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Abstract. A comparison of ribosomal internal tran- Key words: Ribosomal internal transcribed spacer 1
scribed spacer 1 (ITS1) elements of digenetic trematodes- Secondary structure conservation — Phylogenetic
(Platyhelminthes) including unidentified digeneans iso-analysis — Analysis of apomorphies — DigeneaGy-
lated from Cyathura carinata(Crustacea: Isopoda) re- athura carinata— Isopoda

vealed DNA sequence similarities at more than half of
the spacer at its'3nd. Primary sequence similarity was )
shown to be associated with secondary structure conselatroduction

vation, which suggested that similarity is due to identityIn the course of an analysis of digenetic ITS1 sequences

by descent and not chance. Using an analysis of apomofs,ated from Cyathura carinata(Crustacea: Isopoda:

tinct phylogenetic signal. This was confirmed by the Con_i'nthuridea),we found sequence similarities at thei
phylog gnal. y of all ITS1 sequences of digeneans published so far.

frllsiﬁngy of rr]esultdsi tOfnd'ffere?t tr;:e rfr::oxni;tnéftlor;sluch similarities indicate the presence of sufficiently
mgn 0 zsinsducma?(ismu?naIiﬁgliigzgaﬁﬂgf,hol?) icallJI e\?ia Lonserved sequence information to perform phylogenetic

Y " ' pholog nalysis of the taxa of the digenetic subclass. However,
dence additionally supported the phylogenetic tree baseg

. ) iy revious studies in animals and plants uniformly suggest
on ITSl dgtg an(_j the inferred phylogeneuc position 0fthat ITS1 elements are far too variable for phylogenetic
the unidentified digeneans @f. carinatamet the expec-

. : analysis above the species or genus level (Furlong and
tations from known trematode life-cycle patterns. Al- Y P g ( 9

though ribosomal ITS1 elements are generally believecgIaden 1983; Gonzalez et al. 1990; Wesson et al. 1993;

to be too variable for phylogenetic analysis above the chiaterer et al. 1994; Vogler and DeSalle 1994; Bald-
i phylog ys win et al. 1995; Morgan and Blair 1995; Schilthuizen et
species or genus level, the overall consistency of the

results of this study strongly suggests that this is not th(%ll' 1995; Baur et al. 1996; Goggin and Newman 1996;
case in digenetic trematodes. Heré, éhd ITS1 se- iller et al. 1996; Tang et al. 1996). We are aware of

) .only three exceptions. Within the genMelanoplus(In-
guence data seem to provide a valuable tool for eluci- y b 9 plus(

dating ohviogenetic relationshios of a broad range c)fsecta: Orthoptera), ITS1 sequences appeared to be too
INg phy’og 1c : P 9€ Olonserved for a phylogenetic analysis of different species
phylogenetically distinct taxa.

(Kuperus and Chapco 1994). Chen et al. (1996) and also
Beauchamp and Powers (1996) successfully employed
ITS1 sequence data to study the phylogenetic relation-
. _ _ ships between corallimorpharian genera (Cnidaria: An-

* Present addresdDepartment of Genetics, University of Cambridge, th It is theref f ticular i + to sh
Downing Street, Cambridge CB2 3EH, UK 0z0a). It is therefore of par icular importance to show
Correspondence toJ.H.G.v.d. Schulenburge-mail: hgvdsi0@ that the observed sequence similarity across the whole
mole.bio.cam.ac.uk digenetic subclass is due to identity by descent and there-




Table 1. Digenetic ITS1 sequences used in this study

Abb2 Species name Systematic classification Length GB Nod
Dsy Dolichosaccus symmetrus Plagiorchiformes 525 L01631
Dsp Dolichosaccussp. " 868 L01630
Oba Opechona bacillaris Lepocreadiiformes 620+? 729504
Lel Lepidapedon elongatum " 699+? 229497
Lra L. rachion " 707+? 729501
Sma Schistosoma mattheei Strigeiformes 618 721718
Sha S. haematobium " 457 721716
Eho Echinostoma hortense Echinostomatiformes 443 u58101
Eca E. caproni " 415 U58098
Etr E. trivolvis " 415 u58097
Epa E. paraensei " 415 u58100
Esp Echinostomasp. " 414 U58103

2 Abbreviation.

b Systematic classification according to Brooks et al. (1985, 1989).

¢ Length of the complete ITS1 elements in base pairs. “+?” indicates that ITS1 elements were only partially sequenced.
d GenBank accession number.

fore applicable to phylogenetic tree reconstruction pro.(Amicon) and either directly sequenced or ligated into a T-tailed pGEM
cedures. vector (Promega), followed by transformation of cells via electropora-

. . . o tion (Bio-Rad). For positive clones, plasmid DNA was isolated with the
This work aims to test the phylogenetic utility of 3 help of the Wizard Minipreps DNA Purification System (Promega).

er_‘d ribOSQm_a| ITSl_sequences in digeneans by (i) a deyna sequences of ITS1 elements were obtained via the dideoxy-chain
tailed a priori analysis of the data set to assess homologi¢rmination method using thémol DNA Sequencing System (Pro-

of nucleotide positions and phylogenetic signal consismega) and the Sequi-Gen GT System (Bio-Rad). For DNA sequencing,

tency and (ii) a comparison of phylogenetic trees base&CR primers and the following two internal ITS1 primers were used:
. “|TS1-1,” 5'-GAGCGCGCAGTTTCGTCCAATC; and “ITS1-2,”
on ITS1 sequences with hypotheses about trematodg_GGCCGTAGCCGAGACACCAC_

phylogeny as inferred from morphological data and the

evolution of life-cycle patterns.
Data Analysis

ITS1 sequences isolated froth carinatawere of three types, denoted
Al, A2, and B. These were aligned to published digenetic ITS1 se-
quences using CLUSTAL W (Thompson et al. 1994) (Table 1), omit-
ting only published digenetic ITS1 sequences either completely iden-
tical at their 3 end to sequences already present in the data set or for
which complete 3end sequences were not available. The alignment
Specimens o€Cyathura carinatawere collected in the Bay of Wismar was thereafter manually corrected with reference to known monophyla.
(Baltic Sea, Germany), Flemhuder Meer (Baltic Sea—North Sea-Only the different species of the same genus or family were regarded
Channel, Germany), Battenoord (Rhine-Maas-Schelde-Delta, Theas known monophyletic groups. Further adjustments of the alignment
Netherlands), and the estuary of the Rio Cavado (Atlantic Sea, Portuwere performed taking into account the presence of conserved second-
gal). ary structure elements which were inferred for each DNA sequence
Genomic DNA was isolated using a modification of a protocol independently using Zuker’'s (1989) algorithms as implemented in the
given by Winnepenninckx et al. (1993) and Gustincich et al. (1991).program MFOLD (Zuker 1989).
Isopod specimens were ground under liquid, Mirectly transferred The information content of the data set was studied via an analysis
into 400l of prewarmed (65°C) CTAB buffer [2% (w/v) CTAB, 0.1 of apomorphies in accordance with"géde (1996b) using the program
M Tris—HCI, pH 8, 0.02M EDTA, 1.4 M NaCl, 5% (v/v) B- PHYSID (unpublished; program available from J.-W. §e&). The
mercaptoethanol] or DTAB buffer [6% (w/v) DTAB, 1.28 NacCl, 75 analysis of apomorphies aims at the identification and assessment of
mM Tris—HCI, pH 8, 75 nM EDTA], incubated fo 1 h at 65°C, putatively derived character states (putative apomorphies) in a molecu-
followed by extraction with 2 vol of chloroform:isoamylalcohol (24:1) lar data set. It is based on the assumption that, by virtue of their closer
and precipitation with?s vol of 100% isopropanol. Amplification of  relationship, substitutions are expected to have occurred less frequently
ITS1 elements was performed via PCR in jp0reaction volumes [75  within a monophylum than among outgroup taxa or between outgroup
mM Tris—HCI, pH 9, 20 nv (NH,),SO,. 0.01% Tween 20, 1.5 M taxa and the considered monophylum. Putative apomorphies are there-
MgCl,, 0.8 mM dNTPs, 5 nM TMAC, 2 U of Goldstar DNA poly- fore found at those alignment positions which show all identical
merase (Eurogentec, Seraing, Belgium), a 0¥ woncentration of  nucleotides for a tested monophylum that differ from those of the
each primer (“19,” 5-CCAGTCGTAACAAGGTTTCCG,; “4S1,” corresponding outgroup. Such positions may show (i) a symmetrical
5'-TCTAGATGCGTTCGAAGTGTCCATG), Lul of genomic DNA] character-state distribution (symmetrical split-supporting positions) in
and the following reaction profile: 5 min at 94°C, followed by 5 cycles which there are identical nucleotides within both the in- and the out-
of 1 min at 94°C, 1 min at 50°C, and 2 min at 70°C, followed by group, with differences found only between these groups, and (ii) an
another 30 cycles of 1 min at 94°C, 1 min at 55°C, and 2 min at 70°C,asymmetrical character-state distribution (asymmetrical split-
and completed with a final extension period of 7 min at 70°C. PCR supporting positions) where only the ingroup bears all identical nucleo-
products were purified with the help of microcon microconcentratorstides, which again differ from those of the outgroup, which in this case
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DNA sequence 1 A A A

DNA sequence 2 A A A Ingroup

DNA sequence 3 C C C Outgroup

DNA sequence 4 C G C

DNA sequence 5 C T A Fig. 1. Example of different character state
distributions of split-supporting positions. The
horizontal linedenotes the split between the tested
ingroup and the corresponding outgroup. SSSP,

symmetrical split-supporting position; ASSP,

asymmetrical split-supporting position; ASSP+N,
@ @ @ asymmetrical split-supporting position including

“noise” in the form of one analogy in the outgroup.

also shows variation (Fig. 1). Such asymmetrical split-supporting po-Digenea (details on 18S rDNA sequence analysis will be
sitions provide an important indication of character state polarity a”dpublished elsewhere). Type Al- and type B-ITS1 se-
might therefore serve in identifying a putative monophylum. The analy- fl id dtob f di i
sis of apomorphies included the following steps: (i) for a putative qu_e_nces are 90nsequen y considered 1o _e Of digeneuc
monophylum, all symmetrical, asymmetrical, and also asymmetricalOrigin, too. This was also assumed to be valid for the type
split-supporting positions which showed a defined degree of “noise” A2-ITS1 element, which shows a high overall sequence
(in the form of one analogy in the outgroup) were identified; (ii) the similarity to type Al.

same procedure was repeated for the corresponding outgroup; (iii) all Tvpe A1-ITS1 elements were found in all studied host
identified putative apomorphies for the tested monophylum were added yp

and set against those identified for the corresponding outgroup, resultpODUIat'ons ofC. carinata Seven cloned type A1-ITS1
ing in a spectrum of supporting positions for this particular tested€lements isolated from three isopod specimens from the
ingroup; (iv) a spectrum of supporting positions was inferred for alter-Bay of Wismar were completely sequenced for both
native EVPOtEeSES of mo;ophyflty; and C(iV) a_gom_lff’;”ﬁo“ of such Z'tg_rstrands. The presence of type A1-ITS1 elements was
native hypotheses was thereafter used to identify the extent and di . . :
tinctness of the phylogenetic signal produced by the data such that onlsr'“Irthermore Conflrmed fOI’_tWO additional host Specimens
those groups which are compatible with each other should be wel?/rOm the Bay of Wismar, five from the Flemhuder Meer,
supported. two from Battenoord, and two from the estuary of the
The aligned sequences were finally subjected to phylogeneticRio Cavado via direct sequencing of PCR products for
analysis based on distance approaches, maximum likelihood, and maxpne strand only. Type A2-ITS1 sequences were isolated
mum parsimony. Genetic distances were calculated using the JukeTom a single host Specimen from Battenoord for which
Cantor, Kimura's two-parameter, and Hasegawa—Kishino—Yano mode .
as implemented in the program MEGA (Kumar et al. 1993). Tree complete double-stranded sequences were obtained for
reconstruction was thereafter realized using the neighbor-joiningtwo cloned fragments. Type B-ITS1 elements were al-
method. Maximum-likelihood calculations were performed with the most completely sequenced for both strands for nine
help of the program DNAML of PHYLIP (Felsenstein 1995), using a cloned fragments isolated from four host specimens from

randomized input order of sequences and a transition:transversion rati }
of 1.0, 2.0, and 5.0. Maximum-parsimony trees were reconstructed Witr‘Eattenoord' Type A1-ITS1 sequences were 696 to 702

the program PAUP (Swofford 1991) via a heuristic search using p long, with differences resulting from length variabil-
branch-swapping with nearest-neighbor interchanges. Bootstrappinify at two mononucleotide repeat regions. Type A2-ITS1
was applied to maximum-parsimony analysis using the same settingelements had a sequence length of 699 bp and those of
A 50% m_ajority-rule consensus tree was calculated from 1000 boot-type B varied in length between 679 and 681 bp with
strap replicates. differences again being due to variation in the length of
one mononucleotide repeat region. Type Al- and type
B-ITS1 elements showed additional variation at 8 and 13
Results and Discussion positions, respectively. The two ITS1 sequences isolated
for type A2 were completely identical. In each case,
variation within both type Al- and type B-ITS1 elements
Digenetic ITS1 Sequences Isolated fr@mcarinata was only present in single cloned fragments. As PCR
amplification was performed using a Taq polymerase
Three types of digenetic ITS1 sequences were foundwithout proofreading activity, such differences are likely
types Al, A2, and B. Among the isolated digenetic ITS1to be the result of PCR errors and were therefore ignored
elements, one type Al- and one type B-ITS1 sequence the following analysis (sequences for each type of
were each isolated in a continuous fragment togethelTS1 element were submitted to the Embl databank; ac-
with a complete and a partial 18S rRNA gene, respeccession numbers AJ001831, AJ001832, and AJ001833).
tively. DNA sequences for these 18S rRNA genes indi- Types Al and A2 show sequence differences of
cated thaC. carinatais parasitized by two species of the 4.15%. Type B produces sequence dissimilarity values of
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29.83% to type Al and 31.26% to type A2. Type B-ITS1 son 1994; Kane et al. 1996). Nucleotide sequence diver-
sequences are significantly different. In accordance wittgence in digeneans is therefore expected to be high. This
analysis of 18S rRNA gene sequences, they are consids true for 8 end ITS1 elements where no sequence
ered to refer to a separate species. Although types Al ansimilarities could be identified. However, about 350 bp
A2 sequences are rather similar, they should also belongf the 3 end of ITS1 sequences and, additionally, about
to different, although closely related species. The illus-60 bp of the 5 end of the 5.8S rRNA gene could be
trated maximum-likelihood tree (Fig. 5), in which branch aligned for the unidentified digeneans isolated fr@nm
lengths represent inferred evolutionary distances, showsarinata and the published digenetic sequences belong-
that types Al and A2 are as distant from each other as ar@g to four orders. Of the 427 aligned sites, 355 positions
other closely related species of the Digenea, &ghis-  were variable, of which 346 were found within theehd
tosoma mattheeand S. haematobiunor Echinostoma ITS1 region. Despite significant similarities of pairwise
caproni, E. paraenseiandE. trivolvis. The data conse- compared sequences, the overall variation at theng8l
quently suggest that. carinatais parasitized by three of ITS1 is too high to permit absolute certainty as to the
digenetic species, one of them with a broad geographitomology of the aligned sequence positions. However,
range inhabiting all studied host populations and the resecondary structure elements strongly support the in-
maining two species being detected in only one locationferred alignment. All in all, seven conserved helices
could be identified for all digeneans (Figs. 2 and 3).
Although secondary structure calculations are limited by
the accuracy of the underlying model and algorithms,
and should be considered to be speculative, the following
need to be emphasized.

Phylogenetic analysis using molecular markers is real-

ized by reconstructing the evolution of the studied mol-

ecules. With respect to DNA sequence data, the sequence (i) All secondary structures were identified indepen-
alignment is crucial, as it produces the hypotheses about dently for the whole range of digenetic taxa. All
the origin of particular aligned nucleotide positions and seven helices are present at the same position and
therefore shows responsibility for the identifiable ho- in almost-identical form. The occurrence of such
mologies between different sequences. If the alignment structures at the same position in all digeneans is
is incorrect, then it is most likely that the following unlikely to be due to chance.

analysis will fail to reconstruct the correct evolutionary (i) It was demonstrated for yeasts that tHeeBd of
history of the studied DNA region and therefore to un- ITS1 is of particular importance regarding rRNA
cover correctly the phylogenetic relationships of the in- maturation. It contains four processing sites, at
vestigated taxa (e.g., Wele and Stanjek 1995; Wale least one conserved recognition site for one of
19964, b; Morrison and Ellis 1997). Due to the arbitrari- the processing factors and, additionally, a con-

Homology of Aligned Nucleotide Positions

ness of the chosen optimality criteria, computer align-
ments are not necessarily correct. We therefore adjusted
them manually, taking into consideration the presence of
known monophyla in the data set (in this case, different
species of the same genus or family) and the position of

served secondary structure motif, which all play

a role in ribosome biogenesis. Such functional

constraints were shown to produce primary and

also secondary structure conservation in yeasts
(Henry et al. 1994; Van Nues et al. 1994).

structural elements. Both approaches are expected to im- (iii) Studies in other eukaryotes highlight the poten-

prove the alignment. It is more likely that homologous
nucleotide positions will be correctly identified within
known monophyletic groups. This strategy follows the
philosophy of progressive sequence alignment (Feng and
Doolittle 1987; Mindell 1991), although, in this case,
relying on prior scientific knowledge and not on tree
reconstruction algorithms as implemented in the conven-
tional sequence alignment programs. In addition, the
same structural or functional elements are likely to be
found at the same sequence regions for different, but
related organisms and, thus, represent suitable indicators

tial of ITS1 elements, and in particular its&nd,

to form secondary structures which show at least
some conservation across eukaryotes despite ex-
tensive divergence in nucleotide sequence
(Michot et al. 1983; Gonzalez et al. 1990; Kwon
and Ishikawa 1992; Wesson et al. 1992; Paske-
witz et al. 1993; Schiliterer et al. 1994; Bakker

et al. 1995; Schilthuizen et al. 1995; Coleman
and Mai 1997; Fenton et al. 1997).

for homology of sequence positions [e.g., comparative Eukaryotic data support our finding of &nd ITS1
reconstruction of rRNA secondary structures of Nollersecondary structure conservation in digenetic trema-

and Woese (1981)].

todes, which is likely to be due to functional constraints

Digenetic ITS1 elements show a considerable degreeegarding rRNA maturation as identified for yeasts. Pri-
of length variability (Table 1), some of which is due to mary sequence similarity in combination with secondary
repetitive elements (Luton et al. 1992; Kane and Rollin-structure conservation is therefore assumed to originate



Al :  CGGGGTGTCTG-CCTGT-
A2 :
B :
Dsy :
Dsp :
Oba :
Lel :
Lra :
Sma :
Sha :
Eho :
Eca
Etr
Epa
Esp
IIla IIIb Iva 220
Al 1 TAGGCTTARAAGAGTGGTGTC-TCGGCTACGGCCAGCCCACCGCCCTGGATGTTTTTATTTCC-AACATTTTAC-~ACTGTTCARGTGGTTCGGATCGGCTTTG--TCCTT
a2 : R RN [T - :
B : ..C.C....G...G...GT-CT
Dsy : TT.--CG. .G-..GAACCA
Dsp : TC..ACA..GG..TAA.CG..CCA..
Oba : CT..AA.C.G..... C.T
Lel : .TC..A==..G..... T.T
Lra : JTT..A--..G..... T.T
Sma : .TTAT.G..CC.A.TTC.
Sha : .TTAT.G..CC.A.TTC.
Eho : .CAA.TACT..T-A...
Eca : .TCG.TACC. ..
Etr : .TCG.TACC. . .
Epa H .TCA.TACC...
Esp : .TC-.TACTG. .
Vb Va Via VIb 330
a1 1 TCETTCCATTGCCC-CAACATGCACCCGG-TCTTGTA~CTGGACTGCATGT -GCAGTC-~GCC-TGGA-
A2 : LT - - . ... ——a
B - - e GABRLUET S - ...
Dsy i .G.G.- .—.AC e ieei-T. . ...
Dsp - . 1 GT.....
Oba ¢ c.
Lel
Lra
Sma
Sha
Eho
Eca
Etr .o ¢
Epa : STAG. . v...T..TT.GGTCTAT--~
Esp : CGIAG......A..-TCGiuthn «...T..TT.GGICTAT-—-
VIiIa VIIb [5.85 427
al :  =TITTCGGTCATGCGCCGGATTCTCGGGT-TACGTACAA-CTCTGATCGGTGGATCACTCGGCTCGTGTGTCGATGAAGAGCGCAGCCAACTGTGTG
A2 HE . S Pua "-'.,-".;;.,‘V..— ......... T iiieaeiaaa ettt i ettt et et s
B : : e T AT G DT B = G T it im et e e iiteeeeansasasnenenancanessesonssacanassesanenans
Dsy : =CA..T..GA.A--—..ACT.GA...A.GT.~....... e Gttt ettt ettt
Dsp : -CA..T..GA.A---..ATT.GT...A.
Oba :  ~CAACT..GTGA )
Lel :  -CA.CTT.GTGA---.
Lra : =CB..G..GTGA---..T...GTG..A.
Sma : GCA..T..GA.AG.ATT.T. GCEATTA,TGCG
Sha : GCA..T..GA.AC.AAT.T..GGGATTA.IGG ..T...
Eho :  =.G.CTA.CTCGCTAGATAG.~.GG.ACCTA.T...... e Bttt et
Eca : JACCAA........ e Gatteieetetensaeteonaeeeneasanecassossoanannnnnnns
Etr : JACCAA........ e Giat et eeataeasasasanatasanaeaeaaeaeaeneaeaaaaas
Epa : LACCGA.. ..., e Gat ittt eeoeesnnesnssesnaeesseaseeneeneneeeaneneennnns
Esp : LACCAA. . ...... —aene. A

Fig. 2. Alignment of 3 end ITS1 and partial 5.8S rDNA sequences of digeneans. “[5.8S,” putative start of the 5.8S rRNA gene. |-VII, helices
which are conserved across digeneans; see also Fig. 3. Abbreviations of species as in Table 1 and text. This figure was generated with the he
the program GENEDOC (Nicholas and Nicholas 1997).

from identity by descent and not chance. ConsequentlyConsistency in the Phylogenetic Signal
the sequence alignment is considered to consist of hopna sequences which can show only four character

mologous nucleotide positions and therefore be applistates do not allow a simple distinction between homolo-
cable to phylogenetic analysis. gous and analogous similarities. The probability of ho-
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Fig. 3. Secondary structure model of theeénhd ITS1 rDNA of Al. I-VII refer to identified helices which are conserved across digeneans. The
putative start of the 5.8S rRNA gene is indicated by “-5.8S.” The secondary structure model was created using the program RNAVIZ (De Ri
1997).

mology of particular character states can be estimated idBD, ABDOL, OL, E, and S. It is obvious that these
the course of a phylogenetic analysis, but if the sequencputative monophyla are compatible with each other, as
data are confounded by a high degree of homoplasy, iAB falls within ABD, ABD and OL fall within ABDOL,

will be almost-impossible to identify the relevant phylo- and E and S are separate groups. The high number of
genetic signal and the reconstructed tree is likely to be‘noisy” asymmetric split-supporting positions of ABDL
wrong (Wayele 1996a). We tested the suitability of di- result exclusively from allowed convergencies which are
genetic 3end ITS1 sequences via an a priori assessmergiresent in O. This is in agreement with high support for
of the phylogenetic signal using an analysis of apomorthe monophyly of ABDOL. In conclusion, the analysis of
phies in accordance with Vgale (1996b). This approach apomorphies demonstrates overall consistency of the
analyzes the general presence and distribution of DN/yhylogenetic signal, which should represent a suitable

sequence similarities to identify putatively derived char-pasis for phylogenetic tree reconstruction procedures.
acter states (putative apomorphies). The method does not

rely on specific models of molecular evolution, as it di-
rectly uses the pattern present in the sequence alignme
without any further transformation of the data set. It
therefore allows an independent and straightforward as-
sessment of phylogenetic signal consistency via a comPhylogenetic tree reconstruction methods such as dis-
parison of all groups which are well supported by puta-tance approaches, maximum likelihood, and maximum
tive apomorphies. In the ideal case of an unequivocaparsimony all produce identical trees fdrehd ITS1 and
phylogenetic signal, only taxon combinations which arepartial 5.8S rDNA sequences of digenetic trematodes. As
compatible with each other should be supported. the exact systematic position of the digenetic order
The analysis of apomorphies was performed for vari-Strigeiformes is uncertain (e.g., Rohde et al. 1993) and
ous arrangements of digenetic taxa as illustrated in Figtherefore it is unknown if the schistosomes or the Echi-
4. Only a few groups are well supported by putatively nostomatiformes must be regarded as the outgroup taxon
apomorphic character state distributions such as symef our data set, all calculations for phylogenetic trees
metrical, asymmetrical, and asymmetrical split-were repeated with either taxon as an outgroup. Such
supporting positions including “noise.” These are AB, manipulation did not result in any alterations either of the

ry}’ongruence Between Phylogenetic Trees
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Fig. 4. Analysis of apomorphies for ITS1 sequence data of digene-asymmetrical split-supporting positions which showed no more than
ans. TheX axis denotes the split between the in- and the outgroup;one analogy in the outgroup and none in the ingroup. Abbreviations
heights of bars refer to absolute numbers of apomorphies, such thdielow columnsefer to tested ingroups. AB—A1, A2, B; DBelicho-
putatively apomorphic characters which are identical between the insaccus symmetrus, Bp.; O—Opechona bacillaris;L, Lepidapedon

and the outgroup are given only for the ingroglack areas,sym-
metrical split-supporting positiongray areas,asymmetrical split-

elongatum, L. rachion;S—Schistosoma mattheei, S. haematobium;
E—Echinostoma hortense, E. caproni, E. trivolvis, E. paraensespE.

supporting positionsywhite areasasymmetrical split-supporting posi-  Arrows below theX axis indicate well-supported groups.

tions including “noise.” Only those positions were scored as “noisy”

topology of the tree or of the general statistical support

Trematodes have previously also been recorded as

for the resulting clades. Figure 5 depicts a maximum-parasites of various isopod species (Table 2). The occur-
likelihood tree, and Fig. 6 a maximum-parsimony treerence and distribution of such trematodes are character-
including results of 1000 bootstrap replicates. All cladesized by the following features.

are supported by high bootstrap values and are also iden-
tical to those which were indicated by the analysis of
apomorphies. Moreover, there is consistency between
our results and phylogenetic trees based on morphologi-
cal evidence. Although our analysis included taxa of only
four trematode orders (Strigeiformes, Echinostomati-
formes, Lepocreadiiformes, Plagiorchiformes), morpho-
logical studies confirm that, among these, the Plagior-
chiformes and Lepocreadiiformes form a monophyletic
group (Brooks et al. 1989).

Systematic Position of Unidentified Digeneans Isolated
from the IsopodC. carinata

The three genotypes of the unidentified digenean€.of
carinata are always clustered in a monophyletic group
and fall within the clade consisting of the Plagiorchi-
formes and the Lepocreadiiformes. Almost all trema-
todes which are known to parasitize arthropods, includ-
ing crustaceans, belong to these two orders (e.g. Pearson
1972; Yamaguti 1975; Brooks et al. 1985).

(i) Trematodes recorded as parasites of isopods

have all been found to belong to the Plagior-
chiata, a suborder of the order Plagiorchiformes.
Only one exception has so far been described
where the digeneaAllocreadium neotenicung
representative of the plagiorchiformean suborder
Allocreadiata, parasitizes the isop@aecidotea
forbesi(Camp 1992). However, this case is ex-
ceptional, as the isopod species serves as the fi-
nal host, whereas trematodes generally only use
arthropods as second intermediate hosts (e.qg.,
Brooks et al. 1985).

(i) Some of the listed isopod species show an ecol-

ogy similar to that ofC. carinata Particularly the
species of the genetzekanesphaerandldotea

are also typical inhabitants of brackish water en-
vironments and were also recorded for the same
locations asC. carinata (Amanieu et al. 1979;
Olafsson and Persson 1986; Sconfietti 1988; Ar-
rontes and Anadon 1990; Junoy and’ ke
1992; Franch and Ballesteros 1993).
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Fig. 5. Maximum-likelihood tree for digenetic ITS1 sequences, gen- Fi9. 6. Bootstrap consensus tree based on maximum parsimony for
erated using DNAML of PHYLIP (Felsenstein 1995) with a transition: digenetic ITS1 sequences, generated using PAUP (Swofford 1991) via

transversion ratio of 2.0; randomized input order of sequences whici® heuristic search with brar}ch-swapping, near_es_t-neighbor inter-
was repeated 10 times; outgrofghinostoma hortensén evolution-  ¢hanges, 1000 bootstrap replicates, and 50% majority-rule consensus

ary distance of 0.1 is given by tHgar in the bottom-left corner Ab- tree; outgroup, all species of the geritshinostomaBootstrap values
breviations of species as in Table 1 and text. are givenabove branches. Numbers in parenthebetow branches

refer to differences in bootstrap support when Suhistosomapecies

(i) Single trematode species use different isopodwere used as an outgroup. Abbreviations of species as in Table 1 and
species as second intermediate hosts. Such a loff*t
degree of specificity toward the second interme-
diate host is even more pronounced than illus-
trated in Table 2, as digeneans suchPRaxlo-
cotyle atomon, Microphallus papillorobustum,

ond intermediate host and also parasitize crustaceans
which share the same habitat @s carinata Phyloge-
netic analysis of 3end ITS1 sequences lends strong

M. claviformis, and Maritrema subdolumhave supp_or'F o at least the first hypothesis. Within the_ clad_e
also been recc’)rded as parasites of various othe?ons'StIng of the Lgpocre_aduformes and.the Plagiorchi-
crustaceans (e.g., Reimer 1970: Kgie 1981; ormes, the .unldentlfleq digeneans©f car!nataform a
Voigt 1991; Bick i994' Gollasch ,and Zander ’monophyletm group with the representatives Of. the Plf}
1995: Kesti,ng et al. 19256). giorchiformes. Since, according to“morphologlcal evi-
(iv) Single isopod species were found to be host tOd_ence,' the clade of the Lepocregduformes and the Pla-
different trematode species. giorchiformes does not' contain any further tgxon
(Brooks et al. 1989), the digeneans isolated floncari-

In conclusion,C. carinatais likely to be parasitized natashould belong to the order Plagiorchiformes. As the
by digeneans of the order Plagiorchiformes, as only thesewvo representative of the order Plagiorchiformes addi-
are known to have invaded the host-“habitat” Isopoda.tionally belong to the suborder Plagiorchiata, the dige-
Cyathura carinatamight even be predicted to be host to neans ofC. carinatamight, furthermore, be members of
those listed digeneans of the suborder Plagiorchiatshis suborder too. In addition, the occurrence of trema-
which show a low degree of specificity toward their sec-todes as parasites of isopods also confirms the finding
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Table 2. Digeneans as parasites of isopods

Parasite speciés Host species References
Podocotyle atomon Idotea balthica(Valvifera),
(Plagiorchiata: Opecoelidae) I. chelipes,
. viridis,
Lekanesphaera hookefBphaeromatide&) 1-6
Microphallus papillorobustum Jaera albifrons(Janiroidea),
(Plagiorchiata: Microphallidae) Idotea balthica(Valvifera),
I. chelipes,
Lekanesphaera hookefSphaeromatidea),
L. rugicauda,
L. serratus 5-7
Microphallus claviformis Jaera albifrons(Janiroidea),
(Plagiorchiata: Microphallidae) Idotea balthica(Valvifera),
I. chelipes,
Lekanesphaera hookefsphaeromatidea),
L. rugicauda 5-7
Maritrema subdolum Jaera albifrons(Janiroidea),
(Plagiorchiata: Microphallidae) Idotea balthica(Valvifera),
I. chelipes,
Lekanesphaera hookefsphaeromatidea),
L. rugicauda 5,6
Maritrema linguilla
(Plagiorchiata: Microphallidae) Ligia oceanica(Oniscidea) 8,9
Maritreminoides obstipus
(Plagiorchiata: Microphallidae) Asellus communigAsellota) 7
Megalophallus reamesi
(Plagiorchiata: Microphallidae) Ligia baudiniana(Oniscidea) 10
Spelophallus amnicolae
(Plagiorchiata: Microphallidae) Asellus communigAsellota) 7
Allocreadium neotenicum
(Allocreadiata: Allocreadiidae) Caecidotea forbediAsellotaf 11

2All listed digeneans belong to the order Plagiorchiformes. GeneralYamaguti (1975); 8, Newell (1986); 9, Benjamin and James (1987); 10,
systematic classification of digeneans according to Brooks et al. (19850verstreet and Heard (1995); 11, Camp (1992).

1989). 9 Renaming of the listed.ekanesphaeraspecies (originally

b Isopods serve as second intermediate hosts except where indicatedSphaerompaccording to Jacobs (1987).

©1, Uspenskaya (1963); 2, Reimer (1970); 3, Kgie (1981); 4, Zander The isopodCaecidotea forbess used as the final host.

(1992); 5, Gollasch and Zander (1995); 6, Kesting et al. (1996); 7,

that C. carinatais host to three species, as multiple in- bination with the sometimes pronounced variability of
fections of single host species seems to be common. the few available traits, various stages of digeneans are
often difficult to identify [see, e.g., the descriptions of
metacercaria ofPodocotyle atomorgiven by Reimer
(1970) and Kgie (1981)]. In addition, for many digene-
In contrast to the general notion that this ribosomal@ns, particularly those which show a reduction in host
spacer is too variable for higher-order phylogeneticSPecificity, the whole range of host organisms is ex-
analysis, the overall consistency of the results suggest€cted to be unknown. A molecular genetic analysis us-
that at the 3 end more than half of the ITS1 element INg ITS1 elements allows rapid screening of large num-
represents a suitable marker for the inference of phylober_S of putative hQSt organisms, aSS|gnment. of. the
genetic relationships across the whole digenetic subclas¥a"ous stages of a single species, and characterization of
In addition, due to its high degree of Bnd variability, e approximate systematic position of unidentified
complete ITS1 sequences allow simultaneous charactefP€cimens. ITS1 elements may therefore prove useful in
ization of digenetic trematodes on different systematicext€nding our knowledge of the diversity of life-cycle
levels. Whole spacer sequences can be used to identif2tterns of digenetic trematodes.

single species unequivocally, wheredse®d ITS1 se-

quences provide information about their systematic poAcknowledgments. We wish to thank Carsten Nolting for supplying

. N - . specimens ofC. carinatafrom Portugal and Evi Wollscheid, Renate
sition. This bimodal Utlllty of ITS1 elements mlght be of Feist, Dr. Heike Wgele, Kalle Gartemann, Dr. Walter Arnold, Dr.

particular value for the investigation of digenetic life andreas Lengeling, and Prof. Dr. Harald Jockusch for technical support
cycles. Due to the paucity of suitable characters in comand advice. We are also very grateful to Dr. Ann Oakenfull, Dr. Greg

Utility of Digenean ITS1 Sequences
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