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Abstract

Echinostoma miyagawai is a cosmopolitan parasite within the Echinostomatidae and is a cause
of human echinostomiasis. Species within the family have been a challenge to disentangle with
E. miyagawai being synonyms of several other Echinostoma species. However, complete
mitochondrial genomes have been shown to be vital in distinguishing echinostomatid species,
but detailed comparisons of not only gene content but also structural features have been limited.
Using long range sequencing techniques, the complete genome of E. miyagawai was sequenced
and compared to other members of Echinostomatidae. In total 12 protein coding genes, two
ribosomal RNA genes and 22 transfer RNA genes were identified, as was an extensive
noncoding control region, consisting of two types of multiple tandemrepeat units. Phylogenetic
analyses of complete mitochondrial genomes corresponded to previous studies on single gene
mitochondrial and nuclear ribosomal nuclear markers confirmed E. miyagawai to be within in

’

the “Echinostoma revolutum” group. The tandem repeat units found in the control region
contained promoter sequences containing domains typical of initiation sites for replication and
transcription as well as several palindromic regions which were shared between echinostomatid
species. The study illustrates not only the utility complete mitogenomes in disentangling the
relationship between these parasite species, but also provides some insight into the potential

adaptations and other-evolutionary processes that may govern the divergence of mitochondrial

genomes for the first time in echinostomatids.
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Introduction

According to the world health organisation (Foodborne trematode infections (who.int))

infections with zoonotic food borne trematodes (FBT) result in an estimated 200 000 illnesses,
2 million life years lost to disability with up to 7000 deaths each year. Predominantly with foci
in Asia there are several genera of FBT that cause disease in humans with Clonorchis,
Opisthorchis, Paragonimus, and Fasciola being the most important. However, in recent years
in the Far East and Southeast Asia neglected species within the genus Echinostoma have been
shown to have a significant impact on public health (Jung et al., 2024, Toledo and Esteban,
2016). Human infections of echinostomiasis occur after eating raw or insufficiently cooked
mollusc, fish, crustaceans, and amphibians harbouring metacercariae. The current incidence of
human echinostomiasis is not yet known, other than most cases have been reported in Asia
appearing in endemic foci in areas where presence of snail intermediate hosts and natural
definitive hosts, particularly waterfowl, coexist with human practice of eating under cooked
first or second intermediate hosts (Toledo and Esteban, 2016; Chai 2019; Toledo et al., 2022).

In recent years mitochondrial gene markers and full mitogenomes have been shown to
be highly effective in distinguishing between trematode species, particularly in the
Echinostomatoidae (Bernt et al, 2013a; Wey-Fabrizius et al, 2013; Sola et al, 2015).
Echinostoma miyagawai Ishii, 1932, is a suspected leading cause of human echinostomiasis,
but is challenging to distinguish from other echinostome species and has historically been
considered a synonym of other species including the highly zoonotic Echinostoma revolutum
(Li et al, 2019; Fu et al.,, 2019; Le et al, 2020; Pham et al, 2022; Wu 2013). The cryptic
nature of Echinostoma miyagawai has caused issues in species identification and ultimately
understanding the full epidemiological importance of the parasites, but the application of
mitogenomes and associated markers have supported the division of E. miyagawai isolates

from Eurasia and Australia, as well as defining E. revolutum distinct lineages from Eurasia and
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the Americas (Georgieva et al., 2013; 2014; Nagatakiet al.,, 2015; Tkach et al., 2016). However,
despite the continued revision of the phylogenetic relationships among the echinostomatid taxa,
molecular studies indicate a need to reinvestigate and reconsider the relationship between
echinostome species, not only based on nucleotide subsitutions but also structural landscape
differences across mitogenomes. More recently there has been a substantial increase in the
interest in the non-coding regions (NCR) and their repetitive elements as has been studied in
trematode species from the families Fasciolidae, Paragonimidae, Brachycladiidae,
Diplostomidae, and Schistosomatidae (Biswal et al., 2013;2014; Brabec et al., 2015; Briscoe et al., 2016,
Oey et al., 2019a,b; Kinkar et al., 2019;2020; Le et al., 2020; 2022; Jones. et al., 2020; Gacad et al.,
2023). The NCR is commonly referred to as the control region (CR) as it is crucial in the
regulation of gene functionality owing to the occurrence of promoter sites for transcription
factor binding, and the origin of mtDNA replication (Tyagi ef al., 2020). Across many animal
phyla, the CR is the most polymorphic region-of the mitochondrial genome. As a consequence
of uniparental inheritance, a lack of effective recombination, and a reduced proofreading it has
a higher rate of evolution relative to the genes within the mitochondria. In turn this can lead to
an accumulation of highly repetitive sequences, which can increase the overall length of the
mitochondrial genome (Howe and Denver, 2008). In trematodes the long NCR region and its
function has not. been explored in detail and only recently using long read sequencing
approaches have these regions become not only accessible but quantifiable (Kinkar et al.,
2020). However, there is a deficit in detailed comparisons between echinostomatid species and
little known about the variation in length because of NCR repeat elements of the mitogenomes
within and between echinostome species.

Therefore, by applying long read next generation sequencing approaches the aim of this
current study was to sequence through the whole mitogemome of Echinostoma miyagawai to

characterise the NCR, capturing the multiple repeat units, representing for the first time the
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longest and most complete mitogenome among echinostomatids. The mitogenomic genes were
comparatively characterized and used for taxonomic and phylogenetic studies of the

Echinostomatidae.

Materials and methods

Parasite samples and DNA extraction

Adult flukes of Echinostoma miyagawai were collected from the intestines of the naturally
infected domestic ducks in Roit Et province, Thailand from abattoirs and were thoroughly
washed in physiological saline. The flukes were morphologically examined based on the
Echinostoma characteristics and the presence of “37 collar-spines’ around the head for the
“revolutum” group and the keys to the morphology of the echinostomes as previously described
(Georgieva et al., 2014; Faltynkova et al., 2015/ Chaiet al, 2019). The E. miyagawai samples
used in this study (named: RED-11) were molecularly identified using nadl and cox1 markers
and belonged to the Eurasian lineage of the “Echinostoma revolutum” complex (Nagataki et
al., 2015).

Total genomic DNA was extracted from a single adult worm using the GeneJET™
Genomic DNA Purification Kit (Thermo Fisher Scientific Inc., MA, USA) according to the
manufacturer’s mmstructions. The genomic DNA was eluted in 50 pL of the elution buffer and
kept at —20 °C until use and the DNA content was quantified using a NANODROP® ND-1000
UV-Vis Spectrophotometer. For mitogenomic DNA enrichment, a working concentration (50
ng/uL) was prepared and an amount of 2 L. was used in each long-range PCR (LPCR) in a 50

uL reaction volume.
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Targeted enrichment of the mitogenome by long range polymerase chain reaction
Eight primer pairs, including trematode-, Echinostomatidae-universal, and E. miyagawai
specific primers were designed and used for amplifying the whole mtDNA of E. miyagawai in
eight overlapping fragments using the long-range PCRs. Among these, two amplicons,
obtained by primer pairs EMYS5F-EMY3R* and EHCSF-EHC3R*, were used for comparative
validation of the length of the NCR (Supplementary Table 1). Long-range PCRs (LPCR) were
performed in a 50 pL volume in a MJ PTC-100 Thermal Cycler, with each reaction containing
25 pL 2X LongAmp Master Mix (New England Biolabs, Ipswich, MA, USA), 2 uL each
primer (10 pmol/uL), 2 pL of template DNA, and 19 pL DEPC-water). The LPCRs were
conducted with an initial denaturation at 94 °C for 1 min, followed by 30 cycles, each
consisting of a denaturation step for 30 s at 94 °C, an annealing/extension step at 50 °C for 30
s, extension at 65 °C for 8 min, and a final extension at 65 °C for 10 min. The amplificatoin
products (10 pL of each) were examined on a.1% agarose gel, stained with ethidium bromide
and visualized under UV light (Wealtec, Sparks, NV, USA).

The dsDNA products were purified using the GeneJET PCR Purification Kit (Thermo
Fisher Scientific, USA) and the amplicon length was verified via 1.5% agarose gel
electrophoresis. Resultant amplicons from the coding mtDNA and two from the NCR were
pooled for NGS. The complete mitogenome of E. miyagawai was sequenced using the PacBio

SEQUEL system (https:/www.pacb.com/) with a targeted long-read sequencing approach at

the PacBio facility at the Institute of Biotechnology (Hanoi, Vietnam). The dsDNA products
of each sample from eight overlapping amplicons were pooled and purified with AMPure XP
beads (Pacific Biosciences, Menlo Park, CA, USA). Input dsDNA was quantified using the
Qubit fluorometer 3.0 and Qubit dsSDNA HS Assay reagents (Thermo Fisher Scientific,
Waltham, MA, USA). The SMRTbell Libraries were prepared using the Express Template

Prep Kit 2.0 with multiplexing amplicons protocol with low DNA input (100 ng) (Pacific
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Biosciences, Menlo Park, CA, USA)for sequencing on the PacBio SEQUEL system according
to the manufacturer’s instructions. The SMRTbell templates were purified once with 1.2
volumes of AMPure PB beads and the size and amount of the library were checked again using
the Bioanalyzer 2100 system (Agilent, CA, USA) and the Qubit fluorometer 3.0 with Qubit™
dsDNA HS Assay reagents, respectively. The libraries of all amplicons were then pooled

before long-read sequencing.

Sequencing and de novo assembly

The pooled library was bound to polymerase using the Sequel Binding and the Internal Control
Kit 3.0 (Pacific Biosciences, Menlo Park, CA, USA) and purified using Ampure PB beads. The
DNA Control Complex 3.0 and the Internal Control Kit 3.0 from Sequel Binding and Internal
Ctrl Kit 3.0 were used to control the sequencing procedure. The final library was loaded onto
Sample Plate (Pacific Biosciences, Menlo Park, CA, USA). The run design was created by the
Sample Setup software included in the SMRTLink portal v5.1 version 9.0 with an insert size
0f'1200 base pairs (bp). The sequencing signals were processed, evaluated, and converted into
raw data by the Primary Analysis Computer server. All data wasautomatically transferred to
the Secondary Analysis Server system via the intranet. High quality sequence data was
proofread and generated by PacBio’s circular consensus sequencing (CCS), then de novo
assembled using Canu software v2.0 (Koren ef al., 2017), and the quality of the assembly was

checked by using Quast software v5.0.2 (Gurevich et al., 2013).

Annotation of mitogenome and gene characterization
Twelve protein-coding genes (PCG) were identified by comparative alignment with the
available mitogenomes of the E. miyagawai strains and other echinostomatid species in

GenBank or recently reported (Li et al, 2019; Fu et al.,, 2020; Le et al., 2020; Pham et al.,
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2022) (Supplementary Table 2). ATG/GTG as the start and TAA/TAG as the stop codons were
used to define individual PCG gene boundaries. The “echinoderm and flatworm mitochondrial
genetic code” (translation Table 9 in GenBank) was used for the translation of the PCGs.
Transfer RNA genes were identified wusing the tRNAscan-SE 1.2.1 program

(www.genetics.wustl.edu/eddy/tRNAscan-SE/) (Lowe and Chan, 2016), ARWEN

(http://mbio-serv2.mbioekol.lu.se/ARWEN/) (Laslett and Canback, 2008), and the MITOS

Alpha version (http:/mitos.bioinf.uni-leipzig.de/index.py) (Bernt et al, 2013b). Final

sequences and secondary structures were based on comparisons using all these programs.
Gene nucleotide comparison fordivergencerate (%) between E. myiagawai strain RED11
and other echinostomatids were estimated based on the alignment of individual genes, PCGs,
and mitochondrial ribosomal genes (MRGs) using MAFFT v7.407 (Katoh and Standley 2013),
curated using BMGE v1.12 (Criscuolo and Gribaldo 2010) in NGPhylogeny (available at

https:/ngphylogeny.fr) (Lemoine et al., 2019), and MEGA 11

(https://www.megasoftware.net/) (Tamura et al, 2021) for percentage calculation. The

nucleotide composition for concatenated PCGs, MRGs, and the mtDNA coding region (5’-cox3
to nad5-3’, designated as mtDNA *) was analyzed and calculated with MEGA 11. Skew values
(ranging from —1 to +1) were determined by calculating the percentage of AT and GC
nucleotide usage using Perna and Kocher's (1995) formula: AT skew = (A — T)/(A + T), and
GCskew = (G — C)/(G + C), where the letters represent the absolute usage of the corresponding

nucleotides in the sequences.

Phylogenetic reconstruction
Concatenated aligned amino-acid sequences of 12 PCGs from 12 species from the
Echinostomatidae were used for phylogenetic reconstruction using KF543342 Fasciola

gigantica and AF216697 Fasciola hepatica from the sister family Fasciolidae as an out group
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(listed in Supplementary Table 2). In addition to three strains of E. miyagawai (the RED-11 of
Thailand and the Hunan and HLJ strains of China), the ten available echinostomatid mtDNA
sequences from 11 species of the family Echinostomatidae were included. Among these were
three representatives of the 37 collar-spined ‘revolutum’ group (Echinostoma caproni from
Egypt, E. revolutum from Thailand, and E. paraensei), two artyfechinostomid species
(Artyfechinostomum malayanum, Thailand and Artyfechinostomum sufrartyfex, India), one
Hypoderaeum conoideum (China), one Echinoparyphium aconiatum (Russia), and three genus-
or family-level identified species (Echinostomatidae sp. CA-2021 isolate PE4, United States
(MK264774); Echinostoma sp. isolate JM-2019, China (MH212284); Echinostomatidae sp.
MSB para 30070, isolate A 19, United States (MN822299)) (Yanget al., 2015; Le et al., 2020;
Pham et al, 2022; Fu et al., 2019; Li et al, 2019; Gacad et al., 2023). One echinostomatid
species, the GD strain (China, MN116706) (Ran et al., 2020), was reported as “Echinostoma
revolutum” but due to the lack of strong Echinostoma generic evidence, it was listed in the
cryptic genus as an unidentified taxon within the Echinostomatidae (Pham et al., 2022), was
also included in the analysis.

The concatenated protein-coding nucleotide sequences were imported into

GENEDOC 2.7 (available at: https:/softdeluxe.com/GeneDoc-180568/download/) and

translated using-the “Echinoderm and flatworm mitochondrial genetic code” (Translation
Table 9) in GenBank. The PhyML software package in the NGPhyogeny (at

https:/ngphylogeny.fr), was used to perform phylogenetic analyses. The input consisting of

concatenated amino acid sequences in FASTA format was uploaded and aligned using MAFFT
v7.407, then curated using BMGE v1.12, and tree inferred by PhyML v3.3.1 using maximum
likelihood with 1000 bootstrap replicates (Guindon et al, 2010), with the best-quality final
sequence block of 2949-3107 amino acids (aa). The resulting Newick tree (.nwk) (Junier and

Zdobnov,2010) was visualized using the FigTree 1.4.4 program (Rambaut 2018). Phylogenetic
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analysis and tree reconstruction, including the outgroup sequence, were also completed using
the maximum likelihood (ML) analysis in the MEGA 11 program (Tamura et al., 2021). The
substitution model with the best score, according to the Bayesian information criterion, was
the Jones, Taylor, and Thornton + F + G + I model (JTT+F+G+I), with residue frequencies
estimated from the data (+F), rate variation along the length of the alignment (+G), and

allowing for a proportion of invariant sites (+1) (Tamura et al., 2021).

Identification of the non-coding region and its structural features

The NCR was identified as a region between the 3” end of the tRNA S and the 5’end of the
cox3 gene. Repeat sequences were detected inthe NCR using the Tandem Repeats Finder v3.01
(Benson, 1999). The circular map and gene abbreviations‘on the map were generated by using

the GenomeVx v2.0 drawing tool (http:/conantlab.org/GenomeVx/) (Conant and Wolfe,

2008). The control region of the mitochondrial genome is involved in the regulation of
transcription of the mitogenes, and as such a substantial amount of the sequence content is
repetitive and corresponds to promoter regions. To identify putative promotor regions in the
long repeat units (LRU) and the short repeat units (SRU) sequences they were submitted to

SAPPHIRE.CNN SAPPHIRE (kuleuven.be), a web based server that employs neural network

algorithms to predict promoter regions in prokaryotic sequences (Coppens and Lavigne, 2020).
Mitochondrial repeat units are known to have a high number of palindromic sequences in other
invertebrates and in order to identify the occurrence of such sequences the E. miyagawai LRU

and SRU sequences were submitted to the UNAFold Web Server (www.unafold.org) using

default settings (Zuker, 2003). This analysis predicts folding sites within a DNA sequence
based on experimental values on melting points of nucleotides and their combinations within
a DNA loop domain to predict the most likely complementary sequences that could create a

palindromic hairpin motifs.
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Results

Echinostoma miyagawai mitogenomic gene order

The whole mitogenome of Echinostoma miyagawai, strain RED11 from Thailand, is 19,417
bp in length (GenBank accession no. OP326312) (Fig. 1; Supplementary Table 3), which is the
longest complete mtDNA to be sequenced so far among the echinostomatid species. The
circular mtDNA molecule is comprised of 12 PCGs (cox1-3, cob, nadl—6, nad4L, atp6), two
MRGs (16S or rruL and 128 or rrnS), 22 tRNAs or #rn, and an NCR that possesses long and
short tandem repeats. The genome was assembled using two-major over lapping contigs of
2954bp and 7029bp which formed an almost complete circular genome of 19083bp. Several
small gaps within the coding region were found in the first contig upon sequence comparisons
with other echinostomatid species and subsequently filled by conventional Sanger sequencing.
The second contig perfectly matched the expected genes from the 3° end of NADS and the 5°
end of CYTB. This fragment also contained the tRNASY, tRNASH tRNAHS and cox3 genes
and entirely bridged the tandem repeat non-coding region (5,935 bp).

The E. miyagawai mitogenome length was much longer than that in the members of the
Echinostomatidae, €.g.; Echinostoma revolutum (17,030 bp, strain MSD15, Thailand) (Le et
al., 2020), Artyfechinostomum malayanum (17,175 bp, strain EMI3, Thailand) (Pham et al.,
2022), Artyfechinostomum sufrartyfex (14,567 bp, strain Shillong, India; GenBank:
KY548763), Echinostoma caproni (14,150 bp, strain SAMEA, Egypt; GenBank: AP017706),
Hypoderaeum conoideum (14,180 bp, strain Hubei, China) (Yang et al, 2015),
Echinoparyphium aconiatum (14,865 bp, strain Chany, Russia) (Gacad ef al, 2023), and
several echinostomatid species to be reported to date, likely as a result of the mitogenomes of

these species being incomplete. Similarly, in comparison between other echinostomatid
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species, and geographical isolates of E. miyagawai, the two Chinese E. miyagawai strains
(Hunan and HLJ) have mtDNA much shorter (14,468 bp and 14,410 bp, respectively) and
seemed to be truncated by conventional sequencing (Li ef al., 2019; Fu et al., 2019) than the

current studied Thai isolate (Supplementary Table 3).

Mitogenomic sequence and phylogenetic comparisons within Echinostoma miyagawai and
between other echinostomatid species

At the nucleotide level, between E. miyagawai and echinostomatids, the nad6 gene showed the
highest divergence over 64.68%, with some genes reaching 71.88%. to 75.48% between
species. A lower divergence rate is seen for all genes between the E. miyagawai RED11 strain
and others in the “revolutum” group (E. caproni SAMEA strain, E. paraensei, and E. revolutum
MSD15 strain) (Table 1; Supplementary Table 3). Similarly, the cy/B and cox1 genes showed
the lowest divergence at 13.67% to 27.08% for ¢yfB; 14.14% to 28.61% for cox1. The PCGs
and the MRGs showed almost the same moderate divergence rate for interspecific variation
between E. miyagawai and other echinostomatids (Table 1; Supplementary Table 3). The three
E. miyagawai geographical isolates showed low levels of divergence at less than 1% for all
genes except for cox3 with a divergence of 1.57% and nadl 1.12% between the RED11 and
HLJ isolates. The nad4 also showed a higher divergence between the RED11 and Hunan
isolates at 1.18% (Table 1). This nucleotide usage of E. miyagawai does not vary considerably
across the Echinostoma genus but is different in other echinostomatids with lower A+T in
Artyfechinostomum malayanum, A. sufrartyfex, Hypoderaeum conoideum. Except for
Echinoparyphium aconiatum, Echinostomatidae sp. MSB para 30070, and E. revolutum isolate
MSD15, which had the AT-skew of low negative (—0.414 to —0.432/PCGs and —0.357 to —
0.379/mtDNA*), the other echinostomatids exhibit highly negative values (—0.477 to —

0.483/PCGs and —0.385 to —0.420/mtDNA*), indicating that T was more frequently used than
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A. The data indicated that the pattern of base usage for all PCGs, MRGs, and mtDNA*s in all
14 strains/species is T > A > G > C, giving the AT-skew negative and the GC-skew positive
(Supplementary Table 4).

To assess the mitophylogenetic and taxonomic relationships between E. miyagawai and
other taxa within the family Echinostomatidae, a comprehensive phylogenetic analysis was
performed on the alignment of the amino-acid sequences of 12 PCGs for 12 species of nine
and three isolates of E. miyagawai from China (Hunan, HLJ) and the REDI11 isolate from
Thailand generated in this study. The ML phylogeny split into four well defined clades with
book strap support values 83 — 100 (Fig. 2). Clade 1 being the most basal contained
Echinoparyphium aconiatum, Hypoderaeum conoideum, -and. two cryptic species of
Echinostomatidae (MSB_(A19)/MN822299 and CA-2021-(PE4)/MK264774) from the USA
(Fig. 2). Clades 2 — 4 contained all member of the genus Echinostoma, with species within the
Artyfechinostomum genus (Clade 3) being phylogenetically bracketed between Echinostoma
species (clades 2 and 4). Clade 2 contained two cryptic Echinostoma species from China and,
Clade 4 contained all species considered to be Echinostoma sensu stricto where E. paraensei
appeared to be basal and E. revolutum (MSD15), E. caproni formed sister groups to the three
E. miyagawai strains which formed a one subcluster supported with 100 bootstrap values (Fig.

2).

The structural features and evolution of the non-coding control region of the Echinostoma
miyagawai mitochondrial genome

The structural features of the repetitive non-coding region

The NCR in E. miyagawai was located between tRNAS" and cox3. Using the long-reading
PacBio system, the complete NCR in the mitogenome of the E. miyagawai RED11 strain was

successfully obtained, which is 5,935 bp and contains two types of tandemrepeat units referred
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to as the long repeat unit, the LRU, and short repeat unit, the SRUs. This lengthy NCR in this
E. miyagawai isolate was flanked by tRNAS" (#1E) and the cox3 gene. The relatively long
NCR (near 6.0 kb) was divided into two subregions: the first subregion contained 15 identical
LRUs of 319 bp and a partial one of 102 bp, and the second contained 4 SRUs of 213 bp/each
and a partial one of 165 bp. Only three nucleotides (TAA, position: 18393—18395) connected
the 3* end of the last LRU15.3 and the 5° end of the first SRU1 (Fig. 1; Table 2). The identical
LRUswere present in the NCR of the Chinese strains as well, but in fewer numbers (2.99 LRUs
in the Hunan strain and 2.3 LRUs in the HLJ strain), and no other repeats such as SRUs of the
REDI1 strain were found in either one (Tables 2). The repetitive features in the NCR were not
stated in the original analyses by Li et al, (2019) and Fu ef al,(2019).

The SAPPHIRE.CNN analyses of LRU and SRU"did reveal several putative promoter
regions, the likelihood of which were all significant with p-values <0.01 (Fig 3). Both repeat
units showed there to be clusters of putative promoter sequences predominantly at the at the
start and end of the sequence. In total the LRU had five putative promoter sequences between
nucleotide position 14 — 88 and then at the later end of the sequence from 204 — 253bp. The
SRU had a total of eight putative promoter sequences, with four overlapping promoters
identified from nucleotide position 1 — 74 and then a further four promoters identified between
130 — 207 (Fig3). Conserved motifs, including TA(A)n-like sequences, TATA motifs and
G(A)nT motifs, typical to the initiation sites for replication and transcription were found across
the promoters in the LRU and SRU. However, only promoter 5 in the LRU had indications of
a poly T motif at the 5° end (Fig 3).

A total of 11 palindromic repeat regions were identified in the long repeat units of E.
miyagawai with a further six identified in the short repeat units (Supplementary Fig 1.). In both
cases their appeared to be a high GC or AT content with a bias to either set of nucleotides.

There was no consistency in palindromic hairpin length nor the size of the resultant loop
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domains. However, three large palindromes were identified in the LRU, these were LRUPAI,
LRUPAd9 and LRUPA10, each of which with had mismatched base pairs or extra nucleotides in

the arm of the hairpin region (Table 3). This was also true for the large palindromic sequences

identified in the SRU, denoted SRUPd3 and SRUPAS5 (Table 3).

Comparisons of non-coding mitochondrial control region

Inter species comparisons of the LRU indicated that there were only five other species of
echinostomatids with available mitochondrial sequences with similarity to the E. miyagawai
LRU. These species included Echinostoma revolutum, Echinostoma caproni, Echinostoma
paraensei, Artyfechinostomum malayanum,and an unknown species Echinostomatidae sp. CA -
2021, all of which were only represented by partial sequences. Echinostoma revolutum and E.
caproni had the most complete LRU sequences for comparison with E. miyagawai, with E.
revolutum sharing seven palindromic hairpin.sequences with LRUPd4 and LRUPd6 being
absent (Fig 4A). Also, there were differences in size of palindromes in E. revolutum relative to
that of E. miyagawai, with LRUPd2,LRUPd8 and LRUPd10 being highly extended owing to
the occurrence of mismatched or extra base pairs, however the content of the loop domains
appeared to be conserved between the two species. In comparisons between E. miyagawai and
E. caproni again-seven hairpin palindromes were shared, but unlike in E. revolutum LRUPd7
missing (Fig 4A). In E. caproni LEUPd5 and LRUPd9 were substantially extended although
the loop domains were homologus to those found in E. miyagawai and E. caproni.
Interestingly, E. caproni also had two other unique palindromes which were absent in the other
two species. Itis also important tonote that the absence of palindromes LRUPd1and LRUPd11

was the result of missing comparable sequence data from E. revolutum and E. caproni (Fig

4A).
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In contrast, the interspecies comparisons of SRU revealed eight other species sharing
homology, including E. paraensei, E. caproni, E. revolutum, Echinostomatidae sp. MSB para
30070 isolate A 19, Echinoparyphium aconiatum, Hypoderaeum conoideum, A. malayanum,
and Artyfechinostomum sufrartyfex. However, all sequences were partial and comparative
palindromic hairpin analyses could only be performed on a 30-base pair region, which was
denoted SRUPd3 and SRUPd4 in E. miyagawai. These palindromic hairpins were consistent
across all species, although SRUPAd3 did appear to vary in length between species, SRUPd4

was highly conserved and identical in each of the echinostomatids (Fig 4B).

Discussion

With the addition of the newly sequenced mtDNA data ‘it was possible to produce a revised
phylogenetic framework to disentangle the taxonoemic relationships within and between the
Echinostomatidae. The current analysis revealed the Echinostomatidae to be monophyletic, in
which the Echinostoma species are grouped in a well-supported clade (Clade 4), while the non-
Echinostoma and the other “cryptic” species appeared as paraphyletic spread across (Clade 1
and 2). Also, two distinct subclusters formed by unidentified species from the Chinese
Echinostoma spp. and from the American Echinostomatidae spp., which may represent novel
genera. A major “‘sister” relationship was identified across the phylogenetic analyses, the first
was between Echinostoma and Artyfechinostomum, showing good congruence to previous
phylogenetic reconstructions based on ribosomal markers (Tkach ez al., 2016).

This study revealed the extent of the full size of the E. miyagawai mitochondrial
genome highlighting the extensive NCR region. The actual length of the NCR was validated
by a double-targeted multiplex-amplification and the continuous assembly of sequences
achieved in the contigs by the long-read sequencing that spanned the whole region, revealing

its multiple repetitive units. The long and short repetitive sequences, and complicated
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secondary structures of the NCR made it difficult to obtain the whole mtDNA for a species
using conventional Sanger-sequencing (Kinkar ez al., 2019; 2020; Le et al., 2022). The PacBio
single-molecule real-time sequencing of E. miyagawai applied in this study yielded the much
longer NCR in mtDNA and was shown to be different in length to those found in the Hunan
and HLJ Chinese isolates which had been acquired by the Sanger-sequencing (Fu et al., 2019;
Li et al., 2019). However, long read sequencing has also shown variation in NCR length to
occur naturally within species of several Platyhelminthes such as Echinococcus granulosus
genotype G1 (Kinkar et al., 2019), Clonorchis sinensis of South Korean origins (Kinkar ef al.,
2020), Schistosoma bovis (Oey et al., 2019a), or in Paragonimus s. miyazakii (Le et al., 2022),
Paragonimus westermani Indian isolate IND2009 (Oey et-al, 2019b), or Echinostoma
revolutum (Le et al., 2020), and Artyfechinostomum malayanum (Pham et al., 2022).

The base composition of A, T, G, and C, as well as the skewness values of AT and GC
content for PCGs, MRGs, and NCR, indicated the use of T was more frequent than A and G
was more frequent than C. Within the. Echinostoma miyagawai strains, the nucleotide
divergence for the individual genes was under 1.57% and for the concatenated genes, PCGs,
was between 0.58—0.69%, which is less than 2%, and is of a common value to be reported as a
threshold of the intra-specific divergence for species delimitation (Jones et al, 2020). The
genomic characteristics of the mitogenomic genes and genomes were shown to be highly
similar within E. miyagawai species and close to E. revolutum, E. paraensei and E. caproni.
The genetic closeness indicated the morphological status of the valid species belonging to the
“37-collar-spined™ ‘E. revolutum” group (Kostadinova et al., 2000a; Georgieva et al., 2014;
Le et al.,, 2020; Chai et al., 2021).

It is worth highlighting that the long-range PCR enrichment of mtDNA may have some
disadvantages especially when attempting to capture the NCR and amplify a region with high

frequency of repeat elements. In some species long PCR may skip complex regions and
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produce truncated resultant fragments. This has been overcome by using multiple target
binding primers situated in the genes which flank the NCR in combination with high-fidelity
proof reading Taq polymerase to increase the possibility of amplification through the complex
region. This enrichment approach, in combination with targeted NGS sequencing, has
successfully enabled the sequencing of the complete mitochondrial genomes of
Artyfechinostomum malayanum (Pham et al., 2022), for Paragonimus s. miyazakii (Le et al.,
2022), and for E. miyagawai in this study. Interestingly, intra species variation has been seen,
with mitochondrial NCR length variation being seen between two isolates of Indian P.
westermani that were sequenced using NGS (Biswal ef al., 2014; Oey et.al, 2019b). However,
one of these isolates did undergo enrichment with long PCR to-capture the NCR and the other
was sequenced from a standard genomic DNA extract (Biswal et al., 2014; Oey et al, 2019b).
It is important to note that the length variation could indeed be a consequence of the inability
of NGS methods to capture the full NCR regions effectively without the PCR enrichment
approach rather than a true inter isolate polymorphism. If the mitochondrial control region is
essential to address certain biological questions, then mtDNA enrichment with targeted
multiplex NGS sequencing should be applied, especially when validating NCR length between

species and isolates.

The difference in length in the NCR between the three E. miyagawai geographical
strains was a consequence of the numbers of the LRUs and SRUs (Fu et al.,, 2019; Li et al.,
2019) and is seen in the other echinostomatids and trematodes. It should be noted that there
were no fixed quantity of repeats and equal length for each in echinostomatids and trematodes
to be found. The mitochondrial NCR region for E. miyagawai was shown to consist of two
repetitive units the LRU and the SRU, a typical pattern seen in eukaryotic species (Bronstein
et al., 2018). A pattern like that seen in Clonorchis sinensis which also raised questions about

the functionality of the NCR or the ‘control’ regions within platyhelminth mitochondrial
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genomes, especially as expansive repetitive non-coding regions with substantial size variation
appears to be unusual within a species (Kinkar et al., 2020). It has been proposed that such
tandem repeats units enhance replication and transcription efficiency, enabling the parasite to
greater with stand environmental pressures which change at each life cycle stage. Indeed,
within the E. miyagawai typical promoter sequences containing TA(A)n, TATA and G(A)nT
motifs were identified in both the LRU and the SRU, indicating that there are multiple sites to
initiate transcription as have been seen in other invertebrate species (Tyagi et al, 2020).
Similarly, palindromic sequences were also identified throughout both the LRU and the SRU,
these are unique inverted repeats creating a hair pin structure acting as the recognition sites for
DNA binding proteins involved in gene regulation (Arunkumar-and Nagaraju, 2006). Analyses
in this study also showed that several of these palindromic structures were conserved between
echinostomatid species which could indicate that they could have some sort of selective
advantage as has been suggested in other insects and nematodes (Arunkumar and Nagaraju,
2006). However, despite their importance. in gene regulation many of the palindromes in E.
miyagawai contained mismatches orindels in the stem portion of the hairpin indicating that
these palindromic repeats could be in a state of deterioration as has been seen in other
invertebrates and protists (Arunkumar and Nagaraju, 2006; Miyazawa et al., 2021; Smith,
2020). Such mutational decay has been shown to occur in small asexual populations allowing
the accumulation of deleterious mutations because of Muller’s Ratchet, and mitochondrial
genomes have been shown to be particularly sensitive to the process owing to the uniparental
inheritance, high mutation rates and lack of recombination. Studiesin asexual wild populations
of the nematode Caenorhabditis briggsae illustrated the accumulation of non-coding regions
within the mitochondria and that compensatory mutations evolve to ensure functional gene
regulation (Howe and Denver, 2008). Trematodes undergo clonal expansion within in the snail

host increasing the chance for random mutational events occuring, which could have a
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significant impact on non-recombing regions of the genome, particular the mitochondria
(Correia et al., 2023; Hammoud et al., 2021). Over evolutionary time the repeat units could
have accumulated as mutations owing to the effects on Muller’s Ratchet acting on the asexual
stages of the parasites, and because of the lack of recombination in the mitochondrial genome
there would be a lack of proofreading to resolve mutations as seen in other organisms that
undergo asexual reproduction (Garg and Martin, 2016). Mutations within non-coding regions
could indeed affect gene regulations, impacting on the efficacy of transcription factors binding
to promotor regions. At least one of the units within the repeat could be functional and the
tandem repeated units may provide some adaptive advantage as part of compensatory
evolutionary response against the impact of Muller’s Ratchet-as seen elsewhere (Garg and
Martin, 2016; Howe and Denver, 2008). However, in order to disentangle the function and
evolution of these repeat units in trematodes considerable further work in laboratory and wild

populations is required.

The present study provides the longest whole mitogenome of Echinostoma miyagawai (a
sample from Roi Et, Thailand), obtained by long-read sequencing of long-range PCR
amplicons using the PacBio system, giving the mitogenomic data for the characterization of
the polymorphisms and genetic features of the echinostomatid congeners. The mtDNA of this
strain was found to possess a very long NCR (6 kb) with multiple tandem repeats, a higher
number than those found in the other two Chinese strains. As previously reported, targeted
multiplexed long-read sequencing proved to be the most advanced and effective approach for
achieving the realistic extent of the mtDNA for a trematode species. However, it remains
unclear to the extent that the mitochondrial NCR is polymorphic in terms of tandem repeats
and if this represents true polymorphisms between different geographical isolates of
echinostomatids as well as other trematodes.

Despite the monophyly being revealed, the Echinostomatidae is a family that needs to
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be investigated for taxonomic and intra- and interfamilial phylogenetic relationships of the
echinostomatid species within and between this family and other digenean families. Fully
characterized mitogenomes of additional members of the Echinostomatidae, are necessary. The
mitogenomic datasets and the targeted -multiplexed long-read sequencing approach presented
in this study will be useful for studies of taxonomic, evolutionary, and population genetics, and

applicable to other taxa in the suborder Echinostomata and the class Trematoda.

Supplementary material. The supplementary material for this paper can be found at DOI:

Data availability. All DNA sequences used in this study are available on GenBank and

accession numbers are provided through out the manuscript

Acknowledgements. We express our thanks to colleagues and technicians for their
contribution to our laboratory work and are grateful to Mr. Le Tung Lam and Ms. Le Thi Dzung
for their technical help with NGS by PacBio platform at the Institute of Biotechnology, Hanoi,

Vietnam.

Author contributions. Conceptualization: THL, SPL; Data curation: LTKP, DVQ, HTTD,
WS, THL, SPL; Formal analysis: LTKP, WS, DVQ, HTTD, THL, SPL; Funding acquisition:
THL; Investigation: LTKP, THL, WS, SPL, DVQ, Huong HTTD; Methodology: THL, LTKP;
Project administration: LTKP, THL, DVQ; Resources: WS, THL; Supervision: THL, WS,
SPL; Visualization: LTKP, THL, WS, SPL; Writing — original draft: LTKP, THL; Writing —

review & editing: THL, LTKP, Huong HTTD, DVQ, WS, SPL.

https://doi.org/10.1017/50031182024001422 Published online by Cambridge University Press


https://doi.org/10.1017/S0031182024001422

Financial support. This research is funded by the Vietnam National Foundation for Science
and Technology Development (NAFOSTED)under grant number 108.02—2020.07) (PI: Thanh
Hoa Le). We express our thanks to colleagues and technicians for their contribution to our
laboratory work and are grateful to Mr. Le Tung Lam and Ms. Le Thi Dzung for their technical

help with NGS by PacBio platform at the Institute of Biotechnology, Hanoi, Vietnam.

Competing interests. The authors declare they have no know competing financial interest or

personal relationships that could have appeared to influence the work reported in this paper.

Ethical standards. Not applicable

https://doi.org/10.1017/50031182024001422 Published online by Cambridge University Press


https://doi.org/10.1017/S0031182024001422

References
Arunkumar KP, Nagaraju J (2006). Unusually long palindromes are abundant in
mitochondrial control regions of insects and nematodes. PloS Onel, ¢ell0.

https://doi.org/10.1371/journal.pone.0000110

Benson G (1999) Tandem repeats finder: a program to analyze DNA sequences. Nucleic Acids

Research 27, 573-580. https://doi.org/10.1093/nar/27.2.573.

Bernt M, Braband A, Schierwater B, Stadler PF (2013a). Genetic aspects of mitochondrial

genome evolution.  Molecular  Phylogenetic &  Evolution . 69, 328-338.

https://doi.org/10.1016/;.ympev.2012.10.020.

Bernt M, Donath A, Jiihling F, Externbrink F, Florentz C, Fritzsch G, Piitz J,
Middendorf M, Stadler PF (2013b). MITOS: improved de novo metazoan
mitochondrial genome annotation. Molecular Phylogenetic & Evolution 69, 313-319.

https://doi.org/10.1016/;.ympev.2012:08.023.

Biswal DK, Chatterjee A, Bhattacharya A, Tandon V (2014). The mitochondrial genome
of Paragonimus westermani (Kerbert, 1878), the Indian isolate of the lung fluke

representative of the  family Paragonimidae (Trematoda). Peer J 2, e484.

https://doi.oreg/10.7717/peer].484.

Biswal DK, Ghatani S, Shylla JA, Sahu R, Mullapudi N, Bhattacharya A, Tandon V
(2013). An integrated pipeline for next generation sequencing and annotation of the
complete mitochondrial genome of the giant intestinal fluke, Fascioloses buski
(Lankester, 1857) Looss, 1899. Peer J 1, €207,

https://doi.org/10.7717/peer].207.

Brabec J, Kostadinova A, Scholz T, Littlewood DT (2015). Complete mitochondrial
genomes and nuclear ribosomal RNA operons of two species of Diplostomum

(Platyhelminthes: Trematoda): a molecular resource for taxonomy and molecular

https://doi.org/10.1017/50031182024001422 Published online by Cambridge University Press


https://doi.org/10.1371/journal.pone.0000110
https://doi.org/10.1093/nar/27.2.573
https://doi.org/10.1016/j.ympev.2012.10.020
https://doi.org/10.1016/j.ympev.2012.08.023
https://doi.org/
https://doi.org/10.7717%2Fpeerj.484
https://doi.org/10.7717/peerj.207
https://doi.org/10.1017/S0031182024001422

epidemiology of important fish pathogens. Parasites & Vectors 8, 336.

https://doi.org/10.1186/s13071-015-0949-4.

Briscoe AG, Bray RA, Brabec J, Littlewood DT (2016). The mitochondrial genome and
ribosomal operon of Brachycladium goliath (Digenea: Brachycladiidae) recovered from
a stranded minke whale.  Parasitology  International 65, 271-275.

https://doi.org/10.1016/j.parint.2016.02.004.

Bronstein O, Kroh A, Haring E (2018). Mind the gap! The mitochondrial control region and

its power as a phylogenetic marker in echinoids. BMC Evolutionary Biology 18, 80.

https://doi.org/10.1186/s12862-018-1198-x

Chai JY, Cho J, Chang T, Jung BK, Sohn WM (2020). Taxonomy of Echinostoma
revolutum and 37-Collar-Spined Echinostoma spp.: A Historical Review. Korean

Journal of Parasitology 58, 343—-371. https://doi.org/10.3347/kjp.2020.58.4.343.

ChaiJY, Jung BK,Chang T, Shin H, ChoJ, RyuJY, Kim HS, Park K, Jeong MH, Hoang
EH, Abdullah MBM (2021). Echinostoma miyagawai Ishii, 1932 (Echinostomatidae)
from Ducks in Aceh Province, Indonesia with Special Reference to Its Synonymy with
Echinostoma robustum Y amaguti, 1935. Korean Journal of Parasitology 59, 35-45.

https://doi.ore/10.3347/kip.2021.59.1.35.

Chai JY, Jung BK (2017). Fishborne zoonotic heterophyid infections: An update. Food

Waterborne. Parasitology 8, 33—63. https://doi.org/10.1016/j.fawpar.2017.09.001.

Chai JY, Jung BK (2020). Foodborne intestinal flukes: A brief review of epidemiology and
geographical distribution. Acta Tropica 201, 105210.

https://doi.org/10.1016/j.actatropica.2019.105210.

Chai JY, Jung BK (2022). General overview of the current status of human foodborne
trematodiasis. Parasitology 149, 1262-1285.

https://doi.org/10.1017/S0031182022000725.

https://doi.org/10.1017/50031182024001422 Published online by Cambridge University Press


https://doi.org/10.1186/s13071-015-0949-4
https://doi.org/10.1016/j.parint.2016.02.004
https://doi.org/10.1186/s12862-018-1198-x
https://doi.org/10.3347/kjp.2020.58.4.343
https://doi.org/10.3347/kjp.2021.59.1.35
https://doi.org/10.1016/j.fawpar.2017.09.001
https://doi.org/10.1016/j.actatropica.2019.105210
https://doi.org/10.1017/S0031182022000725
https://doi.org/10.1017/S0031182024001422

Chai JY (2019). Echinostomes. In Chai JY (ed.), Human Intestinal Flukes, from Discovery to

Treatment and Control. Springer Netherlands, pp. 169—343. https://doi.org/10.1007/978-

94-024-1704-3.
Conant GC, Wolfe KH (2008). GenomeVx: simple web-based creation of editable circular
chromosome maps. Bioinformatics 24, 861-862.

https://doi.org/10.1093/bioinformatics/btm598.

Correia S, Fernandez-Boo S, Magalhies L, de Montaudouin X, Daffe G, Poulin R, Vera
M (2023). Trematode genetic patterns at host individual and population scales provide
insights about infection mechanisms. Parasitology . 150, 1207-1220. doi:
10.1017/S0031182023000987

Criscuolo A, Gribaldo S (2010). BMGE (Block Mapping and Gathering with Entropy): a new
software for selection of phylogenetic. informative regions from multiple sequence

alignments. BMC Evolutionary Biology 10, 210. https://doi.org/10.1186/1471-2148-10-

210.
Faltynkova A, Georgieva S, Soldanova M, Kostadinova A (2015). A reassessment of species
diversity within' the. ‘revolutum’ group of Echinostoma Rudolphi, 1809 (Digenea:

Echinostomatidae) in  Europe.  Systematic =~ Parasitology 90, 1-25.

https://doi.org/10.1007/s11230-014-9530-3.

FuYT,Jin YC,LiF, Liu GH (2019). Characterization of the complete mitochondrial genome
of the echinostome Echinostoma miyagawai and phylogenetic implications. Parasitology

Research 118, 3091-3097. https://doi.org/10.1007/s00436-019-06417-4.

Gacad JLJ, Tanabe-Hosoi S, Yurlova NI, Urabe M (2023). The complete mitogenome of

Echinoparyphium aconiatum (Digenea: Echinostomatidae) and a comparison with other

https://doi.org/10.1017/50031182024001422 Published online by Cambridge University Press


https://doi.org/10.1007/978-94-024-1704-3
https://doi.org/10.1007/978-94-024-1704-3
https://doi.org/10.1093/bioinformatics/btm598
https://doi.org/10.1186/1471-2148-10-210
https://doi.org/10.1186/1471-2148-10-210
https://doi.org/10.1007/s11230-014-9530-3
https://doi.org/10.1007/s00436-019-06417-4
https://doi.org/10.1017/S0031182024001422

digenean species. Parasitology International 92, 102682.

https://doi.org/10.1016/j.parint.2022.102682.

Garg SG, Martin WF (2016). Mitochondria, the Cell Cycle, and the Origin of Sex via a
Syncytial Eukaryote Common Ancestor. Genome Biology and Evolution 8, 1950—-1970.
https://doi.org/10.1093/gbe/evw 136

Georgieva S, Selbach C, Faltynkova A, Soldanova M, Sures B, Skirnisson K, Kostadinova
A (2013). New cryptic species of the ‘Trevolutum’ group of Echinostoma (Digenea:

Echinostomatidae) revealed by molecular and morphological data. Parasites & Vectors

6, 64. https://doi.org/10.1186/1756-3305-6-64.

Georgieva S, Faltynkova A, Brown R, Blasco-Costa I, Soldanova M, Sitko J, Scholz T,
Kostadinova A (2014). Echinostoma ‘revolutum’ (Digenea: Echinostomatidae) species
complex revisited: species delimitation based on novel molecular and morphological data

gathered in Europe. Parasites & Vectors 7, 520. https://doi.org/10.1186/s13071-014-

0520-8.

Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W, Gascuel O (2010). New
algorithms and methods to estimate maximum-likelihood phylogenies: assessing the
performance of . PhyML 3.0. Systematic Biology 59, 307-321.

https://doi:org/10:1093/sysbio/syq010.2010

Gurevich A, Saveliev V, Vyahhi N, Tesler G (2013). QUAST: quality assessment tool for
genome assemblies. Bioinformatics 29, 1072-1075.

https://doi.org/10.1093/bioinformatics/btt086.

Hancock-Hanser BL, Frey A, Leslie M, Dutton PH, Archer FI, Morin PA (2013). Targeted
multiplex next-generation sequencing: advances in techniques of mitochondrial and
nuclear DNA sequencing for population genomics. Molecular Ecology Resources 13,

254-268.

https://doi.org/10.1017/50031182024001422 Published online by Cambridge University Press


https://doi.org/10.1016/j.parint.2022.102682
http://doi:10.1186/1756-3305-6-64
http://doi:10.1186/s13071-014-0520-8
http://doi:10.1186/s13071-014-0520-8
https://doi.org/10.1093/sysbio/syq010.2010
https://doi.org/10.1093/bioinformatics/btt086
https://doi.org/10.1017/S0031182024001422

Hammoud C, Mulero S, Van Bocxlaer B, Boissier J, Verschuren D, Albrecht C, Huyse, T
(2022). Simultaneous genotyping of snails and infecting trematode parasites using high-

throughput amplicon sequencing. Molecular  Ecology Resources 22, 567-586.
https://doi.org/10.1111/1755-0998.13492

Jones BP, Norman BF, Borrett HE, Attwood SW, Mondal MMH, Walker AJ, Webster
JP, Rajapakse RPVJ, Lawton SP (2020). Divergence across mitochondrial genomes
of sympatric members of the Schistosoma indicum group and clues into the evolution of

Schistosoma spindale. Scientific Reports 10, 2480. https://doi.org/10.1038/s41598-020-

57736-x.

Jung BK, Chang T, Ryoo S, Hong S, Lee J, Hong SJ, Sohn WM, Khieu V, Huy R, Chai
JY (2024). High Prevalence of Echinostoma mekongi Infection in School children and
Adults, Kandal Province, Cambodia. Emerging Infectious Disease 30, 572-576.
https://doi.org/10.3201/eid3003.240001

Junier T, Zdobnov EM (2010). The Newick utilities: high-throughput phylogenetic tree
processing in the © - Unix  shell Bioinformatics 26, 1669-1670.

https://doi.org/10.1093/bioinformatics/btq243.

Kanev I (1994). Life-cycle, delimitation and redescription of Echinostoma revolutum
(Froelich, 1802).(Trematoda: Echinostomatidae). Systematic Parasitology 28, 125—144.

https://doi.org/10.1007/BF00009591

Karin BR, Arellano S, Wang L, Walzer K, Pomerantz A, Vasquez JM, Chatla K,
Sudmant PH, Bach BH, Smith LL, McGuire JA (2023). Highly-multiplexed and
efficient long-amplicon PacBio and Nanopore sequencing of hundreds of full

mitochondrial genomes. BMC Genomics 24, 229. https://doi.org/10.1186/s12864-023 -

09277-6.

https://doi.org/10.1017/50031182024001422 Published online by Cambridge University Press


https://doi.org/10.1038/s41598-020-57736-x
https://doi.org/10.1038/s41598-020-57736-x
https://doi.org/10.1093/bioinformatics/btq243
https://doi.org/10.1007/BF00009591
https://doi.org/10.1186/s12864-023-09277-6
https://doi.org/10.1186/s12864-023-09277-6
https://doi.org/10.1017/S0031182024001422

Katoh K, Standley DM (2013). MAFFT Multiple sequence alignment software version 7:
improvements in performance and usability. Molecular Biology & Evolution 30, 772—

780. https://doi.org/10.1093/molbev/mst010.

Kinkar L, Korhonen PK, Cai H, Gauci CG, Lightowlers MW, Saarma U, Jenkins DJ, Li
J, LiJ, Young ND, Gasser RB (2019). Long-read sequencing reveals a 4.4 kb tandem
repeat region in the mitogenome of Echinococcus granulosus (sensu stricto) genotype

G1. Parasites & Vectors 12, 238. https://doi.org/10.1186/s13071-019-3492-x

Kinkar L, Young ND, Sohn WM, Stroehlein AJ, Korhonen PK, Gasser RB (2020). First
record of a tandem-repeat region within the mitochondrial genome of Clonorchis sinensis
using a long-read sequencing approach. Plos Neglected Tropical Diseases 14,¢0008552.

https://doi.org/10.1371/journal.pntd .0008552.

Koren S, Walenz BP, Berlin K, Miller JR, Bergman NH, Phillippy AM (2017). Canu:
scalable and accurate long-read assembly via adaptive k-mer weighting and repeat

separation. Genome Research 27,722—736. https://doi.org/10.1101/gr.215087.116.

Kostadinova A, Gibson DI, Biserkov V, Ivanova R (2000°). A quantitative approach to the
evaluation of the morphological variability of two echinostomes, Echinostoma

miyagawai Ishii, 1932 and E. revolutum (Frolich, 1802) from Europe. Systematic

Parasitology 45,1-15. https://doi.org/10.1023/A:1006232612469.

Kostadinova A, Gibson DI, Biserkow V, Chipev N (2000b). Re-validation of Echinostoma
miyagawai Ishii, 1932 (Digenea: Echinostomatidae) on the basis of the experimental
completion of its life-cycle.  Systematic =~ Parasitology 45, 81-108.

https://doi.org/10.1023/A:1006241610689.

Laslett D, Canback B (2008). ARWEN: a program to detect tRNA genes in metazoan
mitochondrial nucleotide sequences. Bioinformatics 24, 172-175.

https://doi.org/10.1093/bioinformatics/btm573.

https://doi.org/10.1017/50031182024001422 Published online by Cambridge University Press


https://doi.org/10.1093/molbev/mst010
https://doi.org/10.1186/s13071-019-3492-x
https://doi.org/10.1371/journal.pntd.0008552
https://doi.org/10.1101/gr.215087.116
https://doi.org/10.1023/A:1006232612469
https://doi.org/10.1023/A:1006241610689
https://doi.org/10.1093/bioinformatics/btm573
https://doi.org/10.1017/S0031182024001422

Le TH, Blair D, McManus DP (2002). Mitochondrial genomes of parasitic flatworms. 7Trends
in Parasitology 18,206-213. https://doi.org/10.1016/s1471-4922(02)02252-3.

Le TH, Nguyen KT, Pham LTK, Doan HTT, Agatsuma T, Blair D (2022). The complete
mitogenome of the Asian lung fluke Paragonimus skrjabini miyazakii and its
implications for the family Paragonimidae (Trematoda: Platyhelminthes). Parasitology

149, 1709-1719. https://doi.org/10.1017/S0031182022001184

Le TH, Pham LTK, Doan HTT, Le XTK, Saijuntha W, Rajapakse RPVJ, Lawton SP
(2020). Comparative mitogenomics of the zoonotic parasite Echinostoma revolutum
resolves taxonomic relationships within the 'E. revolutum!' species group and the
Echinostomata  (Platyhelminthes:  Digenea).  Parasitology 147, 566-576.

https://doi.org/10.1017/S0031182020000128.

Lemoine F, Correia D, Lefort V, Doppelt-Azeroual O, Mareuil F, Cohen-Boulakia S,
Gascuel O (2019). NGPhylogeny.fr: new generation phylogenetic services for non-
specialists. Nucleic Acids Research 47, W260-W265.

https://doi.org/10.1093/nar/gkz303.

LiY, Qiu YY, Zeng MH, Diao PW, Chang QC, Gao Y, Zhang Y, Wang CR (2019). The
complete mitochondrial genome of Echinostoma miyagawai: Comparisons with closely

related species-and phylogenetic implications. [Infection, Genetics & Evolution 75,

103961. https://doi.org/10.1016/j.meegid.2019.103961.

Liu S, Liu Y, Chen B, Lu X, Jiang D, Geng L, Wang X, Peng K, Du C, Ren T, Yang X
(2023). The complete mitochondrial genome of Morishitium polonicum (Trematoda,
Cyclocoelidae) and its phylogenetic implications. Parasitology Research 122, 2609—

2620. https://doi.org/10.1007/s00436-023-07959-4.

Lowe TM, Chan PP (2016). tRNAscan on-line: Search and contextual analysis of transfer

RNA genes. Nucleic Acids Research 44, W54-57. https://doi.org/10.1093/nar/gkw413.

https://doi.org/10.1017/50031182024001422 Published online by Cambridge University Press


https://doi.org/10.1017/S0031182022001184
http://doi:10.1017/S0031182020000128
http://doi:10.1017/S0031182020000128
https://doi.org/10.1093/nar/gkz303
https://doi.org/10.1016/j.meegid.2019.103961
https://doi.org/10.1007/s00436-023-07959-4
https://doi.org/10.1093/nar/gkw413
https://doi.org/10.1017/S0031182024001422

Miyazawa H, Osigus HJ, Rolfes S, Kamm K, Schierwater B, Nakano H (2021).
Mitochondrial Genome Evolution of Placozoans: Gene Rearrangements and Repeat

Expansions. Genome Biology & Evolution 13, evaa2l3.

https://doi.ore/10.1093/ebe/evaa2l3

Nagataki M, Tantrawatpan C, Agatsuma T, Sugiura T, Duenngai K, Sithithaworn P,
Andrews RH, Petney TN, Saijuntha W (2015). Mitochondrial DNA sequences of 37
collar-spined echinostomes (Digenea: Echinostomatidae) in Thailand and Lao PDR

reveals presence of two species: Echinostoma revolutum and E. miyagawai. Infection,

Genetics, and Evolution 35, 56—62. https://doi.org/10.1016/;.meegid.2015.07.022

Oey H, Zakrzewski M, Gravermann K, Young ND, Korhonen PK, Gobert GN (2019a).
Whole-genome sequence of the bovine blood fluke Schistosoma bovis supports
interspecific hybridization with Schistosoma haematobium. PLoS Pathogen 185,

e€1007513. https://doi.org/10.1371/journal.ppat.1007513.

Oey H, Zakrzewski M, Narain K, Devi KR, Agatsuma T, Nawaratna S, Gobert GN, Jones
MK, Ragan MA, McManus DP, Krause L (2019b). Whole-genome sequence of the
oriental lung fluke . Paragonimus westermani.  Gigascience 8, giyl46.

https://doi.org/10.1093/gigascience/giy146.

Perna NT, Kocher TD (1995). Patterns of nucleotide composition at fourfold degenerate sites
of animal mitochondrial genomes. Journal of Molecular Evolution 41, 353-358.

https://doi.org/10.1007/BF00186547.

Pham KLT, Saijuntha W, Lawton SP, LLe TH (2022). Mitophylogenomics of the zoonotic
fluke Echinostoma malayanum confirms it as a member of the genus Artyfechinostomum

Lane, 1915 and illustrates the complexity of Echinostomatidae systematics. Parasitology

Research 121, 899-913. https://doi.org/10.1007/s00436-022-07449-z.

Rambaut A (2018). FigTree, version 1.4.4. http:/tree.bio.ed.ac.uk/software/figtree/.

https://doi.org/10.1017/50031182024001422 Published online by Cambridge University Press


https://doi.org/10.1093/gbe/evaa213
https://doi.org/10.1016/j.meegid.2015.07.022
https://doi.org/10.1371/journal.ppat.1007513
https://doi.org/10.1093/gigascience/giy146
https://doi.org/10.1007/BF00186547
https://doi.org/10.1007/s00436-022-07449-z
http://tree.bio.ed.ac.uk/software/figtree/
https://doi.org/10.1017/S0031182024001422

Ran R, Zhao Q, Abuzeid AMI, Huang Y, Liu Y, Sun Y, He L, Li X, Liu J, Li G (2020).
Mitochondrial genome sequence of Echinostoma revolutum from Red-Crowned Crane

Grus japonensis). Korean  Journal 0 Parasitolo 58, 73-79.
Jap gy

https://doi.ore/10.3347/kip.2020.58.1.73.

Rhoads A, Au KF (2015). PacBio Sequencing and Its Applications. Genomics, Proteomics, &

Bioinformatics 13, 278-289. https://doi.org/10.1016/1.gpb.2015.08.002.

Smith DR (2020). Common Repeat Elements in the Mitochondrial and Plastid Genomes of

Green Algae. Frontiers in Genetics 11, 465. https://doi.org/10.3389/fgene.2020.00465

Sola E, Alvarez-Presas M, Frias-Lopez C, Littlewood DTJ, Rozas J, Riutort M (2015).
Evolutionary analysis of mitogenomes from parasitic and free-living flatworms. PLOS

One 10, ¢0120081. https://doi.org/10.1371/journal.pone.012008 1

Tamura K, Stecher G, Kumar S (2021). MEGAT11: Molecular Evolutionary Genetics
Analysis  version 11. Molecular . Biology & Evolution 38, 3022-3027.

https://doi.org/10.1093/molbev/msabl20.

Tang M, Tan M, Meng G, Yang S, Su X, Liu S, Song W, Li Y, Wu Q, Zhang A, Zhou X
(2014). Multiplex sequencing of pooled mitochondrial genomes-a crucial step toward
biodiversity analysis using mito-metagenomics. Nucleic Acids Research 42, €166.

Tkach VV, Kudlai O, Kostadinova A (2016). Molecular phylogeny and systematics of the
Echinostomatoidea Looss, 1899 (Platyhelminthes: Digenea). International Journal for
Parasitology 46, 171-185. https://doi.org/10.1016/j.ijpara.2015.11.001

Toledo R, Alvarez-Izquierdo M, Esteban JG, Muiioz-Antoli C (2022). Neglected food-
borne trematodiases: echinostomiasis and gastrodiscoidiasis. Parasitology 1319-1326.

https://doi.org/10.1017/S0031182022000385.

https://doi.org/10.1017/50031182024001422 Published online by Cambridge University Press


https://doi.org/10.3347/kjp.2020.58.1.73
https://doi.org/10.1016/j.gpb.2015.08.002
https://doi.org/10.3389/fgene.2020.00465
https://doi.org/10.1371/journal.pone.0120081
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1017/S0031182022000385
https://doi.org/10.1017/S0031182024001422

Toledo R, Esteban JG (2016). An update on human echinostomiasis. Transaction of the Royal
Society of Tropical Medicine and Hygiene 110, 37-45.
https://doi.org/10.1093/trstmh/trv099

Tyagi K, Chakraborty R, Cameron SL, Sweet AD, Chandra K, Kumar V (2020).
Rearrangement and evolution of mitochondrial genomes in Thysanoptera
(Insecta). Scientific Reports 10, 695. https://doi.org/10.1038/s41598-020-57705-4

Valadao MC, Lopez-Hernandez D, Alves PV, Pinto HA (2022). A new species of
Echinostoma (Trematoda: Echinostomatidae) from the 'revolutum' group found in Brazil:
refuting the occurrence of Echinostoma miyagawai (=E. robustum) in the Americas.

Parasitology 149, 325-336. https://doi.org/10.1017/S0031182021001864.

Wey-Fabrizius AR, Podsiadlowski L, Herlyn H, Hankeln T (2013). Platyzoan
mitochondrial genomes. Molecular Phylogenetic & Evolution 69, 365-375.

https://doi.org/10.1016/;.ympev.2012:12.015.

Wu G (2013). Human parasitology, 4th-edn. Rin Min Hu Sheng Publ Co, Beijing.
Yang X, Gasser RB,Koehler AV, Wang L, Zhu K, Chen L, Feng H, Hu M, Fang R (2015).
Mitochondrial genome of Hypoderaeum conoideum - comparison with selected

trematodes. Parasites & Vectors 8, 97. https://doi.org/10.1186/s13071-015-0720-x.

https://doi.org/10.1017/50031182024001422 Published online by Cambridge University Press


https://doi.org/10.1017/S0031182021001864
https://doi.org/10.1016/j.ympev.2012.12.015
https://doi.org/10.1186/s13071-015-0720-x
https://doi.org/10.1017/S0031182024001422

This is an Accepted Manuscript for Parasitology. This version may be subject to change during the production process. DOI:
10.1017/S0031182024001422

Table 1. Nucleotide comparison for divergence rate (%) of individual and concatenated protein-coding (PCGs) and mitoribosomal genes (MR Gs)

between Echinostoma miyagawai (isolate RED11, Thailand) and members of the family Echinostomatidae (Platyhelminthes: Echinostomata)

Echinostoma miyagawai (Emiy-RED11-TH)

Protein-coding genes Mitoribosomal genes
Species

(PCGs) (MRGs)

atp6  cox1 cox2  cox3 cytb nadl nad2 nad3 nad4l. nad4 nad5 nadé6 PCGs rrauL rrnS MRGss
Amala-EMI3-
TH 35.24 23.774 2524 25.68 24.42 30.50 44.25 30.35 27.51 48.95 35.19 66.77 29.89 28.47 38.92 30.66
Asufr-Shillong-
IN 3480 23.96 25.79 25.71 24.60 31.29 4531 29.78 26.77 48.24 35.05 67.16 30.01 27.99 38.92 30.34

Eacon-Chany-
38.61 28.61 37.09 24.65 27.08 30.64 47.14 36.24 29.32 48.48 36.93| 7548 | 32.49 2899 35.25 30.03

RU

E -

o 19.27 15.10 1590 15.01 14.85 15.79 2095 16.40 19.56 22.28 20.54 30.65 17.36 13.66 11.66 12.98
SAMEA-EG

EchCA2021-

PEA-US 4830 26.93 46.04 28.99 25.81 30.87 45.75 30.24 32.36 44.97 39.36| 71.88 | 32.95 29.09 36.96 30.11
Ech-IM2019-

N 38.73 23.16 21.70 23.45 24.49 26.77 40.16 34.16 30.79 41.07 33.66 6530 2839 27.31 30.52 27.59
EchMSB-A19-

Us 4291 2729 4882 27.46 2490 32.05 44.53 36.63 27.31 46.61 4036 69.19 33.20 27.00 38.40 29.16
Emiya-HLJ-

oN 00.78 00.39 00.33{ 01.57| 00.45| 01.12 | 00.81 00.85 00.73 00.78 00.90 00.31 { 00.69 | 00.31 00.13 00.23

Emiya-Hunan-

CN

00.77 00.26 00.33 00.47 00.36 00.89 00.70 00.00 00.37( 01.18 | 00.58 00.62 | 00.58 | 00.21 00.27 00.29
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Epara 2427 15771 16.87 13.39 1431 17.39 19.51 16.88 20.82 23.53 16.97 34.18 17.29 11.22 14.02 12.28

E -GD-

Cr:IVO 39.55 23.61 22.00 22.97 2424 26.85 40.10 34.60 2998 41.76 34.12 64.68 28.57 27.16 30.59 27.49
Erevo-MSD15-

TH 19.29 14.14 13.07 13.75 13.67 15.10 18.69 18.60 10.29 21.04 18.68 33.36 16.09 12.83 11.84 12.39

Hcono-Hubei-

N 46.16 27.99 43.06 28.96 26.45 32.55 49.70 32.04 25.29 43.79 41.11| 73.96 | 33.42 31.21 3993 3244

Note: Amala-EMI3-TH: Artyfechinostomum malayanum isolate EMI3, Thailand (OK509083); Asufr-Shillong-IN: A. sufrartyfex isolate Shillong, India (KY548763);,
Eacon-Chany-RU: Echinoparyphium aconiatum isolate Chany, Russia (ON644993); Ecapr-SAMEA-EG: E. caproni isolate SAMEA, Egypt (AP017706); EchCA2021-
PE4-US: Echinostomatidae sp. CA-2021 isolate PE4, United States (MK264774); Ech-IM2019-CN:“Echinostoma sp. isolate JM-2019, China (MH212284); EchMSB-
A19-US: Echinostomatidae sp. MSB para 30070, isolate A_19, United States (MN822299); Emiya-HLJ-CN: E. miyagawai isolate Heilongjiang, China (MH393928);
Emiya-Hunan-CN: Echinostoma miyagawai isolate Hunan, China (MN116740); Epara: E. paraensei (KT008005); Erevo-GD-CN: E. revolutumisolate Guangdong, China
(MN116706); Erevo-MSD15-TH: E. revolutum isolate MSD15, Thailand (MN496162); Hcono-Hubei-CN: Hypoderaeum conoideumisolate Hubei, China (KM111525).
The inter-specific divergence (%) between E. miyagawai isolate REDI11 (Thailand) and other echinostomatids for the most conserved cyfB and cox2, and for the most
divergent nad6 genes are highlighted. The highest valuein cox3,nadl, and nad4,and the average value in PCGs for the intra-specific divergence within the E. miyagawai
strains, are background shaded and boxed. The highest inter-specific divergence between E. miyagawai and other echinostomatids in nad6 are boxed. Echinostoma
revolutum (MSD15 strain) is the most related species (background shaded)and thelowest divergence between this species and E. miyagawai in cox2, nad4L,PCGs, and
MRGs is bolded.
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Table 2. An updated summary of the numbers and types of repetitive sequences in the non-coding regions (NCR) of 14 strains and species for the

available members of the family Echinostomatidae, indicating high polymorphism and interspecific/intergeneric variation

mtDNA
Length Strains and GenBank
length as Number and size Family type
Species of NCR country of accession References
reported of repeat units (RUs) of repeats
(bp) collection No
(bp)
Echinostoma REDI11 15.3 LRUs (319 bp/each) _
19,417 5.935 tandem OP326312 This study
miyagawai (Thailand) 4.8 SRUs (213 bp/each)
Echinostoma Hunan 2.99 LRUs (319 bp/each)
14,460 982 tandem MN116740 Fu et al. (2019)
miyagawai (China) No SRUs
Echinostoma HLJ 2.3 LRUs (319 bp/each) )
14,410 931 _ tandem MH393928 Liet al. (2019)
miyagawai (China) No SRUs
SAMEA
Echinostoma caproni 14,150 685 none none AP017706 GenBank
(Egypt)
Echinostoma paraensei20,298*  6,798* n/a 3.2 RUs (206 bp/each) tandem KT008005 GenBank
MSD15 7.6 LRUs (317 bp/each)
Echinostoma revolutum 17,030 3,549 tandem MN496162 Le et al. (2020)
(Thailand) 5.3 SRUs (207 bp/each)
Echinostoma GD 3.6 LRUs (245 bp/each)
15,714 2,283 ) tandem MN116706 Ran et al. (2020)
revolutum? (China) 3.6 SRUs (208 bp/each)
IM-2019 5.6 LRUs (245 bp/each)
Echinostoma sp. 15,283 1,877 tandem MH212284 GenBank

(China) 2.2 SRUs (166 bp/each)
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Echinostomatidae sp.

CA-2021

Echinostomatidae sp.

MSB para 30070

Artyfechinostomum
malayanum
Artyfechinostomum
sufrartyfex
Echinoparyphium
aconiatum
Hypoderaeum

conoideum

14,426

13,985

17,175

14,567

13,377

14,180

963

474

3.622

1,004

1,388

644

PE4
(United
States)
A19
(United
States)
EMI3
(Thailand)
Shillong
(India)
Chany
(Russia)
Hubei
(China)

none

none

5.5 LRUs (336 bp/each)
7.5 SRUs (207 bp/each)

2.8 RUs (144 bp/each)

4.7 RUs (113 bp/each)

nonec

none

none

tandem

tandem

tandem

none

MK?264774

MN822299

OK509083

KY 548763

ON644993

KMI111525

GenBank

GenBank

Pham et al. (2022)

GenBank

Gacad et al. (2023)

Yang et al. 2015

Note: non-coding region (NCR): sequence between the 3’ terminus of tRNAS! and the 5° terminus of cox3; *the NCR in E. paraensei was not fully sequenced, and the
numberof repeat units in this species is incomplete. RU: repeat unit; LRU: long tandem repeat; SRU: short tandem repeat. The se two terms are used when two different
sizes are found in the NCR. n/a: not available; none: norepeats were found.

https://doi.org/10.1017/50031182024001422 Published online by Cambridge University Press


https://doi.org/10.1017/S0031182024001422

This is an Accepted Manuscript for Parasitology. This version may be subject to change
during the production process. DOI: 10.1017/S0031182024001422

Table 3. List of palindromic sequences found in the long and short repeat unit in the
mitochondrial control region of Echinostoma miyagawai. Where N = the loop domain,

nucleotides in green = mismatches, and yellow nucleotides indicate extra uncomplimented

nucleotides
Repeat unit | Palindrome | Position Predicted palindrome sequence
Lo.ng repeat IIlf;lnIlJePdl 1-34 5’-CTTCTGT(T2)TAGA-(N4)-TCTAGCAGAGG-3’
e LRUPd2 38-56 5’-AAAAT-(No)-ATTTT-3’
LRUPd3 74-88 5’-ATTAT-(Ns)-ATAAT-3’
LRUPd4 96-114 5’-AAATTTA-(N4)-TAAATTT-3’

LRUPA5 125-143  5°-AGCGA-(No)-TCGCT-3’

LRUPd6 146-166  5’-CTAAA-(N11)-TTTAG-3’

LRUPd7 168-188  5-AAAATTTT-(N5)-AAAATTTT-3’

LRUPdS 196212 5°-TGGG-(N9)-CCCG-3’

LRUPd9 128-25 5-CACAGAAATTA-(N19)-TAATTTTTGTG-3’
LRUPdI0 271299  5-CCCCC(T2)ACAA-(N7)-TTGT(T2)GGGGG-3’

LRUPd11 311-319 5’-AC-(N5)-GT-3

Short repeat SRUPd1 35-42 5’-AT-(N4)-AT-3’

Unit
SRUPd2 49-59 5’-ATCC-(N3)-GGAT-3’
SRUPd3 73-95 5’-ATTGGCAT-(N7)-ATGGCAAT-3’
SRUPd4 97-110 5’-CCCCC-(N4)-GGGGG-3°
SRUPdS 150 - 185 5’-ATATATA(A)TATATA-(N7)-

TATGTA(TG)TATATAT-3’

SRUPd6 188 - 197 5’-AGA-(N4)-TCT-3’

This is an Open Access article, distributed under the terms of the Creative Commons Attribution -
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LRU4 Echinostoma miyagawai
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Figure 1. A schematic drawing of a circular map of the mitogenome of Echinostoma
miyagawai (GenBank: OP326312). The circular mtDNA map was created using GenomeVx
v2.0 (http://conantlab.org/GenomeVx/). The protein-coding (PCGs) and mitoribosomal large

and small subunit genes (MRGs) are abbreviated as in our previous publications (Le et al,
2020; 2022). The transferRNA genes (tRNAs) are marked with three-letter amino acid
abbreviations (see Table 1). The non-coding region (NCR, 5,935 bp) contains tandem repeat
units and is located between tRNASY and cox3 with 15.3 LRUs (long, LRU1-15.3) and 4.8
SRUs (short repeat units, SRU1-4.8).
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ON644993 Echinoparyphium aconiatum (Chany) Russia

KM111525 Hypoderaeum concideum (Hubei) China

Clade 1
MN822299 Echinostomatidae sp. MSB (A19) USA
MK264774 Echinostomatidae sp. CA-2021 (PE4) USA .
MN 116706 Echinostoma revolutum? (GD) China
Clade 2

MH212284 Echinostoma sp. (JM-2019) China

OK509083 Artyfechinostomum malayanum (EM13) Thailand tade 3
ade
KY548763 Artyfechinostomum sufrartyfex (Shilong) India

KT008005 Echinostoma paraensei

sepijewojsoulysg

APQ17706 Echinostoma caproni (SAMEA) Egypt

Clade 4

MN393928 Echinostoma miyagawai (HLJ) China

KF543342 Fasciola gigantica (GX) China

AF216687 Fasciola hepatica (GL) Australia

03

Figure 2. A maximum-likelihood phylogenetic tree showing the position of Echinostoma
miyagawai and the phylogenetic relationships among the taxa within the family
Echinostomatidae. Where the blue star represents the complete mitochondrial genome
generated in this study. The phylogeny was constructed using the concatenated protein
sequences produce by the twelve protein coding genes across the mitochondrial genome under
the conditions of the JTT+F+G-+I model. Bootstrap values are provided as nodal supports, and

the scale bar represents substitutions per amino-acid positions.
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A) Long repeat unit

Promoter 1 14-42bp

JTTAGAA CTAGCAGAGGATAAAAAT Promoter 4 204-232bp

Promoter 3 60-88bp ITTTCACCCGT[CTFGACAGAAA]TAWA‘II'
GATAGTATTATTATATTATIGCTTATAAT
r 1 I 1
I | I 1 I L— 1
1 32 63 94 125 156 187 218 249 280 319

TTGGATTTTCTTGATAGTATTATTATATT T "
ATTATTATAGTGAGTTGTGCTTGTAATTT

Promoter 2 48-76bp Promoter 5 225-253bp
B) Shortrepeat unit
Promoter 1 1-29bp Promoter 5 130-158bp

[TGTGTAAGGATTGTTATTATATTAGGTT, | TAGGGTATAATATGGAAGGGATATATAAT,

Promoter 3 31-59bp Promoter 7 162-190bp
TATATTAGGTTGAAGTATGATAATAGGGT, |TAGATAATGTATGTAAGTATATATATAGA |

| I

T
1 22 | 43 64 85 106 127 148 169 190 | 213
; FATATATATAGAACTGTCTAGGGTATAAT!
AAGTATGATAATAGGGTTATCCGTAGGAT Promoter 8 179-207bp
Promoter 2 19-47bp lsTTATCCGTAGGATGTTTCCAGGTATGAT' I ATAATATATAGATAATGTATGTAAGTAT 1
Promoter 4 46-74bp Promoter 6 153-181bp

Figure 3. Schematic of the position of predicted promoter regions within the tandem repeat
units repeat units of Echinostoma miyagawai mitochondrial control region: Where A) indicates
the identification of the five putative promoters within the long repeat unit (LRU) and B)

illustrates the identification of 8 putative promoter regions within the short repeat unit (SRU).
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A) Folded hair pin structures of the LRU repeatelements

i) Echinostoma miyagawai

L
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B) Folded hair pin structures of the SRU repeatelements

i) Echinostoma revolutum

iii) Echinostoma caproni
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miyagawai paraensei caproni

LRUPdS
LRUPd2
LRUPdS
LRUPdé
LRUPd7
LRUPd8
LRUPd10
LRUPdg
LRUPd9
o
<o
F o ol
'y
o
© 0%
-0-b ol
-
iv) Echii v) Echinoparyphium vi) Artyfechinostomum
L i sufrartyfex/A.
malaynum

Figure 4. Comparisons of the palindromic hairpin regions tandem repeat units of Echinostoma

miyagawai mitochondrial control region. Where A) illustrates the number the palindromic

sequences when the full LRU is compared between E. miyagawai, E. revolutum and E.

Caproni. B) illustrates the pattern- of conserved palindromes in the SRU across the

echinostomatids were SRUPA3 is the upper hairpin and SRUPAd4 is the lower hairpin.
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