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Recent mitogenomic studies have exposed a gene order (GO) shared by two classes, four orders and 31
species (‘common GO’) within the flatworm subphylum Neodermata. There are two possible hypotheses
for this phenomenon: convergent evolution (homoplasy) or shared ancestry (plesiomorphy). To test
those, we conducted a meta-analysis on all available mitogenomes to infer the evolutionary history of
GO in Neodermata. To improve the resolution, we added a newly sequenced mitogenome that exhibited
the common GO, Euryhaliotrema johni (Ancyrocephalinae), to the dataset. Phylogenetic analyses con-
ducted on two datasets (nucleotides of all 36 genes and amino acid sequences of 12 protein coding genes)
and four algorithms (MrBayes, RAXML, IQ-TREE and PhyloBayes) produced topology instability towards
the tips, so ancestral GO reconstructions were conducted using TreeREx and MLGO programs using all
eight obtained topologies, plus three unique topologies from previous studies. The results consistently
supported the second hypothesis, resolving the common GO as a plesiomorphic ancestral GO for
Neodermata, Cestoda, Monopisthocotylea, Cestoda + Trematoda and Cestoda + Trematoda
+ Monopisthocotylea. This allowed us to trace the evolutionary GO scenarios from each common ancestor
to its descendants amongst the Monogenea and Cestoda classes, and propose that the common GO was
most likely retained throughout all of the common ancestors, leading to the extant species possessing the
common GO. Neodermatan phylogeny inferred from GOs was largely incongruent with all 11 topologies
described above, but it did support the mitogenomic dataset in resolving Polyopisthocotylea as the ear-
liest neodermatan branch. Although highly derived GOs might be of some use in resolving isolated tax-
onomic and phylogenetic uncertainties, we conclude that, due to the discontinuous nature of their
evolution, they tend to produce artefactual phylogenetic relationships, which makes them unsuitable
for phylogenetic reconstruction in Neodermata. Wider and denser sampling of neodermatan mitoge-
nomic sequences will be needed to infer the evolutionary pathways leading to the observed diversity
of GOs with confidence.

© 2019 Australian Society for Parasitology. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Metazoan mitochondrial genomes typically contain 36 or 37
genes: 22 tRNAs, two rRNAs, and 12 or 13 protein coding genes
(PCGs). Assuming an equal probability of relocation for each gene,
the total number of theoretically possible gene orders (GO) is
tremendously large: 1.376 x 10** (37!) or 3.72 x 10*! (361). As a
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consequence, convergence of gene orders is believed to be highly
unlikely, so identical GOs are generally believed to be an indicator
of shared ancestry (Boore and Brown, 1998). Therefore, GO com-
parisons can throw light on historical relationships of genome
architectures and on the evolutionary history of species
(Dobzhansky and Sturtevant, 1938; Littlewood et al., 2006). As
reviewed by Boore and Brown (1998), mitochondrial (mt) GO pos-
sesses a number of idiosyncrasies that make it a good phylogenetic
tool: nearly constant gene content, selective neutrality (although
this is debatable), near certainty of gene homology, and unlikely
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GO homoplasy (Boore and Brown, 1998; Boore and Fuerstenberg,
2008; Kilpert et al., 2012). In particular, GOs should evolve in a dis-
continuous, non-clocklike manner, making them perfectly suitable
for complementing molecular sequences which generally evolve in
a clocklike manner (Boore, 2006; Boore and Fuerstenberg, 2008).
This approach is useful for resolving difficult branching points that
occur in situations where a short period of shared evolutionary his-
tory is followed by a long period of divergence, causing a low signal
to noise ratio (Boore and Fuerstenberg, 2008).

However, homoplastic gene orders have been reported more
often than expected, assuming the statistical scenario described
above. A well-known example is the mtDNA GO homoplasy in
some birds (Mindell et al., 1998), although these orders differ in
the position of the control region. Beyond this, several other (puta-
tive) homoplasy examples have been reported: Locusta migratoria
(Orthoptera) and Apis mellifera (Hymenoptera) exhibit the same
trnD-trnK arrangement (Flook et al., 1995), the GO of some ants
(Hymenoptera: Formicidae) is identical to the one exhibited by a
majority of the species of the Order Lepidoptera (Babbucci et al.,
2014), and some isopod suborders exhibit local homoplastic rear-
rangements (Kilpert et al., 2012).

The flatworm (Platyhelminthes) subphylum Neodermata (obli-
gatory parasites) is divided into three classes: Trematoda, Monoge-
nea and Cestoda (Gibson et al., 2014). The GOs of Neodermata are
generally considered to be conserved (Littlewood et al., 2006;
Webster and Littlewood, 2012; Wey-Fabrizius et al., 2013). How-
ever, extensive GO rearrangements have been reported within
the trematode genus Schistosoma (Digenea: Schistosomatidae) (Le
et al., 2000, 2001; Littlewood et al., 2006; Sato et al., 2008; Wang
et al., 2011; Webster and Littlewood, 2012), where a proportion
of species exhibit a plesiomorphic GO, similar to cestodes and
other trematodes, whereas other species possess strikingly derived
GOs (Webster and Littlewood, 2012). Apart from this, recent inves-
tigations of neodermatan GOs exposed several other outliers with
highly rearranged gene orders, all belonging to the class Monoge-
nea. At the time when this study was conducted, the outliers com-
prised all three available mitogenomes belonging to the subclass
Polyopisthocotylea (Pseudochauhanea macrorchis, Polylabris hali-
choeres and Microcotyle sebastis) (Park et al., 2007; Wey-Fabrizius
et al, 2013) and several mitogenomes from the subclass
Monopisthocotylea. In the meantime, three more Polyopistho-
cotylea mitogenomes (almost complete) were sequenced, and they
exhibit only one or two tRNA transpositions in comparison to M.
sebastis (Zhang et al.,, 2018b). Among the Monopisthocotylea,
Aglaiogyrodactylus forficulatus (Gyrodactylidea: Gyrodactylidae)
(Bachmann et al., 2016) exhibits a comprehensive rearrangement
of both PCGs and tRNAs, whereas Paratetraonchoides inermis (Tet-
raonchidea: Tetraonchoididae) (Zhang et al., 2017b) and two spe-
cies of Diplectanidae (Dactylogyridea) (Zhang et al., 2018a)
exhibit extensively reshuffled tRNA genes.

Previous studies on the evolutionary history of GO changes
within the Neodermata were hampered by the very small amount
of available data (von Nickisch-Rosenegk et al., 2001; Littlewood
et al.,, 2006; Park et al., 2007). For example, a previous attempt to
infer ancestral GOs for the Cestoda and Trematoda was highly
speculative due to the absence of monogenean mitogenomes
(Littlewood et al., 2006). Similarly, GOs were proposed as reliable
markers to distinguish the Monogenea from Cestoda and Trema-
toda, as the Polyopisthocotylea (Monogenea) exhibit a unique GO
(Park et al., 2007). However, this was invalidated later when the
first Monopisthocotylea mitogenomes were sequenced, which
revealed that the GO of Monopisthocotylea is similar to that of Ces-
toda and Trematoda (Huyse et al., 2008; Plaisance et al., 2007). As
the number of available mitogenomes has rapidly increased in
recent years, we conducted an overview of the Neodermata GOs
in our recent research (Zhang et al., 2017b). We observed that

the GOs of two species belonging to two different orders within
the class Monogenea were identical: Paragyrodactylus variegatus
(order Gyrodactylidea) and Tetrancistrum nebulosi (order Dactylo-
gyridea). This GO (the common GO henceforth) was also observed
in two orders in the class Cestoda: Diphyllobothriidea and a pro-
portion of the Cyclophyllidea species (Li et al., 2017). This is an
exciting finding, because the common GO was shared between
phylogenetically distant orders, and even classes. If we a priori
reject the possibility that our current understanding of the phy-
logeny of Neodermata is completely erroneous (i.e., that the dis-
tantly related species exhibiting the common GO might actually
form a monophyletic clade), there are two possible hypotheses
for this phenomenon: (1) the common GO has arisen indepen-
dently in these lineages, i.e. homoplasy (convergent evolution);
(2) the common GO was retained from the common ancestor of
these lineages, i.e. plesiomorphy (shared ancestry).

As proposed by Littlewood et al. (2006) as well, a GO shared
between Monogenea and Digenea/Cestoda would allow us to infer
the plesiomorphic (ancestral) GO for the stem group Neodermata.
However, this common GO was found in only two representatives
of the whole class Monogenea: P. variegatus and T. nebulosi (Ancy-
rocephalinae). To attempt to improve the resolution, we tried to
sequence additional mitogenomes of species belonging to under-
represented taxa. Due to limited access to suitable samples and
time constraints, we managed to sequence only the mitogenome
of Euryhaliotrema johni (Ancyrocephalinae). Following this, we con-
ducted comparative analyses of GOs in the entire Neodermata
clade, with the goal of inferring the evolutionary history of GOs
in this group of parasitic flatworms.

2. Materials and methods
2.1. Specimen collection and identification

Euryhaliotrema johni was obtained from Lutjanus argentimacula-
tus (Forsskal, 1775; Lutjanidae, Perciformes) caught by fishermen
in the Daya Bay, Guangdong Province, P.R. China (22°42'58"-22°4
256" N; 114°32'16”"-114°32'25"E) on 10th July, 2017. Parasites
were identified morphologically under a light microscope accord-
ing to the traits described in Kritsky and Diggles (2014). Addition-
ally, to confirm the taxonomic identity, the 28S rRNA gene was
amplified using universal primers (Wu et al., 2005) (Supplemen-
tary Data S1). The obtained sequence shares 99% identity with
the corresponding E. johni homologs available in GenBank (acces-
sion number DQ157657). The samples are permanently stored as
vouchers in 100% ethanol in the Parasitology and Coevolution Lab-
oratory (room number 511), Institute of Hydrobiology, Chinese
Academy of Sciences, Wuhan, P.R. China (Accession No.
IHB20180730001).

2.2. DNA extraction, amplification, sequencing and annotation

Amplification and annotation of the mitogenome of E. johni
were conducted following the procedure described previously (Li
et al., 2017, 2018; Zhang et al., 2017a,b, 2018a; Zou et al., 2017),
so details are provided in Supplementary Data S1. Software pro-
grams used include Primer Premier 5 (Lalitha, 2000), BLAST
(Altschul et al, 1990), DNAstar v7.1 (Burland, 2000), MITOS
(Bernt et al.,, 2013), ARWEN (Laslett and Canback, 2008), and
DOGMA (Wyman et al., 2004).

2.3. Dataset construction

First, all available neodermatan mitogenome sequences were
downloaded from GenBank (last accessed 22nd July, 2018), and
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all gene names made uniform with the help of in-house GUI-based
software, PhyloSuite (Zhang, D., Gao, F., Li, W.X,, Jakovli¢, 1., Zou, H.,
Zhang, ]., Wang, G.T., 2018a. PhyloSuite: an integrated and scalable
desktop platform for streamlined molecular sequence data man-
agement and evolutionary phylogenetics studies. bioRxiv, doi:
https://doi.org/10.1101/489088). Second, the obtained sequences
were filtered to remove duplicates and different isolates belonging
to the same species, resulting in a set of 117 sequences: 49 ces-
todes, 23 monogeneans and 45 trematodes. Following this, due
to limitations of software programs that we planned to use, namely
TreeREx (Bernt et al., 2008) and CREx (Bernt et al., 2007), mitogen-
omes with duplicated genes and incomplete sequences were
removed from the dataset, resulting in the final count of 104
sequences. Finally, some misannotated genes were reannotated.
These procedures and datasets are detailed in Supplementary
Tables S1 and S2. The number of unique GOs was extrapolated
from these neodermatan mitogenomes.

2.4. Phylogeny

Reconstruction of the evolutionary pathways among GOs
requires a pre-existing phylogram, so we first conducted phyloge-
netic analyses using neodermatan mitogenomes. As different taxo-
nomic groups were not uniformly represented among these
neodermatan mitogenomes, we picked 64 representatives for the
phylogenetic task: 1-3 species per genus, covering three classes,
and 19 orders/superfamilies (Supplementary Table S3). This proce-
dure mainly culled species from genera with numerous represen-
tatives such as Echinococcus (eight) and Taenia (10). We ensured
that we did not remove any species possessing a unique GO. Two
species of the order Tricladida, Crenobia alpina (Dana, 1766)
(KP208776) and Obama sp. (NC_026978), were used as outgroups,
thus adding up to 66 mitogenomes in total. Two datasets were
used for phylogenetic analysis: amino acid alignment of 12 protein
coding genes (PCGAA dataset, https://doi.org/10.17632/
f4gjb99n85.2) and codon-based alignment of nucleotide sequences
of 12 protein coding genes + secondary structure alignment of 22
tRNAs and two rRNAs (PCGRT dataset, https://doi.org/10.17632/
g6yz9gw76s.2). Data processing was conducted using PhyloSuite,
MAFFT software (Katoh and Standley, 2013) and Gblocks
(Talavera and Castresana, 2007) following the procedure published
previously (Li et al., 2017; Liu et al., 2017; Zhang et al., 2017a,b,
2018a; Zou et al., 2017), so details are provided in Supplementary
Data S1. Phylogenetic analyses were performed using two different
algorithms: maximum likelihood (ML) and Bayesian inference (BI).
Optimal partitioning strategies for both datasets were calculated
using PartitionFinder2 (Lanfear et al., 2017) with greedy algorithm
and AlCc criterion, and used to conduct phylogenetic analyses. ML
analyses were conducted using RAXML (Stamatakis, 2014) using a
ML + rapid bootstrap (BS) algorithm with 1000 replicates. BI anal-
yses were conducted using MrBayes 3.2.6 (Ronquist et al., 2012)
with default settings, and 5 x 10° metropolis coupled Markov
chain Monte Carlo (MCMC) generations. Stationarity was consid-
ered to be reached when the average standard deviation of split
frequencies was below 0.01, the estimated sample size (ESS) value
was above 200, and the potential scale reduction factor (PSRF)
approached 1. Apart from data partitioning, two additional
approaches were used: one to account for the data heterogeneity
(site heterogeneous model CAT + GTR) and one for the data hetero-
tachy (GHOST) (Crotty et al., 2019). The CAT + GTR model (for both
datasets) was implemented in PhyloBayes MPI 1.5a (Lartillot et al.,
2013), and the analysis (with two MCMC chains) was stopped
when the conditions considered to indicate a good run (PhyloBayes
manual) were reached: maxdiff <0.1 and minimum effective size
>300. The heterotachy model (GTR + H4 for PCGRT, mtZOA + H4

for PCGAA) was implemented in IQ-TREE 1.65 (Nguyen et al.,
2015) with 10,000 ultrafast bootstrapping (Minh et al., 2013).

2.5. GO analysis

As the number of unique GOs (duplicate GOs were removed) was
far smaller than the number of species used for the phylogenetic
analysis, we selected 32 representatives to display (neodermatan
gene orders dataset, https://doi.org/10.17632/9csp3ywprh.2),
according to three criteria: (i) if a GO was only found in one order
(or superfamily), we chose one representative from this group; (ii)
if there were two or more unique GOs in one order (or superfamily),
we chose one representative per GO in this group; (iii) if one GO was
shared by two or more orders (or superfamilies), we chose one rep-
resentative per order (or superfamily). The relationship between
species and representatives is listed in Supplementary Table S4.
GOs were visualised and annotated by iTOL (Letunic and Bork,
2016) with the help of several dataset files generated by PhyloSuite,
as described in our recent papers (Lietal.,2017; Zhang et al.,2017b).
CREx was used to calculate pairwise similarity scores between GOs
and determine their rearrangement pathways under the common
interval measurement model. Using the topologies generated by
four methodologies (MrBayes, RAXML, IQ-TREE and PhyloBayes)
and two datasets (PCGAA and PCGRT), ancestral GO reconstructions
were conducted using the TreeREx and MLGO programs. TreeREx
software (tree rearrangement explorer) invokes the CREx algorithm
based on common intervals, which can help infer parsimonious
rearrangement scenarios given a phylogenetic hypothesis (Bernt
et al., 2007). A brief explanation of the strategy for TreeREx is also
described in Babbucci et al. (2014). The MLGO algorithm for recon-
structing ancestral genomic orders is based on a probabilistic
method called PMAG, which is supposed to be faster and more pre-
cise than previously used InferCARsPro (probabilistic method) and
GRAPPA (parsimonious method) algorithms (Hu et al., 2013). A phy-
logenetic tree based on the GO dataset was reconstructed using
MLGO, with 1000 bootstrap replicates (Lin et al., 2013).

2.6. Data accessibility

Datasets are available in Mendeley Data as follows.

Neodermatan gene orders: https://doi.org/10.17632/9csp3yw-
prh.2;

PCGAA: https://doi.org/10.17632/f4gjb99n85.2;

PCGRT: https://doi.org/10.17632/g6yz9gw76s.2.

3. Results
3.1. Mitogenomic architecture of E. johni

The complete mitogenome of E. johni is 14,132 bp long (Gen-
Bank accession number MH700477), with 66% A +T content. All
typical 36 flatworm mitochondrial genes are present, including
12 protein encoding genes (PCGs; atp8 is absent), 22 tRNA genes,
and two rRNA genes (Supplementary Fig. S1). An abbreviated stop
codon (T-) was found in cox3, whereas the remaining PCGs use
canonical stop codons TAA and TAG. The GO of E. johni was identi-
cal to that of T. nebulosi. Therefore, both available (complete) mito-
genomes belonging to the subfamily Ancyrocephalinae exhibit the
common GO.

3.2. Phylogenies used for ancestral GO reconstruction and phylogenetic
position of E. johni

Topologies produced by two molecular datasets (nucleotides
and amino acids) and different methodological approaches, site
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heterogeneous (PCGRT_PB and PCGAA_PB), heterotachous
(PCGRT_IQ and PCGAA_IQ), and data partitioning (PCGRT_ML,
PCGAA_ML, PCGRT_BI and PCGAA_BI, Supplementary Table S5),
are shown in Supplementary Fig. S2. All eight analyses produced
identical deep level topology, but unique shallow level topologies.
The consensus deep topology is: Polyopisthocotylea, (Monopistho-
cotylea, (Cestoda, Trematoda)) (Supplementary Fig. S2). Inconsis-
tency was mainly located in interordinal relationships within the
subclass Monopisthocotylea, and classes Cestoda and Trematoda
(also in inter-superfamily relationships in this class, Supplemen-
tary Fig. S2). We present all of these incompatible topologies in
Supplementary Fig. S3, and selected PCGRT_IQ topology is shown
in Fig. 1, as the GHOST model is able to account for rate variation
across sites and lineages (Crotty et al., 2019). In detail: four differ-
ent topologies were produced for the Monopisthocotylea: (1)
topology1: (Tetraonchidea, Gyrodactylidea), (Lepidotrema longipe-
nis, (Capsalidea, Dactylogyridea)); (2) topology2: Dactylogyridea,
(Capsalidea, (L. longipenis, (Tetraonchidea, Gyrodactylidea))); (3)
topology3 (L. longipenis clustered in the Dactylogyridea clade):
(Tetraonchidea, Gyrodactylidea), (Capsalidea, Dactylogyridea); (4)
topology4: (Capsalidea, Dactylogyridea), (L. longipenis, (Tetraonch-
idea, Gyrodactylidea)) (note that L. longipenis is a member of
Dactylogyridea); two different topologies were found in Cestoda:
(1) topology1: Caryophyllidea, ((Bothriocephalidea, Diphylloboth-
riidea), (Onchoproteocephalidea, Cyclophyllidea)); (2) topology2:
Caryophyllidea, (Bothriocephalidea, (Diphyllobothriidea,
(Onchoproteocephalidea, Cyclophyllidea))); four different topolo-
gies were also observed in the Trematoda: (1) topology1: Schisto-

~
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(Opisthorchioidea, (Allocreadioidea, Paragonimus ohirai))))); (2)
topology2: Schistosomatoidea, ((Pronocephaloidea, Paramphisto-
moidea), (Echinostomatoidea, (Gorgoderoidea, (Opisthorchioidea,
(P. ohirai, Allocreadioidea))))); (3) topology3: Schistosomatoidea,
(C. complanatum, (Gorgoderoidea, (Echinostomatoidea, ((Prono-
cephaloidea, Paramphistomoidea), (P. ohirai, (Allocreadioidea,
Opisthorchioidea)))))); (4) topology4: Schistosomatoidea, (Gor-
goderoidea, (Echinostomatoidea, ((Pronocephaloidea, Paramphis-
tomoidea), (P. ohirai, (Allocreadioidea, Opisthorchioidea))))) (note
that P. ohirai belongs to the Gorgoderoidea, and C. complanatum
belongs to Schistosomatoidea) (Supplementary Fig. S3). Following
a methodology used to resolve a similar problem encountered in
insects previously (Babbucci et al., 2014), in order to test the effect
of this topological instability on the ancestral GO reconstruction,
we used all of the obtained topologies (Supplementary Fig. S3) to
infer the most plausible evolutionary history of the neodermatan
GO. None of the topologies produced for the three major groups
(Monopisthocotylea, Trematoda and Cestoda) were in agreement
with the topologies previously generated with denser sampling
(Boeger and Kritsky, 2001; Olson et al., 2003; Waeschenbach
et al., 2012). Therefore, we added three topologies produced by
other studies to the ancestral GO reconstruction analysis: (1)
topology5 of Monopisthocotylea (based on 66 homologous series
of morphological characters (Boeger and Kritsky, 2001)): Cap-
salidea, (Dactylogyridea, (Tetraonchidea, Gyrodactylidea)); (2)
topology3 of Cestoda (based on combined mtDNA sequences and
nuclear sequences (Waeschenbach et al., 2012)): Caryophyllidea,
(Diphyllobothriidea, (Bothriocephalidea, (Onchoproteocephalidea,
Cyclophyllidea))); (3) topology5 of Trematoda (based on 18S rDNA
and 28S rDNA (Olson et al., 2003)): Schistosomatoidea, ((Prono-
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Fig. 1. The evolution of gene orders (GOs) in the Neodermata. Nodes are coloured according to the output of TreeREx software: a green branch point represents a consistent
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cephaloidea, Paramphistomoidea), (Echinostomatoidea, (Opisthor-
chioidea, (Gorgoderoidea, Allocreadioidea)))).

The phylogenetic position of E. johni was also not stable: it
either grouped with Dactylogyrus lamellatus (Dactylogyrinae sub-
family), or with T. nebulosi (Ancyrocephalinae subfamily) (Supple-
mentary Fig. S2). As E. johni belongs to the Ancyrocephalinae, this
subfamily was resolved as paraphyletic in the former case.

3.3. GO of the subphylum Neodermata

We identified 22 unique GOs in the Neodermata, 13 of which
were found among the 20 available monogenean mitogenomes
(belonging to five orders, Supplementary Fig. S4; Table 1). Amongst
these 13 unique GOs, six were remarkably rearranged, including
those belonging to P. inermis, A. forficulatus, L. longipenis and all
three polyopisthocotylids (Pseudochauhanea macrorchis, Micro-
cotyle sebastis and Polylabris halichoeres), but the three polyopistho-
cotylid GOs were mutually similar (Fig. 1). The common interval
analysis of GOs conducted using CREx produced low similarity
scores between these species and other neodermatans (Table 1).
The mitochondrial GO of Cestoda appears to be remarkably con-
served (Fig. 1), with only four unique GOs among all 48 available
mitogenomes belonging to five orders (Supplementary Fig. S4).
We found six unique GOs among the Trematoda (36 available
mitogenomes belonging to seven superfamilies, Supplementary
Fig. S4), two of which are shared by different superfamilies
(Fig. 1, Table 1). The first shared GO (named here tre1GO) is found
in the superfamilies Schistosomatoidea, Echinostomatoidea and
Opisthorchioidea, whereas the second shared GO (tre2GO) is found
in Pronocephaloidea, Paramphistomoidea, Echinostomatoidea, and
Gorgoderoidea.

3.4. Reconstruction of the ancestral GO for the subphylum Neodermata

Regardless of the topology used (eight new and three from
other studies, see Section 3.2 and Supplementary Fig. S3), results
of both MLGO and TreeREx analyses (two methods x 11 topologies,
totalling 22 reconstructions) consistently indicated that the ‘com-
mon GO’ (as defined in the Introduction) represented the ancestral
state for Cestoda (node 17), Monopisthocotylea (node 28), Cestoda
+ Trematoda (node 18), Cestoda + Trematoda + Monopisthocotylea
(node 29), and Neodermata (node 30) (Fig. 1, Supplementary
Fig. S3). Among the currently available data, we identified 32 spe-
cies possessing the ‘common GO’ in two platyhelminth parasitic
groups: Monogenea and Cestoda (Supplementary Fig. S4). In
Monogenea, the ‘common GO’ was identified in: P. variegatus in
the order Gyrodactylidea, and two species in the order Dactylo-
gyridea (T. nebulosi and E. johni). Additionally, Cichlidogyrus
(Ancyrocephalidae/Ancyrocephalinae) species (Vanhove et al,
2018) probably also exhibit the ‘common GO’, but the mitogenome
of C. mbirizei is incomplete, and the annotation of C. halli is uncon-
firmed). In Cestoda, 29 species exhibited the ‘common GO’: six in
the Diphyllobothriidea order and 23 in the Cyclophyllidea order
(Supplementary Fig. S4).

3.5. The phylogeny of Neodermata inferred from GOs

We reconstructed a phylogeny of Neodermata using gene
orders (MLGO algorithm). The four species possessing the ‘com-
mon GO’, three species possessing tre1GO and five species possess-
ing tre2GO formed separate clades (Fig. 2, named ‘the common GO
clade’, ‘tre1GO clade’ and ‘tre2GO clade’). Only a minor fragment of
the topology was congruent with the topology inferred using
sequence-based datasets (Fig. 2).

Table 1

Pairwise comparisons of mitochondrial gene orders among 22 neodermatan representatives. Numbers represent similarity scores between gene orders, where ‘1254’ signifies identical gene orders, and shading indicates different

degrees of gene order similarity: light to dark = similar to dissimilar. Taxon names in the column heading are represented by acronyms.
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Fig. 2. Phylogenetic tree based on the gene order dataset. Taxonomic identity (orders or superfamilies) is displayed on the right. The numbers on branches denote bootstrap
support values. Clades that exhibit similar topologies with Fig. 1 are marked with red stars on the nodes. See Section 3.3 for explanations of tre1GO, tre2GO and common GO.

4. Discussion

The chaotic (i.e., permeated by numerous deeply contradictory
hypotheses) phylogeny of Neodermata was reflected in our phylo-
genetic reconstructions, where all eight analyses produced unique
topologies. However, topological instability was limited to the
lower level topology, whereas (sub)class level phylogeny was con-
sistently supported by all inferred topologies: Polyopisthocotylea,
(Monopisthocotylea, (Cestoda, Trematoda)) (Supplementary
Fig. S2). Our results therefore reject the ‘Cercomeromorphae’ the-
ory (Trematoda is a sister clade to Monogenea + Cestoda), sup-
ported by several early studies (Brooks, 1989; Littlewood et al.,
1999a, 1999b; Littlewood and Olson, 2001; Zamparo et al., 2001),
but later consistently rejected by mitochondrial phylogenomics
studies (Park et al., 2007; Perkins et al., 2010), by a microRNA study
(Fromm et al., 2013), by a multigene (312 genes) phylogenetic
study (Hahn et al., 2014), and by a transcriptomic phylogenomics
analysis (Egger et al, 2015). As Polyopisthocotylea and
Monopisthocotylea subclasses belong to the class Monogenea, this
topology rendered the Monogenea paraphyletic. Although para-
phyletic Monogenea was also obtained in an early mitochondrial
phylogenomics study with fewer monogenean representatives, in
that topology the Cestoda + Trematoda clade formed a sister clade
with Polyopisthocotylea (Perkins et al., 2010), instead of
Monopisthocotylea, as in our results. The monophyly of Ancyro-
cephalinae was often debated in earlier studies (Kritsky and
Boeger, 1989; Plaisance et al., 2005; Simkova et al., 2003, 2006;
Vanhove et al.,, 2018), and our results also remain ambiguous
(equally support and reject) about the monophyly/paraphyly of
Ancyrocephalinae.

Given this context of an unresolved and instable phylogeny of
Neodermata, and as all (eight) of our methodological approaches
produced different topologies, we were not sure which of these
topologies is the ‘correct’ one, so we had to test whether and
how the topological instability affects the reconstruction of GOs.

Furthermore, as these eight topologies differed from some previous
phylogenetic hypotheses, we added three more topologies from
previous studies (to complement our mitochondrial data, they
are based on morphological and/or nuclear datasets, and denser
samples; also see Section 3.2). All of the 22 ancestral GO recon-
struction results (11 topologies x 2 methods) consistently resolved
the common ancestor of all Neodermata (node 30), Cestoda (node
17), Monopisthocotylea (node 28), Cestoda + Trematoda (node 18),
Cestoda + Trematoda + Monopisthocotylea (node 29) as possessing
the common GO. Although the TreeREx reconstruction of node 30
was flagged as not fully reliable (yellow, Fig. 1, Supplementary
Fig. S3), we hypothesise that the underlying reason is the absence
of the common GO from all available Polyopisthocotylea mitogen-
omes, which is the earliest branch in the Neodermata phylogeny.
Although we inferred that the common GO was retained through-
out all of the common ancestors leading to the extant species pos-
sessing the common GO (‘the common GO scenario’ henceforth),
this scenario is not fully supported by all of our ancestral recon-
struction results (Fig. 1, Supplementary Fig. S3). For example,
TreeREx predicted a derived GO (node 27 in the Fig. 1) in the path
from the ancestral neodermatan to P. variegatus, comprising a rear-
rangement of the ‘common GO’ by a tandem-duplication-random-
loss (TDRL) event (node 27), followed by a successive reversion
(transposition events between successive nodes 26, 25 and P. var-
iegatus) to the common GO (Supplementary Fig. S3, Topology1).
While it is theoretically possible that the ancestral common GO
underwent rearrangements in subsequent ancestral nodes and
then again reverted to the ancestral condition (the common GO)
in some of the species (branches highlighted in red in Fig. 1), we
argue that this scenario is highly unlikely. The parsimony criterion
(Fertin et al., 2009) implies that evolutionary scenarios requiring a
smaller number of gene order rearrangements are more likely to
reflect the actual course of events (Oxusoff et al., 2018). As a result,
identical genome level characters (GO, specifically) are unlikely to
be independently derived (homoplastic) and unlikely to revert to



D. Zhang et al./International Journal for Parasitology 49 (2019) 819-829 825

an ancestral condition (GO irreversibility hypothesis) (Boore and
Fuerstenberg, 2008). In agreement with this, the TreeRex recon-
struction of node 27 was flagged as unreliable (printed in red) by
the algorithm (Bernt et al., 2008), and MLGO predicted that node
27 retained the common GO (Supplementary Fig. S3, Topology1).
Similarly, there are additional ancestral nodes leading to the con-
temporary ‘common GO’ species for which TreeREx and MLGO
algorithms did not predict the ‘common GO’: nodes 13, 14, 24
and 25 in the MLGO reconstruction, and nodes 24-26 and 13-16
in the TreeREx reconstruction. Following the logic outlined above,
we can reject these results as non-parsimonious, and accept the
more parsimonious ‘common GO scenario’: the common GO was
retained in all of the common ancestors leading up to present
day species possessing the common GO. This also suggests that
we can reject our first working hypothesis and conclude that the
‘common GO’ found in evolutionarily distant lineages is not a
homoplasy. Instead, the entire lineage of common ancestors lead-
ing up to the species exhibiting the ‘common GO’ most likely
retained the plesiomorphic ancestral GO of all Neodermata.
Although topological instability affected the reconstruction of
some internal nodes, it did not affect these two main findings:
determining common GO as ancestral GO of five major taxonomic
groups and the ‘common GO scenario’. Specifically, although the
status of Ancyrocephalidae/Ancyrocephalinae is debatable, and
the phylogenetic position of E. johni unstable, alternative phyloge-
netic hypotheses would not affect these two conclusions. The only
hypothetical finding that would affect the reliability of the ‘com-
mon GO scenario’ would be a discovery of another apparently
homoplastic GO shared by several evolutionarily distant species.
As such a phenomenon has not yet been identified, we can accept
the ‘common GO scenario’ as the most parsimonious.

Topological congruence between the GO tree (Fig. 2) and molec-
ular sequence-based trees (Fig. 1, Supplementary Fig. S2) was
observed predominantly in taxa with highly rearranged GOs
shared within lineages: (i) due to their highly variable GOs
(although similar to each other) in comparison to other neoder-
matans, the three polyopisthocotylids (P. macrorchis, M. sebastis
and P. halichoeres) formed the most basal branch within the Neo-
dermata; (ii) S. mekongi and T. szidati formed a sister group (prob-
ably due to peculiar cox3-trnE-trnH-cytb and nad2-trnA-trnD-nad1
arrangements); (iii) the affinity of B. seriolae and B. hoshinai (sup-
ported by the specific trnF-trnQ-trnM arrangement). However, the
GO topology is mostly incongruent with the sequence-based
topologies, and there is evidence for artefactual homoplastic clus-
tering of conserved GOs (for example, common GO clade, tre1GO
clade and tre2GO clade in Fig. 2). This is strong evidence that
GOs are prone to producing phylogenetic artefacts, and should be
used with utmost caution for phylogenetic reconstruction in this
group of animals. Although highly rearranged GOs did produce
some phylogenetic congruence with molecular data, we suspect
that they may be prone to producing disproportionately long
branches (Zou et al., 2017), which may result in long branch attrac-
tion artefacts. Therefore, we propose that derived GOs may be use-
ful only for resolving specific taxonomic uncertainties; for
example, the strikingly rearranged GOs exhibited by some schisto-
somes were exploited as an excellent marker to distinguish
between two different clades of schistosomes (Littlewood et al.,
2006; Webster and Littlewood, 2012).

4.1. Tracing the evolutionary scenarios amongst the GOs of Monogenea

Unique GOs in the class Monogenea accounted for more than
half of the total number of unique GOs identified in the Neoder-
mata. As some of the monogenean GOs were conserved (in com-
parison to the ‘common GO’), while some were highly rearranged
(Table 1), this corroborates that the evolution of GOs in the class

Monogenea is highly discontinuous (Zhang et al., 2017b, 2018a).
The common GO found in two phylogenetically distant lineages
(represented by P. variegatus and E. johni, Fig. 1) of the class Mono-
genea allowed us to infer the GO of the ancestral lineages connect-
ing these two species. Following the ‘common GO scenario’
outlined in the previous section, all internal nodes of the
Monopisthocotylea subclass phylogram probably possessed the
ancestral GO of Neodermata, with the exception of nodes 19 and
20 (Fig. 1). The Plesiomorphic GO of the order Capsalidea (node
20) was identical to that of Neodermata, whereas the GO of Bene-
denia hoshinai was resolved as the ancestral GO for node 19 in all
reconstructions (Supplementary Fig. S3). Most of the GO transfor-
mational pathways from common ancestors to their descendants
required only one transposition event; examples are node 24 to
G. nyanzae (transposal of trnF), node 21 to D. lamellatus (transposal
of trnL2), node 20 to N. melleni (transposal of trnG), node 20 to node
19 (transposal of trnQ), and node 19 to B. seriolae (transposal of
trnT) (Fig. 3). It is noteworthy that the TDRL event in the pathway
from node 25 to G. salaris indirectly corroborates our plesiomor-
phic GO reconstruction (ancestral GO of G. salaris is the common
GO), because a reversal of this rearrangement would require two
transpositions (Fig. 4). This conforms to the hypothesis that TDRL
events generate directional information, as reversing the rear-
rangement would require more than a single operation, so TDRL
is considered to be an “irreversible” change (Perseke et al., 2008;
Babbucci et al., 2014). This is also a more likely scenario according
to the parsimony criterion (Fertin et al., 2009). However, the three
hypervariable GOs (P. inermis, A. forficulatus and L. longipenis)
underwent a series of complicated rearrangements since these spe-
cies split from their most recent common ancestors (Fig. 3). In
detail: the transformational pathway from node 27 to P. inermis
required three coupled moves (one transposition and two TDRLs)
and one TDRL operation; the pathway from node 26 to A. forficula-
tus required three transpositions and one TDRL operation; the
pathway from node 23 to L. longipenis required two transpositions,
two coupled transpositions and one TDRL event (Fig. 3). A GO dif-
ferent from the common GO was resolved as ancestral for the Poly-
opisthocotylea by both algorithms, which implies that a common
ancestor of this group may have undergone a GO rearrangement.
More specifically, TreeREx and MLGO reconstructions actually pre-
dicted two GOs that differed only in the position of trnL1 (Supple-
mentary Fig. S3, all 11 topologies). However, as the reconstruction
was flagged as unreliable (red) in TreeREx, and as we had a limited
number of samples for Polyopisthocotylea at our disposal, we can-
not conclude this with confidence. This hypothesis would be inval-
idated if future studies managed to identify a Polyopisthocotylea
species possessing the common GO.

The evolutionary scenario of monogenean GO rearrangements
confirms the hypothesis that genome level characters evolve in a
saltatory (non-clocklike) manner (Boore and Fuerstenberg, 2008).
It is also in agreement with the hypothesis that once a long period
of stasis in the GO evolution is interrupted, this often results in an
exponential acceleration of subsequent rearrangements (Zou et al.,
2017), as observed in the three hypervariable GOs here, in nema-
todes (Zou et al., 2017), snails (Wang et al., 2017), insects (Xiong
et al., 2013) and vertebrates (Mueller and Boore, 2005).

4.2. Tracing the evolutionary scenarios amongst the GOs of Cestoda

As we discussed in a recent paper (Li et al., 2017), all of the
observed rearrangements in the class Cestoda took place in the
rearrangement hot spot comprising four tRNA genes: trnY, trnL1,
trnL2 and trnS2 (see also Fig. 1). According to our results here,
the GO currently exhibited by some members of the Cyclophyllidea
(but see also Cyclophyllidea group 2 in Li et al. (2017)) and Diphyl-
lobothriidea is identical to the common GO, and thus plesiomor-
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Ancestral state (node 27) Ancestral state (node 20)
cox1 T mlL C mS cox2 E nadé Y L1521L2 R nad5 G cox3 H cytb naddLnad4 Q F M atp6 nad2 V. A D nadl N P | K nad3 S1 W cox1 T mnL C mS cox2 E nad6 Y L1522 R nad5 G cox3 H cytb naddLinad4 Q F M atp6 nad2 V A D nadl N P 1 K |nad3 1 W
o {[T, TDRL, TDRL ], TDRL } (T}
Paratetraonchoides inermis Ancestral state (node 19)
cox1 T L rmS cox2 E nad6 L2 Y L1 V G S2 C R nad5cox3 H cytb naddLnad4 Q F M atp6 nad2 A D nadi | K nad3 W N P St cox1 T mnL C mS cox2 E nad6 Y L1522 R nad5 G cox3 H cytb naddLinad4 F Q M atp6 nad2 V A D nadl N P 1 K |nad3s1 W
Ancestral state (node 26) Ancestral state (node 19)
cox1| T mL C mS cox2 E nad6 Y L15212 R nad5 G cox3 H cytb naddLnad4 Q F M atp6 nad2 V. A D nadl N P | K nad3 1w cox1 T mL C mS cox2 E nadé Y L1522 R nad5 G cox3 H cytb naddLnad4 F | Q M atp6 nad2 V A D nadl N P 1 K |nad3 1 W
) {T,T, T, TDRL} {T}
Aglaiogyrodactylus forficulatus Benedenia seriolae
cox1 T rmL C rmS cox2 E nad6 Y 82 V D A nadl N P | K nad3 L1 R L2 nad5 G cox3 H cytb naddl nad4d Q M F atp6 nad2 S1 W cox1 mL C rmnS cox2 E nadé Y L1S2L2 R nad5 G cox3 H cytb naddL nadd T F Q M atp6 nad2 V A D nadl N P | K nad3S1 W
Ancestral state (node 25) Ancestral state (node 17)
cox1 T rmL C rmS cox2 E nadé Y L182L2 R nad5 G cox3 H cytb naddl nad4 Q F M atp6 nad2 V A D nadl N P | K nad3S1 W cox1 T rmL C rmS cox2 E nadé Y L182L2 R nad5 G cox3 H cytb naddl nad4 Q F M atp6 nad2 V A D nadl N P | K nad3S1 W
) {TDRL} ; {T}
Gyrodactylus salaris ; Khawia sinensis
cox1 T rmL C rmS cox2 E nadé Y L1 Q M S2L2 R nad5 G cox3 H cytb nad4L nad4 F atp6 nad2 V A D nadl N P | K nad3S1 W cox1 T rnL C rmS L1S2L2cox2 E nad6 Y R nad5 G cox3 H cytb naddL nad4 Q F M atp nad2 V. A D nadl N P | K nad3S1 W
Ancestral state (node 24) Ancestral state (node 15)
cox1 T rnL C rmS cox2 E nad6é Y L182L2 R nad5 G cox3 H cytb naddL nadd Q F M atp6 nad2 V A D nadl N P | K nad3S1 W cox1 T rmL C rmS cox2 E nadé Y L182L2 R nad5 G cox3 H cytb naddl nad4 Q| F M atp6 nad2 V A D nadl N P | K nad3S1 W
' (T} ; {TDRL}
Gyrodactylus nyanzae Schyzocotyle acheilognathi
cox1 T rmL C rmS cox2 E nadé Y L18S2L2 R nad5 G cox3 H cytb naddL nadd Q M F atp6 nad2 V A D nadl N P | K nad3S1 W cox1 T rmL C rmS cox2 E nadé L1 L2 Y S2 R nad5 G cox3 H cytb naddl nad4 Q| F M atp6 nad2 V A D nadl N P | K nad3S1 W
Ancestral state (node 23) Ancestral state (node 16,13)
cox! T rnL C rmS cox2 E nad6 Y L1S2L2 R nad5 G cox3 H cytb nad4l nad4 Q F M atp6 nad2 V A D nadl N P | K nad3 81w cox1 T rnL C rmS cox2 E nadé Y L182L2 R nad5 G cox3 H cytb naddl nad4 Q| F M atp6 nad2 V A D nadl N P | K nad3S1 W
. A {T.T[T,T] TDRL} . ; {T}
Lepidotrema longipenis Testudotaenia sp., Hymenolepis nana
cox1 T rml rmS cox2 L1 S2 E nad6 L2 Y R nad5$1 C G cox3 H cytb naddlnadd Q F M aipb nad2 A D V nadl N | P K nad3 W coxt| T L C|mnS cox2 E nadé| Y S2L1 L2 R nadS G cox3 H | cytb naddL|nadd Q| F M atp6 nad2|V A D nadl N P | K nadd St W
Ancestral state (node 21) Ancestral state (node 18)
cox1 T rmL C rmS cox2 E nadé Y L1S2L2 R nad5 G cox3 H cytb naddL nad4 Q F M atp6 nad2 V A D nadl N P | K nad3S1 W cox1 T rnL C rmS cox2 E nadé Y L1S2L2 R nad5 G cox3 H cytb naddL nad4 Q F M atp nad2 V. A D nadl N P | K nad3S1 W
{T} {T}
Dactylogyrus lamellatus Ancestral state (node 12)

cox1| T mlL C rmS cox2 E nad6 Y L1S2 R nad5 L2 G cox3 H oytb naddL nadd Q F M atp6 nad2 V A D nadl N P || K nad3 st

=

cox1 T mlL C rmS cox2nadé Y L1S2L2 R nad5 E G cox3 H | cytb naddL nad4 Q| F

z

atp6 nad2 V A D nadl N P | K nad3$S1Ww

Ancestral state (node 20) Ancestral state (node 10, 5, 8)
cox1 T rmL C rmS cox2 E nadé Y L1S2L2 R nad5 G cox3 H cytb nad4L nadd Q F M atp6 nad2 V. A D nadl N P | K nad3 S1 W cox1 T rnL C rmS cox2 nadé Y L1S2 L2 R nad5 E G cox3 H cytb naddL nad4 Q F M atp nad2 V A D nadl N P | K nad3S1 W
. . {T} . " - o {T}
Neobenedenia melleni Ancestral state (node 4), Dicrocoelium dendriticum, Fasciola jacksoni
coxt| T ml C mS|cox2 E nad6 Y L1S2/L2 R nad5cox3 G H | cytb naddl nadd Q F M atp6 nad2 V A D nadt N P |1 K nad3/s1w coxt| T L C|mnS cox2 nad6 Y L1 S2/L2 R nad5 G E cox3 H | cytb naddL|nadd Q| F |M atp6 nad2|V A D nadl N P I K nad3S1 W

Fig. 3. Rearrangement scenarios from ancestors to their descendants. Rearrangement events are indicated in curly brackets, wherein square brackets indicate coupled
rearrangement events. The gene blocks involved in rearrangement events are coloured yellow. TDRL, tandem-duplication-random-loss event; T, transposition event. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Ancestral state (node 25)
‘cox1 HT H rrnLHCHrrnSHconH EHnadGHYHU‘Sz L2 R nad5 G cox3 H cytb nad4L nadd Q F M ‘atpe HnadZHVHAH DHnad1HN H PH | H KHnadSHS1HW‘

4

{TDRL}

Gyrodactylus salaris rearrangement reversion {T, T}
‘cox'] HT H rrnLHCHrrnSHconH EHnadGHYHU‘ Q M S2L2 R nad5 G cox3 H cytb naddL nad4 F ‘atpe HnadZHVHAH DHnad1HN H PH | H KHnadSHS1HW‘

Ancestral state (node 15)
‘cox1 H T H rrnLH C H mS HCOXZH E HnadG‘ Y L1S2 LZ‘ R Hnad5H G Hcox3“ H H cytb Hnad4LHnad4H Q H F H M H atp6 HnadZH Vv H A H D Hnad1 H N H P H | H K Hnad3HS1HW‘

{TDRL}
¥

Schyzocotyle acheilognathi rearrangement reversion {T, T }
‘cox1 H T H rrnl H C H rrnSHcox2H E Hnade‘ L1 L2 Y SZ‘ R HnadS“ G HcoxISH H H cytb Hnad4LHnad4H Q H F H M H atp6 HnadZH \Y H A H D Hnad1H N H P H | H K Hnad3HS1HW‘

Fig. 4. Transformational pathways between Gyrodactylus salaris, Schyzocotyle acheilognathi and their ancestors. The transformational pathway from ancestors to species is
shown on the left, whereas the pathway from species to ancestors is displayed on the right. TDRL, tandem-duplication-random-loss event; T, transposition event.
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phic for nodes 13-17 according to the ‘common GO scenario’
(Fig. 1). Consequently, the transformational pathway from the
common GO to the first unique GO (represented by Khawia sinen-
sis; Fig. 1) required a transposition of the trnL1-trnS2-trnl2 gene
block. The pathway from the common GO to the second unique
GO (Testudotaenia sp. and Hymenolepis nana) required a transposi-
tion of trnS2. Finally, the pathway from the common GO to the
third unique GO (Schyzocotyle acheilognathi) required one TDRL
event (Fig. 3). Most importantly, as discussed in the previous sec-
tion and by Li et al. (2017), the TDRL event in the last case implies
the order of events, because reversing this TDRL event would
require two transpositions (Fig. 4). In other words, the common
GO is plesiomorphic, whereas the third unique GO is derived,
which is an important finding that confirms our hypothesis regard-
ing the antiquity of the common GO.

4.3. Tracing the evolutionary scenarios amongst the GOs of Trematoda

Previous GO studies within the Trematoda were mainly concen-
trated on the radically altered GO observed in the genus Schisto-
soma, as the remaining (available) trematodes have relatively
conserved GOs, exhibiting only minor tRNA rearrangements
(Fig. 1). Similar to the limitations discussed above, tre1GO and
tre2GO complicate the ancestral GO reconstruction in Trematoda.
In order to infer which of the two GOs is ancestral (plesiomorphic),
we have to rely on the topology to infer the ‘earliest branch’ in the
evolutionary history. As both require only one transposition to be
rearranged into/from the common GO (with trnE transposed to
the nad5-cox3 junction and near trnG: trnE-trnG in tre1GO versus
trnG-trnE in tre2GO; Fig. 1), this renders the comparison with the
common GO useless for resolving this issue. In our topologies (Sup-
plementary Fig. S2), as well as the topologies inferred in other
studies (Olson et al., 2003; Le et al., 2016), the only species exhibit-
ing the tre1GO in Schistosomatoidea (C. complanatum) either clus-
tered with the superfamily Schistosomatoidea (order
Diplostomida) (see PCGRT_PB and PCGAA_PB in the Supplemen-
tary Fig. S2, and previous phylogenetic studies based on 18S rDNA
and 28S rDNA (Olson et al., 2003)) or formed a sister group with the
remainder of Trematoda (order Plagiorchiida), thus implying that it
branches off early in the evolutionary history from the base of the
Trematoda. We therefore cautiously hypothesise that tre1GO pre-
dates (is ancestral to) tre2GO. There is additional evidence to sup-
port this: (i) two Diplostomum spp. (Schistosomatoidea
superfamily; not included in this study due to being incomplete),
which clustered with C. complanatum (Le et al., 2016), also exhibit
the trnE-trnG (tre1GO) arrangement; (ii) tre1GO was shared both
by the Orders Diplostomida and Plagiorchiida, whereas tre2GO
was only observed in the Plagiorchiida; (iii) CREx analysis showed
that tre1GO had a higher similarity score (850) than tre2GO (808)
to the ancestral GO of neodermatans (represented by E. johni in
Table 1); (iv) a majority of MLGO reconstructions (apart from the
analyses of the Monopisthocotylea topology 5, and Trematoda
topologies 2 and 4) and all TreeREx reconstructions indicated that
tre1GO is the ancestral condition for all topologies (Supplementary
Fig. S3). On the basis of these observations, the results of TreeREX,
and following the logic of ‘common GO scenario’, we cautiously
propose that nodes 5 and 7-11 represent the ancestral GO state
of Trematoda (node 12, tre1GO) (Fig. 1, Supplementary Fig. S3).
The tre2GO was the ancestral state of the stable (Supplementary
Fig. S2) suborder Pronocephalata (node 4; Orders Prono-
cephaloidea and Paramphistomoidea). The transformational path-
way from the ancestral GO in the node 10 to that of the node 4
required a simple trnE-trnG to trnG-trnE rearrangement (Fig. 3).
The same rearrangement was required in an additional two places:
node 5 to Echinostomatoidea (Fasciola jacksoni), and node 8 to Gor-
goderoidea (D. dendriticum). We will not further discuss the GO

evolution of Gorgoderoidea (P. ohirai), Allocreadioidea and Schisto-
somatoidea orders (nodes 2, 3 and 6) as these reconstructions were
highly uncertain, but results can be viewed in Supplementary
Fig. S3.

4.4. Dataset limitations and future directions

As mentioned in the introduction, we suspected before begin-
ning this study that more data might be needed in order to assess
the two working hypotheses. Unfortunately, due to limited acces-
sibility of the taxa of interest and time constraints, we managed
to obtain only a sample of an ancyrocephalid species, E. johni, for
this study. In order to reconstruct the ancestral GO for Trematoda
with certainty, we would need a stable topology, for which we
would require much better taxon sampling, with a focus on repre-
sentatives of the subclass Aspidogastrea, which is considered to be
a relatively old group in the Trematoda (Rohde et al., 2001; Olson
et al., 2003), so we hypothesise that its GO might be pivotal for this
purpose. Additionally, due to their phylogenetic importance,
sequencing of additional mitogenomes belonging to the following
lineages might help shed light on the evolutionary history of
mitogenomic architecture in the Neodermata: polystomatoinean
monogeneans (Monogenea: Polystomatoinea), additional ancyro-
cephalids (Monogenea: Monopisthocotylea: Dactylogyridea), spe-
cies belonging to the subclass Cestodaria (Cestoda) and species
belonging to the suborder Bucephalata (Trematoda: Digenea: Pla-
giorchiida). Apart from sequencing additional mitogenomes, future
studies should also attempt to conduct a molecular dating analysis
to approximately time the origin of pivotal taxa.

The analyses presented here shed new light on the evolution of
mitogenomic architecture in the subphylum Neodermata. Our
results show that the common GO is shared by two classes, four
orders and 32 species is the ancestral (plesiomorphic) GO state
for the Neodermata and most other major taxonomic groups:
Monopisthocotylea, = Monopisthocotylea + Cestoda + Trematoda,
Cestoda + Trematoda, and Cestoda. This conclusion is further sup-
ported by the GO irreversibility hypothesis and two “irreversible”
TDRL events inferred in the Monogenea and Cestoda classes.
Expanding on this, we proposed that all ancestral nodes leading
up to the present day species exhibiting the ‘common GO’ were
most likely to possess the plesiomorphic GO of Neodermata. This
allowed us to propose transformational pathways from each com-
mon ancestor to its descendants amongst the Monogenea and Ces-
toda classes. We also proposed a putative ancestral GO for the class
Trematoda. The sister clade relationship of Polyopisthocotylea and
the remaining neodermatans was corroborated by the GO analysis,
but it should be corroborated by nuclear data as well. Highly
derived GOs, found in the Monogenea and Trematoda clades,
reflect the saltatory nature of the evolution of mitochondrial archi-
tecture. Although highly derived GOs may have some potential for
taxon identification, whereas identical GOs found in distant lin-
eages may be valuable resources to determine the ancestral GO,
GOs are prone to producing artefactual relationships in phyloge-
netic analyses, and should be used with utmost caution for phylo-
genetic reconstruction in Neodermata. Our analysis was hampered
by poor sampling of many neodermatan taxa, so sequencing of fur-
ther mitogenomes is urged in order to generate a sufficient amount
of data to infer the evolutionary pathways leading to the observed
diversity of GOs with confidence, especially the hypervariable but
underrepresented Monogenea and poorly resolved Trematoda
classes.
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