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A molecular framework for the Cestoda

by
andrea waeschenbach1 and d. TiMoThy J. liTTlewood2

INTRODUCTION
Since the advent of molecular phylogenetics, progress in resolving the interrelationships 

of cestodes at higher and lower taxonomic hierarchies has proceeded in leaps and bounds. 
The nuclear ribosomal RNA genes 18S rDNA (= ssrDNA) and 28S rDNA (= lsrDNA) have 
played a central role in unraveling the ordinal-level backbone of the cestode tree (Mariaux, 
1998; Olson and Caira, 1999; Kodedová et al., 2000; Hoberg et al., 2001; Mariaux and Olson, 
2001; Olson et al., 2001, 2008; Brabec et al., 2006; Waeschenbach et al., 2007; Caira et al., 2014a). 
However, it was the addition of large fragments (~4,000 bp) of mitochondrial (mt) DNA to the 
combined 18S rDNA + 28S rDNA dataset that has provided the most stable and best-resolved 
backbone phylogeny to date (Waeschenbach et al., 2012).

Molecular data have also facilitated the erection of several new orders (Diphyllobothriidea 
and Bothriocephalidea resulting from a division of the “Pseudophyllidea” Carus, 1863 [see 
Brabec et al., 2006; Kuchta et al., 2008]; Onchoproteocephalidea resulting from the amalgamation 
of the Onchobothriidae Braun, 1900 and the Proteocephalidea Mola, 1928 [see Caira et al., 
2014a]; Rhinebothriidea [see Healy et al., 2009] and Phyllobothriidea [see Caira et al., 2014a] 
resulting from a split off the “Tetraphyllidea”) and have provided support for the previously 
erected (Schmidt and Beveridge, 1990) but widely ignored Cathetocephalidea (see Caira et 
al., 2005). Although controversy remained concerning the ordinal status of the Litobothriidea 
following its erection in 1969 by Dailey (see Euzet, 1994), molecular data have consistently 
shown that it represents a distinct lineage, separate from tetraphyllideans (Olson and Caira, 
1999; Kodedová et al., 2000; Hoberg et al., 2001; Olson et al., 2001; Waeschenbach et al., 2007, 
2012; Caira et al., 2014b). Thus, with the help of molecular data, the number of currently 
recognized eucestode orders has increased from 12 in Khalil et al. (1994) to a total of 17 
following the work of Caira et al. (2014a).

Although phylogenetic frameworks existed for some orders prior to the Planetary 
Biodiversity Inventory (PBI) project (i.e., Trypanorhyncha [see Palm et al., 2009] 
“Tetraphyllidea” [see Olson et al., 1999]), for some there were none (e.g., the Lecanicephalidea 
and Diphyllidea) or they were constructed from only a very limited taxon sampling (e.g., 
Cyclophyllidea [see von Nickisch-Rosenegk, 1999]). A principal component of the PBI project 
was the evaluation of newly collected specimens in a molecular phylogenetic context, thus 
substantially increasing the taxon sampling across the Cestoda. Building on the success of 
Waeschenbach et al. (2012) in combining 18S rDNA and 28S rDNA with mtDNA, the chosen 
markers for the PBI project were almost complete 18S rDNA (~2,000 bp), partial (variable 
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domains D1–D3) 28S rDNA (~1,500 bp), partial large mt ribosomal RNA subunit 16S rDNA 
(= rrnL) (~885 bp) and partial cytochrome c oxidase subunit I (COI = cox1) (~607 bp). Here, 
we provide a summary of the advances made through the PBI project to the molecular 
phylogenetic framework of the Cestoda. Furthermore, we highlight how those data were 
used to: (i) discover (cryptic) taxonomic novelty, (ii) evaluate morphological characters used 
traditionally for taxonomic classification, and (iii) identify radiations within host groups or 
geographic regions.

MATERIALS AND METHODS
The bulk of the sequencing conducted over the course of the PBI project was done 

at the Natural History Museum London (NHM). Although molecular PBI studies were 
also undertaken elsewhere, we will only provide the methodologies used at the NHM; 
methodologies for other studies can be gleaned from the respective publications.

Total genomic DNA (gDNA) was extracted using either the BioSprint 96 robotic work 
station in combination with the BioSprint 96 DNA Blood Kit (QIAGEN), or the DNeasy 
Blood & Tissue kit (QIAGEN) following the manufacturer’s instructions. Because of the scale 
of this project, no taxon-specific optimizations were made for polymerase chain reactions 
(PCRs). If amplification failed the first time, the reaction was repeated for another two times. 
If still unsuccessful, no further amplification attempts were made. Although amplification 
of mt genes tended to be less successful than that of the nuclear ribosomal RNA genes, no 
patterns in terms of taxon-specific failure or success emerged. PCRs were carried out in 25 
μl reaction volumes using Illustra PuRe Taq Ready-To-Go PCR beads (GE Healthcare), 2 μl 
of template gDNA and 1 μl of 10 μM of each primer. For primer details and PCR cycling 
conditions see Tables 1 and 2. Partial 28S rDNA was amplified using primers ZX-1 and 
1500R, almost complete 18S rDNA was amplified using primers WormA and WormB, 16S 
rDNA was amplified using primers Cest16SFgen and Cest16SRc, and COI was amplified 
using primers PBI-cox1F_PCR and PBI-cox1R_PCR. Because of the high sequence variability 
in COI, degenerate primers were designed to ensure amplification across a range of cestode 
species (see regions in bold in primers listed in Table 1). These primers were then extended at 
the 5’ end to provide non-ambiguous sequence tags for sequencing (see Table 1 for details). 
PCR amplicons were either purified using the QIAquick PCR Purification Kit (QIAGEN) 
or the GENECLEAN II Kit (MP Biomedicals) following the manufacturer’s instructions. 
Sequencing of both strands was carried out on an Applied Biosystems 3730 DNA Analyzer, 
using Big Dye version 3.1. 28S rDNA PCR products were sequenced using the two PCR 
primers and internal primers LSU_300F, LSU_300R, ECD2, 400R, 1090F, and LSU_1200F. 
18S rDNA PCR products were sequenced using the two PCR primers and internal primers 
SSU_300F, SSU_300R, 600R, 1270F, 1270R, SSU_1200F, and SSU_1200R. 16S rDNA PCR 
products were sequenced using the two PCR primers. COI PCR products were sequenced 
using PBI-cox1F_seq; and PBI-cox1R_seq. Contigs were assembled using SEQUENCHER 4.8 
(GeneCodes Corporation). Sequence identity was checked using the Basic Local Alignment 
Search Tool (BLAST) (www.ncbi.nih.gov/BLAST/). Already published data were deposited 
in GenBank.

RESULTS AND DISCUSSION
Figure 1 is a cartoon of a phylogeny, based largely on novel molecular data generated by the 

NHM over the course of the PBI project. Although this tree is based on a maximum likelihood 
analysis, constructed using the program Garli 2.01 (Zwickl, 2006), it is meant to be a graphic 
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representation of the sequencing effort conducted as part of the PBI project, rather than to 
serve as a phylogenetic tree for further interpretation. For this reason no details are given for 
the alignment construction and phylogenetic analysis. Although the four genes sequenced 
during the project provide good nodal support towards the tips of the tree in many clades, 
support for the internal nodes was poor, which is why the backbone was edited to reflect 
figure 4 in Waeschenbach et al. (2012) and figure 3 in Caira et al. (2014a). Terminals consist 
of the 797 specimens sequenced as part of the PBI project by the NHM, the Rhinebothriidea, 

primer name f, forward; r, reverse; Sequence (5’ to 3’) reference
28S rDNA

ZX-11 (1–21) F ACCCGCTGAATTTAAGCATAT Van der Auwera et al. (1994)
1500R (1130–1150) R GCTATCCTGAGGGAAACTTCG Pawlowski et al. (1994)
LSU_300F (329–350) F CAAGTACCGTGAGGGAAAGTTG Littlewood et al. (2000)
LSU_300R (329–350) R CAACTTTCCCTCACGGTACTTG Littlewood et al. (2000)
ECD2 (790–813) R CTTGGTCCGTGTTTCAAGACGGG Littlewood et al. (2000)
1090F (797–813) F TGAAACACGGACCAAGG Littlewood et al. (2008)
LSU_1200F (983–1004) F CCCGAAAGATGGTGAACTATGC Telford et al. (2003)

18S rDNA
WormA (120–140) F GCGAATGGCTCATTAAATCAG Littlewood and Olson (2001)
WormB (1805–1825) R CTTGTTACGACTTTTACTTCC Littlewood and Olson (2001)
SSU_300F (411–427) F AGGGTTCGATTCCGGAG Elwood et al. (1985)
SSU_300R (421–438) R TCAGGCTCCCTCTCCGGA Littlewood and Olson (2001)
600R (603–620) R ACCGCGGCKGCTGGCACC Littlewood and Olson (2001)
1270F (1183–1200) F ACTTAAAGGAATTGACGG Littlewood et al. (2000)
1270R (1183–1200) R CCGTCAATTCCTTTAAGT Littlewood et al. (2000)
SSU_1200F (1477–1492) F CAGGTCTGTGATGCCC Littlewood and Olson (2001)
SSU_1200R (1477–1492) R GGGCATCACAGACCTG Littlewood and Olson (2001)

16S rDNA
Cest16SFgen (39–54) F TRCCTTTTGCATCATG Scholz et al. (2013)
Cest16SRc (905–926) R AATAGATAAGAACCGACCTGGC Scholz et al. (2013)

COi
PBI-cox1F_PCR (697–717) F CATTTTGCTGCCGGTCArCAyATGTTyTGrTTTTTTGG2 Scholz et al. (2013)
PBI-cox1R_PCR (1280–1294) R CCTTTGTCGATACTGCCAAArTAATGCATDGGrAA2 Scholz et al. (2013)
PBI-cox1F_seq (N/A) F CATTTTGCTGCCGGTCA3 Scholz et al. (2013)
PBI–cox1R_seq (1275–1293) R TAATGCATDGGRAAAAAAC4 Scholz et al. (2013)

1 Original ZX-1 (ACCCGCTGAAYTTAAGCATAT; Van der Auwera et al., 1994); Y was replaced with T.
2 Bolded 3’ ends are complementary to the target sequence. Unambiguous 5’ end tails were added for sequencing 
primer annealing (but see footnote 4).
3 Complement sequence of M13(-20) forward primer, plus an additional adenine at the 3’ end, shown in bold.
4 A previous sequencing primer designed in the 5’ end tail yielded only poor sequence data, whereas the current 
primer, designed in the ambiguous region, and to which additional nucleotides complementary to the target 
sequence were added (see portion in bold), gave clean sequence data.

Table 1. List of PCR and sequencing primers. Positions refer to annealing positions in Nucula pernula (AY45419) 
for 28S rDNA, Mytilus edulis (AY527062) for 18S rDNA, and in the 16S rDNA and COI sequences of the complete 
mitogenome of Diphyllobothrium latum (NC_008945).

Gene Cycling profile
40 cycles

28S rDNA 94°C for 3 min

94°C for 30 s

55°C for 30 s 72°C for 2 min

72°C for 10 min
18S rDNA 94°C for 3 min 54°C for 30 s 72°C for 2 min
16S rDNA 94°C for 2 min 54°C for 30 s 72°C for 1 min
COi 94°C for 2 min 60°C for 30 s 72°C for 1 min

Table 2. PCR cycling conditions.
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Phyllobothriidea, Cathetocephalidea, elasmobranch-hosted Onchoproteocephalidea, and 
“Tetraphyllidea” relics used to construct figure 2 in Caira et al. (2014a), and the 23 taxa in 
Waeschenbach et al. (2012) for which the contiguous mt fragment had been analyzed. Below 
we discuss the advances in taxon coverage in the molecular phylogenetic framework of 
the Cestoda attributed to the PBI project. No molecular material was collected during the 
PBI project for some of the most species-poor orders (i.e., Gyrocotylidea, Spathebothriidea, 
and Haplobothriidea), and no molecular data could be obtained from the only amphilinid 
specimen (Austramphilina elongata Johnson 1931), collected from a northern snake-neck turtle 
(Macrochelodina rugosa Ogilby, 1890) in Indonesia.

Progress made in the generation of molecular frameworks for the eucestode orders over 
the course of the PBI project is discussed below based on the relationships illustrated in Figure 
1 beginning with the earliest diverging lineages.

Table 3. DNA sequence data generated over the course of the PBI project.

Cestode order 18S rDNA 28S rDNA 16S rDNA COi No. of sequenced samples

Amphilinidea 01 01 01 01 01

Gyrocotylidea 02 02 02 02 02

Caryophyllidea 963,4 984,5 67 853,4 100
Spathebothriidea 02 02 02 02 02

Haplobothriidea 02 02 02 02 02

Diphyllobothriidea 30 31 27 29 32
Diphyllidea 496 516 7 456 51
Trypanorhyncha 687 687 74 85 104
Bothriocephalidea 56 568 56 65 71
Litobothriidea 29 710 0 0 7
Lecanicephalidea 679 679 54 62 67
Rhinebothriidea 5111 5111 12 10 52
Cathetocephalidea 312 312 1 1 3
Phyllobothriidea 219 219 9 12 21
“Tetraphyllidea” 2812 3313 9 11 34
Onchoproteocephalidea 119 (10)9,14 140 (28)14,15 112 (7)14 121 (8)14 149 (29)14

Nippotaeniidea 2 2 2 2 2
Tetrabothriidea 8 8 8 8 8
Mesocestoididae 3 3 2 2 3
Cyclophyllidea 300 296 286 291 314

Total 903 935 726 829 1018

1 One molecular PBI specimen of Austramphilina elongata was collected from a northern snake-neck turtle 
(Macrochelodina rugosa) in Indonesia, but no PCR products could be obtained.
2 No molecular PBI specimen was collected.
3 Includes sequences from Brabec et al. (2012).
4 Includes sequences from Scholz et al. (2011).
5 Includes sequences from Brabec et al. (2012) and Schaeffner et al. (2011).
6 28S rDNA and 18S rDNA sequences were from Caira et al. (2013).
7 Includes sequences from Olson et al. (2010).
8 Includes sequences from Kuchta et al. (2012).
9 Includes sequences from Caira et al. (2014a).
10 Includes sequences from Caira et al. (2014a, b).
11 Includes sequences from Healy et al. (2009), Caira et al. (2014a), and Ruhnke et al. (2015).
12 Includes sequences from Healy et al. (2009) and Caira et al. (2014a).
13 Includes sequences from Healy et al. (2009), Caira et al. (2014a), and Bernot et al. (2015).
14 Numbers in parentheses indicate number of Onchobothriidae.
15 Includes sequences from Fyler et al. (2009), Fyler and Caira (2010), and Caira et al. (2014a).
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Caryophyllidea
As part of the PBI project, the genera Caryophyllaeus Gmelin, 1790 (see Bazsalovicsová 

et al., 2014), Khawia Hsü, 1935 (see Scholz et al., 2011), and Wenyonia Woodland, 1923 (see 
Schaeffner et al., 2011) were evaluated in a molecular phylogenetic context. However, the 
first overall phylogenetic framework for this order was produced by Brabec et al. (2012). This 
study included 19 species and was based on 18S and 28S rDNA and a contiguous fragment of 
mtDNA (trnK + NADH 3 + trnS + trnW + COI). Three further molecular studies published as 
part of the PBI project are by Scholz et al. (2014) on the cryptic diversity of Paracaryophyllaeus 
Kulakowskaja, 1961, by Scholz et al. (2015) presenting a revision of Monobothrium Diesing, 
1863 and Promonobothrium Mackiewicz, 1968 in light of molecular data, and by Oros et 
al. (2016) supporting the monophyly of Promonobothrium and the validity of the currently 
recognized eight species of this genus.

Inclusive of the data by Schaeffner et al. (2011), Scholz et al. (2011), and Brabec et al. (2012), 
100 terminals were studied over the course of the PBI project. Unpublished analysis of those data 
show that caryophyllideans underwent radiations not only within host groups but also within 
geographic regions: a radiation in Afro-Indian catfishes, a radiation in Palaearctic cyprinids, 
and a radiation in Nearctic suckers. There are an estimated 121 species of Caryophyllidea 
(see Chapter 4 this volume, Scholz and Oros, 2017); thus, approximately 80% of species have 
been put into a molecular phylogenetic context. Importantly, Brabec et al. (2012) discovered 
putative nuclear mitochondrial pseudogenes (numts) amongst their mt data.

Bothriocephalidea and Diphyllobothriidea
Following the discovery of the non-monophyly of the Pseudophyllidea in a number of 

molecular phylogenetic studies (e.g., Mariaux, 1998; Kodedová et al., 2000; Olson et al., 2001), 
Brabec et al. (2006) conducted a thorough study of this group using 18S and 28S rDNA data 
and recommended the erection of the two orders Diphyllobothriidea and Bothriocephalidea, 
which was formally implemented by Kuchta et al. (2008). The analysis by Brabec et al. (2006) 
included eight species of Diphyllobothriidea and 17 species of Bothriocephalidea. 

Bothriocephalidea.  As part of the PBI project, both of these orders were thoroughly 
studied. A total of 71 bothriocephalidean terminals was analyzed during the PBI project 
(Table 3). Of those, 46 18S rDNA, 43 28S rDNA, 46 16S rDNA, and 55 COI sequences were 
combined with published data to produce an overall phylogeny of 59 species (Brabec et al., 
2015). Mapping of 22 morphological characters onto the molecular phylogeny revealed that 
only one of those characters was of phylogenetic utility, emphasizing the conflict between 
morphology and molecules in this group. Crucially, the study by Brabec et al. (2015) found 
two (the Echinophallidae Schumacher, 1914 and the Triaenophoridae Lönnberg, 1889) of the 
three families currently recognized in the order (see Chapter 3 this volume, Kuchta and Scholz, 
2017a) to be non-monophyletic. Due to a current lack of morphological synapomorphies 
for the molecular clades, the existing family-level classification was retained (except for 
the synonymization of the Philobythiidae Campbell, 1977 with the Triaenophoridae). The 
challenge that remains is to discover morphological characters that support these clades. 
There are currently 132 valid species (see Chapter 3 this volume, Kuchta and Scholz, 2017a); 
thus, approximately 44% of known species have been put into a phylogenetic context.

Diphyllobothriidea.  The most comprehensive phylogenetic framework for the 
Diphyllobothriidea, to date, was produced by Hernández-Orts et al. (2015). However, the 
taxon choice was largely limited to those species that are the causative agents of human 
disease (diphyllobothriosis, sparganosis). Similarly, a published complete genome (Spirometra 
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figUre 1. Cartoon depicting the majority of the PBI phylogeny in which the backbone had been edited to reflect figure 
4 of Waeschenbach et al. (2012) and figure 3 of Caira et al. (2014b). (A) Cladogram. (B) Phylogram in which the branch 
length scale bar indicates number of subsitutions per sites.
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erinaceieuropaei [Rudolphi, 1891] Faust, Campbell & Kellogg, 1929 by Bennett et al. [2014]) and 
all published mitochondrial genomes (Diphyllobothrium nihonkaiense Yamane, Kamo, Bylund 
& Wikgren, 1986 by Kim et al. [2007]; Diphyllobothrium latum L., 1758 and D. nihonkaiense by 
Nakao et al. [2007]; Diphyllobothrium latum by Park et al. [2007]; Spirometra erinaceieuropaei by 
Liu et al. [2012]; Diplogonoporus balaenopterae Lönnberg, 1892 and D. grandis (Blanchard, 1894) 
by Yamasaki et al. [2012]; Spirometra erinaceieuropaei and S. decipiens Diesing, 1850 by Eom et 
al. [2015]) are exclusively from taxa of medical importance. None of this work was part of the 
PBI project.

As part of the PBI project, much of the novel sampling of diphyllobothriideans was 
focused on wildlife parasites. In total, 32 diphyllobothriidean terminals were studied during 
the PBI project (Table 3). The resulting phylogeny (Waeschenbach et al., accepted) includes 25 
species. Several of the internal nodes are unresolved and will require additional data for their 
resolution. The current assessment of diversity in this order is 70 species (see Chapter 8 this 
volume, Kuchta and Scholz, 2017b); thus, approximately 36% of known species have been put 
into a phylogenetic context.

Diphyllidea
Molecular studies of diphyllideans pre-PBI project involved only a handful of species 

at a time. Bray and Olson (2004) studied the phylogenetic affinities of Ditrachybothridium 
macrocephalum Rees, 1959 from the North East Atlantic Ocean in the context of four 
Echinobothrium van Beneden, 1849 and one Macrobothridium Khalil & Abdul-Salam, 1989 
species. They generated novel 28S rDNA data for the above and combined it with published 
data for Echinobothrium harfordi McVicar, 1976, E. chisholmae Jones & Beveridge, 2001, 
and Macrobothridium rhynchobati Khalil & Abdul-Salam, 1989, which had originally been 
sequenced for a cestode-wide phylogenetic evaluation (Olson et al., 2001). Dallarés et al. 
(2015) subsequently sequenced further material of D. macrocephalum from the Mediterranean 
Sea to verify the species identity. 

As part of the PBI project, Caira et al. (2013) generated the first comprehensive 
phylogenetic estimate (based on 18S and 28S rDNA, and COI) of the order. They analyzed 
51 specimens from 31 species, of which an astonishing 19 were undescribed. Thus, their 
study transformed the taxonomic and phylogenetic landscape of diphyllideans. The NHM 
subsequently sequenced 16S rDNA for seven of those terminals (Table 3). There are a total of 
59 valid species (see Chapter 7 this volume, Caira et al., 2017a); thus, approximately 52% of 
known species have been put into a molecular phylogenetic context.

Trypanorhyncha
Prior to the PBI project, Palm et al. (2009) was the only study to have tackled the molecular 

phylogeny of Trypanorhyncha. As part of the PBI project, Olson et al. (2010) generated 
62 new 18S and 62 new 28S rDNA sequences. Their analysis of 80 species supported the 
establishment of the two suborders Trypanobatoida and Trypanoselachoida, which primarily 
parasitize rays and sharks, respectively. Six additional specimens were since analyzed by 
the NHM, generating six, six, three, and five sequences of 18S, 28S, 16S rDNA, and COI, 
respectively. Furthermore, complementary 16S rDNA and COI data were generated for 71 
and 80 of the existing specimens used in the abovementioned studies, respectively. Palm et al. 
(2009) estimated the total number of trypanorhynch species as 277. Thirty additional species 
were described as part of the PBI project. The total number of valid species is 315 (see Chapter 
21 this volume, Beveridge et al., 2017). Thus, the 104 species sequenced during the PBI project 
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(Table 3) amount to approximately 33% of known species diversity. The main challenge 
that remains is the resolution of the polytomies amongst and within the major lineages of 
Eutetrarhynchoidea, Tentacularioidea, Gymnorhynchoidea, and Lacistorhynchoidea (see fig. 
3 in Chapter 21 this volume, Beveridge et al., 2017).

Litobothriidea
Although included as exemplar taxa in broader phylogenetic analyses (Olson and 

Caira, 1999; Olson et al., 2001; Waeschenbach et al., 2007, 2012), no dedicated phylogenetic 
analysis had been conducted on the currently recognized nine species of Litobothriidea 
prior to the PBI project. As part of the PBI project, Caira et al. (2014a) sequenced 18S and 
28S rDNA of two species, using them as exemplar taxa for the order for a broader analysis. 
The first Litobothriidea-specific phylogenetic analysis was done by Caira et al. (2014b), in 
which 28S rDNA were generated for six samples, five of which belonged to Litobothrium 
aenigmaticum Caira, Jensen, Waeschenbach & Littlewood, 2014, a worm with an unusual 
scolex morphology, atypical for litobothriideans. This analysis included four species in total. 
Sequence data ([D1–D3] 28S rDNA) for a fifth species, L. daileyi Kurochkin & Slankis, 1973, 
were generated and added to the data set of Caira et al. (2014b) as part of a phylogenetic 
analysis for this volume (see fig. 4 in Chapter 12 this volume, Caira et al., 2017b). Thus, 
approximately 55% of litobothriidean species have been placed in a molecular phylogenetic 
context.

Lecanicephalidea
Insights into the interrelationships of the Lecanicephalidea have been revolutionized 

thanks to the efforts of the PBI project. Lecanicephalideans had previously been included 
in molecular phylogenetic frameworks only as exemplar representatives (1–3 species) in 
cestode-wide studies (i.e., 18S rDNA by Olson et al. [1999] and Littlewood and Olson [2001]; 
18S rDNA and elongation factor-1α by Olson and Caira [1999]; 18S and 28S rDNA by Olson et 
al. [2001] and Waeschenbach et al., 2007]; 18S, 28S rDNA, and 4kb mtDNA by Waeschenbach 
et al. [2012]). Caira et al. (2014a) were the first to have included a significant number of 
lecanicephalidean species (i.e., 17), in their 18S and 28S rDNA framework. Subsequently, 
Jensen et al. (2016) generated a further 50, 50, 54, and 62 sequences for 18S, 28S, 16S rDNA, 
and COI, respectively, providing the final dataset of the main PBI-output publication for this 
group, which included 61 species (67 specimens) (Table 3), of which 23 are described species. 
Crucially, this study reaffirmed previous concerns about conflict between scolex and proglottid 
morphologies as taxonomic characters (Jensen, 2005). The molecular phylogeny of Jensen et 
al. (2016) demonstrated homoplasy in the evolution of an apical organ divided into tentacles 
and also revealed extensive variation in scolex morphology among closely related taxa. On 
the other hand, their results showed that proglottid morphology was relatively conserved, 
thereby making this a useful feature to characterize the molecular clades. Importantly, Jensen 
et al. (2016) erected four new families for monophyletic groups obtained using the new 
molecular data. There are 90 valid species (see Chapter 11 this volume, Jensen et al., 2017), 
which means that approximately 26% of the currently recognized lecanicephalidean species 
have been placed in a molecular phylogenetic context. 

Rhinebothriidea, Cathetocephalidea, Phyllobothriidea, and “Tetraphyllidea” relics
The group that underwent the most substantial restructuring underpinned by molecular 

data over the course of the PBI project was the Tetraphyllidea. Although the early beginnings 
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of molecular phylogenetics did not fully recognize the extent to which the Tetraphyllidea 
would ultimately be dismantled (Olson et al., 1999), the monophyly of the order was 
challenged by molecular data right from the start (e.g., Mariaux, 1998; Olson and Caira, 1999; 
Olson et al., 2001).

The first significant step in the disintegration of the Tetraphyllidea was the formal 
recognition of the previously erected (Schmidt and Beveridge, 1990) but widely ignored 
Cathetocephalidea using evidence from 18S and 28S rDNA (Caira et al., 2005). There are 
currently only six valid species of Cathetocephalidea (see Chapter 5 this volume, Caira et 
al., 2017c), two of which were included in Caira et al. (2005). As part of the PBI project, Caira 
et al. (2014a) sequenced 18S and 28S rDNA of three species; 16S rDNA and COI data were 
generated by the NHM for one of them (Table 3). Thus, 75% of known species have been put 
into a molecular phylogenetic context.

The next step was the erection of the order Rhinebothriidea. Just prior to the start of 
the PBI project, Healy et al. (2009) generated 18S and 28S rDNA data for 31 species, all of 
which formed a monophyletic group. Ruhnke et al. (2015) subsequently increased the taxon 
sampling by another 15 rhinebothriidean species, whilst also erecting two families and Caira 
et al. (2014a) sequenced a further five species. Marques and Caira (2016) slightly increased 
the taxon sampling further. 16S rDNA and COI data were generated by the NHM for 12 and 
ten of these previously collected specimens, respectively (Table 3). At present, 136 species 
of Rhinebothriidea are recognized (see Chapter 17 this volume, Ruhnke et al., 2017a); thus, 
approximately 37% have been put into a molecular phylogenetic context.

The subsequent iteration of the dismantling of the Tetraphyllidea, based on 18S and 
28S rDNA data, was conducted by Caira et al. (2014a), who, in addition to grouping 
the tetraphyllidean family Onchobothriidae with the proteocephalideans in the new 
order Onchoproteocephalidea (see below), also erected the new order Phyllobothriidea. 
Seventeen of the 19 newly sequenced species formed a monophyletic group and were 
unambiguously assigned to the Phyllobothriidea, excluding the putative phyllobothriideans 
Clistobothrium Dailey & Vogelbein, 1990 and Crossobothrium Linton 1889 (then assigned to 
the “Tetraphyllidea”). In addition to the data generated by Caira et al. (2014a), 16S rDNA 
and COI was sequenced for seven and ten of those phyllobothriid specimens by the NHM. 
Furthermore the full four-gene complement was sequenced for two further species. At 
present 69 species of Phyllobothriidea are considered valid (see Chapter 16 this volume, 
Ruhnke et al., 2017b); thus, approximately 29% have been put into a molecular phylogenetic 
context.

Although this reorganization has assigned much of the previous tetraphyllidean diversity 
to new taxonomic groups, 104 species remain included in the “Tetraphyllidea” (see Chapter 
20 this volume, Caira et al., 2017d). Healy et al. (2009) sequenced 18S and 28S rDNA for eight 
of those species. This dataset was extended by Caira et al. (2014a) by including a further 20 
species. Bernot et al. (2015) subsequently sequenced 28S rDNA for two further species of 
Calliobothrium van Beneden, 1850 and three species of Symcallio Bernot, Caira & Pickering, 
2015. Furthermore, 16S rDNA and COI data were generated by the NHM for nine and 11 
existing specimens, respectively (Table 3). In total, 34 species, equating to 33% of known 
“tetraphyllidean” relic species have been put into a molecular phylogenetic context.

There remain a considerable number of unresolved nodes amongst the lineages discussed 
above. The sequencing of mt genomes of representative taxa for key lineages is currently 
under way in an attempt to remedy this (Waeschenbach et al., in prep).
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Onchoproteocephalidea
The Onchoproteocephalidea is a recently erected order that combines a subset of the 

elasmobranch-hosted Onchobothriidae (previously grouped in the “Tetraphyllidea”) and the 
members of the primarily teleost-hosted former order Proteocephalidea (Caira et al., 2014a). 
These two groups have been treated separately in all previous literature and are treated as 
separate chapters (as Onchoproteocephalidea I and II) in this volume (see Chapters 14 and 15 
this volume, de Chambrier et al., 2017 and Caira et al., 2017e, respectively).

Onchoproteocephalidea I.  Several genus- and subfamily-specific molecular phylogenetic 
studies had been published for proteocephalideans (Zehnder et al. [2000] generated 28S rDNA, 
5.8S rDNA, and ITS2 data for Nomimoscolex Woodland, 1934; Zehnder and de Chambrier 
[2000] generated 28S rDNA, 5.8S rDNA, ITS2, and 16S rDNA data for Peltidocotyle Diesing, 
1850 and Othinoscolex Woodland, 1933; Škeříková et al. [2001] generated 28S rDNA data for 
Proteocephalus Weinland, 1858 and Rosas-Valdez et al. [2004] did so for the Corallobothriinae 
Freze, 1965; Scholz et al. [2007] generated 18S rDNA, 5.8S rDNA, and ITS2 data for 
Proteocephalus). As part of the PBI project, a phylogeny that included Macrobothriotaenia	ficta	
(Meggitt, 1927) Freze, 1965, a proteocephalidean that parasitizes sunbeam snakes and which 
exhibits an unusual phyllobothriid-like scolex morphology, revealed that this taxon forms 
a clade together with other snake-infecting proteocephalideans of the genus Ophiotaenia La 
Rue, 1911 (see Scholz et al., 2013).

The earliest overall molecular phylogeny of proteocephalideans, which included 53 
species and was based on 16S and 18S rDNA data, was constructed by Zehnder and Mariaux 
(1999). Their sequence data were supplemented with ITS2 and partial 18S rDNA sequences 
by Hypša et al. (2005). Both studies recovered trees with a derived polytomous arrangement 
of mostly Neotropical taxa, which was also found in subsequent iterations based on 28S 
rDNA by de Chambrier et al. (2004) and also in subsequent PBI work by de Chambrier et al. 
(2015) (including 30 of the 120 PBI specimens; see Table 3) that included 110 of the currently 
recognized 319 proteocephalidean species (see Chapter 14 this volume, de Chambrier et 
al., 2017); thus, with a taxon coverage of approximately 35% it represents the best-sampled 
phylogeny to date. In addition to the Neotropical radiation, de Chambrier et al. (2015) also 
revealed a Palaearctic radiation of the Proteocephalus aggregate in non-siluriform freshwater 
fishes, an Afrotropical radiation of genera Marsypocephalus Wedl, 1861, Corallobothrium Fritsch, 
1886, Barsonella de Chambrier, Scholz, Beletew & Mariaux, 2009, and Proteocephalus Weinland, 
1858 in catfishes, and a small Nearctic radiation of genera Corallotaenia Freze, 1865, Essexiella 
Scholz, de Chambrier, Mariaux & Kuchta, 2011, and Megathylacoides Jones, Kerley & Sneed, 
1956 in catfishes. Overall, biogeography and host use seem to be an important determinants 
of phylogenetic relationships in proteocephalideans. A phylogeny including all PBI project 
specimens and their full complement of molecular data remains to be published. A crucial 
outcome of these studies was the discovery of non-monophyly of most subfamilies and 
genera, highlighting the shortcomings of characters used traditionally for classification (i.e., 
scolex morphology and position of genital organs in relation to the longitudinal musculature). 
As alternatives, de Chambrier et al. (2015) advocated the exploration of reproductive traits, 
such as patterns of uterus development, ovary size, and egg structure, for the classification of 
proteocephalideans.

Onchoproteocephalidea II.  The elasmobranch-hosted Onchoproteocephalidea number 
246 species (see Chapter 15 this volume, Caira et al., 2017e). Although representative taxa had 
been included in several large-scale phylogenies (e.g. Olson et al., 2008; Waeschenbach et al., 
2007, 2012), no phylogenetic framework existed for this group prior to the commencement 
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of the PBI project. In addition to the work done by the NHM, Caira et al. (2014a) sequenced 
18S and 28S rDNA for ten onchobothriid species, Fyler et al. (2009) and Fyler and Caira (2010) 
sequenced 28S rDNA for 14 and four onchobothriid taxa, respectively.

As part of the PBI project, 149 onchoproteocephalideans, of which 29 were elasmobranch-
hosted species, were sequenced (Table 3). The final sampling covers approximately 38% of 
known Onchoproteocephalidea I species diversity (see Chapter 14 this volume, de Chambrier 
et al., 2017) and approximately 12% of Onchoproteocephalidea II species diversity (see 
Chapter 15 this volume, Caira et al., 2017e). The greatest challenges that remain for this group 
are the reconciliation of the molecular topology with the definition of proteocephalidean 
subfamilies and genera, and the resolution of the polytomies amongst the Neotropical taxa 
and the identification of a solid morphological feature to define the order.

Nippotaeniidea
Apart from exemplar specimens used for cestode-wide molecular phylogenetic scrutiny 

(Mariaux, 1998; Olson and Caira, 1999; Littlewood and Olson, 2001; Olson et al., 2001; 
Waeschenbach et al., 2007, 2012) there are currently no molecular studies dedicated to this 
order. There are six valid species in the order (see Chapter 13 this volume, Scholz et al., 2017). 
Only two species (Nippotaenia chaenogobii Yamaguti, 1939 and Amurotaenia mogurndae Gussev, 
1955) were analyzed as part of the PBI project (Table 3). Overall, for three species (Amurotaenia 
percotti Akhmerov, 1941, Nippotaenia contorta Hine, 1977, and N. fragilis Hine, 1977) there exist 
no sequence data (Amurotaenia decidua had previously been sequenced by Mariaux [1998], 
Olson and Caira [1999], and Olson et al. [2001]); thus, approximately 57% of known species 
have been put into a phylogenetic context.

Tetrabothriidea
Apart from exemplar specimens used for cestode-wide molecular phylogenetic studies 

(Mariaux, 1998; Olson and Caira, 1999; Littlewood and Olson, 2001; Olson et al., 2001; 
Waeschenbach et al., 2007, 2012; Caira et al., 2014a) there are currently no molecular studies 
dedicated to this order. There are 70 species recognized as valid in the order (see Chapter 19 
this volume, Mariaux et al., 2017a). As part of the PBI project, eight specimens were analyzed 
(Table 3). As the majority of these specimens remain unidentified, no estimate about the 
sequenced diversity can be given.

Cyclophyllidea (incl. Mesocestoididae)
Although the most species-rich cestode order (with greater than 3,000 species; see Chapter 

6 this volume, Mariaux et al., 2017b), the most comprehensive phylogenetic framework 
published for this group, pre-PBI, was based on only 19 species and was constructed using 
only a short fragment of small mt ribosomal RNA subunit (von Nickisch-Rosenegk, 1999). 
Cyclophyllidean clades (or parts thereof) that had been investigated in more detail are the 
Anoplocephalidae Cholodovsky, 1902 (Hardman et al. [2012] with 28S rDNA; Haukisalmi 
et al. [2014] with COI and NADH1; Haukisalmi et al. [2016] with COI and 28S rDNA), 
Hymenolepididae Ariola, 1899 (Haukisalmi et al. [2010a] with 28S rDNA; Jia et al. [2016] with 
ITS1, ITS2, and NADH1), Taeniidae Ludwig, 1886 (see Lavikainen et al. [2008] with COI and 
NADH1; Knapp et al. [2011] with RNA polymerase II, phosphoenolpyruvate carboxykinase, 
and DNA polymerase delta; Nakao et al. [2013a] with 18S rDNA, phosphoenolpyruvate 
carboxykinase, and DNA polymerase delta), Catenotaenia Janicki, 1904 (Haukisalmi et al. 
[2010b] with 28S rDNA), and Davaineidae Braun, 1900 (Littlewood et al. [2008] with 18S 
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rDNA, 28S rDNA, COI, NADH 1, and 16S rDNA). In addition, there have been a multitude 
of mt genome studies with a focus on taxa of medical, economical, and veterinary importance 
(Taenia crassiceps Zeder, 1800 by Le et al. [2000]; Taenia solium Linnaeus, 1758 by Nakao et al. 
[2003]; Taenia asiatica Eom & Rim, 1993 by Jeon et al. [2005]; Taenia asiatica and T. saginata Goeze, 
1782 by Jeon and Eom [2006]; Taenia spp. by Jeon et al. [2007], Jia et al. [2010], Liu et al. [2011], 
and Terefe et al. [2014]; Taeniidae by Nakao et al. [2013a]; Hymenolepis diminuta Rudolphi, 
1819 by von Nickisch-Rosenegk et al. [2001]; Hymenolepis nana (von Siebold, 1842) by Cheng 
et al. [2016]; Echinococcus multilocularis Leuckart, 1863 by Nakao et al. [2002]; Echinococcus 
spp. by Le et al. [2002], Yang et al. [2005], Nakao et al. [2007, 2013b]; Echinococcus granulosus 
(Batsch, 1786) by Wang et al. [2016]; Anoplocephala perfoliata (Goeze, 1782) by Guo [2015]; 
Pseudanoplocephala crawfordi Baylis, 1927 by Zhao et al. [2016]). Similarly, recently sequenced 
cyclophyllidean genomes were of either medical importance (Echinococcus multilocularis, 
E. granulosus, and T. solium) or were a laboratory model organism (Hymenolepis microstoma 
[Dujardin, 1845]) (Tsai et al., 2013).

During collecting trips as part of the PBI project, 318 cyclophyllidean samples were 
sourced for molecular phylogenetic analysis from across the globe from localities in Australia, 
Brazil, Chile, China, Czech Republic, Ethiopia, France, Gabon, Guyana, Iran, Jordan, Malawi, 
Malaysia, Philippines, Russia, Slovakia, Sudan, Taiwan, Ukraine, Vietnam, as well as 
numerous localities throughout the USA (for more detail, see Chapter 6 this volume, Mariaux 
et al., 2017b). Thus, in terms of taxon sampling, the PBI project has provided a massive 
leap forward for sampling and sequencing cyclophyllideans infecting wildlife. As in the 
caryophyllideans, cryptic diversity was also found in cyclophyllideans: cryptic species of 
the paruterinid Anonchotaenia Cohn, 1900 were found to parasitize specific families of hosts 
(Phillips et al., 2014). The number of currently valid species is estimated at 3,034 (see Chapter 
20 this volume, Mariaux et al., 2017b); thus, approximately 10% of species are now represented 
in a molecular phylogenetic context. Apart from sampling the residual 90%, what remains to 
be resolved are the interrelationships of the families. Apart from the sister-group relationship 
of the Amabilidae Braun, 1900 and Dioicocestidae Southwell, 1930 and a clade formed of 
Progynotaeniidae Fuhrmann, 1936, Acoleidae Fuhrmann, 1899, and Gyrocoeliinae Yamaguti, 
1959, the backbone of the cyclophyllidean phylogeny continues to have low support (see fig. 5 
in Chapter 6 this volume, Mariaux et al., 2017b). Work is currently underway to sequence ~30 
mt genomes, representing the majority of these lineages, which it is hoped will add resolution 
to the deep nodes of the phylogeny.

FUTURE PERSPECTIVES
Progress in the resolution of a molecular phylogeny for a species-rich taxon, such as the 

Cestoda, requires an iterative swing between more species and more sequences (or better, 
loci) in order to provide a tree with robustly supported nodes across all levels of divergence. 
Prior to the PBI, this was being approached and achieved at a moderate to low rate, driven 
primarily by the interests of the few who were focused on component groups of species that 
make up the diversity of the tapeworms. The very nature of working on parasites means 
that systematic parasitologists are as focused on their hosts as they are on the parasites those 
hosts yield. This compartmentalization of activity is so granular that it hampers progress in 
understanding the wider diversity and diversification of the Cestoda as a whole. 

The PBI project approach has provided a considerable boost to species sampling, along 
with modest additions to the number of molecular loci being sequenced (2 partial mitochondrial 
genes) and provides a much-needed platform from which to ask “what next?” The PBI 
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project’s comprehensive effort in addressing the systematics, diversity, and interrelationships 
of the Cestoda has provided the following: new specimens for morphological study, a 
wealth of tissue samples for subsequent molecular interrogation, a number of unresolved 
phylogenies and new hypotheses worthy of attention, and an indication of what is missing 
in terms of species sampling. One of the most important results is a phylogenetic framework, 
with vouchered specimens, that provides a strong backbone for evolutionary inferences, 
trait mapping, host mapping and explorations into the major evolutionary transitions that 
underpin the radiation of the tapeworms. Some outstanding goals remain.

Dense sampling of taxa, particularly the taxa formerly recognized as tetraphyllideans, has 
highlighted the need to resolve further the backbone of the Cestoda. The “tetraphyllidean” 
relics remain as orphaned clades among those new orders gleaned from the traditional 
Tetraphyllidea. At this stage, more taxa are not as important as new sequence data (loci), 
and to this end we are investigating whether complete mt genomes of selected exemplar 
taxa provide stronger support for the remaining unstable nodes of the cestode backbone. If 
this approach fails to make substantive progress in our quest for stability, a phylogenomic 
approach would seem to be most appropriate. Various methods are available, but given the 
scarcity of material and the cost in recovering fresh material any methods dependent upon 
RNA (e.g., for transcriptomic approaches) would likely not be readily fundable, although 
future collecting should certainly include sampling fresh, frozen, or RNAlater-fixed material 
(Giribet, 2016). Approaches that can provide multi-locus data from DNA or ethanol-fixed 
material would allow existing material to be revisited; for example, by means of genome 
skimming (Straub et al., 2012; Ripma et al., 2014; Dodsworth, 2015; Richter et al., 2015) and 
target-enrichment of ultraconserved elements (Faircloth et al., 2015) and single-copy nuclear 
coding genes (Yuan et al., 2016), and exon capture (Bragg et al., 2016).

Untangling the known from the unknown.  Undoubtedly a singular strength of the 
overall molecular data set that emanated from the PBI project has been the emphasis placed 
on sequences being attributed to vouchered morphological material. This combination, 
particularly through the provision of hologenophores, establishes a dataset that can be 
repeatedly interrogated with associated specimens ready for review and if necessary, revision. 
However, the use of the molecular markers within the PBI project (particularly 18S and 28S 
rDNA) has been popular since the outset, and continues to be pursued by many researchers 
wishing to take advantage of the enormous database of sequences available in GenBank, such 
that many more “eligible” sequences are available for wider estimates of molecular phylogeny 
across many taxonomic levels within the Cestoda.

Littlewood et al. (2015) amassed available data from GenBank including many PBI 
sequences available at that time, but only the overall (backbone) structure of the cestode 
phylogeny was published. The dataset was restricted to GenBank entries providing 500 
bp or more of the 18S and 28S rDNA markers (without duplicating species). Importantly, 
the larger reference data set and associated phylogeny provided an opportunity to detect 
errors in GenBank that may have arisen from misidentifications, miscalled nucleotides, or 
sequence curation. It is unlikely that such errors or inconsistencies will be readily followed 
up but it is worth bearing in mind that many users of PBI molecular data will come to it 
via an interrogation of GenBank. There is little provision within GenBank to know what is 
trustworthy and what is not, and many users will err on the side of a statistical or probabilistic 
interpretation of results; errors are more readily spotted when an overwhelming amount of 
data contradict an expected outcome.
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Notwithstanding errors in GenBank, the sheer volume of PBI data that span the 
diversity of Cestoda that has already been deposited in or will ultimately find its way into 
that database, provides considerable support for the user community. Where PBI specimens 
influence phylogenetic, systematic, or diagnostic interpretation of novel sequences, the user 
will likely make better judgments with these data than in their absence. This provides a 
satisfying next step for the use of these data beyond building a phylogeny.

Sanger versus next generation sequencing.  All of the sequencing for the PBI project, 
barring some mitogenomic work (unpublished) was achieved by means of Sanger sequencing. 
The method, although not fail safe, did ensure we were targeting homologous genes across 
the Cestoda and it was cost-effective and relatively efficient at the time of the study. We 
aspired to make the project high throughput, utilizing available robotic devices for high 
throughput sequencing, when available, but rapidly discovered variable gDNA quality and 
the vagaries of PCR conspired to make PCR amplifications and many sequencing reactions 
a bespoke labor of love. 

We are now in an era of relatively inexpensive next-generation sequencing (NGS), and 
on the cusp of high-throughput field-based genome sequencing. Certainly, where sufficient 
high quality DNA are available, an NGS approach to sequencing full mt genomes and full 
ribosomal operons, as well as providing other nuclear markers (e.g., Brabec et al., 2016; 
Briscoe et al., 2016), would be an enticing, albeit bioinformatically intensive proposition; the 
added benefit being that a genomic library would be produced and available alongside a 
tissue collection for future interrogation or study. 

Future markers for species diagnosis.  In an era in which DNA barcoding remains a 
goal for rapid and accurate molecular diagnosis, provision of such a marker for the Cestoda 
has been highly problematic. Trematode researchers have long-established the use of ITS1 
and ITS2 as markers of choice, although their use in phylogenetics can be problematic 
(Blasco-Costa et al., 2016). The prospect of sequencing the barcoding fraction of COI sensu 
Hebert et al. (2003) has long been out of reach for parasitic flatworm workers because of the 
variability of the regions to which the conserved primers are needed to anneal (Vanhove 
et al., 2013). Even in our own study, we needed specially adapted primers to successfully 
amplify and sequence COI fragments, and these are not regions homologous with the 
recognized barcode region. Meanwhile, during the last year or so, researchers have made 
some considerable effort in establishing suitable PCR primers to capture the barcode region 
of cestodes and trematodes (Van Steenkiste et al., 2015) but one wonders whether this will 
be an advantage given the wealth of COI data now available for another section of the gene. 
Perhaps a remedial exercise in “COI barcoding” the PBI tapeworms may be desirable or 
required at some point, as long as it can be demonstrated that they work. In any case, the 
PBI tissue and DNA collection provides an excellent starting place for testing and developing 
new species markers.

New uses for new phylogenies.  Taking any one or combinations of the four molecular 
markers and using these to characterize unknown species of cestode adults, eggs or larval 
forms, or even when examining environmental DNA (eDNA) samples, means that the PBI/
GenBank data set can be interrogated for a quick diagnosis of what has been sequenced, 
whether by similarity search (e.g., BLAST) or phylogenetic methods. In particular, as we enter 
an era of broad-scale sampling of eDNA and bulk samples of hosts (fecal, gut contents, whole 
animal), the opportunity to recognize cestodes and provide a broad-scale diagnosis of major 
order, family association or even species means cestodology enters the world of molecular 
ecology. Bass et al. (2015) provided a useful review of applications for environmental DNA 
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methods as applied to parasitology. Screening small invertebrate intermediate hosts using 
high throughput molecular approaches is also now viable and worth pursuing in order to 
look for infections of known, unknown, or as yet unsequenced tapeworm taxa. Screening 
available large eDNA data sets in which cestodes may also be present is also possible, as 
long as the appropriate reference datasets and markers are employed. Additionally, we are 
aware of large collections of larval cestodes collected from intermediate fish hosts and held 
in ethanol which can now be screened, perhaps identified to species or characterized as new 
molecular operational taxonomic units (MOTUs) in the context of the PBI/GenBank database. 
In turn they can be placed phylogenetically with some taxonomic, as well as perhaps some 
parasitological, inference. Inferring patterns of trophic transmission from one host to another, 
via parasitism or paratenesis, is amenable to a molecular approach and is a precursor to 
actually elucidating life-cycles.

Last thoughts.  Finally, over recent years the community has come around to using and 
perhaps relying on molecular phylogenies for sense-checking comparative morphological 
and parasitological data, or utilizing molecular data even before assessing tapeworms 
morphologically. This is not to say molecular estimates of phylogeny are correct—they are 
certainly labile—but they are inordinately useful. We recognize that a robust phylogeny 
provokes a focused look at the implications for accepting certain relationships, a search 
for morphological synapomorphies and a vigorous discussion between all concerned as to 
whether we have even approached the truth when considering species circumscription and 
interrelationships.
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