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The morphological based taxonomy of highly derived parasite groups is likely to poorly reflect their evo-
lutionary relationships. The taxonomy of the monogenean family Capsalidae, which comprises approxi-
mately 180 species of flatworm parasites that predominantly attach to external surfaces of
chondrichthyan and teleost fishes, is based mainly on six morphological characters. The phylogenetic his-
tory of the family is largely unknown. We reconstructed the phylogenetic relationships of 47 species in 20
genera from eight of the nine subfamilies, from nucleotide sequences of three unlinked nuclear genes, 285
ribosomal RNA, Histone 3 and Elongation Factor 1 a. Our phylogeny was well corroborated, with 75% of
branches receiving strong support from both Bayesian posterior probabilities and maximum likelihood
bootstrap proportions and all nodes showed positive partitioned likelihood support for each of the three
genes. We found that the family was monophyletic, with the Gyrodactylidae and Udonellidae forming the
sister group. The Capsalinae was monophyletic, however, our data do not support monophyly for the Ben-
edeniinae, Entobdellinae and Trochopodinae. Monophyly was supported for Capsala, Entobdella, Listro-
cephalos, Neobenedenia and Tristoma, but Benedenia and Neoentobdella were polyphyletic. Comparisons
of the distribution of character states for the smail number of morphological characters on the molecular
phylogeny show a high frequency of apparent homoplasy. Consequently the current morphological clas-

sification shows little correspondence with the phylogenetic relationships within the family.

© 2009 Elsevier Inc. All rights reserved.

1. Introduction

The Platyhelminthes is a diverse phylum of aquatic and terres-
trial organisms that are classified into mostly free-living ‘turbella-
rians’ and the wholly parasitic Neodermata (see Kearn, 1998). The
Neodermata comprises three classes, the Cestoda (tapeworms),
Trematoda (internal flukes) and Monogenea (principally ectopara-
sitic flukes of teleosts and chondricthyans). Monogenea have a di-
rect life cycle and tend to be highly host specific, i.e. species
commonly infect a single host species. The Monogenea is divided
into two subclasses, the Monopisthocotylea that feed on epithelial
cells and the Polyopisthocotylea that are exclusively blood feeders.

The Capsalidae (Monopisthocotylea) include parasitic flat-
worms that attach predominantly to external surfaces of marine
fish. Capsalids are distributed worldwide and some are among
the largest monogenean species known (up to 3 cm long) (Whit-
tington, 2004 ). Some can be site specific and different species par-
asitise different sites including the: epithelium covered lamina of

* Corresponding author. Fax: +61 8 8303 4364.
E-mail address: elizabeth.perkins@adelaide.edu.au (E.M. Perkins).

1055-7903/$ - see front matter © 2009 Elsevier Inc. All rights reserved.
doi:10.1016/j.ympev.2009.05.008

teleost scales; smooth external ventral epithelium of batoids; gill
lamellae, arches and rakers; fins; branchiostegal membranes; lip
folds and pharyngeal tooth pads (Whittington, 2004). While capsa-
lids generally parasitise ‘modern’ marine teleosts, some parasitise
‘primitive’ anadromous and freshwater teleosts, like acipenserids
and also marine elasmobranchs (sharks and rays) (Whittington,
2004). Some capsalids are important pathogens in aquaculture
and public aquaria e.g. Benedenia seriolae, Neobenedenia ‘melleni’
and have been responsible for significant losses of fish stocks
(Deveney et al., 2001). The current taxonomic classification, which
comprises nine subfamilies, 45 genera and approximately 180 spe-
cies (Whittington, 2004, Table 1), is based on very few morpholog-
ical characters (e.g. attachment organ characteristics, testis
number and arrangement). Within the Capsalidae, some subfami-
lies and genera are considered ill-defined and require taxonomic
revision (Whittington et al., 2004). Four subfamilies contain only
a single genus and many capsalid genera are monotypic.
Whittington et al. (2004) conducted a preliminary phylogenetic
study of the Capsalidae which used partial 28S ribosomal DNA (28S
rDNA) nucleotide sequences, and included only 17 species, repre-
senting seven genera and five of the nine subfamilies. Monophyly
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for the Capsalidae was supported as was monophyly for the Enco-
tyllabinae and Entobdellinae. Benedeniinae was paraphyletic with
Neobenedenia species failing to fall within the subfamily. Capsala
was not monophyletic due to the inclusion of Tristoma integrum.
While this is the only phylogenetic analysis of the family to date,
it emphasises the need to establish phylogenetic relationships to
assess the substance of the current systematic classification. Far
greater taxon sampling and use of multiple genes will be required
to infer and resolve relationships within the Capsalidae robustly
(Whittington, 2004).

Other than the preliminary phylogenetic hypothesis by Whit-
tington et al. (2004), phylogenetic relationships among capsalids
remain unexplored. Currently there are too few morphological
characters adequate to establish evolutionary relationships for
the entire group. The paucity of phylogenetically useful morpho-
logical characters is due largely to the fact that parasites tend to
have simplified and conserved body plans compared to free-living
relatives (Brooks and McLennan, 1993). Homology is another crit-
ical consideration when establishing a morphological dataset for
phylogenetic analyses. If relationships between taxa are unknown,
homology is usually inferred by developmental, structural and
positional similarity (Brooks and McLennan, 1993). Such an ap-
proach can be problematic in relation to parasites and may lead
to inaccurate assumptions about homology, an issue of concern
for capsalid morphological characters (Whittington, 2004). A
molecular phylogenetic hypothesis will allow an examination of
the issue of homology in these key morphological characters and
an assessment of the frequency and the potential impacts of
homoplasy.

Our study extends the preliminary work of Whittington et al.
(2004) by increasing taxon and gene sampling. We base our anal-
yses on 47 capsalid species in 20 genera representing eight of the
nine subfamilies and also include 15 outgroup taxa (in nine fami-
lies) from the Monopisthocotylea and Polyopisthocotylea. Pres-
ently the sister taxon of the Capsalidae is unknown. Our analyses
combine partial sequence data for 28S rDNA, Histone 3 (H3) and
Elongation Factor 1 o (EF1x) and is the first molecular phylogeny
of a monogenean family to include multiple unlinked nuclear
markers. Six morphological characters commonly used in higher
level capsalid classifications were assessed relative to the molecu-
lar phylogenetic hypothesis for their utility as phylogenetically
informative characters.

2. Materials and methods
2.1. Sample collection

Specimens (preserved in 95% AR grade ethanol) were collected
or obtained from various sources between 1993 and 2007 from
47 capsalid and 15 outgroup taxa (see Appendix 1). Table 1 shows
the current taxonomic classification of the capsalids. Trees were
rooted with Microcotyloides incisa (Polyopisthocotylea: Microco-
tylidae), the most distant outgroup included in the analyses. The
other 14 outgroup taxa belong to the subclass Monopisthocotylea
and represent eight families (Acanthocotylidae, Amphibdellatidae,
Calceostomatidae, Dactylogyridae, Gyrodactylidae, Microbothrii-
dae, Monocotylidae and Udonellidae).

2.2. DNA preparation, PCR amplification and sequencing

DNA was extracted according to the Gentra Kit (Gentra Sys-
tems) protocol for animal tissues preserved in ethanol. Extracted
DNA was stored in hydration solution at 4 °C. PCR amplification
of partial 28S rDNA, H3 and EF1a sequence was carried out with
published primers and additional primers designed using OLIGO

Table 1
Current capsalid subfamilies and included genera, listed alphabetically.

Subfamilies’ Included geriera

| Allometabenedentella (1), Aneyrocotyle (2); YRonedenia (21),
Benedeniella (2) Calicobenedenia (1), Dioncopseudobenedenta
S Lagemvagmopseudobeﬂedema (2}, Menziesia (53,
Metabenedemellcs (2) Neobenedenia (6), Oltgoncobenedema (1),
Fseudal(obenedema (2) Tﬂmusculotrema (5)

Bgnedeniinae (13)

*9capsalinae (4j

"Capsala (22) Capsalmdes (7) Naszcola (3), Tristoma (4)
Dioncinae (1 3 Dioncist (i1}
Encutyllabmae (2)  Allbencotyllabe (1), bI:'m:cr)lyllabe (17}
Entobdellinae (5) Branchobdella { 1) "Entobdella (7), Listracephalos (4),

Neoentobdqlla (10}, Psendoentobdella (1)

Intemiiocul‘i}na’e- "!ntemzloculus 2y

(1)
Ni{ZSChlln&& (1) bNuzschxa (2) .
Pseudonitzschiinae pseudonitzschia (1)
ay o .
Trochopodinee - Allobenedenia (8), Allomegaiocotyla (2); Macrophyllida (1),

17) L Medtavagma {2). Meezalobenedenia (2),: Megalocotyle (6).
: T Pseudpben&dema (3), Pseudobenedeniella (1),
Pseudobenedanoides (2), Pseudomegalocotyla (1), Sesszlorbxs
(1), Sprostonia (22). Sprostomiella (3), Tetrasepta (1),
Trilobiodiscus (1), Trochopellu (1), "Trochopus (15)

* Number of genera in bold.
** Approximate number of species in parentheses; genera in bold denotes those
with species that parasitise elasmobranchs.
2 Subfamily contains type species (Capsala martinierei) for the Capsalidae.
5 Type genus for each subfamily.
¢ Dioncus postoncomiracidia are reported from skin of blacktip sharks (Carcha-
rhinus limbatus) {Carcharhinidae), adult specimens of Dioncus occur on teleosts of
the families Carangidae, Echeneidae and Rachycentridae (see Bullard et al., 2000).
9 Host associations in Sprostonia require re-evaluation because according to
Egorova (1994a), the host of the type species, S. squatinae, is the angel shark
Squating squatina (Squatinidae) but the host of S. longiphallus is the teleost, Epi-
nephelus tauvina (Serranidae). Table based on Whittington (2004} and updated from
Tingbao et al. (2004), Chisholm and Whittington (2007), Kearn et al. (2007) and
Whittington and Kearn {2009).

4,0 (Rychlik, 1992) listed in Table 2. For amplification of the 285
rDNA dataset, primer combinations used were C1/D2 (approx.
800 bp), LSU5/EC-D2 (approx. 800bp) and G904/GS05 (approx.
400 bp). For amplification of the H3 dataset, primer combinations
used were H3aF/H3R2 (approx. 350 bp) and G926/G927 (approx.
300 bp). For amplification of the EFlx dataset, primer combina-

Table 2
Primers used for PCR amplification.
Gene Biimer  Seguence (5'-3) Forward/ "~ Sourte
b : Reverse
285 rRNA; €] ACCCGUTGAATTTAAGCAT, F 2
D2 TCGTCCGIGTTICAAGAC R 4
LSu5 TAGGICGACCCGUTGAAYTTAAGCA . F b
EC-D2 CCTIGGTCCGIGTITCAAGACGGG R b
G904 GATTCICYTAGTAACKGCEGAGTG E <
G905 GTTTAACCTYCAWGTRGTTTCA R £
H3 H3aF ATGGCICGTACCAAGCAGACYGC F 4
H3R2 ATRTCCITCGLCATGATTIGTTAC R d
G926 GACCGOYCGYAAAAGYAC E £
G927 AGCRTGRATDGCRCACAA R s
EE1n G959 GATTTYATTAARAAYATGATYACIGG F <
' 4960 CRGGATGRITCATAAYRATAAC R s
G1050. . CTGGWACYAGYCARGCTGA E ¢
Glog1 - R .

CATACCATACCACGYTTKA

2 Chisholm et al. (2001).
5 Littlewood et al. {(1997).
€ This study.

4 Colgan et al. (1998).
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tions used were G959/G960 (approx. 800 bp) and G1050/G1051
(approx. 800 bp). Primers used for PCR were also used for sequenc-
ing. PCR amplifications were performed in 25 pL reactions using
the following cycle conditions: denaturation at 94°C for 45s,
annealing at a minimum 50 °C and maximum 65 °C (dependent
on primers being used) for 45 s and extension at 72 °C for 1 min;
this was repeated for 34 cycles and increased to 38-40 cycles when
PCR product yield was low. Each 25 pL PCR contained a final con-
centration of: 0.5 U AmpliTaq Gold® (5 U/ul), 0.2 uM of each pri-
mer, 200 uM of each dNTPs, 2-4 uM MgCl,, 1x AmpliTag Gold®
buffer. Annealing temperature and MgCl, concentration were var-
ied to produce optimal amplification.

PCR products were cleaned using Agencourt® AMPure® PCR
purification kit and were cycle sequenced using the BigDye Termi-
nator v3.1 cycle-sequencing kit (Applied Biosystems). The cycling
protocol consisted of 25 cycles of denaturation at 96 °C for 305,
annealing at 50 °C for 155, and extension at 60 °C for 4 min. All
samples were sequenced on an Applied Biosystems 3730 DNA
sequencer. '

2.3. Phylogenetic analyses and hypothesis testing

Sequence chromatograms were edited using SeqEd version
1.03 and aligned initially using Clustal X (Thompson et al.,
1997). Adjustments to alignments were made manually in SeAl
version 2.0al1 (Rambaut, 1996) using inferred amino acid se-
quences where applicable (H3 and EFla). For the 285 rDNA se-
quence data, we tried to align our sequences to the predicted
RNA structure for Gyrodactylus salaris (see Matejusova and Cunn-
ingham, 2004). All sequences have been deposited on GenBank
(Accession Nos. F|971962-F]972138). Voucher specimens (most
mounted on slides but some are specimens or part specimens
stored in 95% AR grade ethanol) of each monogenean species are
deposited in the Australian Helminthological Collection (AHC) of
the South Australian Museum (SAMA), Parasitology Section, North
Terrace, Adelaide, South Australia 5000, Australia or in the Musé-
um National d’ Histoire Naturelle (MNHN), Paris, France.

Monte Carlo Markov Chain (MCMC) Bayesian phylogenetic
analyses were run using MrBayes 3.1.1 (Huelsenbeck and Ron-
quist, 2001). This analysis method allowed the data to be parti-
tioned and optimal models of nucleotide substitution applied to
each partition. The model of nucleotide substitution for each
partition was assessed using the Akaike Information Criteria
(AIC - Akaike, 1985) in ModelTest version 3.7 (Posada and Crandall,
1998). The General Time Reversible (GTR) model with a proportion
of invariable sites and a gamma distribution for rates across sites
was selected. To determine an optimal partitioning strategy, preli-
minary Bayesian analyses (1 million generations) using each possi-
ble partitioning strategy were run and then the AIC for each
partitioning strategy calculated. The final MCMC analyses were
run for 10,000,000 generations with a sample frequency of every
100 generations. Tracer v1.4 (Rambaut and Drummond, 2007)
was used (to plot the generation number against the log likelihood
value) to identify the point at which log likelihood values became
stable and all trees generated before this point were discarded. A
50% majority rule consensus-tree of the remaining trees was
computed.

Maximum likelihood (ML) analyses were run in RAXML (Sta-
matakis, 2006; Stamatakis et al., 2008) using the default rapid hill
climbing algorithm. Adjusting the values of distinct rate categories
and rearrangement settings did not improve the likelihood scores
so the defaults were used in each case. The model of nucleotide
substitution chosen was GTRMIX. These analyses were run for
200 replicates and the best tree chosen from those runs. Bootstrap
proportions were estimated under the same conditions for 100
pseudoreplicates. Two constraint analyses (with monophyly en-

forced for all subfamilies and genera in ingroup and outgroup taxa
and Acanthocotylidae and Gyrodactylidae forced to be sister taxa
following Boeger and Kritsky (2001)) were also run under the same
criteria for use in hypothesis testing.

The 50% majority rule consensus tree from the Bayesian analy-
ses was used to view the distribution of six morphological charac-
ters in relation to the phylogenetic hypothesis produced.
Description of these characters (haptoral septa, haptoral accessory
sclerites, haptoral hamuli, vagina and number of testes) follows
Whittington (2004) and elaboration of the anterior attachment or-
gan morphology is shown in Fig. 1.

Partitioned Likelihood Support (PLS - Lee and Hugall, 2003)
determines whether the different data partitions are in support
or disagreement with each node of the tree derived from the com-
bined data matrix. PLS was assessed for all nodes found in the best
ML tree produced in RAXML. PLS was analysed for the three differ-
ent genes: 28S rDNA, H3 and EF1a. The log likelihood values for the
three different genes for this tree were calculated in PAUPx* using
the site log likelihood function. The constraint trees necessary for
PLS were constructed in MacClade v 4.0 (Maddison and Maddison,
1995). As reverse constraint analyses could not be run in RAXML,
all analyses for the different nodes were run in GARLI v0.95
(Zwickl, 2006). The GTR model with a proportion of invariable sites
and a gamma distribution for rates across sites was used. Termina-
tion conditions were set at 10,000 (genthreshfortopoterm) and
0.01 (significanttopochange). The remaining default settings were
used as it has been shown that altering these generally has little ef-
fect on the likelihood scores (Zwickl, 2006). Bootstrap analyses in
GARLI were run using 100 pseudoreplicates.

The approximately unbiased (AU) test is a multi-scale bootstrap
technique developed for general hypothesis testing and provides a
procedure to assess the confidence of tree selection. In the AU test,
several sets of bootstrap replicates are generated by changing se-
quence length, with the number of times the hypothesis is sup-
ported by replicates counted for each set to obtain bootstrap
probability values for different sequence lengths. The log likeli-
hood values for each site (generated in PAUP«) for the ML tree
without constraints, the monophyly constraint ML tree (mono-
phyly constrained for all families, subfamilies and genera) and
the ML tree with the Acanthocotylidae/Gyrodactylidae constraint
(Acanthocotylidae and Gyrodactylidae were constrained to be sis-
ter taxa) were used in CONSEL version 0.1i (Shimodaira and Hase-
gawa, 2001) to run the AU test to determine in which trees to have
confidence. Monophyly constrained for all families, subfamilies
and genera was used to test the current hypothesis of capsalid clas-
sification. Acanthocotylidae and Gyrodactylidae were constrained
to be sister taxa to test the hypothesis of Boeger and Kritsky
(2001) who suggested that the Acanthocotylidae and Gyrodactyli-
dae may be sister groups.

3. Results
3.1. DNA sequence characteristics

There were no premature stop codons within the coding regions
of the protein coding nuclear genes. The secondary structure of the
28S rDNA sequence for Gyrodactylus salaris could not be used to
align our sequence data. Parts of the 28S rDNA sequence data span
a highly variable section of 28S rDNA so areas where the model pre-
dicted stems did not correspond to conserved regions in the se-
quence data and so the model was not used to infer an
alignment. The three loci for 47 ingroup taxa and 15 outgroup taxa
were concatenated for a total alignment of 1528 characters of se-
quence including: 430 characters 28S rDNA, 292 characters H3
and 806 characters EF1w. This included 104 parsimony informative
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sites for 28S rDNA, 141 parsimony informative sites for H3 and 348
parsimony informative sites for EF1a. We were unable to obtain se-
quence for H3 for Udonella sp. and EF1a for the following taxa:
Benedenia anticavaginata, Capsala sp. 1, Encotyllabe caranxi, Internil-
oculus chilensis, Neoentobdella diadema, Tristoma integrum, Tristoma
sp., and Trochopodinae sp. 3 (Appendix 1). These taxa were in-
cluded in analyses as missing data for this gene. The EF1a sequence
spanned an intron of variable length (approx. 50-100 bp), which
we excluded from our analyses because it could not be aligned
unambiguously due to high variability. Some primer pairs for 285
rDNA generated larger sequence fragments (approx. 800 bp) but
because alignment at the 3’ end of this sequence was ambiguous,
only approximately 400 bp were included in analyses. Other areas
of 28S rDNA and EF1a sequence, where alignment was also ambig-
uous, were excluded from analyses reducing the final number of
characters used in the analyses to 1280. Indels occurred at 29 sites
in the 28S rDNA sequence data (20 of which occurred only in Udo-
nella sp.) and 14 sites in the EF1a sequence data. Sequencing of
some 28S rDNA, H3, and EF1a sequences revealed heterozygotes,
indicated by overlapping signals for two kinds of bases in the se-
quence chromatograms data. These sites were scored with the [U-
PAC ambiguity codes for dimorphic sites.

3.2. Phylogenetic analyses

The preliminary Bayesian analyses and AIC showed that seven
partitions (285 rDNA, H3 1st codon position, H3 2nd codon position,
H3 3rd codon position, EF1a 1st codon position, EF1o 2nd codon
position and EF1a 3rd codon position) were optimal for the data
(Fig. 2).

We present the Bayesian 50% majority rule consensus tree in
Fig. 3 along with posterior probabilities and because the ML tree
was so similar in topology, the ML bootstrap proportions (BS).
For comparison, we present the ML tree in Supplementary Fig. 1.
Bayesian and ML analyses of the combined data (Fig. 3) yielded
some interesting relationships that were recovered consistently
and some were strongly supported as indicated by Bayesian pos-
terior probabilities (PP) and non-parametric bootstrap proportions
(BS). Monophyly of the Capsalidae was supported strongly (PP
100%, BS 99%) and consistently in all analyses. A clade comprising
three Gyrodactylus species (Gyrodactylidae) and a Udonella sp.
(Udonellidae) (Fig. 3, Clade 3) formed the sister group to the family
(PP 97%, BS 63%). Of the three outgroup families where two or
more taxa were represented, two formed well supported clades:
Gyrodactylidae (Gyrodactylus spp.; PP 100%, BS 100%) and the Mic-
robothriidae (Asthenocotyle, Dermophthirius spp. and Pseudolepto-
bothrium; PP 100%, BS 93%). The Monocotylidae represented by a
Calicotyle sp. and Dendromonocotyle bradsmithi were not
monophyletic.

Capsalids were split into two major clades (Fig. 3). Clade 1 com-
prised species currently in five subfamilies (Benedeniinae, Encotyl-
labinae, Interniloculinae, Pseudonitzschiinae and Trochopodinae)
and nine genera. Clade 1 is further divided into two subclades
(Clade 1a and Clade 1b) but while consistently recovered, these
clades were not strongly supported (PP 64% for both, BS 10% and
12%, respectively). Clade 1a comprises species currently in Neo-
benedenia, Pseudonitzschiinae and other representatives of the
Benedeniinae, Trochopodinae and seven undescribed capsalid spe-
cies not yet assigned to a genus. Clade 1b consists of species cur-
rently in Benedeniinae, Encotyllabinae, Interniloculinae,
Trochopodinae and one undescribed capsalid species unassigned
to a genus. Clade 2 comprised species currently in five subfamilies:
Benedeniinae (Benedeniella posterocolpa), Capsalinae, Entobdelli-
nae, Nitzschiinae and Trochopodinae (Macrophyllida sp.) and ten
genera. Clade 2 has a strongly supported subclade (PP 100%, BS
93%) within it (Clade 2a) containing all included species of Capsal-

inae that are the strongly supported sister group to Nitzschia sturi-
onis (Nitzschiinae). The remainder of Clade 2 comprises species
currently in Benedeniinae, Entobdellinae and Trochopodinae and
one species unassigned to either subfamily or genus. Eight of the
nine capsalid subfamilies were represented in our analyses but

Fig. 1. Diagrammatic representations of the variation in anterior attachment organ
morphology among the Capsalidae. Al—paired circular discs, A2—paired circular
discs with anterior glandular and posterior muscular regions, A3—paired circular
discs with muscular suckers, Ad—paired structure with convoluted edges and
muscular suckers, A5—paired circular discs with anterolateral ridges, A6—paired
diadems, A7—paired anterolateral adhesive areas with ventral columns of multiple
raised ovoid structures, A8—paired anterolateral adhesive pads each with three
separate areas.
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Fig. 2. AlC values for the different partitioning strategies. P;—All data combined (1
partition), P,—28S; H3; EFlua (3 partitions), P3—28S; H3 and EF1a combined (2
partitions), P,—28S; H3 codon positions; EFla codon positions {7 partitions), Ps—
28S; H3 and EF1a codon positions combined (4 partitions), Pg—28S; H3 codon
position 1 and 2; H3 3rd codon position; EF1e codon position 1 and 2; EFfo 3rd
codon position (5 partitions), P,—28S; H3 and EFfa codon positions 1 and 2; H3 and
EF1e 3rd codon positions (3 partitions).
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Fig. 3. A 50% majority rule consensus tree produced from Bayesian inference analyses of the combined nuclear sequence data for the Capsalidae and 15 outgroup taxa
representing 9 families and 2 subclasses. Posterior probabilities and maximum likelihood bootstrap proportions are indicated above and below each node, respectively, or, in
some cases in Clade 2a before and after a /, respectively. Taxa in bold parasitise elasmobranch hosts. See Table 1 for current capsalid classification, Fig. 4 for subfamily status of
capsalid taxa studied and Appendix 1 for outgroup families.

monophyly was only tested for four of those (Benedeniinae, Cap-
salinae, Entobdellinae and Trochopodinae) as three of the remain-
ing subfamilies (Encotyllabinae, Interniloculinae, Nitzschiinae)
were each represented by a single taxon and Pseudonitzschiinae
is monotypic. The only capsalid subfamily not represented was
the Dioncinae. Of the subfamilies tested, only the Capsalinae was
found to be monophyletic (PP 99%, BS 83%). Of the 20 genera in-
cluded, only seven {Benedenia, Capsala, Entobdella, Listrocephalos,
Neobenedenia, Neoentobdella and Tristoma) were represented by
multiple species to test generic monophyly. Of these, only five gen-
era (Capsala, Entobdella, Listrocephalos, Neobenedenia, and Tristoma)
were monophyletic and all with strong support (Fig. 3).

Despite poor support at some nodes, these phylogenetic
hypotheses are strongly supported. Both Bayesian inference and

ML produce concordant topologies and there is strong PP support
and BS support for 75% of nodes. Positive PLS for each gene at every
node (data not shown) indicates that all genes are contributing to
the phylogenetic signal at all nodes, including those with poor PP
and BS support, therefore supporting their usefulness as markers
in analyses of phylogenetic relationships of capsalid parasites.
The PLS values did not vary significantly with the depth in the tree
indicating they are contributing to all levels of the phylogeny. The
large number of outgroup taxa included also allows for a better
estimation of the root position.

We carried out AU tests of whether our data can reject a num-
ber of alternate hypotheses proposed in previous studies. The ML
analysis produced a tree with a log likelihood of —31045.52. The
ML analysis with monophyly constrained for subfamilies and gen-
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era of both ingroup and outgroup taxa produced a tree with a log
likelihood of —32281.56. The results of the AU test are as follows:
the ML tree without any topological constraints had a p-value
(o =0.05) of 0.87, the ML tree with monophyly enforced had a p-
value (a = 0.05) of 0.00, indicating confidence in the ML tree pro-
duced without monophyly constraints. In the ML tree in which
Acanthocotylidae and Gyrodactylidae were constrained to be sister
taxa following Boeger and Kritsky (2001), the p-value (« = 0.05)
was 0.131 indicating confidence in both this tree and the ML tree
where no topological constraints were enforced.

The distribution of six key morphological characters that are
used commonly in combination to distinguish capsalid subfamilies
and genera (e.g. Whittington, 2004) were assessed relative to the
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Bayesian hypothesis generated (Fig. 3) to examine the instance
and frequency of homoplasy (Fig. 4). Haptoral septa are found in
the Capsalinae, Encotyllabinae, Interniloculinae and Trochopodi-~
nae. In our study, septa were identified also in Pseudonitzschia
uku (Pseudonitzschiinae) but were neither described nor illus-
trated by Yamaguti (1965, 1968). Accessory sclerites were absent
in only one species, P. uku (Fig. 4). Hamuli are absent in the Capsal-
inae (represented by ten species), Dioncopseudobenedenia kala
(Benedeniinae), Interniloculinae (represented in our study by one
species) and Pseudonitzschiinae (monotypic) (Fig. 4). The vagina
is absent only in Neobenedenia species (Benedeniinae). Anterior
attachment organ morphology, not previously considered in detail,
was the most complex morphological character included here with
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Fig. 4. A 50% majority rule consensus tree produced from Bayesian inference analyses {from Fig. 3) of the combined nuclear sequence data with current subfamily
designations and distributions of key morphological characters displayed beside it. Thicker internal branches indicate those with strong support (PP > 90%). Column 1—
subfamilies: Benedeniinae (B), Capsalinae (C), Encotyllabinae {Ec), Entobdellinae (En), Interniloculinae (1), Nitzschiinae (N), Pseudonitzschiinae (P) and Trochopodinae (T);
column 2-haptoral septa (S): absent (S0), present (S1), unknown ($?); column 3 - haptoral accessory sclerites (AS): absent (ASO), present {AS1); column 4-haptoral hamuli
(H): absent (HO), present (H1); column 5-vagina: absent {VO0), present {V1), unknown {V?}; column 6—anterior attachment organ morphology (A; see Fig. 1}: paired circular
discs (A1), paired circular discs with anterior glandular and posterior muscular regions {A2), paired circular discs with muscular suckers (A3), paired structures with
convoluted edges and muscular suckers (A4), paired circular discs with anterolateral ridges (A5), paired diadems {A6), paired anterolateral adhesive areas with ventral
columns of multiple raised ovoid structures (A7), paired anterolateral adhesive pads each with three separate areas {(A8), morphology unknown (A?), column 7—number of
_testes: two {T2), four {T4) or multiple {TM). Characters in bold denote the most frequently occurring state. Taxa in bold parasitise elasmobranch hosts.



EM. Perkins et al./ Molecular Phylogenetics and Evolution 52 (2009) 705-714 711

eight states present in the family (plus one uncharacterised state
(A?)). Character state Al (see Fig. 1) was predominant in both
Clade 1 and Clade 2 (Fig. 4). Character states A2, A3 and A4 (see
Fig. 1) were only found in Clade 1 (Fig. 4) and character states
A5, A6, A7 and A8 (see Fig. 1) were only found in Clade 2 (Fig. 4).
Indeed the most diverse anterior attachment organ variation is dis-
played in capsalid taxa infecting elasmobranchs (Fig. 4, taxa in
bold) with three separate character states identified among the
nine included taxa (Clade 2). Multiple testes occur only in the Cap-
salinae and Pseudonitzschiinae but some Trochopodinae species
not available for our analyses apparently also have multiple testes
(Egorova, 1994). The only species included in the analyses with
four testes was Interniloculus chilensis but some described Trocho-
podinae species also have four testes (Egorova, 1994; Whittington,
2004). Benedeniinae (11 species), Entobdellinae (eight species) and
all remaining Trochopodinae species included (nine species) had
two testes. Most species in the analyses have two juxtaposed testes
with the exception of Macrophyllida sp. and Mediavagina sp. where
they are in tandem.

4. Discussion
4.1. Monophyly of the Capsalidae

Our study is the first molecular phylogeny of the Capsalidae
with comprehensive taxon sampling (30 described species, seven
species assigned to genus, five species assigned to subfamily and
five species assigned to family) and multiple loci. Monophyly of
the Capsalidae has been questioned and its composition has been
changed multiple times and continues to be unstable (Yamaguti,
1963; Timofeeva, 1990; Egorova, 1999, 2000). The Dioncinae was
considered previously to have familial status and to be the sister
group to the Capsalidae (Bychowsky, 1957). Dioncus has since been
incorporated into the family, based on haptoral characteristics and
reproductive morphology (Timofeeva, 1990). Inclusion of the Dion-
cinae provides a unique morphological synapomorphy for the fam-
ily (Whittington, 2004): the presence of accessory sclerites on the
haptor (Kearn, 1963). Accessory sclerites are absent only in two
capsalid species (Pseudonitzschia uku; Fig. 3, Clade 1a) and Calico-
benedenia polyprioni (not represented in our study) which presum-
ably represent secondary losses (Whittington, 2004). The
perforated bead shape of the spermatid mitochondrion and the
progressive disappearance of the microtubules of the zone of dif-
ferentiation have also been suggested as synapomorphies with
the inclusion of Dioncus into the Capsalidae (see Justine and Mattei,
1987). The Capsalidae was shown to be monophyletic by Mollaret
et al. (1997) and by Whittington et al. (2004). However, as the
Dioncinae was not included in their or in our analyses, a rigorous
test of capsalid monophyly in future studies should include a rep-
resentative taxon. Boeger and Kritsky (2001) suggested that those
microbothriids which as adults lack haptoral sclerites and have
two testes (e.g. Dermophthirius penneri, see Fig. 3) may actually
be capsalids but this is not supported by our analyses because
the four investigated microbothriids were monophyletic, forming
a strongly supported clade (PP 100%, BS 93%) distantly related to
capsalids.

4.2. Sister group to the Capsalidae

Phylogenetic hypotheses based on morphology have suggested
that sister groups to the Capsalidae are the Loimoidae and Mon-
ocotylidae (see Boeger and Kritsky, 2001) while previous molecular
analyses based on RNA only showed that the Gyrodactylidae and
Udonellidae are closest (Olson and Littlewood, 2002). The latter
is a scenario strongly supported (PP 97%, BS 63%) in our analyses

(see Fig. 3, Clade 3). It has also been hypothesised that the Acanth-
ocotylidae is closely related to Gyrodactylidae based on multiple
morphological synapomorphies (Boeger and Kritsky, 1997). While
this relationship was not found in our analyses (Fig. 3), an AU test
showed that our data could not reject it. More monopisthocotylean
outgroups could be included to examine this relationship further.

4.3. The subfamily classification

Within the Capsalidae, the revision of some genera and species
has required an ongoing reassessment of subfamilial classifications
(Whittington and Horton, 1996; Egorova, 1999; Whittington,
2004). Many of these revisionary works have been done by Egorova.
particularly with subfamilial and generic classifications in the Cap-

" salinae, Trochopodinae, Benedeniinae, Entobdellinae and Dionci-

nae (Egorova, 1989, 1994, 1997, 1999, 2000). Of the four
subfamilies for which we tested monophyly (Benedeniinae, Capsal-
inae, Entobdellinae and Trochopodinae), only the Capsalinae is
monophyletic. This subfamily has recently undergone significant
revision by rigorous evaluation of original descriptions and type
material. Chisholm and Whittington (2007) identified many synon-
ymous species and reduced the seven genera and 60 species to four
genera and 36 species. Interestingly, Nitzschiinae, species of which
parasitise acipenserids, is sister to the Capsalinae in our analyses
(Fig. 3). Capsaline species generally parasitise highly mobile pela-
gic species like tuna and marlin so this infers a host switching
event between euryhaline sturgeons and cosmopolitan oceanic pe-
lagic fish.

The Benedeniinae and Trochopodinae are both large subfamilies
comprising 13 and 17 genera, respectively, and approximately 51
and 52 species each (Table 1; Whittington, 2004). Together they
contain >50% of capsalid diversity but based on traditional mor-
phological characters, differ principally by possession of an asep-
tate (Benedeniinae) or septate (Trochopodinae) haptor
(Whittington, 2004). Our study demonstrates that polyphyly in
the Benedeniinae is extensive indicating that relationships are
widely misunderstood in this subfamily. Whittington et al.
(2004) suggested that Neobenedenia could be placed in a separate
subfamily and this is strongly supported (PP 100%, BS 100%) in
our analyses since the three Neobenedenia species form a mono-
phyletic group (Fig. 3). Monophyly is also supported by the unique
character, absence of a vagina (Fig. 4). The loss of the vagina may
be an evolutionary innovation related to a specific mating behav-
iour or strategy among the species of Neobenedenia and this de-
serves further investigation. Insemination is likely achieved by
sperm being introduced via the common genital pore (Whittington
and Horton, 1996). A single specimen of Neobenedenia has been ob-
served with its penis directed into its own uterus indicating they
may self-inseminate (Whittington and Horton, 1996). With the
confused composition of the Benedeniinae, it is currently unrea-
sonable to erect a new subfamily without first re-examining the
subfamily to which Neobenedenia presently belongs.

The Trochopodinae has been considered previously a “dumping
ground” for capsalid species that are not assignable to other sub-
families and shows most morphological variation in testes number
(Whittington, 2004). Its unsatisfactory definition is only further
highlighted in our analyses. Whittington (2004) predicted that
members of the Interniloculinae and Pseudonitzschiinae could be
moved to the Trochopodinae on further study. While they do ap-
pear to be closely related to some so-called species of Trochopodi-
nae, the extreme polyphyletic state of species currently assigned to
this subfamily as shown in our analyses precludes inclusion of
Interniloculus and Pseudonitzschia at this stage.

The Entobdellinae has undergone recent revision (Kearn and
Whittington, 2005; Kearn et al., 2007) and is considered currently
to comprise 23 species in five genera (see Table 1; Entobdella,
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Branchobdella, Listrocephalos, Neoentobdella and Pseudoentobdella).
Our analyses, however, show paraphyly among this group of capsa-
lids that parasitise both elasmobranchs and teleosts. In our
hypothesis, a Macrophyllida sp. (currently considered to be a Tro-
chopodinae) and Benedeniella posterocolpa (currently in the Ben-
edeniinae) group with entobdellines and two Listrocephalos
species group together in a separate but closely related clade.
The positions of Benedeniella postercolpa (Benedeniinae) and Mac-
rophyllida (Trochopodinae) within the Entobdellinae (Fig. 3) are
consistent with the host range and these species share some mor-
phological characteristics with other entobdellines (e.g. anterior
attachment organ morphology, see Figs. 1 and 4). Species of Tri-
musculotrema (Benedeniinae) and Sprostonia (Trochopodinae),
which were not included in our study, also infect elasmobranch
hosts and will be valuable additions to future analyses.

No representative from Dioncinae was available. Dioncinae in-
fect remoras of the Echeneidae such as Echeneis and Remora but
species are also recorded from carangids and rachycentrids (Table
1). Remoras can be ‘carried’ on larger organisms such as sharks,
rays, teleosts, turtles and cetaceans. Dioncus attach their eggs to
the gills of remoras and therefore these teleosts may provide a vec-
tor for host switching from chondrichthyans to teleost fish groups
or perhaps in the other direction (Whittington, 2004). With capsa-
lid parasites from sharks and rays grouping together, it is possible
that remoras have been the means of transmission for ancestral
capsalids on elasmobranchs to a diversity of teleost hosts.

4.4. Generic classifications

Of the 46 capsalid genera recognised, some remain poorly de-
fined (Whittington, 2004). Five (Capsala, Entobdella, Listrocephalos,
Neobenedenia and Tristoma) of the seven genera for which we
had more than one representative were monophyletic. Genera rep-
resented by large numbers of species in our analyses such as Bene-
denia (six of 21 species included) were not monophyletic and were
spread throughout Clade 1 of the tree. Unexpectedly, Neoentobdella
was also not monophyletic in the Bayesian analyses (Fig. 3). It was
monophyletic in the ML analyses but with very weak support (BS
11%, see Supplementary Fig. 1). The genus was erected recently
based on morphological characters and host association and com-
prises 10 species infecting rays (Whittington and Kearn, 2009). Our
analyses included four described Neoentobdella species (Whitting-
ton and Kearn, 2009). Our analyses indicate that further revision of
Benedenia is needed but monophyly for Neoentobdella cannot be re-
jected and further work incorporating faster evolving genes is re-
quired. The confused state of capsalid subfamilial classification is
further complicated by poor generic definitions. Adding a mito-
chondrial dataset may also help to tease out some of the shatlower
relationships in the tree and further test support in these areas.
This, along with broader taxon representation, will further eluci-
date relationships within the Capsalidae.

4.5. Systematic utility of morphological characters

In parasites, molecular genetic data have been viewed more
favourably than morphological data for phylogenetic analyses
due to the apparent lack of stability of morphological based
hypotheses and the lack of available morphological characters (Lit-
tlewood et al., 1999). However, morphological analyses are impor-
tant as they allow the identification of synapomorphies and lead to
the development of a robust set of characters with which to de-
scribe taxa. Examination of the distribution of defining morpholog-
ical characters relative to our molecular phylogenetic hypotheses
generated shows that some of the character states (haptoral septa,
haptoral hamuli, anterior attachment organ morphology and testis
number) show apparent homoplasious evolution in the Capsalidae.

These morphological characters may be homoplastic due to con-
vergent evolution which is considered highly likely in parasites gi-
ven the similar life history challenges they face (Poulin and
Morand, 2000). A parasite must find its host, attach to it and then
derive nutrition from it. Similarities in the type of host and specific
microhabitat parasitised may elicit morphological adaptations by
parasites that impose phylogenetic constraints on character evolu-
tion (Whittington, 2004). Homoplasy may also be an artefact of
poor or insufficient character state definitions. While capsalid mor-
phology is considered conserved, there is variation within some of
these characters. The usefulness of morphological characters is
thought to increase with the complexity with which they are de-
scribed (Littlewood et al., 1999). Currently five of the subfamilies
have haptoral septa but the haptors are divided in very different
ways. The Capsalinae haptor is divided into a series of peripheral
compartments surrounding a central loculus. This arrangement is
not seen in the haptoral septa of the other subfamilies (Whitting-
ton, 2004). Many of these characters, at the detail to which they
are described, are also not unique to the Capsalidae. Septate hap-
tors occur in other monogenean families (e.g. Monocotylidae) but
there has been no assessment about whether these structures are
homologous (Whittington, 2004).

Individual characters will only contribute to relationships at
certain levels of a tree. Many of the anterior attachment organ
morphologies only apply to species in a single genus and so pro-
vide no information on relationships at higher levels. Some combi-
nations of these characters appear to define some subfamilies and
genera relative to the molecular phylogenetic analysis. The Capsal-
inae are defined morphologically as having haptoral septa, pres-
ence of accessory sclerites, absence of haptoral hamuli, presence
of a vagina, paired anterior circular discs and muiltiple testes
(Fig. 4). There are no other taxa in these analyses that have this
combination. Similarly, Neobenedenia can be defined as lacking
haptoral septa and a vagina, but possessing accessory sclerites,
haptoral hamuli, paired anterior circular discs and two juxtaposed
testes, a combination unique to this genus (Fig. 4). However, with
only six morphological characters commonly used to distinguish
capsalid subfamilies and genera, it is inconceivable that these char-
acters can comprehensively define the relationships at all levels
between the approximately 180 described capsalid taxa. More
morphological characters are needed to provide phylogenetic
information throughout all levels of the tree.

These simplistic definitions and paucity of morphological char-
acters provide little information on relationships at any level and
this is reflected in the disparity between the molecular phyloge-
netic hypothesis and morphological taxonomy. Perhaps these char-
acters need examining at an ultrastructural level to identify
informative structural differences. New characters need exploring,
such as larval characters, as they are believed to be less modified
by parasitism and better reflect ancestry (Whittington, 2004). Care
must be taken when examining and inferring further characters
and states. Biological and environmental variables such as parasite
and host age, host species and water temperature can also induce
changes in morphology making characters problematic when used
in phylogenetic analyses due to phenotypic plasticity and low her-
itability (Brooks and McLennan, 1993). The phylogenetic frame-
work presented here provides a basis to explore further
morphological characters. .

The Linnaean ranks used for classification of taxa within the
Capsalidae are subjective because they are not based on phyloge-
netic hypotheses. Furthermore our analyses show they are also
poor estimates of relationships within the family likely due to
homoplasy. As a consequence of the small number of informative
adult morphological characters in these parasites and the logistical
problems associated with documenting variation in larval or gam-
ete characters, it is unlikely that a morphological dataset robust
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enough to establish a comprehensive phylogenetic hypothesis will
be compiled any time soon. While molecular data are providing
new and valuable insights into the relationships of these parasites,
by themselves they are no more useful in defining Linnaean ranks.
This is not an uncommon dilemma and there has been much de-
bate in the literature about how to combine traditional taxonomy
with phylogenetic relationships (Moore, 1998; Brummitt, 2002;
Schuh, 2003; Horandl, 2006). The Phylocode has been proposed
as a means for governing nomenclature in a phylogenetic context
(Cantino and de Queiroz, 2007). Since its inception, one of the big-
gest criticisms has been a failure to develop a means to deal with
species ranks. However, there is now a system proposed whereby
Linnaean binomials can be used in a way that is consistent with
phylogenetic nomenclature (Dayrat et al.,, 2008). Such a system,
that can bridge the legacy of the extensive use of Linnaean ranks
with the principles of phylogenetic nomenclature based on molec-
ular phylogenies, is perhaps where the answer lies for producing a
classification that both conveys biological information and the
phylogenetic history of these organisms.
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Appendix 111

Taxa used in analyses in Chapter I1

Museum
Voucher No.

GenBank No.

Monogenean species

Host species

Site

Locality

Source

AHC 29644

AHC 29645

AHC 29646

AHC 29647

AHC 29648

AHC 45061

AHC 29649

AHC 29650

AHC 29651

AHC 29181

28SrRNA - FJ971962
H3 -FJ972078
EFla—FJ972024
28SrRNA — FJ971963
H3 -FJ1972079
EFla—FJ972025
28SrRNA — FJ971964
H3 -FJ972080
EFla—FJ972026
28SrRNA — FJ971965
H3 - FJ972081
EFla—FJ972027
28SrRNA — FJ971967
H3 -FJ972083
EFla—FJ972029
28SrRNA — FJ971968
H3 - FJ9872084
28SrRNA — FJ971969
H3 -FJ972085
EFla—FJ972030
28SrRNA - FJ971970
H3 -FJ972086
EFla—-FJ972031
28SrRNA - FJ971971
H3 - FJ972087
EFla—FJ972032
28SrRNA - FJ971972
H3 - FJ972088
EFla—-FJ972033

Acanthocotyle sp. (A)

Allobenedenia epinepheli (C)

Amphibdellatidae sp. (Am)

Asthenocotyle kaikourensis (M)

Benedenia acanthopagri (C)

Benedenia anticavaginata (C)

Benedenia rohdei (C)

Benedenia sciaenae (C)

Benedenia sekii (C)

Benedenia seriolae (C)

Urolophus cruciatus

Epinephelus coioides

Narcine tasmaniensis

Proscymnodon plunketi

Sparidentex hasta

Acanthopagrus australis

Lutjanus carponotatus

Argyrosomus japonicus

Chrysophrys auratus

Seriola hippos

SD

BPF

BM

Tasmania

Northern Arabian Gulf

Tasmania

New Zealand

Culture cages, Kuwait

Stradbroke Island, QLD

Heron Island, QLD

Port Augusta, SA

Pisces Fish Farm, NSW

Greenly Island, SA

LA.C. &1.D.W.

J. Abdul-Salam & B.S. Sreelatha

LA.C. &1.D.W.

C.J. Healy & E. Burreson

A. Al-Marzouk

M. Deveney & [.D.W.

T.H. Cribb

I. Ernst & C. Chambers

A. Mooney

K. Hutson
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Museum
Voucher No.

GenBank No.

Monogenean species

Host species

Site

Locality

Source

AHC 29652

AHC 29653

AHC 29654

AHC 29655

AHC 45062

AHC 29656

AHC 29657

AHC 29658

MNHN
INC1559 Bl

AHC 29659

AHC 29660

28SrRNA — FJ971975

H3 -FJ972091
EFla—FJ972036
28SrRNA - FI971977
H3 -FJ972093
EFla—FJ972038
28SrRNA - FJ971978
H3 -FJ972094
EFla—FJ972039
28SrRNA - FJ971979
H3 -FJ972095
EFla—FJ972040
28SrRNA — FJ971980
H3 -FJ972096
EFla—FJ972041
28SrRNA - FJ971982
H3 -FJ972098
EFla—FJ972043
28SrRNA - FJ971983
H3 -FJ972099
28SrRNA — FJ971981
H3 -FJ1972097

EFla—FJ972042
28SrRNA - FJ971974

H3 - FJ972090
EFla—FJ]972035
28SrRNA - FI971976
H3 —FJ972092
EFla—FJ972037
28SrRNA — FJ971973

Benedeniella posterocolpa (C)

Calceostomatidae sp. (Cs)

Calicotyle sp. (Mo)

Capsala laevis (C)

Capsala martinierei (C)

Capsala pricei (C)

Capsala sp. 1 (C)

Capsala sp. 2 (C)

Capsalidae sp. 1 (C)

Capsalidae sp. 2 (C)

Capsalidae sp. 3 (C)

Rhinoptera bonasus

Eugerres axillaris

Aptychotrema rostrata

Tetrapterus audax

Mola mola

Tetrapterus audax

Tetrapterus belone

Makaira nigricans

Plectorhinchus chaetodonoides

Nemadactylus valenciennesi

Scarus ghobban

Pf

New York Aquarium (originally ex Virginia),
USA

La Paz, Mexico

Stradbroke Island, QLD

Port Stephens, NSW

Two Oceans Aquarium, South Africa

Port Stephens, NSW

Mediterranean Sea, Italy

Port Stephens, NSW

Noumea, New Caledonia

Port MacDonnell, SA

Heron Island, QLD

A.M. Dove

LA.C. &1D.W.

LA.C. &1D.W.

LA.C. &1.D.W.

K. Christison

LA.C. & 1.D.W.

F. Garibaldi

LA.C. & 1.D.W.

J.-L. Justine

K. Hutson

T.H. Cribb
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Museum

Voucher No.

GenBank No.

Monogenean species

Host species Site

Locality

Source

AHC 29661

AHC 28913-
16

AHC 29662

AHC 28777-
93

AHC 29663

AHC 29664

MNHN
INC1552 Al

AHC 29665

AHC 29666

H3 -FJ972089
EFla—FJ972034
28SrRNA — FJ971966
H3 -FJ972082
EFla—FJ972028
28SrRNA — FJ971993
H3 -FJ972109

EFla—FJ972052
28SrRNA — FJ971984

H3 -FJ972100
EFla—FJ972044
28SrRNA — FJ971985
H3 -FJ972101

EFla—FJ972045
28SrRNA — FJ971984

H3 -FJ972102
EFla—FJ972046
28SrRNA - FJ971987
H3 - FJ972103
EFla—FJ972047
28SrRNA - FJ971988
H3 - FJ972104

EFla—FJ972048
28SrRNA - FJ971989

H3 - FJ972105
EFla—-FJ972049
28SrRNA - FJ971990
H3 - FJ972106
28SrRNA — FJ971992

Capsalidae sp. 4 (C)

Capsalidae sp. 5 (C)

Capsaloides magnaspinosus (C)

Dactylogyridae sp. (D)

Dendromonocotyle bradsmithi (Mo)

Dermophthirius penneri (M)

Dermophthirius sp. (M)

Dioncopseudobenedenia kala (C)

Encotyllabe caranxi (C)

Entobdella soleae (C)

Paralabrax maculatofasciatus

Triakis megalopterus S

Tetrapterus audax N

Nemadactylus valenciennesi G

Myliobatis australis DS

Carcharhinus limbatus SD

Rhinobatos typus SD

Naso unicornis G

Pseudocaranx dentex PT

Solea solea S

G &PT

Bahia Santa Rosaliita, Mexico

Ushaka Marine World, Durban, South Africa

Port Stephens, NSW

Port MacDonnell, SA

Outer Harbour, Adelaide, SA

Northern Gulf of Mexico, Mississippi, USA

Cairns Marine Aquarium Supply, Cairns, QLD

Noumea, New Caledonia

Heron Island, QLD

Aquarium, Univ. of East Anglia, UK

M. Carmen

K. Christison

LA.C. &1D.W.

K. Hutson

B. Smith, K. Hutson, L.A.C. & LD.W.

S.A. Bullard

J. Caira & K. Jensen

J.-L. Justine

M. Deveney

G.C. Kearn
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Museum
Voucher No.

GenBank No.

Monogenean species

Host species

Site

Locality

Source

AHC 45063

AHC 45064

AHC 45065

AHC 45066

AHC 45067

AHC 45068

AHC 29667

AHC 29668

AHC 29669

AHC 29670

AHC 45069

H3 -FJ972108
EFla—FJ972051
28SrRNA — FJ971991
H3 -FJ972107
EFla—FJ972050
28SrRNA — FJ971994
H3 -FJ972110
EFla—FJ972053
28SrRNA — FJ971995
H3 -FJ972111
EFla—FJ972054
28SrRNA — FJ971996
H3 -FJ972112
EFla—FJ972055
28SrRNA — FJ971997
H3 -FJ972113
28SrRNA — FJ971998
H3 -FJ972114
EFla—FJ972056
28SrRNA — FJ971999
H3 -FJ972115
EFla—FJ972057
28SrRNA — FJ972000
H3 -FJ972116
EFla—FJ972058
28SrRNA - FJ972019
H3 - FJ972135
EFla—-FJ]972074
28SrRNA - FJ972001
H3 -FJ972117
EFla—-FJ972059
28SrRNA — FJ972002

Entobdella stenolepis (C)

Gyrodactylus derjavini (G)

Gyrodactylus macracanthus (G)

Gyrodactylus salaris (G)

Interniloculus chilensis (C)

Listrocephalos corona (C)

Listrocephalos kearni (C)

Macrophyllida sp. (C)

Mediavagina sp. (C)

Megalobenedenia helicoleni (C)

Microcotyloides incisa (Mi)

Hippoglossus stenolepis

Oncorhynchus mykiss

Misgurnus anguillicaudatus

Salmo salar

Sebastes capensis

Dasyatis sabina

Dasyatis brevis

Hemigaleus microstoma

Nemadactylus valenciennesi

Helicolenus percoides

Lutjanus argentiventris

British Columbia, Canada

Experimental culture, Frederiksberg, Denmark

Uni of Melbourne, experimental fish

Laerdalselva, Norway

Aysén Channels, Chile

Mississippi Sound, off Biloxi, Mississippi, USA

La Paz, Mexico

Moreton Bay, QLD

Port MacDonnell, SA

Port MacDonnell, SA

La Paz, Mexico

M. Kent

K. Buchmann

J. Kearns

K. Buchmann

M.T. Gonzalez

S.A. Bullard

LA.C. & 1.D.W.

T. Turner

K. Hutson

K. Hutson

L.A.C. & 1L.D.W.
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Museum
Voucher No.

GenBank No.

Monogenean species

Host species

Site

Locality

Source

AHC 28962-
67

AHC 29671

AHC 29672

AHC 29673

AHC 29555-
59

AHC 29674

AHC 29675

AHC 29676

AHC 45070

AHC 28917

H3 -FJ972118

EFla—FJ972060
28SrRNA — FJ972003

H3 -FJ972119
EFla—FJ972061
28SrRNA — FJ972004
H3 -FJ972120
EFla—FJ972062
28SrRNA — FJ972005
H3 -FJ972121
EFla—FJ972063
28SrRNA — FJ972006
H3 -FJ972122

EFla—FJ972064
28SrRNA —FJ972010

H3 -FJ972126
EFla—FJ972067
28SrRNA - FJ972007
H3 - FJ972123
EFla—FJ972065
28SrRNA - FJ972008
H3 -FJ972124
28SrRNA — FJ972009
H3 - FJ972125
EFla—FJ972066
28SrRNA - FJ972011
H3 - FJ972127
EFla—FJ972068
28SrRNA - FJ972012
H3 —FJ972128

Nasicola klawei (C)

Neobenedenia 'girellae’ (C)

Neobenedenia 'melleni' (C)

Neobenedenia sp. (C)

Neoentobdella taiwanensis (C)

Neoentobdella australis (C)

Neoentobdella diadema (C)

Neoentobdella natans (C)

Nitzschia sturionis (C)

Pseudoleptobothrium sp. (M)

Thunnus albacares

Verasper variegatus

Sphoeroides annulatus

Seriola rivoliana

Taeniura meyeni

Neotrygon kuhlii

Pteroplatytrygon violacea

Pastinachus sephen

Huso huso

Aptychotrema rostrata

A

VS

oC

SD

Port Stephens, NSW

Aquarium, Nippon Suisan Kaisha, Oita, Japan

Aquaria, CIAD, Mazatlan, Sinoloa, Mexico

Aquaculture, Guayaquil, Ecuador

Public Aquarium, Taiwan

Stradbroke Island, QLD

Mediterranean Sea, off Italy

Heron Island, QLD

Caspian Sea near mouth of River Kuma, Dagestan

Stradbroke Island, QLD

LA.C. &1.D.W.

N. Hirazawa

1L.D.W.

E. Blacio

M.H. Chen

I.LD.W., L. A.C. & V. Glennon

A. Gustinelli

T.H. Cribb

M.R. Deveney

B.W. Cribb
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Museum

Voucher No.  GenBank No. Monogenean species Host species Site Locality Source
EFla—FJ972069
MNHN 28SrRNA - FJ972013 Pseudonitzschia uku (C) Aprion virescens G Noumea, New Caledonia J.-L. Justine
INC1557 Al
H3 -FJ972129
EFla—FJ972070
AHC 45071 28SrRNA - FJ972014 Tristoma coccineum (C) Xiphias gladius G Mediterranean S. Mattiucci
H3 - FJ972130
EFla—FJ972071
AHC 45072 28SrRNA — FJ972015 Tristoma integrum (C) Xiphias gladius G Mediterranean S. Mattiucci
H3 -FJ972131
AHC 45073 28SrRNA - FJ972016 Tristoma sp. (C) Xiphias gladius G Azores, Atlantic Ocean S. Mattiucci
H3 - FJ972132
MNHN 28SrRNA - FJ972020 Trochopodinae sp. 1 (C) Pseudobalistes fuscus G Noumea, New Caledonia J.-L. Justine
INC1281 A5
H3 - FJ972136
EFla—FJ972075
MNHN 28SrRNA - FJ972017 Trochopodinae sp. 2 (C) Plectropomus leopardus G Noumea, New Caledonia J.-L. Justine
JNC1391 B1
H3 - FJ972133
EFla—FJ972072
AHC 45074 28SrRNA — FJ972022 Trochopodinae sp. 3 (C) Plectropomus leopardus G Heron Island, QLD M. Deveney
H3 - FJ972138
MNHN 28SrRNA - FJ972018 Trochopodinae sp. 4 (C) Epinephelus fuscoguttatus G Noumea, New Caledonia J.-L. Justine
JNC1379 B2
H3 - FJ972134
EFla—FJ972073
AHC 29677 28SrRNA - FJ972021 Trochopodinae sp. 5 (C) Chelidonichthys capensis S Two Oceans Aquarium, Cape Town, South Africa K. Christison
H3 -FJ972137
EFla—FJ972076
AHC 45075 28SrRNA - FJ972023 Udonella sp. (U) Urolophus halleri CCS La Paz, Mexico LA.C. & 1.D.W.

EFla —FJ972077
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Abbreviations used in Appendix III.

Museum

AHC = Australian Helminthological Collection of the South Australian Museum, Adelaide, South Australia, Australia
MNHN = Muséum National d“Histoire Naturelle, Paris, France

Monogenean family
A = Acanthocotylidae
Am = Amphibdellatidae
C = Capsalidae

Cs = Calceostomatidae
D = Dactylogyridae

G = Gyrodactylidae

M = Microbothriidae
Mi = Microcotylidae
Mo = Monocotylidae
U = Udonellidae

Collectors
[.D.W. - I.D. Whittington
L.A.C. - L.A. Chisholm

Site Parasitised

BM = Branchiostegal membranes
BPF = Base of pectoral fin

C = Cloaca

CCS = Copepod carapace ex skin
DS = Dorsal skin

F = Fins

G =Gills
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N = Nares

OC = Oral cavity

Pf = Pectoral fins

PT = Pharyngeal teeth
S = Skin

SD = Skin denticles
VS = Ventral skin
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APPENDIX IV

The maximum likelihood tree derived from analysis of the combined nuclear

sequence data for the Capsalidae in Chapter I1.
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39 CaBsalidae sp. 1

enedenia rahde! )
Benedenia acanthopagr
Dioncopseudobenedenia kala
‘rochopodinae sp. 1
100, Trochopodinae sp. 2
Trochopodinae sp. 3
Capsalidas sp. 2
Capsalidae sp. 3
enedenia seriolae

Pseudonitzschia Lk

Trochopodinae sp. 4
98 —Meobenedenia 'gireliae’

Megaiobenedenia heliocolen!
Bengdena seki
Trochopodinae sp. &
Benedenia sciaenae
Encotyllabe caranx! )
- —Iterniiocuius chilensis
Mediavaging =p.

Capsalidae sp. 4

a3

1o Capsala laevis

Capsalz sp. 1
Capsala price!

g?jbaﬁfa 5 Ff) 2
ausalz martiniere
gg| Lristoma Infegrum

Trisforma coccineurn
Tristormasp. )
Capsaloides magnaspinosus
Masicola kiawel

93

Br—Enfobdella stenolepls
Entobaelia soleae
Wacrophyliida sp.
Capsalidae sp. 5

eoentobdella natans
Neoentobdella australis
Necentobdelia diadema
Neoentobdella taiwanensis
Benedeniella posterocoipa
Listrocephalos corona

63 78

53

43

Listrocephalos kearni

100
1DE|I_|
Lidonelia sp.

B5 Calceostomatidae sp.
43 Dactylogyridae sp.
22 canthocotyle sp.
Amphibdellatidae sp.

—38 A sthenocotyle Kaikourensis
a3 Pseudoleptobothrivum sp.

ol ,_QBI_ —Dermophthirius penneri
Dermophthirius sp.

75

Calicotyle sp
Dendromonocolyle bradsmithi

- Microcobvloides incisa

Fig. 1. The maximum likelihood tree derived from analyses of the combined nuclear

sequence data for the Capsalidae. Non-parametric bootstrap support proportions are

95 —=Penedenia anticavaginata N

Nﬁg%%ggg 15'%;?54'j amsgfem‘ {
97

Alfohenedenia epinenheali <

Mifzachia sturionis J

> Clade 1b

> Clade 2a

<

>C|ade1

> Clade 2

100 p——Gyrodachyils salars
—Gyrodactyius derauin
Gﬁlrodacfyfw macracanthus

indicated at each node. Log likelihood score -31045.52. Taxa in bold parasitise

elasmobranch hosts. See Appendix III for outgroup families.
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APPENDIX V

Parasite taxa used in analyses in Chapter IV.
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Appendix V

Taxa used in analyses in Chapter IV

Museum
Voucher No.

GenBank No.

Monogenean species

Host species

Site

Locality

Source

AHC 29644

AHC 29645

AHC 29727

MNHN
INC2125 A7

AHC 29646

AHC 29704

AHC 29647

AHC 29705

28SrRNA — FJ971962
H3 -FJ972078
EFla—FJ972024
28SrRNA — FJ971963
H3 - FJ972079
EFla—FJ972025
COX3 — XXXXXXXX
CYTB — XXXXXXXX

28SrRNA — XXXXXXXX

COX3 — XXXXXXXX
CYTB — XXXXXXXX

28SrRNA — XXXXXXXX

H3 - XXXXXXXX
COX3 - XXXXXXXX
CYTB — XXXXXXXX
28SrRNA - FJ971964
H3 - FJ972080

EFla —FJ972026
CYTB — XXXXXXXX

28SrRNA — XXXXXXXX

H3 - XXXXXXXX
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA - FJ971965
H3 - FJ972081

EFla —FJ972027
COX3 — XXXXXXXX
CYTB — XXXXXXXX

28SrRNA — XXXXXXXX

Acanthocotyle sp. (A)!

Allobenedenia epinepheli (C) ">

Allomegalocotyla johnstoni (C) '

Allometabenedeniella sp. (C) 12

Amphibdellatidae sp. (Am)

Anoplodiscus sp. (An) '

Asthenocotyle kaikourensis (M)

Asthenocotyle taranakiensis (M) '

123

Urolophus cruciatus

Epinephelus coioides

Latris lineata

Platax teira

Narcine tasmaniensis

Chrysoblephus gibbiceps

Proscymnodon plunketi

Oxynotus bruniensis

Tasmania

Northern Arabian Gulf

Port MacDonnell, SA

Noumea, New Caledonia

Tasmania

Two Oceans Aquarium, South Africa

New Zealand

New Zealand

LA.C. &1.D.W.

J. Abdul-Salam & B.S. Sreelatha

K. Hutson, EM.P. & I.D.W.

J.-L. Justine

LAC. &1.D.W.

D. Vaughan

C.J. Healy & E. Burreson

C.J. Healy
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Museum
Voucher No.

GenBank No.

Monogenean species

Host species

Site

Locality

Source

AHC 29648

AHC 45061

AHC 29649

AHC 29650

AHC 29651

AHC 29181

AHC 29652

COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA - FJ971967
H3 -FJ972083
EFla—FJ972029
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — FJ971968
H3 - FJ9872084
28SrRNA — FJ971969
H3 - FJ972085
EFla—FJ972030
28SrRNA - FJ971970
H3 - FJ972086
EFla—FJ972031
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA - FJ971971
H3 - FJ972087
EFla—FJ972032
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA - FJ971972
H3 - FJ972088
EFlo—-FJ972033
COX3 — XXXXXXXX

CYTB — XXXXXXXX
28SrRNA - FJ971975

H3 - FJ972091
EFlo—-FJ972036
COX3 — XXXXXXXX

Benedenia acanthopagri (C) "**

Benedenia anticavaginata (C) '

Benedenia rohdei (C) 1,23

Benedenia sciaenae (C) >3

Benedenia sekii (C) "**

Benedenia seriolae (C) 1,23

Benedeniella posterocolpa (C) "+

Sparidentex hasta

Acanthopagrus australis

Lutjanus carponotatus

Argyrosomus japonicus

Chrysophrys auratus

Seriola hippos

Rhinoptera bonasus

Bpf

Culture cages, Kuwait

Stradbroke Island, QLD

Heron Island, QLD

Port Augusta, SA

Pisces Fish Farm, NSW

Greenly Island, SA

New York Aquarium (originally ex
Virginia), USA

A. Al-Marzouk

M. Deveney & I.D.W.

T.H. Cribb

1. Ernst & C. Chambers

A. Mooney

K. Hutson

A.M. Dove
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Museum
Voucher No.

GenBank No.

Monogenean species

Host species

Site

Locality

Source

AHC 29653

AHC 29736

AHC 29654

AHC 45376

AHC 29655

AHC 45062

AHC 29656

AHC 29657

CYTB — XXXXXXXX
28SrRNA - FJ971977
H3 -FJ]972093
EFla—FJ972038
EFla — XXXXXXXX
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — FJ971978
H3 - FJ972094
EFla—FJ972039
COX3 — XXXXXXXX
CYTB — XXXXXXXX

28SrRNA — XXXXXXXX

H3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA - FJ971979
H3 -FJ972095

EFla —FJ972040
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — FJ971980
H3 - FJ972096
EFla—FJ972041
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — FJ971982
H3 - FJ972098
EFlo—-FJ972043
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — FJ971983

Calceostomatidae sp. (Cs) 1.2

Calicobenedenia polyprioni (C)**

Calicotyle sp. (Mo) '

Callorhynchicola multitesticulatus (Ch)
12

Capsala laevis (C) '3

Capsala martinierei (C) ">

1,23

Capsala pricei (C)

Capsala sp. 1 (C) 2

Eugerres axillaris

Polyprion americanus

Aptychotrema rostrata

Callorhinchus capensis

Tetrapterus audax

Mola mola

Tetrapterus audax

Tetrapterus belone

Cf

La Paz, Mexico

Port MacDonnell, SA

Stradbroke Island, QLD

Two Oceans Aquarium, South Africa

Port Stephens, NSW

Two Oceans Aquarium, South Africa

Port Stephens, NSW

Mediterranean Sea, Italy

LA.C. &1.D.W.

K. Hutson, EM.P. & .D.W.

LA.C. &1.D.W.

D. Vaughan

LA.C. & 1.D.W.

K. Christison

LA.C. & 1.D.W.

F. Garibaldi
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Museum

Voucher No.

GenBank No.

Monogenean species

Host species Site

Locality

Source

AHC 29658

MNHN
INC1559 B1

AHC 29659

AHC 29660

None

AHC 29661

H3 - FJ972099

COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — FJ971981
H3 - FJ1972097
EFla—FJ972042
COX3 — XXXXXXXX

CYTB — XXXXXXXX
28SrRNA - FJ971974

H3 - FJ972090
EFla—FJ972035
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA - FJ971976
H3 - FJ1972092
EFla—FJ972037
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA - FJ971973
H3 - FJ972089
EFla—FJ972034
COX3 — XXXXXXXX

CYTB — XXXXXXXX
28SrRNA — FJ971966

H3 —FJ972082
EFla—FJ972028
CYTB — XXXXXXXX
28SrRNA - FJ971993
H3 —FJ972109

EFla —FJ972052

Capsala sp. 2 (C)"*?

Capsalidae sp. 1 (C) '*?

Capsalidae sp. 2 (C) '3

Capsalidae sp. 3 (C) '*?

Capsalidae sp. 4 (C) 123

Capsalidae sp. 5 (C) "*?

Makaira nigricans S

Plectorhinchus chaetodonoides G

Nemadactylus valenciennesi Pf

Scarus ghobban S

Paralabrax maculatofasciatus G&
Pt

Triakis megalopterus S

Port Stephens, NSW

Noumea, New Caledonia

Port MacDonnell, SA

Heron Island, QLD

Bahia Santa Rosaliita, Mexico

Ushaka Marine World, Durban, South Africa

LA.C. &1.D.W.

J.-L. Justine

K. Hutson

T.H. Cribb

M. Carmen

K. Christison
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Museum

Voucher No.

GenBank No.

Monogenean species

Host species

Site

Locality

Source

None

AHC 29707

AHC 29708

AHC 45379

None

AHC 29711

None

AHC 29707

AHC 45380

COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
H3 — XXXXXXXX
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
EFla — XXXXXXXX
28SrRNA — XXXXXXXX
H3 — XXXXXXXX
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
H3 — XXXXXXXX
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
H3 — XXXXXXXX
28SrRNA — XXXXXXXX
H3 - XXXXXXXX

COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
EFlo — XXXXXXXX
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
H3 - XXXXXXXX

EFlo — XXXXXXXX

Capsalidae sp. 6 (C) '

Capsalidae sp. 7 (C) '*?

Capsalidae sp. 8 (C) 2

Capsalidae sp. 9 (C)'?

Capsalidae sp. 10 (C) '

Capsalidae sp. 11 (C) '

Capsalidae sp. 12 (C) 123

Capsalidae sp. 13 (C) '

Capsalidae sp. 14 (C) "

Lutjanus russellii

Lutjanus vitta

Gymnocranius grandoculis

Naso unicornis

Lethrinus miniatus

Lethrinus rubrioperculatus

Cephalopholis urodeta

Nemipterus furcosus

Cephalopholis urodeta

Bw

Cf

Bm

Noumea, New Caledonia

Noumea, New Caledonia

Noumea, New Caledonia

Noumea, New Caledonia

Noumea, New Caledonia

Noumea, New Caledonia

Noumea, New Caledonia

Noumea, New Caledonia

Noumea, New Caledonia

J.-L. Justine

EM.P,ID.W. &J.-L.

EM.P,ID.W. &J.-L.

EM.P,ID.W. &J.-L.

EM.P,ID.W. &J.-L.

EM.P,ID.W. &J.-L.

EM.P,ID.W. &J.-L.

EM.P,ILD.W. &J.-L.

EM.P,ILD.W. &J.-L.

Justine

Justine

Justine

Justine

Justine

Justine

Justine

Justine
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Museum

Voucher No.

GenBank No.

Monogenean species

Host species

Site

Locality

Source

AHC 29709

AHC 29715

None

AHC 29710

AHC 29716

AHC 28913-
16

AHC 45378

COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
H3 — XXXXXXXX
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
EFla — XXXXXXXX
COX3 — XXXXXXXX

CYTB — XXXXXXXX
28SrRNA — XXXXXXXX

COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
H3 — XXXXXXXX
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
H3 — XXXXXXXX
COX3 — XXXXXXXX

CYTB — XXXXXXXX
28SrRNA — FJ971984

H3 -FJ972100

EFla —FJ972044

COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
H3 — XXXXXXXX

EFlo — XXXXXXXX
COX3 — XXXXXXXX

Capsalidae sp. 15 (C) '

Capsalidae sp. 16 (C) 123

Capsalidae sp. 17 (C) '

Capsalidae sp. 18 (C) '

Capsalidae sp. 19 (C) '

Capsaloides magnaspinosus (C)

123

Capsaloides sp. 1 (C)

Cephalopholis miniata

Lethrinus miniatus

Pristipomoides

argyrogrammicus

Epinephelus maculatus

Latris lineata

Tetrapterus audax

Tetraptures belone

Pf

Noumea, New Caledonia

Noumea, New Caledonia

Noumea, New Caledonia

Noumea, New Caledonia

Port MacDonnell, SA

Port Stephens, NSW

Mediterranean

EM.P,,LD.W. & J.-L. Justine

J.-L. Justine

E.M.P,,LD.W. & J.-L. Justine

E.M.P,, LD.W. & J.-L. Justine

K. Hutson, EM.P. & .D.W.

LA.C. &1D.W.

F. Garibaldi
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Museum
Voucher No.

GenBank No.

Monogenean species

Host species

Site

Locality

Source

AHC 45377

AHC 29662

AHC 28777-
93

AHC 45381

AHC28577-93

AHC 29663

AHC 29664

AHC 29718

28SrRNA — XXXXXXXX
H3 - XXXXXXXX
28SrRNA — FJ971985

H3 -FJ972101

EFla —FJ972045
28SrRNA — FJ971984

H3 -FJ972102

EFla —FJ972046

COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
H3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
H3 — XXXXXXXX
28SrRNA — XXXXXXXX
H3 — XXXXXXXX

EFla — XXXXXXXX
28SrRNA — FJ971987

H3 -FJ972103
EFla—FJ972047

CYTB — XXXXXXXX
28SrRNA — FJ971988

H3 - FJ972104

EFla —FJ972048
28SrRNA — XXXXXXXX
H3 — XXXXXXXX
COX3 — XXXXXXXX
CYTB — XXXXXXXX

Capsaloides sp. 2 (C)"?

Dactylogyridae sp. (D) '

Dendromonocotyle bradsmithi (Mo) 12,3

Dendromonocotyle californica (Mo) '

Dendromonocotyle lasti (Mo) '

Dermophthirius maccallumi (M) '

Dermophthirius penneri (M)

1,23

Dermophthirius sp. (M)

Dioncus remorae (C)'

Tetrapterus belone

Nemadactylus valenciennesi

Myliobatis australis

Myliobatis californica

Himantura sp.

Carcharhinus leucas

Carcharhinus limbatus

Rhinobatos typus

Echeneis naucrates

Sd

Sd

Mediterranean

Port MacDonnell, SA

Outer Harbour, Adelaide, SA

New York Aquarium

Stradbroke Island, QLD

Ushaka Marine World, Durban, South Africa

Northern Gulf of Mexico, Mississippi, USA

Cairns Marine Aquarium Supply, Cairns,
QLD

Noumea, New Caledonia

F. Garibaldi

K. Hutson

B. Smith, K. Hutson, L.A.C & LD.W

A. Dove

L.A.C., V. Glennon & I.D.W.

D. Vaughan

S.A. Bullard

J. Caira & K. Jensen

EM.P.,, L. D.W. & J.-L. Justine
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Museum
Voucher No.

GenBank No.

Monogenean species

Host species

Site

Locality

Source

MNHN
INC1552 Al

AHC 29719

AHC 29665

AHC 29722

AHC 45382

AHC 29720

AHC 29721

AHC 29666

28SrRNA — FJ971989

H3 -FJ972105
EFla—FJ972049

COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — FJ971990

H3 - FJ972106

28SrRNA — XXXXXXXX
H3 — XXXXXXXX

EFla — XXXXXXXX
28SrRNA — XXXXXXXX
H3 — XXXXXXXX

EFla — XXXXXXXX
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
H3 — XXXXXXXX

EFla — XXXXXXXX
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
H3 - XXXXXXXX

EFlo — XXXXXXXX
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — FJ971992

H3 - FJ972108
EFlo—FJ972051

Dioncopseudobenedenia kala (C)

Encotyllabe caballeroi (C)

Encotyllabe caranxi (C) 12

Encotyllabe chironemi (C)

Encotyllabe sp. 1 (C) >3

Encotyllabe sp. 2 (C) >3

Encotyllabe sp. 3 (C) '*?

Entobdella soleae (C) '**

Naso unicornis

Lethrinus miniatus

Pseudocaranx dentex

Nemadactylus macropterus

Lethrinus rubrioperculatus

Gymnocranius grandoculis

Gymnocranius euanus

Solea solea

Pt

Pt

Pt

Pt

Pt

Pt

Noumea, New Caledonia

Noumea, New Caledonia

Heron Island, QLD

Port MacDonnell, SA

Noumea, New Caledonia

Noumea, New Caledonia

Noumea, New Caledonia

Aquarium, Univ. of East Anglia, UK

J.-L. Justine

E.M.P,,LD.W. & J.-L. Justine

M. Deveney

K. Hutson, EM.P. & .LD.W.

E.M.P,, LD.W. & J.-L. Justine

E.M.P,, LD.W. & J.-L. Justine

E.M.P.,I.D.W. & J.-L. Justine

G.C. Kearn
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Museum
Voucher No.

GenBank No.

Monogenean species

Host species

Site

Locality

Source

AHC 29723

AHC 45063

AHC 29725

AHC 29730

AHC 29732

AHC 45064

AHC 45065

AHC 45066

AHC 29724

COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
H3 — XXXXXXXX

EFla — XXXXXXXX
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — FJ971991

H3 -FJ972107
EFla—FJ972050

COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
H3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
H3 — XXXXXXXX
28SrRNA — XXXXXXXX

H3 — XXXXXXXX
28SrRNA — FJ971994

H3 -FJ972110
EFla—FJ972053
28SrRNA — FJ971995
H3 -FJ972111
EFlo—-FJ972054
28SrRNA — FJ971996
H3 - FJ972112
EFlo—-FJ972055
COX3 —NC_008815
CYTB — NC_008815
28SrRNA — XXXXXXXX

Entobdella squamula (C) 1,23

Entobdella stenolepis (C) 12,3

Erpocotyle antarctica (H) '

Eurysorchis manteri (Di)

Gotocotyla elagatis (Go) '

Gyrodactylus derjavini (G)

Gyrodactylus macracanthus (G)

1,2,3

Gyrodactylus salaris (G)

Heterocotyle chinensis (Mo)

1,2,3

Paralichthys californicus

Hippoglossus stenolepis

Mustelus antarcticus

Hyperoglyphe antarctica

Elagatis bipinnulata

Oncorhynchus mykiss

Misgurnus anguillicaudatus

Salmo salar

Dasyatis fluviorum

Dana Point, Orange County, CA., U.S.A.

British Columbia, Canada

Port MacDonnell, SA

Port MacDonnell, SA

Sir John Young Banks, NSW

Experimental culture, Frederiksberg,
Denmark

Uni of Melbourne, experimental fish

Laerdalselva, Norway

Stradbroke Island, QLD

J. Kalman

M. Kent

K. Hutson, EM.P. & I.D.W.

K. Hutson, EM.P. & .D.W.

K. Hutson

K. Buchmann

J. Kearns

K. Buchmann

L.A.C. & V. Glennon
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Museum
Voucher No.

GenBank No.

Monogenean species

Host species

Site

Locality

Source

AHC 45067

MNHN
INC2448 Al

AHC 45068

AHC 29667

AHC 29668

AHC 29669

AHC 29670

AHC 29712

CYTB — XXXXXXXX
28SrRNA — FJ971997

H3 -FJ972113
28SrRNA — XXXXXXXX

COX3 — XXXXXXXX

CYTB — XXXXXXXX
28SrRNA — FJ971998

H3 -FJ972114

EFla —FJ972056
28SrRNA - FJ971999
H3 -FJ972115

EFla —FJ972057
28SrRNA - FJ972000
H3 -FI972116

EFla —-FJ972058
COX3 - XXXXXXXX
CYTB — XXXXXXXX
28SrRNA - FJ972019
H3 -FJ972135
EFla—FJ972074
COX3 - XXXXXXXX
CYTB — XXXXXXXX
28SrRNA - FJ972001
H3 - FJ972117
EFla—FJ972059
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
H3 — XXXXXXXX
COX3 — XXXXXXXX

Interniloculus chilensis (C) '

Lagenivaginopseudobenedenia sp. (C)
1,2

Listrocephalos corona (C) "**

Listrocephalos kearni (C) >3

Macrophyllida sp. (C) **

Mediavagina sp. (C) "**

Megalobenedenia helicoleni (C)'**

Metabenedeniella parva (C) 2

Sebastes capensis

Etelis coruscans

Dasyatis sabina

Dasyatis brevis

Hemigaleus microstoma

Nemadactylus valenciennesi

Helicolenus percoides

Plectorhinchus lineatus

Bm

Aysén Channels, Chile

Noumea, New Caledonia

Mississippi Sound, off Biloxi, Mississippi,

USA

La Paz, Mexico

Moreton Bay, QLD

Port MacDonnell, SA

Port MacDonnell, SA

Noumea, New Caledonia

M.T. Gonzalez

J.-L. Justine

S.A. Bullard

LA.C. &1D.W.

T. Turner

K. Hutson

K. Hutson

EM.P,,LD.W. & J.-L. Justine
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Museum
Voucher No.

GenBank No.

Monogenean species

Host species

Site

Locality

Source

AHC 29714

AHC 29729

AHC 29731

AHC 45069

AHC 28962-
67

AHC 29671

AHC 29672

AHC 29673

CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
H3 - XXXXXXXX
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
H3 — XXXXXXXX
CYTB —-XXXXXXXX
28SrRNA — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — FJ972002

H3 -FJ972118
EFla—FJ972060

CYTB — XXXXXXXX
28SrRNA —FJ972003

H3 -FJ972119

EFla—FJ972061
28SrRNA — FJ972004

H3 -FJ972120
EFlo—FJ972062
COX3 - XXXXXXXX
CYTB — XXXXXXXX
28SrRNA - FJ972005
H3 - FJ972121
EFla—FJ972063
28SrRNA - FJ972006
H3 -FJ972122

EFla —FJ972064
COX3 — XXXXXXXX
CYTB — XXXXXXXX

Metabenedeniella sp. (C) 12

Microcotyle nemadactylus (Mi)

Microcotyle neozealanicus (Mi) 12

Microcotyloides incisa (Mi) 1.2.3

Nasicola klawei (C) 1,23

Neobenedenia 'girellae’ (C) 1,23

Neobenedenia 'melleni’ (C) >

Neobenedenia sp. (C) "**

Lutjanus argentimaculatus

Nemadactylus macropterus

Helicolenus percoides

Lutjanus argentiventris

Thunnus albacares

Verasper variegatus

Sphoeroides annulatus

Seriola rivoliana

Pf

Noumea, New Caledonia

Port MacDonnell, SA

Port MacDonnell, SA

La Paz, Mexico

Port Stephens, NSW

Aquarium, Nippon Suisan Kaisha, Oita,

Japan

Aquaria, CIAD, Mazatlan, Sinoloa, Mexico

Aquaculture, Guayaquil, Ecuador

EM.P,,LD.W. & J.-L. Justine

K. Hutson, EM.P. & LD.W.

K. Hutson, EM.P. & .D.W.

LA.C. &1.D.W.

LA.C. & 1.D.W.

N. Hirazawa

I.D.W.

E. Blacio
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Museum
Voucher No.

GenBank No.

Monogenean species

Host species Site

Locality

Source

AHC 29674

AHC 29675

AHC 29676

AHC 29555-
59

AHC 45070

AHC 29728

AHC 28917

28SrRNA — FJ972007
H3 -FJ972123

EFla —FJ972065
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA - FJ972008
H3 -FI972124
28SrRNA - FJ972009
H3 -FJ972125

EFla —FJ972066
COX3 — XXXXXXXX

CYTB — XXXXXXXX
28SrRNA - FJ972010

H3 -FJ972126
EFla—FJ972067
COX3 — XXXXXXXX

CYTB — XXXXXXXX
28SrRNA - FJ972011

H3 -FI1972127
EFla—FJ972068
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA — XXXXXXXX
H3 - XXXXXXXX
EFlo - XXXXXXXX
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA - FJ972012
H3 - FJ972128
EFla—FJ972069

Neoentobdella australis (C) '**

Neoentobdella diadema (C) '

Neoentobdella natans (C) "**

Neoentobdella taiwanensis (C) >3

Nitzschia sturionis (C) 12,3

Nitzschia sturionis 2 (C) 1.23

Pseudoleptobothrium sp. (M) >3

Neotrygon kuhlii Vs

Pteroplatytrygon violacea S

Pastinachus sephen Vs

Taeniura meyeni S

Huso huso Oc

Acipenser stellatus Gr

Aptychotrema rostrata Sd

Stradbroke Island, QLD

Mediterranean Sea, off Italy

Heron Island, QLD

Public Aquarium, Taiwan

Caspian Sea near mouth of River Kuma,
Dagestan

Ramsar area, Caspian Sea, Iran

Stradbroke Island, QLD

I.LD.W,, L.A.C. & V. Glennon

A. Gustinelli

T.H. Cribb

M.H. Chen

M.R. Deveney

S. Tavakol & B. Jalali

B.W. Cribb
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Museum
Voucher No.

GenBank No.

Monogenean species

Host species

Site

Locality

Source

MNHN
INC1557 Al

AHC 29713

AHC 29733

AHC 29734

AHC 45071

AHC 45072

AHC 45073

COX3 — XXXXXXXX

CYTB — XXXXXXXX
28SrRNA - FJ972013

H3 -FJ972129
EFla—FJ972070
COX3 — XXXXXXXX
CYTB — XXXXXXXX

28SrRNA — XXXXXXXX

H3 — XXXXXXXX
EFla — XXXXXXXX
COX3 — XXXXXXXX
CYTB — XXXXXXXX

28SrRNA — XXXXXXXX

H3 — XXXXXXXX

28SrRNA — XXXXXXXX

H3 — XXXXXXXX
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA - FJ972014
H3 -FJ972130
EFla—FJ972071
COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA - FJ972015
H3 - FJ972131

COX3 — XXXXXXXX
CYTB — XXXXXXXX
28SrRNA - FJ972016
H3 - FJ972132

COX3 — XXXXXXXX
CYTB — XXXXXXXX

Pseudonitzschia uku (C) 12,3

Trilobiodiscus lutiani (C)

Triloculotrema japanicae (Mo)

Trimusculotrema sp. (C) '

Tristoma coccineum (C) >3

Tristoma integrum (C) '

Tristoma sp. (C)

Aprion virescens

Lutjanus argentimaculatus

Mustelus antarcticus

Trygonoptera mucosa

Xiphias gladius

Xiphias gladius

Xiphias gladius

Noumea, New Caledonia

Noumea, New Caledonia

Port MacDonnell, SA

Kangaroo Island, SA

Mediterranean

Mediterranean

Azores, Atlantic Ocean

J.-L. Justine

E.M.P,,LD.W. & J.-L. Justine

K. Hutson & E.M.P.

E.M.P.,, .LD.W & T. Bertozzi

S. Mattiucci

S. Mattiucci

S. Mattiucci
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Museum

Voucher No. GenBank No. Monogenean species Host species Site Locality Source
MNHN 28SrRNA - FJ972020 Trochopodinae sp. 1 (C) "*? Pseudobalistes fuscus G Noumea, New Caledonia J.-L. Justine
INCI1281 AS
H3 -FJ972136
EFlo—FJ972075
MNHN 28SrRNA - FJ972018 Trochopodinae sp. 4 (C) "*? Epinephelus fuscoguttatus G Noumea, New Caledonia J.-L. Justine
JNC1379 B2
H3 -FJ972134
EFlo—FJ972073
COX3 — XXXXXXXX
CYTB — XXXXXXXX
AHC 29677 28SrRNA — FJ972021 Trochopodinae sp. 5 (C) '*? Chelidonichthys capensis S Two Oceans Aquarium, Cape Town, South K. Christison
Africa
H3 -FJ972137
EFla—FJ972076
COX3 — XXXXXXXX
CYTB — XXXXXXXX
MNHN 28SrRNA - FJ972017 Trochopus plectropomi (C)* '3 Plectropomus leopardus G Noumea, New Caledonia J.-L. Justine
JNC1391 BI
H3 -FJ972133
EFla—FJ972072
AHC 45383 28SIRNA — XXXXXXXX  Troglocephalus rhinobatidis (Mo) ' Rhinobatus typus G Stradbroke Island, QLD ILD.W., L.A.C. & V. Glennon
H3 — XXXXXXXX
COX3 — XXXXXXXX
CYTB — XXXXXXXX
AHC 45075 28SrRNA - FJ972023 Udonella sp. (U) '** Urolophus halleri Ccs La Paz, Mexico LA.C. & 1.D.W.
EFla—FJ972077
AHC 29735 28SIRNA — XXXXXXXX  Zeuxapta seriolae (He) ' Seriola lalandi G Sir John Young Banks, NSW K. Hutson

H3 —XXXXXXXX

Museum
AHC = Australian Helminthological Collection of the South Australian Museum, Adelaide, South Australia, Australia

Abbreviations used in Appendix V.
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MNHN = Muséum National d*“Histoire Naturelle, Paris, France

Monogenean family
A = Acanthocotylidae
Am = Amphibdellatidae
An = Anoplodiscidae
C = Capsalidae

Ch = Chimaericolidae
Cs = Calceostomatidae
D = Dactylogyridae

Di = Diclidophoridae
G = Gyrodactylidae
Go = Gotocotylidae

H = Hexabothriidae
He = Heteraxinidae

M = Microbothriidae
Mi = Microcotylidae
Mo = Monocotylidae
U = Udonellidae

Collectors

E.M.P. - E.M. Perkins
[.D.W. - I.D. Whittington
L.A.C. - L.A. Chisholm

Site Parasitised
Bm = Branchiostegal membranes
Bpf = Base of pectoral fin
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Bw = Body wash

C = Cloaca

Ccs = Copepod carapace ex skin
Cf = Caudal fin

Ds = Dorsal skin

F = Fins

G =Gills

Gr = Gill raker
H = Head

N = Nares

Oc = Oral cavity

Pf = Pectoral fins

Pt = Pharyngeal teeth
S = Skin

Sd = Skin denticles
Vs = Ventral skin

*This species was listed as Trochopodinae sp. 2 in Perkins et al. (2009) and Chapter 11
Unless mentioned otherwise taxa cited in Perkins et al. (2009) retain the same nomenclature
"Nuclear dataset

*Combined dataset (nuclear and mitochondrial)

’EF1la used in molecular dating
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APPENDIX VI

Additional Materials and Methods, Results and Discussion for analyses in Chapter

IV.
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Table 1. Primers developed in this study for PCR amplification of two mitochondrial

genes.

Gene  Primer ID Sequence (5-3%) Forward/Reverse
COX3 Ml1129 CAYGCTAGWTGTTTTTGTAC F
COX3 MI1155 ATGACWTGRYTWCCWRTWTATAAWGC F
COX3 M1182 TGRTAYTGRCAYTTYGTDG F
CYTB  MI1156 GACATTTGRTGYCAHGGYARDATRTAMC R
CYTB  MI1166 GGWAYHCTYTGWACWACMGAAG R
GGHARDATRTAVCCYARRAACGCTTCHA
CYTB Ml1167 CCATCA R
CYTB MI1189 CTNGAATARTAHARNGCNCGDC R
CYTB  MI1190 TGAYGYCAAGGYAAWATRTAAC R

175



MATERIALS AND METHODS

Voucher specimens (most mounted on slides but some are specimens or part
specimens stored in 95% AR grade ethanol) of all but five monogenean species are
deposited in the Australian Helminthological Collection (AHC) of the South
Australian Museum (SAMA), Parasitology Section, North Terrace, Adelaide, 5000,
Australia or in the Muséum National d“Histoire Naturelle (MNHN), Paris, France

(see Appendix V).

RESULTS

(a) DNA sequence characteristics

Sequences from 77 ingroup and 30 outgroup taxa were available. There were no
premature stop codons within the protein encoding regions of the sequences. A total
alignment length of 1537 characters of sequence was produced from the
concatenation of the 3 genes which included: 430 characters 28S rDNA, 291
characters H3 and 816 characters EF'/a. The five genes, for 78 ingroup taxa and 29
outgroup taxa, were concatenated for a total alignment of 2410 characters of
sequence including: 430 characters 28S rDNA, 291 characters H3, 816 characters
EFla, 573 characters COX3 and 300 characters CYTB. This included 104 parsimony
informative sites for 28S rDNA, 141 parsimony informative sites for 43, 348
parsimony informative sites for EF/a, 414 parsimony informative sites for COX3
and 236 parsimony informative sites for CYTB. We were unable to obtain sequence
data for some taxa for certain genes (see Appendix V) and these taxa were included
in analyses as missing data for those genes. The EF/a sequence spanned an intron of
variable length (50 to 100 bp), which we excluded from our analyses because it could
not be aligned unambiguously due to high variability. Some primer pairs for 285
rDNA generated larger sequence fragments (approximately 800 bp) but because
alignment at the 3* end of this sequence was ambiguous, only approximately 400 bp
were included in analyses. Other areas of 28S ¥rDNA and EFla sequence, where
alignment was also ambiguous, were excluded from analyses reducing the final
number of characters used in our analyses to 2153 bp. Indels occurred at 29 sites in
the 28S rDNA sequence data (20 of which occurred only in Udonella), 14 sites in the

EF1asequence data and 15 sites in the COX3 sequence data. Sequencing of some

288 rDNA, H3 and EF'I  sequences revealed heterozygotes, indicated by
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overlapping signals for two kinds of bases in the sequence chromatograms data.

These sites were scored with the [UPAC ambiguity codes for dimorphic sites.

(b) Phylogenetic analyses

The preliminary Bayesian analyses and AIC showed that four partitions for nuclear
genes (28S rDNA, H3 and EFla 1* codon position, H3 and EFla 2™ codon position,
and H3 and EFla 3™ codon position) and seven partitions for all five genes (285
rDNA, H3 and EFla 1% codon position, H3 and EFIa 2™ codon position, H3 and
EFIa 3" codon position, COX3 and CYTB 1% codon position, COX3 and CYTB 2™
codon position, COX3 and CYTB 3™ codon position) were optimal for the data.

DISCUSSION
(a) Monophyly of the Capsalidae and sister group

Given the comprehensive taxon sampling (78 capsalid taxa in 28 genera) and the
inclusion of taxa from all subfamilies, monophyly for the family has been tested. In
analyses by Perkins et al. (2009) which included 47 capsalid taxa in 20 genera, a
representative from the Dioncinae was unavailable and as this is the subfamily most
recently united into the Capsalidae (see Whittington 2004), monophyly could not be
tested. One species from the Dioncinae, Dioncus remorae, was included in present
analyses and the family is monophyletic. The presence of accessory sclerites on the
haptor, the perforated bead shape of the spermatid mitochondrion and the progressive
disappearance of the microtubules of the zone of differentiation are morphological
synapomorphies for the family (Justine & Mattei 1987; Whittington 2004). The
absence of accessory sclerites appears to be an independent secondary loss in adults
of two taxa, Pseudonitzschia uku (Appendix VIII, clade 1D) and Calicobenedenia
polyprioni (Appendix VIII, clade 2C).

Two groupings have been proposed as the sister group to the Capsalidae and
our analyses have been unable to resolve the sister to the family. Morphological
phylogenetic analyses of the Monogenea have supported the Loimoidae and
Monocotylidae as sister (Boeger & Kritsky 2001) but molecular phylogenetic
analyses have typically supported the grouping of Udonellidae and Gyrodactylidae
(see Olson & Littlewood 2002). The present analyses have included more

monopithocotylean outgroups but the sister group remains unresolved. There are two
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groupings that are the most likely sister groups: Gyrodactylidae and Udonellidae or
Microbothriidae and Monocotylidae (Appendix VIII). To finally resolve
relationships between the Capsalidae and other monogenean families, comprehensive
phylogenetic analyses using multiple unlinked nuclear genes and representatives

from all monopisthocotylean families are required.

(b) The subfamily and generic classifications
Perkins et al. (2009) found the Benedeniinae, Entobdellinae and Trochopodinae to be
polyphyletic and this is supported further in our extended analyses. Taxa from the
Benedeniinae and Trochopodinae are spread more widely throughout the phylogeny
with representatives occurring in clades 1 and 2 (Appendix VIII). These large and
diverse subfamilies need extensive morphological re-examination, appraisal and
taxonomic revision in light of our results. The Entobdellinae remains polyphyletic
with the inclusion of more taxa from other subfamilies. Calicobenedenia polyprioni
is considered a member of the Benedeniinae but in our analyses grouped with
entobdellines (Appendix VIIL, clade 2C). While C. polyprioni (from the perciform
Polyprion americanus) does not share a similar host association to the other
entobdellines (i.e. Chondrichthyes and flatfish teleosts), it does have similar anterior
attachment organ morphology (Kritsky & Fennessy 1999; Deveney 2002). With
additional taxon representation to Perkins ef al. (2009), monophyly was tested for the
Encotyllabinae and was strongly supported (Appendix VIII, PP 100%, BS 100%).
Many relationships from the analyses by Perkins et al. (2009) have changed with the
addition of taxa but some have remained stable. Relationships between the capsalines
remain largely unchanged and together with the Encotyllabinae are strongly
monophyletic. Capsaline species have a restricted host range (exclusively pelagic
fishes, predominantly Istiophoridae and Scombridae) and encotyllabine species have
a restricted site range (predominately parasitise the pharyngeal tooth pads). In
contrast species in Benedeniinae and Trochopodinae are polyphyletic and exhibit
broad host and site ranges. Correlations between site specificity, host specificity, host
associations and morphology warrant further examination as possible constraints on,
or drivers of, radiation.

Members of the Dioncinae predominantly parasitise remora hosts, which
attach to and are carried by larger fish such as sharks and rays. It has been proposed

that, due to this behaviour, remoras may have acted as a vector for transmission of a
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parasite from one host species to another (Whittington 2004). For example
Whittington (2004) proposed that capsalids from elasmobranch hosts could have
been transferred to a diversity of teleost hosts by remoras facilitating the radiation of
the family (Whittington 2004) but this hypothesis is not supported by our analyses.
Our present phylogenetic hypotheses provide the most detailed examination of the
Capsalidae to date and frameworks for future studies to take into account the

phylogenetic relationships of the family.
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APPENDIX VII

Additional taxa used in molecular clock dating analyses in Chapter IV.
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Table 1. Additional taxa used in molecular dating analyses in Chapter IV.

GenBank No. Species Taxonomy
AF360167 Arabidopsis thaliana Viridiplantae
AY582824 Monosiga ovata Choanoflagellida
AY580191 Ephydatia cooperensis Demospongiae
DQO087497 Trochospongilla pennsylvanica Demospongiae
AY580246 Metridium senile Cnidaria
AY580239 Obelia sp. Cnidaria
AYS580170 Antedon mediterranea Echinodermata
AY580177 Asterina miniata Echinodermata
AYS580197 Dendraster excentricus Echinodermata
AY580204 Encope michelini Echinodermata
AY580218 Eucidaris tribuloides Echinodermata
AY580285 Strongylocentrotus purpuratus Echinodermata
AY580280 Saccoglossus kowalevskii Hemichordata
AY580292 Ptychodera flava Hemichordata
NM 206593 Drosophila melanogastor Insecta
AY580211 Enallagma aspersum Arthropoda
AY580225 Lestes congener Arthropoda
AY580299 Priapulus caudatus Priapulida
AY580184 Chaetopterus sp. Polychaeta
AY580265 Modiolus americanus Bivalvia
AY580262 Mytilus californianus Bivalvia
AY580270 Mpytilus edulis Bivalvia
AY580232 Nucula proxima Bivalvia
AJ250908 Leptoplana tremellaris ,, lurbellaria®
AF288068 Microstomum lineare ,, Turbellaria“™
AY580253 Stylochus sp. ,, Turbellaria®“
AY519355 Clonorchis sinensis Trematoda
Y08487 Schistosoma mansoni Trematoda
AB306938 Echinococcus vogeli Cestoda
AF288066 Grillotia erinaceus Cestoda
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APPENDIX VIII

A 50% majority rule consensus tree produced from Bayesian inference analyses of
the combined nuclear and mitochondrial sequence data for 78 capsalid taxa and 29

outgroup taxa in Chapter IV.
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Capsalidae sp. 1
Capsalidae sp. 6
Capsalidae sp. 7
Benedenia anticavaginata
Benedenia rohdei

Metabenedeniella parva
Metabenedeniella s, p Clade
Capsalidae sp. 1A

Capsalidae sp. 9 i
ioncopseudobenedenia kala
Capsalidae sp. 10
Capsalidae sp. 1 i
Benedenia acanthopagri
Trochopodinae sp. 1
Capsalidae sp. 3
Capsalidae sp. 12

Capsalidae sp. 13
Benedenia seriolae Clade
Capsalidae sp. 14
Trochopus plectropomi 1B
Capsalidae sp. 15
Capsalidae sp. 2
Capsalidae sp. 1
Encotyllabe caballeroi
Encotyllabe sp. 1
Encotyllabe sp. 2
Encotyllabe sp. 3

Encotyllabe chironemi
Encot%abe caranxi Clade
Benedenia sekii 1C

Megalobenedenia helicoleni
Trochopodinae sp. 5

- Benedenia sciaenae

Capsalidae sp. 17

Lagenivaginopseudobenedenia sp.

Allobenedenia epinepheli

Capsalidae sp. 18

Clade 1
f

Capsalidae sp. 4 Clade
Allometabenedeniella sp.
Trilobiodiscus lutiani 1D

Trochopodinae sp. 4
Pseudonitzschia uku

Neobenedenia ‘girellae’ Clade
_é\leobenedenia sp.

Neobenedenia ‘melleni’ 1E
Capsaloides sp. 1
Capsaloides magnaspinosus
Capsaloides sp. 2

H Tristoma cocccineum
Capsalldae Nasicola klawei Clade
] Capsala laevis
Capsala pricei 2A
Capsala sp. 2

Capsalasp.1
Capsala martinierei
Nitzschia sturionis
Nitzschia sturionis 2
Entobdella stenolepis

Entobdella squamula
CEntobldéella solege

apsalidae sp.

Macrophyllida sp. Clade

Neoentobdella australis 2B

Neoentobdella natans
Neoentobdella diadema
Neoentobdella taiwanensis
Benedeniella posterocolpa

Listrocephalos corona
Listr?ceghalgs kearnli Clade
Calicobenedenia polyprioni
_.Clade Trimusculotrema sp. pop 2C

Interniloculus chilensis

Allomegalocotyla johnstoni Clade
Capsalidae sp. 19

Mediavagina sp. 2D

Dioncus remorae

Asthenocotyle kaikourensis
Asthenocotyle taranakiensis
Pseudoleptobothrium sp.
Dermophthirius penneri
%erlmopr'nlthirius sp.
alicotyle sp.
Dendromonocotyle bradsmithi Clade
Dendromonocotyle lasti 3
Dendromonocotyle californica
Heterocotyle'chinensis.
Troglocephalus rhinobatidis
Triloculotrema japanicae

Monopistho-
Dermophthirius maccallumi

I Gyrodactylus derjavini
COty ea )éyrod;gtylus <aiaris Clade
Gyrodactylus macracanthus 4

Anoplodi Udonella sp.

noplodiscus sp.

I . - An?phibdellatidae sp. Clade
Dactylogyridae sp. 5

Calceostomatidae sp.

- Microcotyle nemadactylus
Microcotyle neozéalanicus

Microcotyloides incisa
Zehuxapta geriolae Clade
H Eurysorchis manteri
P0|y0p|SthOCOty|ea. I Gotocotyla elagatis 6

) S o
Figure 1. A 50% majority rule consensus tree produced from Bayesian inference analyses of the
combined nuclear and mitochondrial sequence data for 78 capsalid taxa and 29 outgroup taxa
representing 14 monogenean families and 2 subclasses. Half circles above nodes indicate posterior
probabilities above 90% and half circles below nodes indicate Maximum Likelihood bootstrap
proportions above 70%. Complete circles indicate nodes with posterior probabilities above 90% and
Maximum Likelihood bootstrap proportions above 70%. Taxa in bold parasitise elasmobranch hosts.

See Appendix V for outgroup families.
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APPENDIX IX

A 50% majority rule consensus tree produced from Bayesian inferences analyses of
the combined nuclear sequence data for 77 capsalid taxa and 30 outgroup taxa in

Chapter IV.
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- — Capsalidae sp. 10
Capsalidae sp. 11
— Capsalidae sp. 9
Dioncopseudobenedenia kala

Benedenia rohdei
Metabenedeniella parva
Benedenia anticavaginata
Capsalidae sp. 1

Capsalidae sp. 7
Metabenedeniella sp.
Capsalidae sp. 6

Clade 1A

Benedenia acanthopagri
Capsalidae sp. 8

Capsalidae,
||

Benedenia sekii
Megalobenedenia helicoleni
@chopodinae sp.5
Benedenia sciaenae
Interniloculus chilensis
Allomegalocotyla johnstoni
Capsalidae sp. 19

Capsalidae sp. 16
Trochopodinae sp. 1

Benedenia seriolae
Capsalidae sp. 12
Capsalidae sp. 14
Trochopus plectropomi
Capsalidae sp. 15
Capsalidae sp. 2
Trilobiodiscus lutiani
Trochopodinae sp. 4
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llometabenedeniella sp.
Capsaloides sp. 1
Capsaloides magnaspinosus
Capsaloides sp. 2
Tristoma cocccineum
Tristoma integrum
Tristoma sp.
Nasicola klawei
Capsala laevis
Capsala sp. 1
Capsala pricei
Capsala sp. 2
Capsala martinierei
Nitzschia sturionis
Nitzschia sturionis 2
Entobdella stenolepis
Entobdella soleae
Entobdella squamula
Capsalidae sp. 5
Macrophyllida sp.
Neoentobdella diadema
Neoentobdella australis
Neoentobdella natans
Neoentobdella taiwanensis
Benedeniella posterocolpa
Listrocephalos corona
Listrocephalos kearni
Trimusculotrema sp.
Encotyllabe sp. 2

Encotyllabe sp. 3

Encotyllabe sp. 1

Encotyllabe caballeroi
Encotyllabe chironemi
Encotyllabe caranxi

Clade 1B

Clade 1D
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Clade 2C
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Mediavagina sp.
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_| E Capsalidae sp. 18
Capsalidae sp. 4
Neobenedenia ‘girellae’
—iNeobenedema sp.
Neobenedenia ‘melleni”

Capsalidae sp. 17
— Lagenivaginopseudobenedenia sp.
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Dioncus remorae
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& ——Gyrodactylus derjavini
=——— Gyrodactylus salaris
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cotylea

Polyopisthocotylea
Figure 1. A 50% majority rule consensus tree produced from Bayesian inference

analyses of the combined nuclear sequence data for 77 capsalid taxa and 30 outgroup

Calceostomatidae sp.
Dactylogyridae sp.
r Acanthocotylidae sp.
Amphibdellatidae sp. Clade 5
Anoplodiscus sp.
& Asthenocotyle kaikourensis
*—— Asthenocotyle taranakiensis
Pseudoleptobothrium sp.
Dermophthirius penneri
Dermophthirius sp.
Calicotyle sp.
Dendromonocotyle bradsmithi
Dendromonocotyle lasti Clade 3
Dendromonocotyle californica
Heterocotyle chinensis
Troglocephalus rhinobatidis
Triloculotrema japanicae
Dermophthirius maccallumi
Microcotyle nemadactylus
Microcotyle neozealanicus
Microcotyloides incisa
Zeuxapta seriolae
Eurysorchis manteri Clade 6
Gotocotyla elagatis
Erpocotyle antartica
Callorhynchicola multitesticulatus

Gyrodactylus macracanthus

taxa representing 14 monogenean families and 2 subclasses. Posterior probabilities

above 90% are indicated by circles at those nodes. Taxa in bold parasitise

elasmobranch hosts. See Appendix V for outgroup families.
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APPENDIX X

The maximum likelihood tree derived from analyses of the combined nuclear and

mitochondrial sequence data for the Capsalidae in Chapter I'V.
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e sp. 3
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S
D

Capsalidae sp. 12
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Capsalidae sp. 16
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ristoma integrum
Tristoma cocccineum
Capsala pricei
Capsala laevis

Capsala sp. 2
Capsalasp.1
Capsala martinierei
Nasicola klawei o
Nitzschia sturionjs
Nitzschia sturionis 2
Entobdella stenolepis
Entobdella squamula
Entobdella soleae
Macrophyllida sp.
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Llstroceplhalgs kgarm Worioni
- i nedeni rioni
Trlmusculotrem_acsa 0 _e edenia polyprio
Allomegalocotyla johnstoni
Interniloculus chilensis
Capsalidae sp. 19
Mediavagina sp.
Dioncus remorae

Dendromonocotyle lasti
Dendromonocotyle bradsmithi
Dendromonocotyle californica

Heterocotyle chinensis
Troglocephalus rhinobatidis
- Calicotyle sp..
Triloculotrema’japanicae X X
Asthenocotyle taranakiensis
Asthenocotyle kaikourensis
Pseudoleptobothrium sp.
Dermophthirius sp. » .
Dermophthirius penneri
Dermophthirius maccallumi

COty|ea Udonella sp.
1 Anoplodiscus sp, .
1 — Amphibdellatidae sp.
Dactylogyridae sp.
L Acanthocotylidae sp.
Calceostomatidae sp.
- Microcotyle nemadactylus
Microcotyle neozealanicus
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euxapta seriolae
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' I 1 Gotocotyla elagatis .
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Callorhynchicola multitesticulatus

Clade 1A

Clade 1B

Clade 1C

Clade 1D

Clade 1E

Clade 2A

Clade 2B

Clade 2C

Clade 2D

Clade 3

Gyrodactylus salaris
Gyrodactylus derjavini
Gyrodactylus macracanthus

Clade 5

Clade 6

Figure 1. The maximum likelihood tree derived from analysis of the combined

nuclear and mitochondrial sequence data for the Capsalidae. Non-parametric

bootstrap support proportions above 70% are indicated by circles at those nodes. Log

likelihood score -55078.47. Taxa in bold parasitise elasmobranch hosts. See

Appendix V for outgroup families.
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APPENDIX XI

GenBank numbers for sequences of fish taxa used in analyses in Chapter V.
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Appendix XI. GenBank numbers for sequences used in analyses in Chapter V

COX1 CYTB H3 IRBP MLL ND4 RAGI RAG?2 Rhod RNF213
Acanthopagrus australis' DQI107856  AM265581 DQ533360 EU638155 XXXXXX? EU090914 EU638265
Acipenser stellatus' NC 005795 NC_005795 NC 005795 AF369056 AF369073 AF137206
Adrianichthyidae NC 004387 NC 004387 AY655594 DQ168094 NC 004387 EF095641 AB001605
Albulidae NC_005800 NC 005796 NC 005800 AY430202
Alepocephalidae NC 011012 NC 011012 NC 011012 EU637933
Alestiidae NC 004699 NC 004699 NC 004699 DQ912097 AY 804099
Alopiidae EU398646 108031 XXXXXX*> AF135482
Amiiformes NC 004742 NC 004742 NC 004742 AY430199 AF369079 AF137208
Anguillidae NC_006531 NC_006531 NC_006531 AJ249202
Anomalopidae NC 008128 NC 008128 DQ533450 DQ168101 AY362268 NC 008128 AY430223 AY141264 EU638242
Anura NC 006839 NC 006839 X03104 NM_001089168 NC_006839 EF535914 NM 00109790 NM_00108704

0 8

Aphredoderidae NC 004372 NC 004372 DQO028082 DQI168038 NC_004372 DQ021403
Aplocheilidae NC 011176 NC 011176 DQ533424 NC 011176
Apteronotidae NC_004692 NC 004692 NC 004692 DQ492427 DQ492315
Aptychotrema rostrata' EU795620
Argyrosomus japonicus' EU523923  AY225662 DQ533357 EU638107 EU638030 DQ357206  EF095660 DQ874789 EU637942 EU638172
Ateleopodiformes NC 003179 NC 003179 NC 003179 EU366725
Atherinidae NC 004386 NC 004386 AY655579 EU638137 EU638067 NC 004386 AY430225 EU637977
Aulopidae NC 002674 NC 002674 DQO028077 DQ168042 NC 002674 EU366705 DQ874791 EF439259
Balitoridae NC 001727 NC_ 001727 BC165500 X80802 NC 001727 EU711107 DQ366997 EU409636
Batrachoidiformes NC_006920 NC 006920 DQ533332 DQ168069 AY362246 NC 006920 DQ874822 EU638205
Belonidae NC 011180 NC 011180 DQ533351 DQ168044 AY362273 NC 011180 AY308771 AY 693520 EU036529 EU638184
Berycidae NC 003188 NC 003188 DQO028088 DQ168045 AY362238 NC 003188 EF095636 DQ197831 EU638174
Blenniidae NC 004412 NC 004412 AY539279 DQ168097 AY362255 NC 004412 AY141271 EU638237
Bythitidae NC_004375 NC_004375 EU638130 EU638035 NC 004375 EU637947
Callorhinchus capensis' DQ108141 XXXXXX? EF565167
Caproidae NC 003191 NC 003191 DQ533343 DQ168048 AY362233 NC 003191 AY308785 AY 141262 EU638178
Carapidae NC 004373 NC 004373 AY539176 EU638058 XXXXXX? AY308782 DQ021402
Carcharhinus leucas' EF609311  L08032 XXXXXX®  U62645 Y17586
Carcharhinus limbatus' DQ884979 XXXXXX? AY462152
Cephalopholis miniata' DQ107925  EF213724 XXXXXX? EF456040
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COX1 CYTB H3 IRBP MLL ND4 RAGI RAG?2 Rhod RNF213
Cephalopholis urodeta' AY786426 EU638036 XXXXXX*
Ceratodontiformes NC 003127 NC 003127 NC 003127 AY442929 EF526298
Cetomimidae NC 003185 NC 003185 NC_003185
Chanidae NC 004693 NC 004693 NC 004693 AY430207 AF148142
Characidae NC_004700 NC _004700 NC_004700 AY430212 AY804053 EU409633
Chaunacidae NC 004381 NC 004381 DQ533350 NC_004381
Chelidonichthys capensis' DQ108041  AB326975 AY539210 DQ168053 XXXXXX? EF439099 EU638186
Chimaeridae NC 003136 NC 003136 NC_003136
Chirocentridae NC 006913 NC 006913 NC 006913 DQ912127 DQ912153 AY158051
Chlorophthalmidae NC 003160 NC 003160 DQO028078 AY362219 NC 003160
Chrysoblephus gibbiceps' AF240719
Chrysophrys auratus’ EF439217 AB124801 EU182627 DQ197878
Clupeidae NC 009575 NC_ 009575 NC 009575 DQ912117 DQ912151 EU224142
Coelacanthiformes NC_ 006921 NC 006921 NC_006921 AF369069 AF369087 AF131256
Cottidae NC 004404 NC 004404 AYS539227 DQI168121 AY362217 NC_004404 AJ430489 EU638167
Cyclopteridae NC 008129 NC 008129 AY539251 EU638116 AY362218 NC_008129 EU492176
Dactylopteridae NC 003194 NC 003194 DQ533358 DQ168059 AY362243 NC_003194 AY 141282
Dasyatis brevis' XXXXXX> ABTC89931
Dasyatis fluviorum' XXXXXX?  XXXXXX?
Diplophidae NC 002647 NC 002647 NC 002647 EU366724
Echeneis naucrates' AY050763 DQ533366 DQ168062 AY362245 XXXXXX? AY141315 EU638197
Elagatis bipinnulata' EF609345  AY050734 AY362263 XXXXXX® XXXXXX? EU638187
Eleotridae NC 004415 NC 004415 DQ533447 NC 004415
Elopidae NC 005803 NC005803 NC005803
Emmelichthyidae EF609348  EF456004  DQ533371 NC 004407 EU182623 EF456054
Epinephelus coioides’ DQ107873 DQ354156  AY539258 DQI168064 EU638049 EU043376 AY279869 FJ426122 EU638201
Epinephelus fuscoguttatus' EU600140  DQ372725 EU043377
Epinephelus maculatus' FJ472837
Esocidae NC 004593 NC 004593 NC 004593 AY380541 AY 158044
Etelis coruscans' U26961 XXXXXX®  XXXXXX?
Eugerres axillaris' AY541643 DQ533372 XXXXXX*  EF095665 EF095623
Eurypharyngidae NC 005299 NC 005299 NC_005299
Gadidae NC 002081 NC 002081 DQ028083 DQ168066 EU638050 NC 002081 AF369064 EU492245
Galaxiidae NC 004594 NC 004594 NC 004594 AY430218 AY158043
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COX1 CYTB H3 IRBP MLL ND4 RAGI RAG?2 Rhod RNF213
Gasterosteidae NC 003174 NC 003174 DQ028089 EU638052 NC 003174 EF033039 EU637962 EU638264
Gobiesocidae NC 008130 NC 008130 DQ533377 EU638031 NC_ 008130 XXXXXX? EU637943
Gonorynchidae NC 011018 NC 011018 NC 011018 EU409606 EU409632
Gonostomatidae NC_ 002574 NC 002574 NC 002574 AY438703 AY 141256
Gymnocranius euanus' XXXXXX?
Gymnocranius grandoculis' AF381275 XXXXXX?
Helicolenus percoides' EF609370  NC 003195 AY539184 EU638146 EU638081 NC_ 003195 XXXXXX* DQ874787 DQ197858 EU638257
Hemigaleus microstoma’ EF609372 DQ422075 DQ422044
Heterodontiformes NC 003137 NC_003137 NC 003137 AY949030
Hexanchidae EU398837  M91186 XXXXXX
Himantura sp." EU398859  AB021498 XXXXXX* ABTC79232
Hiodontiformes NC 005145 NC 005145 NC 005145 AY430200 AY504841
Hippoglossus stenolepis' NC 009710 NC 009710 DQ533442 NC 009710 AF369067 FI870481 AF156264
Huso huso' NC_005252 NC 005252 NC_005252
Hyperoglyphe antartica' DQ107611  AB205458 DQ533381 EU638151 AY362269 XXXXXX* EF095677 EF439348 EU638248
Hypoptychidae NC_004400 NC 004400 AYS539179 NC_004400 AB445176
Indostomidae NC 004401 NC 004401 DQ533383 EU638057 NC_004401 EU637967 EU638209
Labridae AP006018  AP006018  AY662886 EU638164 AY362222 AP006018  AY208617 AY279908 EF439121 EU638211
Lampridae NC_003165 NC 003165 DQ168077 NC_003165 AY308764 DQ197861
Latris lineata' AF156246  AF156235 XXXXXX®  XXXXXX?
Lepidosirenidae NC 003342 NC 003342 NC 003342 AF369058 AY442930 AF137207
Lepisosteiformes_ 1 NC 008104 NC 008104 NC_008104 AF369077
Lepisosteiformes 2 NC 004744 NC_004744 NC 004744
Lethrinus miniatus' EF609388 AF381266
Lethrinus rubrioperculatus' AF240752  DQ533393
Lophiidae NC_004383 NC 004383 DQO028085 DQ168037 AY362215 NC 004383 AY308786 FJ219616 AY368324 EU638217
Lutjanus argentimaculatus' DQ885025 DQ900672  DQ533398 EU638134 EU638064 AY600305 EU627659 EU627658 EF095620 EU638219
Lutjanus argentiventris' XXXXXX? EU627674
Lutjanus carponotatus' EF609395  DQ784754 XXXXXX?
Lutjanus russellii' EF609400 DQ784761 EF514208 EU627667
Lutjanus vitta' EF609402 DQY00677 EU627669 EUS556712
Makaira nigricansl EF392595 DQ872418 DQ8&74778 DQ874810
Mammalia FI979865 FI979865 X57128 M22453 NM_0045  FJ979865 NM_000448 NM 000536 NM_000539 NMO020914
29

191



COX1 CYTB H3 IRBP MLL ND4 RAGI RAG?2 Rhod RNF213
Mastacembelidae NC 003193 NC 003193 DQ533401 DQ168084 AY362249 NC 003193 AY141275
Megalopidae NC 005804 NC 005804 NC 005804 AY430204 AY158050
Melanotaeniidae NC 004385 NC 004385 AY655547 AY362271 NC 004385 EF095640 AY141267
Merlucciidae EF609408 DQ197962 DQ533406 DQ168124 EU638068 NC 004377 AY308787 EF427485 EU638227
Misgurnus anguillicaudatus' NC 011209 NC 011209 NC 011209 EU711122 AY804103 EU409642
Mitsukurinidae NC 011825 NC 011825 NC 011825 AF135477
Mola mola' NC 005836 NC 005836 DQ533408 DQ168087 AY362251 NC 005836 AY700329 AF137215 EU638225
Moronidae AY662754  AF240746  AY539255 EU638140 EU638072 AY308767 EU637981 EU638228
Mugiliformes NC 003182 NC 003182 AY655593 DQ168082 AY362248 NC 003182 EF095639 Y 18668
Muraenidae NC 004417 NC 004417 NC 004417 AY430203 AY862118
Mustelus antarcticus' DQ108315  NC 000890 NC 000890 AY462188
Myctophidae NC 003164 NC 003164 DQ533395 AY362201 NC 003163 AY430221 AY 141258
Myliobatis australis' XXXXXX> ABTC82333
Myliobatis californica’ XXXXXX?  FI235624
Myzxiniformes 1 NC_002807 NC_002807 NC 002807
Myzxiniformes 2 NC 002639 NC_002639 NC 002639
Narcine tasmaniensis’' EU398929 AF369084
Naso unicornis' NC 009853 AY264660 DQ533412 EU638141 EU638074 NC 009853 EF530093 EU637984 EU638190
Nemadactylus macropterus' AF156243  AF067091  AY539269 EU638142 EU638075 XXXXXX* EU637985 EU638231
Nemadactylus valenciennesi' AF067089 XXXXXX?
Nemipterus furcosus' EF609413 AB264298  DQ533430 XXXXXX?
Neoscopelidae NC 003180 NC 003180 DQ533413 NC 003180 EU366727
Neotrygon kuhlii' EU398745  EU870496 XXXXXX* ABTC79231
Notacanthoidei NC 005144 NC 005144 NC_ 005144
Notopteroidei EF609328 AF201602 XXXXXX>  AF369063 AF201653
Oncorhynchus mykiss' NC 001717 NC_001717 X01064 NC 001717 U15663 U31670 AF425074
Orectolobiformes EU398934  EU363745 XXXXXX*  AY949032
Osteoglossidae NC 010570 NC 010570 NC_010570 AY430201 AY504838 AF137210
Paralabrax maculatofasciatus' DQ533427
Paralichthys californicus’ NC 002386 NC 002386 DQ533428 DQ168119 AY362262 DQ874762 DQ87479%4 EU638266
Pastinachus sephen’ DQI108159  ABO021505 XXXXXX? ABTC82862
Percopsidae NC 003168 NC 003168 NC 003168 AY308766
Petromyzontiformes NC 001626 NC 001626 NC 001626 AB116382
Pholidae NC 004410 NC 004410 DQ168100 AY362285 NC 004410 AY 141298 EU638241
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Coxl CYTB H3 IRBP MLL ND4 RAGI RAG2 Rhod RNF213
Platax teira' DQ107756 DQ533348 EF530083 AY279871
Plectorhinchus DQ197979  AY539266 AY362230 EF095661 AY279872 DQ197881 EU638246
chaetodonoides’
Plectropomus leopardus' DQ107921  AY963556 EU638078 DQI01270 XXXXXX?
Poeciliidae NC 009125 NC 009125 DQ533385 DQI168102 AY362203 NC 009125 EF017411 AY296735 EU638243
Polymixiiformes 1 NC 002648 NC 002648 DQ533436 DQI168104 AY362208 NC 002648 AY308765 AY368320
Polymixiiformes 2 NC 003181 NC 003181 AYS539175 NC 003181
Polyodontidae AF369057 AF369075 AF369050
Polyprion americanus' DQ107914  EF392605  DQ533437 XXXXXX?  XXXXXX? EF427493
Polypteriformes NC 001778 NC 001778 NC 001778 AF369055 AF369072
Pristidae EU398986  D50024
Pristiophoriformes DQ108204  D50025 XXXXXX?
Pristipomoides DQ885044 DQ533440 XXXXXX?  XXXXXX?
argyrogrammicus'
Proscymnodon plunketi' DQ108219  EF090945 XXXXXX?
Pseudobalistes fuscus' NC 011939 NC 011939 DQ533342 DQ168095 NC 011939 AY700314 DQ874786 EU108856 EU638233
Pseudocaranx dentex' EF609442  EF392607 DQ533344 XXXXXX? EU477492 DQ197887
Pteroplatytrygon violacea' XXXXXX?  XXXXXX?
Ptotopteridae NC 001708 NC 001708 NC 001708 AF369070 AF369086 AF369054
Rajidae NC 00893  NC 000893 NC_000893 Us81514
Regalecidae NC 009948 NC 009948 DQ533448 DQ168109 AY362266 NC 009948 EF107625 AY368328 EU638252
Rhinobatos typus' EU398997  D50023 EU282427  ABTC79227
Rhinoptera bonasus' DQ108133 XXXXXX>  AY949029
Rhyacichthyidae NC 004414 AB021257 NC 004414
Saccopharyngidae NC 005298 NC 005298 NC 005298
Salmo salar' NC 001960 NC 001960 BT043630 NC 001960 XXXXXX* AY214132
Scarus ghobban' NC 011599 NC 011599 AY662883 DQ168112 AY362212 NC 011599 EF095675 AY279952 EF095633 EU638254
Sebastes capensis' NC 005450 DQ678420  AY539185 DQI168114 NC 005450 EF095642 DQ678722 EF212410 EU638258
Seriola hippos' EF609459  EF439585 XXXXXX?
Seriola lalandi' EF609460  AB269267 XXXXXX? EF439319
Seriola rivoliana' EF439235 XXXXXX? EF427513
Siluriformes NC 004697 NC 004697 NC 004697 DQ492458 DQ492389 AF028016
Solea solea' NC 008327 DQ198003 DQ168117 AY362275 EF095644 EU638009 EU638223
Sparidentex hasta' AF240734
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COX1 CYTB H3 IRBP MLL ND4 RAGI RAG?2 Rhod RNF213
Sphoeroides annulatus’ NC 010960 NC 010960 DQ168076 AY362221 NC 010960 AY308795 EF427517 EU638212
Squalidae NC 002012 NC 002012 AF112370 NC 002012
Squatiniformes DQ108193  D50020 XXXXXX?
Stephanoberyciformes 2 NC 012046 NC 012046 DQO028087 DQ168041 EU638087 NC_012046 AY368327
Sternopygidae NC_004701 NC _ 004701 NC_004701 DQ492426 DQ492314
Synbranchidae NC 003192 NC 003192 DQ533410 DQ168088 AY362252 NC 003192 AY141276 EU638226
Syngnathidae NC 010272 NC 010272 EU638126 AY362216 NC 010272 FJ905776 AY368330 EU638232
Taeniura meyeni' AF110630 XXXXXX?  XXXXXX?
Tetrapterus audax' DQ107617 DQ882017 DQ872421 DQ080346
Tetrapterus belone' DQ882010 DQ872422
Thunnus albacares' DQ835945 NC 005317 DQ168113 NC 005317 DQ874771 DQ874803
Triakis megalopterus' DQ422089 DQ422058  AY462191
Trygonoptera mucosa' EU399061 EU795632
Umbridae NC 004592 NC 004592 NC 004592 AY380549 AY 158047
Urobatis halleri' AF110624 XXXXXX
Urolophus cruciatus' DQ108142  U27265 XXXXXX> ABTC69572
Verasper variegatus' NC _ 007939 NC 007939 NC 007939
Xiphias gladius' DQ107623  EU224088  DQ533480 EU638163 EU638098 XXXXXX*  DQS874779 DQ874811 EU638276
Zeidae NC 003190 NC 003190 DQO028086 DQ168128 AY362287 NC 003190 AY308778 Y 14484 EU638279
Zeniontidae NC_004397 NC 004397 EU638124 EU638054 NC_004397
Zoarcidae NC 004409 NC 004409 AYS539271 EU638136 EU638066 NC 004409 EU491979

"Fish species that host capsalid parasites studied
*Sequenced in this study

COXI — Cytochrome Oxidase 1
CYTB - Cytochrome Oxidase B

H3 — Histone 3
IRBP — Interphotoreceptor retinoid-binding Protein

MLL — Mixed lineage leukemia
ND4 — NADH dehydrogenase subunit 4

RAGI1 — Recombination Activating Gene 1
RAG2 — Recombination Activating Gene 2

Rhod — Rhodopsin

RNF213 — anonymous nuclear protein coding gene
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APPENDIX XII

Table of fossil calibrations, cladogram of phylogenetic relationships presented in
Nelson (2006) and justification for constraints used in molecular phylogenetic

anlyses of fish data in Chapter V.
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Table 1. Fossil Calibrations dates for molecular dating analyses of RAG-1 fish

data
Node Constraint (mya)

Upper Lower
1 L418°
2 L1832
3 L167?
4 L155°
5 L1517
6 L125°
7 U350 L3307
8 U392 L345'
9 L284!
10 L151!
11 L130!
12 L136'
13 L146'
14 L112!
15 L90!
16 L57!
17 L50!
18 L74!
19 L94!
20 L98!

'See Table 2 of Azuma et al. 2008.
*See Appendix of Underwood et al. 2006.

Justification for constraints used in molecular phylogenetic analyses of the fish
data:
Cyclostome is the term used for the living jawless fishes (hagfishes and lampreys)
however many paleontologists and morphologists consider this to be a paraphyletic
group (Lovtrup 1977; Janvier 1996b; Gursoy et al. 2000). However, molecular
evidence has supported monophyly (Kuraku et al. 1999; Mallatt et al. 2001; Delarbre
et al. 2002; Takezaki et al. 2003). The purpose of this study was not to explore this
issue and so our constraint supports paraphyly as presented in Nelson (2006). Further
information on this debate can be found in Janvier (2008).

Characters supporting monophyly of the Chondrichthyes are numerous
(Jamieson 1991; Didier 1995; Janvier 1996b; Maisey 2001) with two key
synapomorphies being the prismatic endoskeletal calcification and pelvic claspers

(Grogan and Lund 2004). The Batoidea has traditionally been considered a derived
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crown group of the Selachii (de Carvalho 1996; McEachran et al. 1996; Shirai 1996).
However, recent molecular phylogenies differ placing the origins of the Batoidea
from stem neoselachians and having no close relationship with the Selachii (Douady
et al. 2003; Maisey et al. 2004; McEachran and Aschliman 2004; Winchell et al.
2004) and it has been concluded that this fits more closely the known neoselachian
fossil record than do morphological phylogenies. Monophyly of the two subdivisions
is also considered well established (Nelson 2006). Therefore, we constrain the
Batoidea and Selachii to be sister groups and each monophyletic.

We have used the term Sarcopterygii to describe a monophyletic group that
includes the tetrapods and have constrained it to be monophyletic and sister to the
Actinopterygii following Wiley (1979), Rosen et al. (1981), Nelson (1994), Cloutier
and Ahlberg (2001) and Nelson (2006). There has been extensive examination of this
group in Long (1995), Janvier (1996b), Maisey (1996), Schultze and Cloutier (1996),
Ahlberg (2001) and Clack (2002). While not diagnosed by a strong set of derived
characters, the Actinopterygii is still considered to be monophyletic. Diversification
of this group has been reviewed by Lauder and Liem (1983) and also revised by
Cloutier and Arratia (2004). A monograph with anatomical drawings with an
emphasis on the Actinopterygii is provided by Springer and Johnson (2004). As
such, we constrain the Actinopterygii to be monophyletic. The Acipenseriformes and
Polypteriformes are constrained as sister to the neopterygii based on work by
Venkatesh et al. (2001) and recent support from Britz and Bartsch (2003) and Nelson
(2006). There is general agreement that the Neopterygian fishes are monophyletic
but much uncertainty remains on relationships with the group (Grande and Bemis
1998; Arratia 2004; Nelson 2006) and so we have constrained monophyly in our
analyses. The Teleostei is also considered to be a monophyletic group but there is
disagreement over its boundaries. de Pinna (1996) described 27 anatomical
synapomorphies to support monophyly of the group to the exclusion of the
Amiiformes and Lepisosteiformes. Summaries of recent works are available in
Arratia (1997, 1999, 2004). We have therefore constrained the Teleostei to be

monophyletic to the exclusion of the Amiiformes and Lepisosteiformes.
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Ostarioclupeomorpha

Acanthopterygii

Paracanthopterygii

Ostariophysi

Clupeomorpha

Teleostei
Protacanthopterygii
Elopomorpha
Neopterygii
Osteoglossomorpha
Actinopterygii
Chrondrostei
Cladistia
Sarcopterygii
Elasmobranchii
Chondricythyes
Holocephali

Tetraodontiformes
Pleuronectiformes
Perciformes
Scorpaeniformes
Synbranchiformes
Gasterosteiformes
Zeiformes
Beryciformes
Stephanoberyciformes
Cyprinodontiformes
Beloniformes
Atheriniformes
Mugiliformes
Lophiiformes
Batrachoidiformes
Ophidiiformes
Gadiformes
Percopsiformes
Polymixiiformes
Lampriformes
Myctophiformes
Aulopiformes
Ateleopodiformes
Stomiiformes
Gymnotiformes
Siluriformes
Characiformes
Cypriniformes
Gonorynchiformes
Clupeiformes
Esociformes
Salmoniformes
Osmeriformes
Argentiniformes
Saccopharyngiformes
Anguilliformes
Albuliformes
Elopiformes
Osteoglossiformes
Hiodontiformes
Amiiformes
Lepisosteiformes
Acipenseriformes
Polypteriformes
Tetrapoda
Ceratodontiformes
Coelacanthiformes
Pristiophoriformes
Squatiniformes
Squaliformes
Echinorhiniformes
Hexanchiformes
Carcharhiniformes
Lamniformes
Orectolobiformes
Heterodontiformes
Myliobatiformes
Rajiformes
Pristiformes
Torpediniformes
Chimaeriformes
Petromyzontiformes
Myxiniformes

Figure 1. Cladogram representing relationships of the 62 orders of fishes and

including the Tetrapoda as presented in Nelson (2006).
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