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DIFFERENTIATION OF MEXICAN SPECIES OF HAEMATOLOECHUS LOOSS, 1899
(DIGENEA: PLAGIORCHIFORMES): MOLECULAR AND MORPHOLOGICAL EVIDENCE

Virginia Le6n-Régagnon, Daniel R. Brooks*, and Gerardo Pérez-Ponce de Le6n
Laboratorio de Helmintologfa, Instituto de Biologia, Universidad Nacional Auténoma de México, Apartado Postal 70-153, CP 04510 México,

D.F., México

ABSTRACT:

Molecular evidence is interpreted in the light of morphology to examine the validity of several species of Haema-

toloechus described as Mexican endemics. Internal transcribed spacers 1 and 2 and 28S ribosomal genes were sequenced for 11
isolates. Phylogenetic analysis of separate partitions and combined databases was conducted. Results were analyzed, in the light
of morphological evidence. Haematoloechus macrorchis is proposed as a junior synonym of Haematoloechus longiplexus. Hae-
matoloechus pulcher is a sibling species with Haematoloechus complexus in Lerma wetlands. In Mexico, Haematoloechus
medioplexus is distributed along the east coast coinciding with the distribution of Rana berlandieri. The sister species of H.
medioplexus is Haematoloechus coloradensis, sharing the distribution of the uterus as a synapomorphic character. Haematoloechus
illimis is more closely related to H. medioplexus and H. coloradensis than to H. complexus. It can be distinguished by the

distribution of the uterus, lobed ovary, and testes.

The members of Haematoloechus Looss, 1899 represent 1 of
the most common and characteristic groups of digeneans in-
habiting anurans. More than 50 species have been described
worldwide, all living as adults in anuran lungs. Nine species
have been reported from Mexico (Caballero and Sokoloff,
1934; Caballero, 1941, 1942a, 1942b; Bravo, 1943; Martinez,
1969; Guillén-Hernandez, 1992; Leén-Regagnon, 1992; Pulido,
1994), 5 of which have been named as distinct species endemic
in the central plateau. The morphological characters used to
differentiate these species from those previously described are
problematic (Prokopic and Krivanec, 1974; Kennedy, 1980a,
1980b, 1981), and the validity of some of them is doubtful.
DNA sequences represent a relatively new and potentially valu-
able source of data to help solve taxonomic and phylogenetic
problems involving parasitic platyhelminths (Blair et al., 1996;
McManus and Bowles, 1996). In the present study, we se-
quenced the ribosomal internal transcribed spacers (ITS1 and
ITS2) and the D1 variable region of the 28s gene for 7 nominal
species of Haematoloechus from Mexico and the U.S.A., fol-
lowing suggestions that these regions would be informative at
the scale of closely related species (Luton et al., 1992; Barker
et al., 1993). We used a combination of the new molecular data
and reassessment of the morphological features of nominal taxa
to examine the validity of several of the species of Haemato-
loechus described as Mexican endemics.

MATERIALS AND METHODS

We collected tissue samples during 1996 and 1997 (Table I summa-
rizes collecting localities and hosts). Host and parasite tissues are de-
posited in the frozen tissue collection of the Zoology Department, In-
stitute of Biology, Universidad Nacional Auténoma de México
(UNAM). Worms were allocated to morphospecies in vivo, using mor-
phological characters suggested in the original descriptions (Stafford,
1902; Krull, 1933; Caballero, 1941, 1942b; Bravo, 1943). Voucher
specimens were relaxed in hot tap water, fixed with alcohol-formalin—
acetic acid or Bouin’s fluid, and stored in 70% ethanol before being
stained with Mayer’s paracarmine, Ehrlich’s hematoxylin, or Gomori’s
trichrome and mounted in Canada balsam as whole mounts for com-
parison with specimens from the Coleccién Nacional de Helmintos
(CNHE), Instituto de Biologia, UNAM, from the U.S. National Parasite
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Collection (USNPC), Beltsville, Maryland, and from the Harold W.
Manter Laboratory (HWML), University of Nebraska State Museum.
Samples for molecular work were preserved in absolute ethanol.

Five species previously recorded in Mexico were identified using
morphological characters in this study, e.g., Haematoloechus colora-
densis Cort, 1915, Haematoloechus complexus (Seely, 1906) Krull,
1933, Haematoloechus illimis Caballero, 1942, Haematoloechus ma-
crorchis Caballero, 1941, and Haematoloechus pulcher Bravo, 1943.
Additionally, 2 specimens were collected from Rana vaillanti Brocchi,
1877 in Los Tuxtlas, Veracruz, whose specific identity could not be
established using morphological characters due to poor preservation.
Sequences of these species and specimens of Haematoloechus longi-
plexus Stafford, 1902 and Haematoloechus medioplexus Stafford, 1902
collected in Nebraska, U.S.A. were compared. Worms were dissected
to remove host blood from the ceca. When possible, more than 1 sample
was sequenced to assess intraspecific variation. Frog tissue was pro-
cessed for molecular work for comparison and to ensure that the source
of the DNA was worms tissues. Standard phenol extraction methods
were used to recover DNA from entire worms (a single specimen when-
ever possible). Laboratory protocols follow Palumbi (1996) and Hillis
et al. (1996). Polymerase chain reaction was used for amplifying the
DNA sample; parameters and settings follow manufacturer’s recom-
mendations and Palumbi (1996). Sequencing used Thermo Sequenase
radiolabeled terminator cycle sequencing kits (Amersham Life Science,
Inc., Cleveland, Ohio). Protocols follow manufacturer’s recommenda-
tions with minor modifications. Amplification and sequencing of the 5’
ending of the 28S ribosomal gene (including the D1 variable region)
was performed using the primers 28Sy 5'CTA ACC AGG ATT CCC
TCA GTA ACG GCG AGT3' (forward) and 28Sz 5'AGA CTC CTT
GGT CCG TGT TTC AAG AC3’ (reverse) (Hillis and Dixon, 1991).
The ITS1 and 5.8S ITS2 regions were amplified using the primers BD1
5'GTC GTA ACA AGG TTT CCG TA3' (forward) and BD2 5'TAT
GCT TAA ATT CAG CGG GT3' (reverse) (Luton et al., 1992). Position
of genes in the sequence was obtained from the alignment with the
ITS1-5.8S-1ITS2 sequence of Echinostoma revolutum (Froelich, 1802)
Looss, 1899 (Morgan and Blair, 1995) and the sequence of D1 variable
domain of the 28S in Schistosoma spp. Weinland, 1858 (Barker and
Blair, 1996). Sequences are available in GenBank (accession nos.
AF133104-AF133114 and AF133186-AF133196).

Clustal W (Thompson et al., 1994) was used with default settings for
sequence alignment. The aligned sequences were subsequently edited
in ESEE (version 3; Cabot and Beckenbach, 1989). Minor modifications
were made by eye to correct the computer-aligned sequences. To eval-
uate the phylogenetic content of the data sets, we obtained the gl sta-
tistic as suggested by Hillis and Huelsenbeck (1992). These calculations
and phylogenetic analyses were performed using PAUP (version 3.1.1;
Swofford, 1993) and McClade 3.04 (Maddison and Maddison, 1992).
We treated gaps either as missing data or as a fifth base; for both op-
tions, we performed exhaustive searches for the independent data sets
(ITS1, ITS2, and 28S), and for the combined data set. The 5.8S se-
quences were only used as a reference for alignment and not used in
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TaBLE 1. Host and locality of isolates of Haematoloechus spp. collected in Mexico and the U.S.A.

Host

Locality

Rana montezumae Baird, 1854

Ambystoma lermaensis Taylor, 1940

Ciénaga de Lerma, Estado de México
Ciénaga de Lerma, Estado de México
Ciénaga de Lerma, Estado de México
Patzcuaro, Michoacdn, México
Ciénaga de Lerma, Estado de México
Genoa, Nebraska, U.S.A.

Ciénaga de Lerma, Estado de México
Holt Creek, Nebraska, U.S.A.
Ciénaga de Lerma, Estado de México
Ciénaga de Lerma, Estado de México
Los Tuxtlas, Veracruz, Mexico

Isolate Helminth species
Complexusl Haematoloechus complexus
Complexus2 H. complexus R. montezumae Baird, 1854
Coloradensis Haematoloechus coloradensis Rana montezumae
Coloradensis* H. coloradensis Rana dunni Zweifel, 1957
Illimis Haematoloechis illimis R. montezumae
Longiplexus Haematoloechus longiplexus Rana catesbeiana Shaw, 1802
Macrorchis H. longiplexus R. montezumae
Medioplexus Haematoloechus medioplexus Rana pipiens Schreber, 1782
Pulcherl H. complexus
Pulcher2 Haematoloechus pulcher A. lermaensis
Tuxtlas1 H. medioplexus Rana vaillanti Brocchi, 1877
Tuxtlas2 Haematoloechus sp. R. vaillanti

Los Tuxtlas, Veracruz, Mexico

* This isolate was not included in the analysis because only the 28S gene sequence was obtained, and no variation with respect to the isolate from R. montezumae

was found.

phylogenetic analyses. Bootstrap resampling was conducted with 1,000
replicates in the branch and bound option.

RESULTS

A total of 1,836 bp—542 bp of the 5’ end of the ITS1 (in-
complete), 124 bp of the 5.8S, the entire ITS2 (287 bp), and
883 bp of the 5’ end of the 28S (Fig. 1)—was sequenced and
aligned for 7 species of Haematoloechus (11 isolates).

The sequenced region of the ITS1 exhibited 16% variability
(87 variable sites, not including gaps). In the case of H. ma-
crorchis and H. longiplexus, there are 3 inserts: the first is 9—
15 bp long in position 42, the second is 47 bp long in position
127 and is repeated 3 consecutive times, and the third is 4 bp
long in position 277 (Fig. 1). ITS2 shows a higher variability
(without considering inserts), with 22.3% of variable sites (64
out of 287); an insert of 17 bp can be seen in H. complexus,
H. pulcher, H. macrorchis, and H. longiplexus close to the 5’
end of the molecule. The sequenced region of the 28S is 15.4%
variable (136 variable sites) (Fig. 1). A distance matrix is shown
in Table II.

The gl statistic values are —2.82 for the ITS1 data, —0.65
for the ITS2, —0.79 for the 28s, and —1.39 for the combined
data set, showing that the data sets are significantly more struc-
tured than random data (P = 0.01) (Hillis and Huelsenbeck,
1992).

Tree topology was not affected considering gaps as missing
data or as a fifth base. Phylogenetic analyses of each separate
data set gave similar topologies for most of the tree, with the
exception of pulcher2 and Tuxtlas2, whose position varies when
analyzing ITS1 and ITS2, respectively. Consistency indexes
and bootstrap values are shown in Figure 2. Following the
methodology suggested by Wiens (1998), we combined the 3
data sets that resulted in a single most parsimonious tree with
756 steps and a confidence interval (CI) of 0.84 (430 steps; CI
= 0.82 when gaps were treated as missing data). High bootstrap
values were obtained for each node and are indicated on the
tree (Fig. 3). Haematoloechus longiplexus and H. macrorchis
group together in all cases; the same happens with H. com-
plexus, and pulcherl, and with H. medioplexus, Tuxtlasl, H.
coloradensis, and H. illimis.

DISCUSSION

Internal transcribed spacers have been used to help recon-
struct phylogenetic relationships among closely related hel-
minth groups. ITS1 has been shown to be relatively conserva-
tive but has several repeated units that are responsible for its
length variation, even among closely related species (Luton et
al., 1992; Kane and Rollinson, 1994). Bowles et al. (1995)
found divergent paralogues of ITS1 in Echinococcus Rudolphi,
1801 (Cestoda), a feature that is very common in plants (Buck-
ler et al., 1997). We did not find divergent paralogues in Hae-
matoloechus ITS1, but we did find them in frogs’ DNA. Large
repeating units are present in the inserts of H. macrorchis and
H. longiplexus sequences, as reported for other genera of di-
geneans, €.g., Dolichosaccus Johnston, 1912 (Luton et al,
1992) and Schistosoma (Kane and Rollinson, 1994), although
in the species of Echinostoma Rudolphi, 1809 no inserts have
been found (Morgan and Blair, 1995). The insertion of large
sequences in ITS1 seems to be a feature that appears indepen-
dently in unrelated groups. This feature makes ITS1 only suit-
able for phylogenetic studies at the species or populations level.
ITS2 has been reported to vary from 1.1% in closely related
species of Schistosoma (Kane and Rollinson, 1994) to 25.87%
in distantly related species in the same genus (Bowles et al.,
1995). We found a similar amount of variation among Hae-
matoloechus spp. (22.3%). The D1 region of the 28S gene has
been used in phylogenetic studies at different taxonomic levels,
from species of the same genus (Littlewood and Johnston,
1995; Barker and Blair, 1996) to species from different families
in a class (Barker et al., 1993). The region we used in this study
includes the variable D1, and we found it to be more conser-
vative than the ITS1 and 2 but still variable enough to obtain
some phylogenetic information, e.g., >10% (Hillis and Dixon,
1991).

The phylogenetic hypotheses obtained from each data set dif-
fer in the position of pulcher2 and Tuxtlas2. Whereas in the
ITS1 and ITS2 hypotheses, one or the other were included in
the complexus group (complexusl + complexus2 + pulcherl);
in the 28S hypothesis both were included in this group (Fig. 2).
The conflicting nodes were strongly supported in each case.
There are 2 possible explanations for the difference in the
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ITSH

complexus1 ;GGAACCTGC GGAAGGATCA TTACCGT-CC CAAGAGTACA ATATATA--- ------ TTTT TTATCCGGGA TGCAATGCCT GGACGCCTCG CAGA 94
COMPLEXUS2  teiveeiees cevennnnee seennan Tt eeeeesesee seeeeesTTT TTTTTT L hieiiceeee seceeseces sesesssess aeee
pulcher1 2 S e eeeceseces seesseeT T TTTTTS L tiieeeeces sesccesecs seesssesas caes
pulcher2 2727------ ----eso-es oo ..TGT.. .T.TC..... R CCC. AA.A..... T ..., A... ... Teeeeee ennn
coloradensis ..oeeeeevee cveneeenee canan TGT.. .T.TC..GA. .-=----=-=-- --=-=--- CCC. AA.G..... Toeeennn Aco. ... Teeever ounn
Fllimis it cieiieeee ceean TGT.. .T.TCT.TA. ..---===-= -=-==-- CCC. AA.G..... T ..., Ac.. ... Teeieee vann
LloNgiplexus ...ceiiees tenenennes cenannn A.. ... ATCATA. ..CAC.CAGT ATTACTGAGC .GT...A..T ...... AT.. ... Teeeear vune
macrorchis  ......iiil ciiiiiiiee ceena.. A.. ... ATCATA. ..C--.CAGT ATTACTGAGC .GT...A..T ...... AT.. ... Teeeeen onen
medioplexus 22.....cee ceiinnninee caenn TGT.. .T.TC..GA. ..-=====-== ==-=-=-- CCC. AA.G..... Teeeeen Ao ... Teeeeee enes
Tuxtlasi . TGT.. .T.TC..GA. ..----====- ==-==- CCC. AA.G..... T...... Aco. ... Teveeee cenn
Tuxtlas2 Gl uiiiiee tecennnees aannnnn Tas aseaceecsss esseaaTTTTT SSCTSS il iissesan T ... Aver tiiinnnnee venn
TSt
complexus1  AATGGC CTGCCTACGG TGGAGCGCTT CAGTTCC--- =--=-==-=-=-=- -====----s cocosccoss coococccoo cocccocooc —oo-oo-o 188
complexus2 ...... .... S eeees eeeeessese sseesee"TT TSSSScecoc cesessosos sesccsoses cocccssoos cosecccoss coo-eoee-
PULChErT ittt tiiiieeeee teeeetenes seeeeaaTTT TTTSSSSSss cooosoooce soocooocos Sooscoccos soocccocoos cooso-ee
pulcher2 ©Teees tecieceens sasessens C Tueeawammm =mm=oomo-c coccccccco cocccicoon sssooscoos osocosoos moooooe-
coloradensis ...... .... Tesees sseeaeeee C Teouaaumms =====ccmcc coccmososec cossssooos mosssssooo mo-soocoos coseso-s
illimis  ..... G Gevrivnnnnn snnnnnnnn C Tuiiasaam== =-mwemecose moocceccon coccocioons cmooocomoo sosseccess sesaece-
1ONGipleXUS  .=uuus ererenees seaeeanan. Teeenns TAC CAATGCCTCG CAGAATGGCC TGCCTATGGT GGAGCGCTTA GTTCCTACCA ATGCCTCG
macrorchis  .=viee cevvenvens ceeenns ST P TAC CAATGCCTCG CAGAATGGCC TGC--ACGGT GGAGCGCTTA GTTCCTACCA ATGCCTCG
medioplexus ...... coeceiiiin cieennan C T...uuumo= mo--oc-oos coommosm-os sosco-o-cc soooooooos oosssooes sosssoo-
Tuxtlasl  ..ooovn cieeiiinne teieenann C Tuwewwam=n =m==mmmoos m-oscccooo cooo-comsos sooo-sosos moooso-oec cocsc-e-
Tuxtlas2 tTeees esecssiecs sesesesses sassaeeTST SUSSSSosos eesecsooss sooccccecs soccccsses mossccccss coo-cse-
ITS1
complexus] == ==-------- c--ccccco- cocc-cccco sosssoosss soocosooooo cooscoosos msccssssos co-oooocoo- GCCAATC--- - 281
complexus2 == ===------- So--ccsseos coccososos Sosocooses Soooossoos Soooooosss SoooSooooS SoSSSSTooC el .- -
pulcherl = == ==eccccccc coccccccoc cociiiioos momcsssoos sosoosoooo Sooooossss SoSSooooos SoSSSToooC el --- -
pulcher2 == ==-------- --ccmsomos smcscooooc sossooooe- ocsoooooc So-cosooos Socoooooos coosooeses L TeooT--- -
coloradensis == =====--=-= c--cccccon cocicoicoc socccocccn ceccssossos oesscsseos sooosocoooo o-o-eooe- L TeeoT--- -
jllimis = == ====ec=c=s smceccccec cocccoicon cocccicoc co-sssosos sosssososs Soooccoco- mooo-o--o- L ToooT--- -
longiplexus CA GAATGGCCTG CTATGGTGGA GCGCTTAGTT CCTACCAATG CCTCGCAGAA TGGCCTGCCA TCGGTGGAGC GCTTAGTTCC ..-...TACC T
macrorchis CA GAATGGCCTG CTATGGTGGA GCGCTTAGTT CCTACCAATG CCTCGCAGAA TGGCCTGCCT ACGGTGGAGC GCTTAGTTCC ...... TACC T
medioplexus == =-=-------- c-c--ssco- c-----o--s mososcoosco cocoooooos Socscoosos Sooooocooc coosoeeses L ToouT=-- -
Tuxtlasl == =-=====-sc ccccccccoc cocccccoss socsceooooo cososcoooo oococscos moooooooo- Soooccece- L T.oouT--- -
Tuxtlas2 == ==c-===-=-- cmc-cccccc coc-cicooo cosssosoos Sossossooo Sooooooooo SoooSSSSos SSSSSSCSCC lieee. T--- -
ITS1
complexus1  GGCTGTACC TGGTGCATTC GTGTGCCTAC GTGCAGTC-- CCCTATGACA GGGTGCCTAC TCGTCTGATG CTCGTGGGGT GCTAGCAATC TTGTA 375
COMPLEXUS2  tiveveeen ereaneanns ceaancscns cocseces T i eteseeiass seseeessas esesasesses sseessecce esssessses seesse
pulcherl ciiiiiiis ciiieieaee tonnesanes seenennn T e eeeeseee seteseeaee ceeesseses sssesesast cesessases e C..
pulcher2  .........0 ... Covenne cvncnnnnas oa S
coloradensis ......... ... Covennn wennn Teeen .. S
illimis  ..ooeeee ... Covevn enenn Toeon .. S T
longiplexus ....eevee ceecneaciee caeenns AT. coeen... TA T...TC...G ..... Toeer Teeeeeees coceancnas aus | I P
Macrorchis  coeeeieee ceevnennee sacncccnas sonnanne TA T...TC...G ..... Toeer Teeeeeeee eonaneneee one T...G.. ...
medioplexus ......... ... Covennr cnnnn Toeee .o T
Tuxtlasl  ...cooeee oo Covennr eennn Toeeo «. S
TUXELAS2 tiiiiiees cerereccen cesecnsens seseenes e

FIGURE 1. Sequences of ITS1 (partial), 5.8S (excluded from analyses), ITS2, and 28S (partial) ribosomal genes of 11 isolates of Haematoloe-
chus species from Mexico and U.S.A. For hosts and collecting localities, see Table I. @ = same state as in the top sequence; — = gap; ? =
unknown state.
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ITSH
complexus1 TTGTC AGTCCACCTT GTGAGCGACG A??TGTGCTG TCGTTCGCGG CAGTGCTAGG CTTAAAGAGT GGTTGATTGC -ACGGCATAG TCACCGCCC 469
COMPLEXUSZ  tiver teeeeecene teeesoenne socensnnne sansscsnss seseescsee sossssssse sasassssan LI TAGA ..cennn..
pulcherl — iii. tiiiiiiier tevennannn Bttt iiiiiiiie teeiiiiees teeeteeees seseseeens LI TAGA .........
pulcher2  ..... coiiiiiial ol R 1 ) 1 Gevever vnnee TGG.. T..... “AGA .........
coloradensis «c..ee ceeveennas oae R P ) GeTever vunns TAG.. T..... AGA .........
illimis ... cieeeiieee oen e Teeee cenen TAG.. T..... CAGA ....T....
longiplexus ...C. ceeeevneen vee=oToues GToilAli. ciiiennes L Geverer connccanan Teeenn TACA ....-....
macrorchis  ...C. cevveeeees eee=eTuees GTLLALey civeennnn T oeeeienean aun Giveeer vecnnnenes Teeunn TACA ....-....
medioplexus ..... coceececee oen E S T ) S GeTevee venns TAG.. T..... AGA .........
Tuxtlas1 T O GT..... . A...TAG.. T..... -AGA .........
Tuxtlas?2  cieet cieietenen ceeseneans Gleiiiiis tiiteetete tteetecaes seesenacas sesesacsen Teev.. TAGA .........
ITSH S 5.8S
complexus1 T GTTAAATTGT TTACAAAACC -TTTTACACT GTTCAAGTGG TTCAGATCAG CCTCGGTTGG TTTGGATCAT TG GTACGATG AAGAGCGCC 559
complexus2 . ciiiiieies ceeeceenan T eieecetee seeteeseas seseeceses sesecseses eseceseass se e et ceeeeeaes
pulcher1 T O S eeeeeeete ceeesesees sesesesesse sesesssees seseesecse s ae Ceeeee ceeeeeean
pulcher2  eeeTTTedee teeteeeenn Geveeeeene tennnennne cannnnns G. .T....Cuuv oann Geeer ve an TeTeee ceeeeeen A
coloradensis . ...=="iiee cereeennnn Geveoonnes sonncnnaes socannan G. .T....Cou. ... Gever ve an T eieee teeeeeens
illimis e tee”""cise ecseescscce Geveennnes teneseceee soaneanns G. .T....C.c. ... Geeer . «~.GTGGA G.evuvrunn
longiplexus G T.---G.... ... 272727 2222722727 2272222222 7272272727 2222222222 1777777777 N7 CeTeetes sesesenns
macrorchis G T..-GT.... cevenen CTA 2222222227 2222222222 2222222727 2222222222 2722222222 27 ittt teeinnnes
medioplexus . ...---.... . [ E O P T eieeenen G. .T....C... ..... Gover o0 .. Ceeeee seeeaees A
Tuxtlas1 et e ceeseeeaes Geve eenee eoenecnnne connanes G. .T....C... ..... Gevew oo au Ceeees eeeeeaes A
Tuxtlas2  eeeeeseeee seeseesans T eeeeeiee sesseeeeas seessseses sessessees sesseseses se  es Chetes eeeeeaen A
5.8S
complexus1 C AGAACTGTGT GAATTAATGT G--AACTGCA TACTGCTTTG AACATCGACA TCTTGAACGC ATATTG?GCC ATGGGTTATC ?C??G----- cc 652
complexus2 . ciiiiiieee ciieeeea.. e ..
pulcher1  eeeeereeee sesesaaans T T eeeeeee ceeseesece sescescees sessssases ssescesens sesescenes [ G ..
pulcher?2 GCCuvvvrrer thnnnnnnns 7T e ieeeae sesesesess ssseeseens sessessses sseses Covm veviennnnn C.AT.CCACG ..
coloradensis . ....eeeiee ceveennnnn Tt seeeeeeees . Toteeenne tennnnnnnn o Cuovinnnne cennnnns G. ..... cc--- --
illimis P 22..GTG .TGevrveere coennnnnn P Coverenee cennenns G. ..... CC--- --
longiplexus . ..ieiivens ceinenannn T eieteee eeeeeesens sesecseses sseceeeses o [ G. ..... cC--- --
macrorchis . coiieiieee ceviinenns T eettees eeeeiesees sesessenes sesseceses o CovedCuve vvvnnnnn G. veenn cC--- --
medioplexus G CC..cevver vevennnenn T eeieees crenecenen o Teeeeeees eovennnane o CoveiCom- evvnnnn G. C.AT.CCACG ..
Tuxtlasi T o o T eeeeeee teeeneaeee . Teeeeeaee tennnnnane o [ o T G. C.AT.CCACG ..
Tuxtlas2 GCCivvienrr tennnnnnnn %" ecesess ssescssens o Teeeeaeee cene tecane o CoetiCu-- ivenaen G. C.AT.CCACG ..
. - ITS2
complexus1 TGTCCGAG GGTCGG CTTA TAAACTATCA CGACGCCCAA CAAGTCGTGG CTTGGGTCTT GCCAGCTGAC GTGGTTTCCC TATGATGTGT -- 742
COMPLEXUSZ  teuiieee ceveee  seee socesenccs seseeeecas sesascssss ssssssascs sssscssscs sssescssss sesessscnn --
PULCRErT  iiiiiiit tiiiee teee teeeeeiete seeeeieecs ceeeseasss sasssseses sesssesses sesecesans sseesseans --
PUlcher2  iiiiiit tieiet teet ieeiiseee seecsscees sesscesses sstsescecs aus Seneses ssessestee seescecnes --
COLlOradeNSTS .uuviees wnveee teee teteseenes seeiesaens seseeecees seessesces sesesesens sas Ao C.CTT.C... GT
TLLIMIS  iiiiiiit tiites tese sesesences sesesacase sesessasas seesssases saesesanes san Ac..... C.CT7.CG.. GT
LONGIPLEXUS  tiiiiiis tetiet teee teettiiten teeeeeeans ssssesecss sessssesss sesesssses ees A...... CT.TTCTG.. AT
MACTOrCRTS iiiiiiet tiiiie tier eereennsns sveseosess ssonssnsss sessenanes seecsennes ane A...... CT.TTCTG.. AT
MediopleXUS ....ivvs teeene enee eectacsnee sesesanane sesann heee eeeereeces seseaneeae e Aoo.... C.CTT.C... GT
TUXELAST  ciiiiis tiiits tees seeareseee seseecases seseessses eestieseas seseesenne ass Ao..... C.CT7.C... GT
TUXELAS2  tiiiiiis thiiie ties dieeeciene seessecaes sessessens sesesseses seasssssas sens Ac..... C.CTT.C... GT

FIGURE 1. Continued.
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ITS2
complexus1 -AATAACA TTTGGGGTGT CAGATCTGTG GCTTTTCCCT AATGTATCCG GTTGCAACCA CATGGCGAGT TAATCTCGTT GTGGT--GTG GCTGCG 836
COMPLEXUSZ = .iueeen tieiennens sonennnnes sonsennnss sosusenncs saseseenne sesesnnnes sossssnans seann TTeee eeeeen
pulcher1 T eeetcee seeeeeencs ceeecesete sesecccess seessnaues sessssstes secessesss sessesesss seses e e
pulcher2 S iietes teeseeates seeeeeeess sesessssas esessesass sesssssese sssssseas S eieeeiieee aeean et e
coloradensis TT..TTAT G.ouvvevnne veennnn . Aeeiier tirriennns cennnan G.. .CG..CT... ..... AT... ......
illimis TT..TTAT Gevvnrnree cnennen Ace ciiiiiines e . G...A.---?. .CG..C.... ..... (] I
longiplexus AT..T.AT ..ciiiennr cvvanns . W [P N Gover wun A...GLAAATT...ovet unns GT... ....T.
macrorchis  TT..T.TT c..civneee vennnnn Al eeenane. LI . G.A...G.AATT. ...t vunnn GT... ....T.
medioplexus TT..TTAT G...cvvveer cevnnns Ac. oeae.. Teo ... . A...G.. .CG..CT... ..... AT... ...t
Tuxtlas1 TT.ATTGT Gevevenrnr cnnnnen . . A...G.. .CG..CT... ..... AT... ...
Tuxtlas?2 TT..TTAT Gevvvnnner cnnenen Ace iviiinnes o . G.. .CG..CT... ..... AT... ..ot

ITS2

complexus1  GAGT CGTGGCTCAA TTGGTTGATT ---ATGTGCG CGCTCCGTCA GTTCACTCGT GTTGTTAACC AAGATTGGCG TATCTACGTC AATGTTATTC 930
complexus2  .... ciiiiiiiee ceneeennns ST T eetee eeseeaeees seeesesess seseeseces seeseesses seesssesss seseeasses

pulcherl ... ciiiiiiiis teiiiinnn T eeiiee eeaen 2 et teeteteees seeeseetes seseeseees seessssses sesessesas
pulcher2 ... ciiiiiiiis teiinanenn R T et teeeennees eonennencs sosnssnnes ssesensans ssenennans
coloradensis .... .cecveeneen onn AAAT .. T iiiiiis ceencnnnne sanen TeGer teveennnas =mmmm=mcon cococnn .G CT.TC.....
illimis .. cieiiiiies celen ACT .. Troiiiiins teveencnns sunns TeGer tevenennns mmmmmmmmos moco-o- ..G TT.TC.....
longiplexus .... «.cieeens o A.AAGTTA. TTA...C... .T.--..... AC....Gew aennse G... GTAG...... . T..Acoeee oo CG.T..
macrorchis  .... ceveenenes o A.AAGTTA. TTA...C... .T.--..... AC....G.. ...... G... GTAG...... . T..Acoeee .. CC.T...
medioplexus .... ceeeveenen onn OV R i I TGt cevennanes =ommmmosmms cococn- ..G CT.TC.....
Tuxtlasl  .... cooeeees. G ool ALAAT .. "mmiiiiies tireeneene senen TeBuer veennnnnas =om=mmmmon cocoeoe- .G CT.TC.....
Tuxtlas?2  ..ee teeiieenee een L P o TeBee teiinnnnas ==mmmm=ooc co-e-eeo .G CT.TC.....
ITS2 28S

1 [
complexus1 CTGACCTCGG ATCAGACGTG AAT GGGATAA GCCCAGCACC GAAGCCTGTA GCCATTTGGT TACTAGGCAA TGTGGTGTTT AGGTCGTTCC 1020
COMPLEXUSZ tiiiieenee eeeennnnns eoe  essssse sessecesss sossssssne sosssscass sessossnns sosssssane sssesansns

pulcherT ittt tiiiiiiies tie eeeeeee seeeeeeens sesesaaas G CGuvunrree tennnennee eovennnnne sonncannns
PULCREr2 Lttt tiiiiiiies tee eeeeeee sesssesess sesssestes sesesesses sesssesses sesssseste seeeessens
ColOradensis ...cuieies tiieeinees tee eesenes seeseseses seessenes 2 2 e iitees teesesenes sesesscses sesesseans
TLLimis  iiiiiiiis ieteiieeee eee eeees Te tieeeennes sennnnans B Covrrvnnnnns
longiplexus ...ieivine tirinnenee cee eeen ) . G .Teveunnn C otiriiiires cetenanen Civvennnnnn
Macrorchis  ciieveeees cevneecnee cee  aees ) G .Tevuunn AC tiiiiiiine cretncnece seenenennn
MedioPleXUS  ..iiieeeen teennnenns soe  seesese seseeceses seseseens G CBuvevenns veveenenes sonennnnes sononnnnan
TUXELlasT iiiiiiiite cieeieenee see seesees seesssesse sesessans G CBuvuvcnes vovnenence sonennases sonennnasns
Tuxtlas? ciiiiiiies deeieeiens see eeee Gev tieeecnnse ssssesases sesesesase sssseeness ssssessans eeeeaaaan
28S
complexus1 GTGGATATTC TGCTCCACCC TAAGTCC-AT CAATGAGTAC GGTATTAT-G GACATGGCCC ATAGAGGGTG AAAGGCCCGT GGGGGTGGAG ATT 1113
COMPLEXUS2  tiieieiins senienenee seeeaen Cuv trvenene coeennns T ieeeesess sessasseee sessessses sessessees sen
pulcher1 8 o ¢ P et teeieseeee seeeenen T heeeseeees . Covrreeee titieeieens aans Ceeeee e
pulcher2 iiiiiiiis tiiiiiiees ceeeans e teeteeeeee seseeaes S eeteesees sesesenses sesssesens sees e e
coloradensis .C...GG... covveencns venanne Teh tiseesenes seeneene Te ceeennenne on Gevenrne coeneneanes sosnsnsane aes
illimis R o ] et teeteesees seseenes T heeereeees . Citetenee tenencence soneasenes oo
longiplexus  .C...AG.G. .......... Coeene et eetiesees eees Geve e vovnnnnean o Cereie tiiiitiies teereeeeee e
macrorchis .C...AG.G. ...vvunnnn Covvnnn et eeseneenes seen Geve™e tevnnnnnes o Gttt ttiitiiees crerriee e
medioplexus  .C...GG... cevieerene cnenann T teteieeese ceeseees Se eeneeeenes o [ P
Tuxtlas1 N oS ¢ et teseeseses ssesssen " ceecesesses o Covennnne ceinennne cune e eee
TUXtlas2  ieiiieies ereiennens seeenns e teeecieees seseeeas T heteseeese seseeseees sesessseee esen eeeee e
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28S
complexus1 CGGTAGG ACAGAATATT CTTGGGTAGA CCTTGGAGTC GGGTTGTTTG TGAATGCAGC CCAAAGTGGG TGGT-AAACT CCATCCAAGG CTAAATA 1207
COMPLEXUSZ  oviiee tiiiiiiiis titinenns seennennss seestieans sestesiene sessessene saes Theeee teetenenne sessene
pulcherl it ittt teeeeeae A ittt eieeites seereeeeee caes Teeeee tereaseacs ceseeen
PULCREr2 i it tiiieiiiet teeieieees ceeeeseeee seseestees sesssesees eaens Thiees teeceenane seneses
coloradensis ....... Couun.. CTal Ciiiiiins titteennee toceennnns sonnnnnnns sonssnnnne anus Ceteee sessessees seesaes
itlimis  ....... C..... 0 O 0 ) “eeeee ceecensses sssssas
longiplexus ....... .... [ ¢ 0 O o . T eeees tesetesees seeeane
macrorchis ....... .... CGCT.C TC.vicreer tuvernnnes sansannans - Tettes teeseerens saeeens
medioplexus ....... C..... CTiC tCiiiiiits tieeinnes tonseccess tasesnsees sossnnnnne ann GTeiies tiiiiiiens cenanss
Tuxtlasl  ...ovee civennnns C oiiiiiiite cheienenes oa Ceetetes seeesssees sesesseaes sane Teeiee teeeeteees sesenes
Tuxtlas?  ..oiieen ciineenns L iiiiiitee tettetnnae sesesasens sescessaes seseeeceee sens Teetee teeeiesees saseees

28S
complexus1 CTT GCACGAGTCC GATAGCGAAC AAGTACCGTG AGGAAAGTTG AAAAGTACTT TGAAGAGAGA GTAAACAGTG CGTGAAACCG CTCAGAGGTA 1300
COMPLEXUSZ 4t tiieiiinne sensesnnns seeennnnns sosoansuns soensenens sosesnanne sosnensane sennnnnnne aun Ceeeeen
PULCRER T i ittt tiitttites treeeeiies seeeaseaie seeeeseses sestsseses seseessses sesaeans e eesesaeans
PULCREr2 i i iiiiiiit tiiititeees teeeeeines seseseente seeeesstes sestisesee seseeseses sessesncns seeennnnes
coloradensis ... ceieiiiier ceiieiiies sesesesees seeaen et eesesssss sesssseses seseeseess sesssesese seeseseens
TLLIMIS  tit tiiiiiiies ciiietnnes sesasences seanen e sesessssss sesesssees seseeseass sessseseee seeeeseees
LoNGiPleXUS  cit ittt iiiiiiiet ereeeeeae seesieeses seseseseee sesssssess srssesesss sesscenece seessesens
MACTOTCRTS it teiiteieee teteeennns sesenunses soseencnce sasossssss sessssssss sessssasss sassnnnnce sosssennnn
MediopleXUS ... tieevieens voennneens sosennence sonnnn @ets eeeetances sesecesces secscssess sesesseses sessessens
TUXELAST  ti iiiiiies tenenneees seeenosacs sasesaasas seseseeens ssesssssss sesssseses seseseeece eeesesenes
TUXELAS2 tit tiiiieenes teeececnes sesneeenns sasessases sasssessie sesseseses seeessteses seseeeeses seescsenes

28S
complexus1 AACGGGTGGA GTTGAACTGC AAGCTCTGGG AATTCAACTG GTGAGTGTGG TTTTAGCTTG GTAAAATTGG TGGACATTGG GGTCTGCGTA GTAG 1394
COMPLEXUSZ  tivieeenee teeennenee seensoance sosesenose sossesssss sesssssnce sossssanes sassssnsss sassnnnnne snns
= TE = T
PULCREr2 i iiiiiit tiiiiiiies tetrettees ssssesaaen sesesssses sesssessss seees ettt seseesssee oe 222222722 177?
coloradensis ....cvveve vevnnennee o« etereee eaeeen Chee eeeeieeens aas Goveven w CTeveer vunns G.Cov vvrevnnnnn A..
FLLIMIS iiiiiiies tiiiieiiees tevneennes svssennnne sasensnsce aun Gevewer on CTeveer vunes G.Cov vivnnnnnn vuns
longiplexus ..ciiiieie ciiiiiiiie teniennn T eeeens Gove Acvvvnnnne e Govevrr ou [ Toee wenn
Macrorchis  tiieiiiine cvvennncns conennns Te venens [ | W Govuewnww R 03 Teee veen
MEdiOPLEXUS  tirtirnnes titnnennee sonenneens sonsnnnene sosnnnnnne oun Gevever oo CToveer wute G.Cot tevninnnn A..
Tuxtlasl ciiiiiiier tiiiennnes senne Tatee teeeeenane cvnnnnnnne aus Gevevrr on {03 (P G.Cot vrvnvnnnnn A..
TUXtlas2  ciiiiiiein censeneens seaes R

28S
complexus1 CAGGTC TTCGCCTTCG GGTGGGGATG CGCGATGCAC TTATCAAGTG TTGTGCTCCT CAGTGGTCAT -ACCGA-CCA ACTCGCTAGT GCACTTTC 1488
complexus2  ci.eee ciereennne senenes e teteseesee seeseenses seeees Govr vveennnnnn Teeeen Tt eeseeenes seeenens
L 1= 2 T o Goer ceviinnnnn Teeees Teee teiieiiees seeaaees
pulcher2 222222 2222222222 222272..6.. iiiiiieies tecsncnene ssenns G..G ..... L N B T T, AT.. ...venen
coloradensis ...cee tevieenene cenencnnns waeen Peree reeenenen caenen Govw oG.uTou==t "CivGGivs vivrevnens cneennnn
FLLIMIS iiiii tiiiiienes ceeennsene senssnncns sosesnnnes sosnns [ ¢ Bt Tt ¢
longiplexus ...... .. Teemeeee venen At tiiiiiiies teieeieeee e G..C ....T..--. TC...G-... ..... TCovh tevnnnns
macrorchis ...... .. Tevernes aenns - G..C ....T.. ==, TC...G-.t ... TCovr wevnnnnn
MedioPleXUS t.vvee tiviinnnnn teenennnes sonnnnnnes senannanes sesens G... .G..T.. R o
TUXELasT  iiiiis tiiiiiiite teeecieees ceeseenees seesesenne caesen [ R B
TUXELAS2 ittt tiiiiiiies ceeecsetes seeesenane cesaceeene senens Gevr vvnnnnnnns AC. . ie tis tevreennes evnnennn

FIGURE 1. Continued.



LEON-REGAGNON ET AL —DIFFERENTIATION OF HAEMATOLOECHUS SPECIES 941

28S
complexus1  TC AGAGTGTTCA CCACGACCGG CGCCGCTGTC TGGCCTCTAT AGTTAAACCG GTTTTGCATA GTCCTTGTGG CTTTGCTTAG TCGGGACGGC A 1581
COMPLEXUS2  t. teeeeviees svvennnees soasnnncns sossncnnee sonsssnnse sosananns © eeeeceeee teeisaaees seseneeees .
PULCRErT it ciiiiiiits cieiiieeee teeettaace seesaccees sesesascas sssecesses sesessssss sssesessss sesessaacs .
PULCREI2 i ittt tteitenees teneenenns saensnnnes sessteanes sassesssas sesssesees seesesasas seeeennane .
coloradensis .. ...... Goive ceenenecee eonnsnnns T.....A..G. Gevvevnnn AG..evever v GA.... ..... TAAG A .
illimis .. ..., Beve wevcesnnes sonsnnnnes sases G..G. Guvurrrnnn AG.eevevee cunn Cuovine tenennnnes vaeenn Teo.
longiplexus .. ...... Govr eevnnnnnens oun STeeee weeen G..T. Gevevnnnnn on Covunnn [ ceeneeas G. «..... Teonr .
macrorchis .. ...... Geve tevenennce nen LI G..T. Gevuvnrnnn ou Cvvnnn Covirrnnnnne cunns G.CG. -..... LI
medioplexus .. ...... Gevr vevennnnns & [ PR T..ootAiG. Goveeeeees AGiveiiinn vunn GA.... ..... TAAG. ......T..
Tuxtlasl .. ...... Govr wevenencen o [ ) S W U ¢ FR AG.vvveven unn [¢]. VAP TAAG. ...... Teer
TUXElAS2 . teieecsene setsecenas seesesanee seseans Cor treerennee senennnns T eieieteees tecensnnne caessanass .
28S
complexus1  GGTAGCTCG TTGACTTGCT TGTGGTTGCC TGC-AAGCGT GGTTTTCGAG TGTAATCAGC TGACTGTAGT TGTTCTGTGC AGTGTGTCGG AGACG 1675
COMPLEXUS2  t.iivienns ceeennnnee seeesanens e e
pulcherT iiiiiiee ciiiiennes taneene CG. tei™eieene teeeronnes cossssascs sessecscns seseseases sescsssees seees
pulcher2  .iiiiiiit tiiiiiiins ceaiann B ttimeeuieus sesssesans sossessase sossssssss sessssnses sessssssas seeens
coloradensis ......... Covrwn CTo. veeennn T.G CCAT...T.. T..C...A.. .C.eeaCuit veviChiiins Guvennenne cennnnenes G....
FLLIMIS hieiiiies teeiiiines seenean CG. C.uGumvvvr vtevnrennnn o« A..... C.. v... Coernn Gevevrnnns conennnns . Guo.ts
longiplexus ......... ... Geverer evnen C.TG. ...-.G.... .. Cuoveenee tetecnnenn oann [ P ¢
macrorchis ......cen one Geverer vnnne C.TG. ...-.G.uou .. Covernne covennnnne osune o8 R c
medioplexus ......... Cou.w. (53 S T.G CCAT...T.. T..C...A.. .C.....C.. ....C..G.. G....... ch teeseeneas G....
Tuxtlas!  ......... C..... (53 I T.G CCATG..T.. T..CovtAur bCiveeaCuit vevaCiviet Guvvennnns tivnnnnnns G....
TUXtlas2  cieiieeee cerenennen seenana “eG CTGC.ceves seeenecnes covennnnee sonanns R ¢
28S
complexus1 GCGGC TTGAGGTGTG TGCATGCGTA GTTGTTTTGC TGACTGGTTC GAGTTTGGTT ATTTGTT-GC CTGTTCATGC AGGTCTGGTA GTAGCTCGA 1769
COMPLEXUS2 et tevinennse seenennens sossscanas feteeetcse esseennnes seeanen Tee teecsceccs sesesecene sessesees
PULChErT i iiiiiiiet iiiiieiies dirasssees seesesases sesseseces seeeenn T teeetecees eseesceses seeeseens
PULChEr2 it tiiiiiiiete eereeraes seeeeeeaes cesseaeeas sesseasess sessens Tee tereessees teiesesens seseenans
coloradensis ..... . Cuovvnnnns connnnnns T .CoCoeeaT weinnnns TG.A.. «.ueenn . -
itlimis  ..... . Cuovvrnnne ennnennes T tCevvrnnns vonnnnns Co vennennne onee TG.A.. vevennn . G
longiplexus ..... cieviineer venianann TTCG..eee”ve vveeoToCh Gevvwnner o0 AG.T.. .....A.AC. ..... GTT.. A.G..... G
macrorchis  ...ee ceviinenee cenenannn TTCG...oer veveaTiiCl Gevewneen oooAG.T.. .....A.AC. ..... GTT.. A.G..... G
medioplexus ..... . [ T .CovetGuve tinnnnnn C. .... [ TG.Aee ceneens AT. ....... T.. ..G..... G
Tuxtlast  ..... . Covvrnnns ennennnn T Ceiiiiies teienns Co vevnnnnnes sens TG.A.. veennnn . G
TUXELAS2  teeee teeeecenes saesasesae sessssense sesesesass sssssssees sees “G.Tee tivennen -
28S .
complexus1 A TTTGTTCGGC TGGCGACTGC GTGTGTGGCA TTTTACCAAG GGCCAATAGT CTGTGGTGTA GTGGTT 1836
COMPLEXUS2 & vvveeennee seeccnsaes cesacsssss sasesannne o T eiiteee seeeeceees seeeen
pulcher1 f teteeteees ceeesessse seesessees sesesescas sesssesess sssssessse sesess
pulcher2 W teeseesess sessesesss ssesesesss sesesseses ssessseses seesesssss sesecs
coloradensis . ...===.... caenn G.Gev vrvrenenne o {7 Cuove tenenennce vanans
illimis f eeeeeenees seens GTG.: ceevveneee oe G.T..G.. v.ovenn Cove tevennnnee ennnn G
longiplexus . ..C...... TG.AAGT... ceeenvnnee oe GeTiiiee teeencence sosavesaas sonnes
macrorchis R TG.AAGT. ..t vocvienene on 0 N ¢
medioplexus . ........ CG ..A..CTG.. .eevvurnnn C.G.Tovunr wunnnn Cove tiiiennnn vennnn
Tuxtlas1 C eeeretaees seeen GTG.er wevevnnnnn oo GeTevene cuvnnn o
Tuxtlas2 4 eeeeerace seseseceee smeseassses sessessess sesessvess sesesasene sseess
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TaBLE II. Pairwise distances between taxa, calculated from the combined data set using PAUP Version 3.1.1 (Swofford, 1993).

Isolates 1 2 3 4 6 7 8 9 10 11
1. Complexusl — 0.007 0.012 0.054 0.106 0.105 0.198 0.199 0.115 0.107 0.056
2. Complexus2 — 0.011 0.053 0.104 0.106 0.197 0.199 0.115 0.106 0.056
3. Pulcherl — 0.054 0.106 0.103 0.196 0.198 0.112 0.102 0.057
4. Pulcher2 — 0.103 0.103 0.215 0.216 0.103 0.094 0.081
5. Coloradensis — 0.042 0.203 0.203 0.027 0.025 0.076
6. Illimis — 0.197 0.197 0.051 0.049 0.083
7. Longiplexus — 0.017 0.205 0.207 0.201
8. Macrorchis — 0.205 0.207 0.203
9. Medioplexus — 0.020 0.073
10. Tuxtlasl — 0.066
11. Tuxtlas2 —

placement of those isolates. The first is that we are dealing with
a case of hybridization (not with F, hybrids that would have
both parental genomes represented [Rollinson, et al., 1990] but
historical hybridization). Nevertheless, if this was the case, the
isolates would be strongly associated to 1 or the other parental
species, but this is not reflected in the trees (Fig. 2). The second
alternative, and the one we think is the best supported by our
results, is that the misplacement of these isolates is the result
of noise in the data. Combining the 3 data sets allows us to
increase the accuracy of the estimated tree by the use of a larger
number of characters in the analysis, especially in those parts
of the tree unaffected by homoplasy (Kluge, 1989; Kluge and
Wolf, 1993; Wiens, 1998). The resulting hypothesis is support-
ed by the morphological evidence. Tuxtlas1 and pulcher2 share
with other members of the complexus group a large acetabu-
lum, round testes and ovary, and an unordered array of uterine
loops that do not go extracecal.

Specimens identified as H. macrorchis and H. longiplexus
are very similar, differing by only 1.7%. The phylogenetic anal-
ysis indicates that, among the taxa used in this study, H. lon-
giplexus and H. macrorchis are each other’s closest relatives.
These observations could indicate that the taxa are not distinct
species. As noted above, however, ITS2 has been reported to
vary as little as 1.1% in closely related species of Schistosoma
(Kane and Rollinson, 1994). Caballero (1941) differentiated the
specimens he described as H. macrorchis from H. longiplexus
by the length of the extracecal uterine loops. In the Mexican
specimens, they extend anteriorly halfway between the ovary
and the pharynx, whereas in H. longiplexus they extend ante-
riorly to the level of the pharynx. Caballero (1941) also re-
ported specimens of H. macrorchis to have a spined tegument,
whereas the tegument in H. longiplexus was described as as-
pinose. The presence of spines by itself is a problematic char-
acter for differentiating species of this genus. Cort (1915) re-
ported that H. longiplexus specimens were aspinose or spinose.
Krull (1932, 1933) noted that in H. longiplexus and H. com-
plexus spines can be lost during the development of the worm
or with the fixation techinques, and Brooks (1976) confirmed
the presence of tegumental spines on adult specimens of H.
complexus. Manter (1938) considered Haematoloechus simili-
plexus Stafford, 1902 and Haematoloechus varioplexus Staf-
ford, 1902 synonymous because the only distinguishing feature
was the presence or absence of tegumental spines.

We examined specimens (CNHE 814, 815, 1555; USNPC

75446, 79466; HWML 20144, 20146, 20147, 20148, 20149,
20150, 21947, 22243, 23255, 34137) and found that in some
specimens of H. longiplexus the tegument had tiny spines, and
in some specimens of H. macrorchis the tegument was aspi-
nose. Likewise, the uterine loops in some specimens of H. lon-
giplexus reach the pharynx level, whereas in others they reach
halfway between the ovary and the pharynx, as in the type
specimens of H. macrorchis. The information obtained from
reexamination of the morphology shows that the characters
used originally to distinguish H. longiplexus and H. macrorchis
are variable within samples purported to be one or the other. In
conjunction with the low level of molecular difference, the lack
of distinguishing morphological traits leads us to propose herein
that H. macrorchis is a junior synonym of H. longiplexus.

The 1.7% variation between samples may indicate that they
represent differentiated populations. In addition to the geo-
graphic distributions, there are some apparent differences in
host species affinities. In the U.S.A. H. longiplexus is primarily
a parasite of the bullfrog, Rana catesbeiana Shaw, 1802, al-
though it has been reported with low prevalences and abun-
dances in other frog species like Rana blairi Mecham, Little-
john, Oldham, Brown, and Brown, 1973 and Rana pipiens
Schreber, 1782 (Brooks, 1976). In Mexico, R. catesbeiana was
introduced to the northern states and does not occur farther
south than Zacatecas and Tamaulipas (Flores-Villela, 1993). In
the present study, we found H. longiplexus only in Rana mon-
tezumae Baird, 1854, a member of the leopard frog clade that
includes R. blairi and R. pipiens, and in very low prevalence
(1.2% in this study; Caballero [1941] reported it to be uncom-
mon).

One of the most complex and controversial groups of nom-
inal species of Haematoloechus are those inhabiting North
American ranid frogs that have no extracecal uterine loops,
spherical testes and ovaries, and distinct ventral suckers that are
approximately the same size as, or slightly smaller than, the
ventral sucker. Included in this group have been H. complexus
and H. coloradensis in the U.S.A. east of the Rocky Mountains,
Haematoloechus confusus Ingles, 1932, Haematoloechis ker-
nensis Ingles, 1932, Haematoloechus oxyorchis Ingles, 1932,
Haematoloechus tumidus Ingles, 1932, and Haematoloechus
buttensis Ingles, 1936 in the west, and H. pulcher and H. illimis
in Mexico.

Haematoloechus pulcher was differentiated from H. com-
plexus by the presence of prominent pharyngeal glands, a rel-
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FIGURE 2. Most parsimonious unrooted trees (MPT) from the sep-

arate data sets. Values considering gaps as missing data in parentheses.
(a) MPT from ITS1 sequences CI = 0.970 (0.962); (b) majority rule
consensus of 8 MPTs obtained from ITS2 sequences CI = 0.947
(0.962); (c) majority rule consensus of 6 MPTs obtained from 28s se-
quences CI = 0.877 (0.868). Bootstrap values (1,000 replicates) shown
below the branches; branch length shown above.

atively large pharynx, and its host, salamanders of the genus
Ambystoma Tschudi, 1832 (Bravo, 1943), the latter a circular
criterion to use for distinguishing species (Brooks and Mc-
Lennan, 1993). In the specimens we collected, the pharynx was
not clearly larger than in the specimens of H. complexus from
frogs from the same locality, and the pharyngeal glands, spe-
cially in unstained specimens, were no more distinct than those
found in other digeneans. Separately sequenced specimens col-
lected from salamanders represented 2 distinct genotypes:
pulcherl differs less (1.2% variation) from H. complexus of R.
montezumae in the same locality than did specimens of H. lon-
giplexus from the U.S.A. and Mexico. Specimens of this ge-
notype were likely an infection of H. complexus in Ambystoma
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FIGURE 3. Most parsimonious unrooted tree obtained from the com-
bined ITS1, ITS2, and 28s data sets; CI = 0.836. Bootstrap values
shown (1,000 replicates).

lermaensis Taylor, 1940. Pulcher2, by contrast, showed 5% var-
iation, with H. complexus, equivalent to that observed among
many clearly differentiated morphospecies. We believe pulch-
er2, presumably the true H. pulcher, is a sibling species with
H. complexus. If true, we believe that examination of additional
material will allow us to discern morphological traits to differ-
entiate them.

Finally, Tuxtlas2 differs from H. complexus and H. pulcher
in 5-8% of its sequence, indicating that it is also a distinct
species in the complexus group. Further sampling in the area
must be done to clarify the specific identity of this species.

Specimens designated as Tuxtlasl vary 2.0% from those of
H. medioplexus in Nebraska. The low level of genetic variation
indicates limited geographic differentiation, suggesting that the
species should be continuously distributed at least from Ne-
braska to Los Tuxtlas. Haematoloechus medioplexus has been
collected in several different host species but most frequently
in members of the R. pipiens, or leopard frog, clade in central
and eastern U.S.A. and Canada. In accordance with the distri-
bution ranges documented by Hillis et al. (1983) and Hillis
(1988), published records listing R. pipiens as host may have
been R. pipiens, Rana sphenocephala Cope, 1889, R. blairi, or
Rana berlandieri Baird, 1854. Since the recognition that the
leopard frogs represent numerous different species, H. medi-
oplexus has been reported in R. pipiens and R. blairi from Ne-
braska (Brooks, 1976). We have recently collected H. medi-
oplexus in R. sphenocephala from Arkansas (D. Brooks, un-
publ. obs.). Haematoloechus medioplexus has also been report-
ed in Rana palustris, another member of the leopard frog clade
in Massachusetts and Maine (Rankin, 1945; Bouchard, 1951).

Two members of the leopard frog clade occur in the Veracruz
region, where los Tuxtlas is located. Rana berlandieri is dis-
tributed from Texas southward along the the east coast of Mex-
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ico to Veracruz; the northern part of its range overlaps with that
of R. sphenocephala. Rana brownorum is distributed from Ver-
acruz to Tabasco, Campeche, and Chiapas, Mexico (Frost,
1985).

In Mexico, H. medioplexus has been reported at low preva-
lence in R. vaillanti (this study) and Rana palmipes from Los
Tuxtlas in Veracruz (Guillén-Herndndez, 1992), and in R. mon-
tezumae from the Lerma wetlands and Lake Xochimilco (Ca-
ballero, 1941). Material from Lerma was not deposited in the
CNHE and is not available for examination. We examined ma-
terial from Xochimilco (CNHE 1191, 1770) and found that they
do not belong to H. medioplexus. According to the arrangement
of the uterine loops and the lack of acetabulum, they might
belong to Haematoloechus iturbei Cordero and Vogelsang,
1939 or a closely related form. Further analysis of additional
material will allow the identity of these specimens to be deter-
mined. Thus, it appears that in Mexico H. medioplexus occurs
only along the eastern coast. We believe that R. vaillanti and
R. palmipes Spix, 1824 from which H. medioplexus has been
collected in Los Tuxtlas, are probably not the main hosts for
this species of lung fluke in the region. First, both those frog
species reach their northernmost extent in eastern Mexico,
where H. medioplexus reaches it southernmost known distri-
bution. Second, the typical Haematoloechus of R. palmipes is
H. iturbei in South America, although this species was mis-
identified as H. medioplexus in Colombia (Uribe-Piedrahita,
1948). We have collected H. iturbei in R. palmipes from the
Area de Conservacion Guanacaste in northwestern Costa Rica,
and it is clearly distinguishable from H. medioplexus by the
lack of acetabulum and the unordered disposition of the uterus.
We expect R. berlandieri to be the main host for H. medioplex-
us in los Tuxtlas as well as throughout its range in the eastern
coast of Mexico.

Two species generally considered members of the H. com-
plexus group, H. coloradensis and H. illimis, appear more close-
ly related to H. medioplexus than to H. complexus in our anal-
ysis. They differ 2.7% and 4.2-5.1%, respectively, from H. me-
dioplexus, whereas they differ 10.3-10.6% and 10.3-10.5%
from H. complexus. Haematoloechus coloradensis has gener-
ally been considered most similar to H. complexus (Kennedy
[1981] suggested synonymizing them), from which it has been
distinguished by having a relatively larger pharynx with respect
to the oral sucker and a spinose tegument. We have already
discussed the doubtful validity of the spined tegument as an
informative character by itself. We found 2 morphological fea-
tures, however, that are useful for distinguishing this species.
The pharynx in all specimens is relatively larger and generally
longer than the oral sucker than that of any members of the H.
complexus group or of H. illimis or H. medioplexus. In addition,
we discovered that the arrangement of the uterine loops is an
informative character. Members of the H. complexus group and
the H. medioplexus group lack longitudinal extracecal uterine
loops, the plesiomorphic condition for plagiorchiform digene-
ans (Brooks et al., 1985). In members of the H. complexus
group and in H. illimis, the postcecal uterine loops are not or-
dered into a well-differentiated ascending and a descending
row, can overlap the ceca, and can occupy the total postcecal
space. In H. coloradensis and H. medioplexus, however, the
transverse uterine loops are ordered into a well-differentiated
ascending and a descending row and occupy only intercecal

space. These are the only 2 species of Haematoloechus pres-
ently known to exhibit this trait, which we conclude is a mor-
phological synapomorphy linking them, thus corroborating the
molecular data. Haematoloechus medioplexus further differs
from H. coloradensis by having an exremely small acetabulum,
generally only 25% the width of the oral sucker, and by having
extremely dense tegumental spination. These 2 species exhibit
some degree of geographic differentiation. Haematoleochus me-
dioplexus, as we have indicated, seems to be a species of the
lowlands east of the Rocky Mountains down along to the east-
ern coastal area of Mexico, whereas H. coloradensis is a species
of the western plateau in the U.S.A. (Colorado, Utah, Idaho,
Nebraska) and central plateau in Mexico (Lake Patzcuaro and
Lerma wetlands), although both species occur in Nebraska
(Brooks, 1976). Finally, both species inhabit primarily members
of the leopard frog clade, with H. medioplexus known to occur
in R. palustris, R. pipiens, R. blairi, and R. sphenocephala and
presumed to occur in R. berlandieri, and H. coloradensis
known to occur in R. pipiens, R. blairi, R. montezumae, and
Rana dunni.

The sister species of H. medioplexus + H. coloradensis in
this study is H. illimis, differing in 4.2-5.1% of its sequence.
This species was described from R. montezumae in Lerma wet-
lands more than 50 yr ago (Caballero, 1942b) and never col-
lected again until now. Caballero (1942b) reported it from the
lungs, but most of the specimens we collected were found in
the eustachian tubes of the frogs, an unusual habitat for Hae-
matoloechus. This species, generally considered in the com-
plexus group, differs markedly from other members of the
group, together with H. rumidus, by having lobed ovary and
testes and several short extracecal uterine loops in the posterior
half of the body. Caballero (1942b) also mentioned a large me-
traterm as a distinctive character for H. illimis. Molecular data
support the exclusion of H. illimis from the complexus group
and its inclusion in the medioplexus group. Nevertheless, it dif-
fers from H. coloradensis and H. medioplexus in the arrange-
ment of the uterus and in the shape of the ovary and testes.
Morphological differences, together with the large amount of
molecular variation with respect to H. coloradensis and H. me-
dioplexus, suggest that it might be more closely related to other
groups of species in the genus Haematoloechus. Further studies
including other North American species might indicate its re-
lation with other members of the genus.

This report has shown the merits and necessity of interpreting
molecular data in the light of critical morphological evaluation
to document the basic units of evolution and biodiversity: spe-
cies. Finding substantial agreement between morphological and
molecular data gives us hope that a robust phylogenetic hy-
pothesis based on all available evidence (Kluge, 1989; Kluge
and Wolf, 1993) can be produced for this fascinating group of
digeneans. Given the geographic distribution and host range of
Haematoloechus species, no doubt this group can become an
important model system for historical ecological and parascript
studies (Brooks and McLennan, 1991, 1993).
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