed  as contro- 

versial  (C16ment 1993; Markev ich  1993), and this hy- 

pothesis  has not  been  tested r igorously wi th  independent  

evidence.  

Materials and Methods 

A culture of the bdelloid rotifer Philodina acuticornis was provided by 
Dr. Terry Snell. The cultures were expanded using a commercial fish 
food infusion. Rotifer culture was transferred to a beaker and chilled on 
ice for 15 rain, causing the rotifers to adhere to the beaker walls. The 
vessel was drained and rinsed with ice-cold water three times to remove 
debris and free-swimming microorganisms. A fresh volume of cold 
distilled water was added to the vessel and allowed to warm up to room 
temperature for 3 h to allow clearance of food from the digestive tract 
of the rotifers. The culture was chilled on ice to cause the reattachment 
of the rotifers to the vessel wall and two additional washes of ice-cold 
water were carried out. The drained culture was examined microscopi- 
cally and found to be free of contaminating organisms and lysed in 
DNA extraction buffer (Hempstead et al. 1990) and stored frozen. Total 
DNA was prepared according to Hempstead et al. (1990). The 18S 
rRNA gene was amplified in two overlapping fragments, cloned into 
M13, and sequenced fully in both directions as described (Winnepen- 
ninckx et al. 1995). 

The acanthocephalans Neoechinorhynchus pseudemydis and Cen- 
trorhynchus conspectus were collected from their vertebrate hosts and 
stored at -80°C. Voucher specimens were fixed in acetic acid- 
formalin-alcohol and some individuals were stained and mounted for 
identification following Bullock (1969). DNA was extracted from fro- 
zen specimens. The 18S rRNA gene was amplified (94°C 4-min initial 
denaturing followed by 25 cycles: 94°C 30 s, 60°C 30 s, 72°C 90 s) 
using primers corresponding to conserved regions at the extreme ends 
of the 18S rRNA gene (5'-AGATTAAGCCATGCATGCGTAAG-3' 
and 5'-TGATCCTTCTGCAGGTTCACCTAC-3'), cloned into 
pGem-T vector (Promega Corp, Madison, WI) and sequenced com- 
pletely in both directions with a variety of custom primers using a 
commercial cycle-sequencing kit (Amersham, Cleveland, OH). 

The sequences obtained above were aligned with 18S rRNA gene 
sequences from 26 additional organisms acquired from Genbank. The 
following is a listing of the phylum, binomial name, three-letter code 
used in the figures (first letter of genus, first two letters of species), and 
Genbank accession number of each sequence used in the analyses. The 
entries for the new sequences presented here are underlined. Taxa were 

chosen from complete 18S rRNA sequence entries in Genbank to rep- 
resent major groups of protostome, deuterostome, and aschelminth 
phyla. Diploblasts and Fungi were used to root the tree. Chordata: 
Homo sapiens, Hsa, M10098; Xenopus laevis, XIa, X02995; Hemi- 
chordata: Saccoglossus kowalevskii, Sko, L28054; Echinodermata: 
Strongylocentrotus purpuratus, Spu, L28056; Arthropoda: Artemia sa- 
lina, Asa, X01723; Tenebrio molitor, Tmo, X07801; Eurypelma 
californica, Eea, X13457; Priapulida: Priapulis caudatus, Pea, 
X87984; Mollusca: Limicolaria kambeul, Lka, X66374; Acantho- 
pleura japonica, Aja, X70210; Placopecten magellanicus, Pma, 
X53899; Annelida: Eisenia fetida, Efo, X79872; Lanice conchi- 
lega, Leo, X79873; Rotifera: Brachionus plicatilis, Bpl, U29235; 
Philodina acuticornis, Pae, U41281; Acanthocephala: Moniliformis 
moniliformis, Mmo, Z19562; Neoechinorhynchus pseudemydis, Nps, 
U41400; Centrorhynehus conspectus, Cco, U41399; Gastrotricha: 
Lepidodermella squamata, Lsq, U29198; Platyhelminthes: Opisthor- 
chis viverrini, Ovi, X55357; Nematoda: Pellioditis typica, Pty, 
U13933; Caenorhabditis elegans, Cel, X03680; Haemonchus placei, 
Hpl, L04154; Nematodirus battus, Nba, U01230; Cnidaria: Anemonia 
sulcata, Asu, X53498; Anthopleura kurogane, Aku, Z21671; Cteno- 
phora: Mnemiopsis Ieidyi, Mle, L10826; Porifera: Scypha ciliata, Sci, 
L10827; Fungi: Saccharomyces cerevisiae, See, M27607. 

Sequences were aligned according to a secondary structure model 
(Van de Peer et al. 1994) using the DCSE editor (De Rijk and De 
Wachter 1993). The alignment is available by sending emall requests to 
garey@next.duq.edu. Bootstrapped neighbor-joining and maximum 
parsimony trees were carried out with MEGA (Kumar et al. 1994) and 
PHYLIP (Felsenstein 1993) or PAUP (Swofford 1993), respectively. 
Kimura's two-parameter distance model with a correctior~ for unequal 
rates of substitution at different sites was used as previously described 
(Winnepenninckx et al. 1995) for the neighbor-joining tree. PHYLIP 
was used for the maximum likelihood tree. Robustness of clades in the 
maximum-parsimony trees was assessed by examining 1,000 bootstrap 
replicates and decay indices, which were calculated as the number of 
steps that must be added before each clade present in fire minimum 
length trees was no longer supported (Donoghue et al. 1992). Confi- 
dence probability values and bootstrap values for the neighbor-joining 
tree were determined using PHYLTEST (Kumar 1995) and MEGA 
(Kumar et al. 1994), respectively. Alternate topologies were tested 
using minimum-evolution criteria with four-cluster analysis (Kumar 
1995; Rzhetsky et al. 1995) and with parsimony using Templeton's 
palrwise parsimony test (Templeton 1983). 

Results and Discussion 

The  18S r R N A  genes f rom the archiacanthocephala lan 

Monil i formis  monil i formis  and the monogonon t  rot ifer  

Brachionus  pl icat i l is  have  been  publ ished prev ious ly  

(Te l fo rd  and Ho l l and  1993; W i n n e p e n n i n c k x  et al. 

1995). W e  have  sequenced  the 18S r R N A  gene f rom the 

pa laeacanthocephalan  Centrorhynchus  conspectus,  the 

e o a c a n t h o c e p h a l a n  N e o e c h i n o r h y n c h u s  pseudemyd i s ,  
and the bdel loid  rotifer  Philodina acuticornis.  Therefore ,  

our  dataset  includes  sequences  represent ing  all three 

a c a n t h o c e p h a l a n  c lasses  and the  two  m a j o r  ro t i f e r  

classes. Analyses  o f  a sequence dataset (excluding sites 

containing gaps) for 29 taxa by neighbor- joining,  maxi-  

m u m  parsimony,  and m a x i m u m  l ikel ihood tree inference 

methods  recovered  similar  topologies  (Fig. 1). These  

three inference methods  all r ecovered  the same topology 

with respect  to the Ro t i f e r -Acan thocepha lan  relat ionship 

(Fig.  1), and m o n o p h y l y  o f  the  A c a n t h o c e p h a l a  is 
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Fig. 1. The tree is a consensus derived from neighbor-joining, maxi- 
mum parsimony, and maximum likelihood analyses of a secondary 
structure based alignment of near-complete 18S rRNA genes from 29 
taxa. Numbers above and below each fork represent percentage of 
1,000 bootstrap replicates that support the branch in the maximum 
parsimony tree and the neighbor-joining tree, respectively, and are 
shown only where greater than 50%. Numbers to the right of each 
branch are confidence-probability values that the branch length is sig- 
nificantly greater than zero and are shown only when greater than 50. 
See text for the definitions of the three-letter codes at each terminal 
node. 

strongly supported. Maximum parsimony bootstrap val- 
ues were 79% for Rotifera + Acanthocephala and 92% 
for bdelloid rotifer + Acanthocephala. Neighbor-joining 
bootstrap and confidence probability values (Kumar 
1995) were 90% and 92% respectively for Acantho- 
cephala + Rotifera and higher for bdelloid rotifer + 
Acanthocephala. In the maximum likelihood tree, all 
branches were significantly positive (P < 0.01). Alternate 
topologies using this dataset were explored using four- 
cluster analysis (Kumar 1995), which indicated with high 
probability that Rotifera + Acanthocephala was better 
than either taxon with other groups by minimum evolu- 
tion criteria (Rzhetsky et al. 1995; see Table la). The G 
+ C contents of the acanthocephalan and rotifer se- 
quences were found to be slightly lower than the other 
nondeuterostome triploblasts included in the analyses 
(45.7 _+ 2.23 and 49.4, _+ 1.7% G + C, respectively, error 
range equals 1 SD). This is much less variation in G + C 
composition than is known to result in incorrect tree 
topology (Lockhart et al. 1992; Steel et al. 1993), and 
therefore compositional bias is not likely to be a factor in 
the phylogenetic placement of acanthocephalans and ro- 
tifers in our analyses. The neighbor-joining tree in Fig. 2 
shows branch lengths drawn to scale, and it can be seen 

that the branches leading to Philodina acuticornis and 
Centrorhynchus conspectus are particularly long. It has 
been demonstrated (Lockhart et al. 1992; Hillis et al. 
1994) that long branches can result in incorrect tree to- 
pologies. However, the P. acuticornis and C. conspectus 
sequences do not cluster with the other long branches 
leading to the nematodes (Fig. 2). Further, we reanalyzed 
the data set used in Fig. 2 but omitted either the C. 
conspectus sequences or both P. acuticornis and C. con- 
spectus sequences with no change in the topology (not 
shown); therefore, it is doubtful that long branches have 
resulted in topological errors in our analyses regarding 
rotifers and acanthocephalans. 

An analysis of a subset of 20 taxa by maximum par- 
simony (PAUP 3.1.1) of all 2,140 sites (sites with gaps 
included; gaps treated as missing data) recovered a to- 
pology (Fig. 3) similar to Fig. 1. This single most par- 
simonius tree (3,740 steps; CI of 0.452) was obtained 
using a heuristic search algorithm of PAUP (set to TBR, 
MULPARS, and steepest descent options). The gl sta- 
tistic (Hillis and Huelsenbeck 1992) for this tree (-0.981, 
10,000 random trees) was significant (P < 0.01). The 
relationship among rotifers and acanthocephalans was 
identical to that recovered in the analysis of 29 taxa, and 
this clade received strong support by bootstrap re- 
sampling and analysis of decay indices (Fig. 3). The 
20-taxon dataset was also used to test alternative phylo- 
genetic hypotheses (Templeton 1983) for rot i fer-  
acanthocephalan relationships. Alternative hypotheses 
(Table lb) were found to be significantly worse than the 
most parsimonious tree. In the molecular analysis a to- 
pology with Acanthocephala and Praipulida as sister taxa 
required 71 additional substitutions. A topology with 
Acanthocephala and Platyhelminthes as sister taxa re- 
quired 49 additional substitutions, and a topology repre- 
senting Rotifera as a monophyletic group with Acantho- 
cephala as the sister taxon required the addition of 28 
more substitutions. The results strongly support the hy- 
pothesis that acanthocephalans share an immediate com- 
mon ancestor with bdelloid rotifers, and are inconsistent 
with previous proposals concerning which extant group 
is most closely related to acanthocephalans (VanCleave 
1941; Conway Morris and Crompton 1982). 

These results are also in agreement with the cladistic 
study of Lorenzen (1985), which supported (a) mono- 
phyly of Rotifera + Acanthocephala as reflected by ho- 
mology of the cuticle-like structure outside the syncytial 
epidermis; (b) monophyly of Bdellodea + Acantho- 
cephala as indicated by the presence of lemnisci, which 
are shared-derived features of acanthocephalans and cer- 
tain bdelloid rotifers, and that the proboscis of bdelloid 
rotifers works much like the introvert found in Acantho- 
cephala; and (c) monophyly within Acanthocephala be- 
cause of the lacunar system, uterine bell, spiny proboscis 
originating from the epidermal basement membrane, and 
the presence of acanthella, a juvenile stage of acantho- 
cephalans. Lorenzen's arguments are consistent with our 
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Table 1. Results of testing alternate topologies 

Table la. Four-cluster analysis (Kumar 1995; Rzhetsky et  al. 1995). Comparison of alternate branching orders of metazoan groups. CP I and CP n 
are the confidence-probability values supporting the best tree as better than alternate tree I or II, respectively. 
Relationship of Rotifera (R), Acanthocephala (A), and diploblasts (D) with: 

Best tree Alternate I CP~ Alternate II CP n 

Annelida (An) ([A,R],[Ar,D]) ([A,Ar],[R,D]) 99 ([A,D],[R,Ar]) 98 
Arthropoda (Ar) ([A,R],[Ar,D]) ([A,Ar],[R,D]) 99 ([A,D],[R,Ar]) 96 
Denterostomes (De) ([A,R],[De,D]) ([A,De],[R,D]) 99 ([A,D],[R, De]) 99 
Gastrotricha (G) ([A,R],[G,D]) ([A,G],[R,D]) 99 ([A,D],[R,G]) 99 
Mollusca (M) ([A,R],[M,D]) ([A,M],[R,D]) 99 ([A,D],[R,M]) 99 
Nematoda (N) ([A,R],[N,D]) ([A,N],[R,D]) 99 ([A,D],[R,N]) 99 
Platyhelminthes ( P 1 )  ( [ A , R ] , [ P 1 , D ] )  ([A,P1],[R,D]) 99 ([A,D],[R,PI]) 92 
Priapulida (Pr) ([A,R],[Pr,D]) ([A,Pr],[(R,D]) 99 ([A,D],[(R,Pr]) 86 

Taxa used in each cluster: Annelida (Efo, Lco); Arthropoda (Asa, Tmo, Esa); Deuterostomes (Hsa, Xla, Sko, Spu); Gastrotricha (Lsq); Mollusca 
(Lka, Aja, Pma); Nematode (Pty, Cel, Hpl, Nba); Platyhelminthes (Ovi); Priapulida (Pca) 

Table lb. Analysis of alternative hypotheses using Templeton's (1983) pairwise parsimony method 

Length of tree Difference in steps Standard deviation Significantly worse? 

Most parsimonious tree (Fig. 2) 3,470 
Acanth. + Rotifera (monophyletic) 3,498 28 7.4851 Yes 
Acanth. + Annelida 3,554 84 12.0027 Yes 
Acanth. + Arthropoda 3,541 71 11.5320 Yes 
Acanth. + Deuterostomes 3,540 70 11.1381 Yes 
Acanth. + Gastrotricha 3,523 53 11.2720 Yes 
Acanth. + Platyhelminthes 3,519 49 11.3604 Yes 
Acanth. + Priapnlida 3,541 71 11.7925 Yes 

8ko Deg/~r0n'~ 
Spu 
Tm0 A m ]  

Pca 

_ ~ B p l  . Mmo " 
L I  Nps cco  Acanthocephala 

Lsq 
Ovi Pry 

Mle D i ~  
--t sa ~ 

Fig. 2. Neighbor-joining tree from Fig. 1 showing branch lengths drawn to scale (number of substitutions per site). See Fig. 1 for bootstrap and 
confidence-probability values. Phylum names other than Acanthocephala and Rotifera are omitted for clarity. Removal of sequences representing 
the taxa Pac or both Pac and Cco from the analysis did not change the topology of the tree. 

gene tree and (a, b and c) are indicated in Fig. 3. Based  

on previous morpholog ica l  ev idence  and the new mo-  

lecular  ev idence  presented here, we  propose that Acan-  

thocephala  be considered a taxon of  Rotifera,  uni ted with  

the class Bdel lo idea  under  the superclass Lemniscea .  

Unti l  now a f lee- l iv ing  sister group of  a major  obli-  

gate parasit ic taxon has not  been identif ied (Brooks and 

M c C l e n n a n  1993), hamper ing  compara t ive  studies of  

character  change associated with  the evolu t ion  of  para- 

sitism. Compar isons  be tween  acanthocephalans  and f lee-  



291 

~ Hsa 

100[ ~1 Sko 
Spu 

71 ~ 3 
r ~  Tmo • ~ Era ._._J 

Pea 

I ~a 

5 6; Pma 
3 Leo 

Bpl 
' Pac --~ 

1 ~  Mmo--] 

t ;o 
Ovi 

Hemiehordata 
Echinodermata 

Arthropoda 

Priapulida 

Mollusca ~. 

Annelida 

Rotifera 

Acanthocephala 
Gastrotricha 
Platyhelrninthes 

Fig. 3. Maximum-parsimony tree obtained from analysis of all 2,140 
sites (679 phylogenetically informative) of 20 taxa. Numbers above 
each fork represent percentages of 1,000 bootstrap replicates that sup- 
port the branch and are shown only where greater than 50%. Numbers 
below the branch represent a decay index (Donoghue et al. 1992). The 
three-letter codes at each terminal node are defined in the text. The 
letters a, b, and c refer to morphological support for the tree described 
in the text. 

l iv ing  rot i fers  shou ld  p r o v e  i n s t rumen ta l  in  so lv ing  long-  

s t and ing  p r o b l e m s  such  as the  re la t ive  i m p o r t a n c e  o f  

s econda ry  cha rac t e r  loss vs  cha rac t e r  i n n o v a t i o n  in the  

evo lu t i on  o f  a paras i t ic  l i fe  h i s to ry  (Brooks  and  M c C l e n -  
n a n  1993). 

Acknowledgments. The authors thank Dr. Terry Snell for providing 
cultures of Philodina acuticornis. This work was supported in part by 
USDA grants 9304072 and 9502133 to J.R.G. and by a NSF grant to 
S.A.N. The Theodore Roosevelt Memorial Fund of the American Mu- 
seum of Natural History provided research support ,for T.J.N. and 
M.R.N. was supported by an NSF-REU grant to J.R.G. 

References 

Brooks DR, McClennan DA (1993) Parascript. Smithsonian Press, 
Washington, pp 121-122 

Brusca RC, Brusca GJ (1990) Invertebrates. Sinauer, Sunderland, MA 
Bullock WL (1969) Morphological features as tools and pitfalls in 

acanthocephalan systematics. In: Schmidt GD (ed) Problems in 
systematics of parasites. University Park Press, Baltimore, pp 9-45 

Clark RB (1979) Radiation of the Metazoa. In: House MR (ed) The 
origins of major invertebrate groups. Academic Press, New York, 
pp 55-101 

Cldment P (1993) The phylogeny of rotifers: molecular, ultrastructural 
and behavioural data. Hydrobiologia 255/256:527-544 

Conway Morris S, Crompton DWT (1982) The origins and evolution of 
the acanthocephala. Biol Rev 57:85-115 

De Rijk P, De Wachter R (1993) DCSE, an interactive tool for se- 
quence alignment and secondary structure research. Comput Appl 
Biosci 9:735-740 

Douoghue MJ, Olmstead RG, Smith JF, Palmer JD (1992) Phyloge- 
netic relationships of Dipsacales on RbcL sequences. Ann MO Bot 
Gard 79:333-345 

Dunagan TT, Miller DM (1991) Acanthocephala. In: Harrison FW, 
Rupert EE (eds) Microscopic anatomy of invertebrates, vol. 4: As- 
chelminthes. Wiley-Liss, New York, pp 299-332 

Felsenstein J (1993) PHYLIP--Phylogeny Inference Package, version 
3.5. University of Washington, Seattle 

Hafner K (1950) Organisation und systematische Stellung der Acan- 
thocephalan. Verh Dtsch Zool Ges 145:245-274 

Hempstead PG, Regular SC, Ball IR (1990) A method for the prepa- 
ration of high-molecular-weight DNA from marine and freshwater 
triclads. DNA Cell Biol 9:57 

Hillis DM, Huelsenbeek JP (1992) Signal, noise, and reliability in 
molecular phylogenetic analyses. J Hered 83:189-195 

Hillis DM, Huelsenbeck JP, Cunningham CW (1994) Application and 
accuracy of molecular phylogenies. Science 264:671-677 

Hyman LB (1951) The invertebrates, vol. III: pseudocoelomate groups. 
McGraw-Hill, New York 

Kumar S (1995) PHYLTEST: PHYLogenetic hypothesis TESTing by 
using minimum evolution criterion. Institute of Molecular Evolu- 
tionary Genetics and Department of Biology, The Pennsylvania 
State University, University Park, PA 

Kumar S, Tamnra K, Nei M (1994) MEGA: molecular evolutionary 
genetics analysis software for microcomputers. Comput Appl 
Biosci 10:189-191 

Lockhart PJ, Penny D, Hendy MD, Howe CJ, Beanland TJ, Larkum 
AWD (1992) Controversy on chloroplast origins. FEBS Lett 301: 
127-131 

Lorenzen S (1985) Phylogenetic aspects of pseudocoelomate evolution. 
In: Conway Morris S, George JD, Gibson R, Platt HM (eds) The 
origins and relationships of lower invertebrates. Clarendon Press, 
Oxford, pp 210-223 

Malakhov VV (1994) Classification of the Pseudocoelomates. In: Hope 
WD (ed) Nematodes, structure, development, classification and 
phylogeny. Smithsonian Institute Press, Washington, pp 175-201 

Marcus E (1958) On the evolution of the animal phyla. Quart Rev Biol 
33:24-58 

Markevich GI (1993) Phylogenetic relationships of Rotifera to other 
veriform taxa. Hydrobiologia 255/256:521-526 

Melone G, Ferraguti M (1994) The spermatozoa of Brachionus plica- 
tilis (Rotifera, Monogononta) with some notes on sperm ultrastmc- 
ture in Rotifera. Acta Zool 75:81-88 

Neuhaus B (1994) Ultrastructure of alimentary canal and body cavity, 
ground pattern, and phylogenetic relationships of the Kinorhyncha. 
Microfauna Marina 9:61-156 

Nielsen C (1995) Animal evolution. Oxford University Press, Oxford 
Raft R, Marshall CR, Turbeville JM (1994) Using DNA sequences to 

unravel the Cambrian radiation of the animal phyla. Annu Rev Ecol 
Syst 25:351-375 

Remane A (1963) The systematic position and phylogeny of the pseu- 
docoelomates. In: Dougherty EC (ed) The lower Metazoa. Univer- 
sity of California Press, Berkeley, pp 247-255 

Rieger RM, Tyler S (1995) Sister-group relationship of Gnathostomu- 
lida and Rotifera-Acanthocephala. Invert Biol 114:186-188 

Ruppert EE (1991) Introduction to the aschelminth phyla: a consider- 
ation of mesoderm, body cavities, and cuticle. In: Harrison FW, 
Ruppert EE (eds) Microscopic anatomy of invertebrates, vol 4: 
Aschelminthes. Wiley-Liss, New York, pp 1-17 

Ruppert EE, Barnes RD (1994) Invertebrate zoology. Sannders, New 
York 

Rzhetsky A, Kumar S, Nei M (1995) Four-cluster analysis: a simple 
method to test phylogenetic hypothesis. Mol Biol Evol 12:163-167 



292 

Steel MA, Lockhart PJ, Penny D (1993) Confidence in evolutionary 
trees from biological sequence data. Nature 364:440-442 

Swofford D (1993) PAUP: phylogenetic analysis using parsimony, 
version 3.1.1. Illinois Natural History Survey, Champaign, IL 

Telford MJ, Holland PWH (1993) The phylogenetic affinities of the 
Chaetognaths: a molecular analysis. Mol Biol Evol 10:660-676 

Templeton AR (1983) Phylogenetic inference from restriction endo- 
nuclease cleavage site maps with particular reference to the evolu- 
tion of humans and the apes. Evolution 37:221-244 

VanCleave HJ (1941) Relationships of the Acanthocephala. Am Nat 
75:31-47 

Van de Peer Y, Van den Broeck I, De Rijk R, De Wachter R (1994) 
Database on the structure of small ribosomal subunit RNA. Nucleic 
Acids Res 22:3488-3494 

Winnepenninckx B, Backeljau T, Mackey LY, Brooks JM, De Wachter 
R, Kumar S, Garey JR (1995) 18S rRNA data indicate that the 
aschelminthes are polyphyletic in origin and consist of at least three 
distinct clades. Mol Biol Evol 12:1132-1137 


