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Abstract

The first data on a whole mitochondrial genome of Haploporidae, Parasaccocoelium mugili (Digenea: Haploporata:
Haploporidae) was generated using the next-generation sequencing (NGS) approach. We sequenced the complete mitochondrial
DNA (mtDNA) and ribosomal operon of Parasaccocoelium mugili, intestine parasite of mullet fish. The mtDNA of P. mugili
contained 14,021 bp, including 12 protein-coding genes, two ribosomal genes, 22 tRNA genes, and non-coding region. The
ribosomal operon of P. mugili was 8308 bp in length, including 18S rRNA gene (1981 bp), ITS1 rDNA (955 bp), 5.8S rRNA
gene (157 bp), ITS2 rDNA (268 bp), 28S rRNA gene (4180 bp), and ETS (767 bp). We used the mtDNA protein-coding regions
to make phylogenetic reconstructions of Haploporidae. Additionally, we performed the sequence cluster analysis based on codon
usage bias of most of currently available mitochondrial genome data for trematodes. The observed gene arrangement in mtDNA
sequence of P. mugili is identical to those of Plagiorchis maculosus (Rudolphi, 1802). Results of maximum likelihood (ML)
phylogenetic analysis showed that P. mugili was closely related to Paragonimus species from the suborder Xiphidiata. The
results of sequence cluster analysis based on codon usage bias showed that P. mugili has the highest similarity with Plagiorchis
maculosus (Xiphidiata). Our results do not contradict to proposing a new suborder for Haploporoidea—Haploporata. On the basis
of obtained results, the relationship between mitochondrial protein-coding gene rearrangements and synonymous nucleotide
substitutions in mitochondrial genomes has been suggested.
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Introduction

Family Haploporidae Nicoll, 1914 represents a group of intes-
tine trematodes infecting estuarine, marine, and freshwater fish
species. Representatives of Haploporidae are characterized by
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small body size, the presence of an armed (Pseudohaploporinae
Atopkin, Besprozvannykh, Ha, Nguyen, Nguyen, Chalenko,
2019, some of Haploporinae Nicoll, 1914) or unarmed (other
haploporids) hermaphroditic sac that encloses the male and
female terminal genitalia and one or two (Megasoleninae
Manter, 1935, Pseudohaploporinae) testes. Also, haploporid
cercariae are unarmed with a stylet. For this reason, the phylo-
genetic position of Haploporidae within the suborder
Xiphidiata Olson, Cribb, Tkach, Bray, Littlewood, 2003, raised
by Olson et al. (2003), was recognized as possible phylogenetic
misplacement. However, Pérez-Ponce de Leon and Hernandez-
Mena (2019), based on phylogenetic analysis of the 28S rDNA
sequence data, proposed a new suborder, Haploporata Pérez-
Ponce de Ledn and Hernandez-Mena 2019 for representatives
of Haploporoidea Nicoll, 1914, which includes the
Haploporidae and Atractotrematidae Yamaguti, 1939 families.
The authors argued their decision, stating that members of the
new suborder were characterized by a lack of stylet in cercariae
as a unique feature, the presence of a hermaphroditic sac
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considered synapomorphy for this group and resolving position
of Haploporoidea on the 28S rDNA-based phylogenetic tree.
Presumably, mitochondrial genome based phylogenetic analy-
sis could be more informative in resolving phylogenetic rela-
tionships of haploporid trematodes that was a main scope of the
present study. Pérez-Ponce de Ledn and Hernandez-Mena
2019 reported that with the still limited number of digenean
species for which complete mitochondrial genomes have been
sequenced, it is not possible to determine the power of the
phylogenetic signal of mitogenomes to resolve phylogenetic
relationships at deeper levels of the classification of Digenea,
in comparison with the resolution power of single nuclear
rDNA sequences. Nevertheless, the digenean mitogenome
dataset has to be increased with new data for taxonomically
problematic groups, such as Haploporidae, to resolve its rela-
tionships with a greater number of molecular characters. In the
present study, we provide the first data on the whole mitochon-
drial genome for a representative of Haploporidae,
Parasaccocoelium mugili Zhukov, 1971, a parasite of mullet
fish, sampled in the Russian Far East, generated using next-
generation sequencing (NGS) approach, with phylogenetic re-
lationship reconstructions of Haploporidae on the basis of pro-
teins encoding part of the mtDNA. Additionally, we provide
sequence data and annotation for the complete ribosomal oper-
on of P. mugili.

Material and methods
Sample collection and DNA extraction

Adult worms were collected from intestine of single fish speci-
men of Planiliza haematochelia (Temminik & Schlegel, 1845)
(Mugilidae Jarocki, 1822) from the estuary of River Kievka,
Primorksy Region, south of the Russian Far East, during para-
sitological field work in July 2018. Trematodes were killed with
hot water and then fixed in 96% ethanol. Total DNA was ex-
tracted from 40 worms simultaneously with Qiamp Investigator
Kit, Qiagen, according to manufacturer’s protocol. Amount of
total DNA was measured with Qubit Fluorometer 3.0,
Invitrogen, and then used for NGS sequencing in final 2 ng/pl.

Preparing genome library for NGS

Libraries were prepared using an Ion Plus Fragment Library
Kit and unique adapters (Ion Xpress, Waltham, MA, USA)
with pre-fragmentation on a Covaris M220 Focused
ultrasonicator. The emulsion PCR and template preparation
were obtained on an Ion One Touch2 System (Thermo
Fisher Scientific) followed by sequence on an lon S5 sequenc-
ing platform using Ion 540 chip at the Far Eastern Federal
University (Vladivostok, Russia). Ambiguous parts of genome
sequence were reexamined with Sanger’s sequencing using
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highly specific oligonucleotide primers, developed for this
study.

The quality of raw reads were checked using FastQC 0.11.9
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
and then reads were assemble using SPAdes 3.14.1 (Nurk et al.
2013) with correction of IonTorrent data using the lonHammer
tool available in the software SPAdes. The scaffolds, contain-
ing mitochondrial and ribosomal operon DNA data were man-
ually assembled in the MEGA X software (Kumar et al. 2018).

Mitochondrial genome annotation was performed with
MITOS on-line software, available at http://mitos2.bioinf.uni-
leipzig.de/index.py n.d.. Searching of tandem repeats complet-
ed with Tandem Repeat Finders software (Benson 1999). The
nucleotide sequences of both ribosomal operon and mitochon-
drial complete genome were deposited in GenBank under ac-
cession numbers MW813991 and MW846232, respectively.

Codon usage and phylogenetic analyses

Nucleotide and amino-acid sequence alignments were per-
formed with ClustalW algorithm in the MEGA X software.
The poorly aligned regions were removed using Gblocks
Server v. 0.91b (http://molevol.cmima.csic.es/castresana/
Gblocks_server.html n.d.).

Codon usage statistic was calculated for concatenated
protein-coding gene sequence data with MEGA X software.
Sequence cluster analysis based on codon usage bias was
performed with Statistica 13 software (TIBCO Software Inc.
2017) using weighted pair group average joining (tree cluster-
ing) method with Euclidian distances calculation.
Phylogenetic analysis was performed on the basis of
concatenated amino-acid sequences with Maximum likeli-
hood (ML) algorithm, realized using PhyML 3.1 (Guindon
and Gascuel 2003) software. The ML algorithm was per-
formed using LG evolutionary model (Le and Gascuel
2008), SPRs tree topology search and random sequence addi-
tion. Statistical support for maximum likelihood algorithm
was estimated with Bayesian posterior probabilities calcula-
tion (Huelsenbeck et al. 2001). The phylogenetic relationships
were inferred using our sample and trematode species from
the NCBI GenBank database (Table 1).

Results

Parasaccocoelium mugili nuclear ribosomal operon
annotation

The ribosomal operon of P. mugili was 8308 bp in length,
including the 18S rRNA gene (1981 bp), ITS1 rDNA (955
bp), 5.8S rRNA gene (157 bp), ITS2 rDNA (268 bp), 28S
rRNA gene (4180 bp) and ETS (767 bp). The nucleotide com-
position of ribosomal operon of P. mugili was as follows: A—
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Table 1 List of taxa, incorporated into analysis

Species GenBank accession number Reference

Xiphidiata

Brachycladium goliath KR703278 Briscoe et al. (2016)
Dicroroelium chinensis KF318786 Liu et al. (2014a)
Dicrocoelium dendriticum KF318787 Liu et al. (2014a)

Eurytrema pancreaticum KP241855 Chang et al. (2016)
Paragonimus heterotremus MH059809 Qian et al. (2018)
Paragonimus kellicotti MH322000 Wang et al. (2018)
Paragonimus ohirai KX765277 Le et al. (2019)
Paragonimus westermani KX943544 Biswal et al. (2014)
Plagiorchis maculosus MK 641809 Suleman et al. (2019a)
Echinostomata

Echinostoma caproni AP017706 Holroyd et al. (2016), unpublished
Echinostoma hortense KR062182 Liu et al. (2016)
Echinostoma miyagawai MH393928 Fu et al. (2019a)
Echinochasmus japonicus KP844722 Le et al. (2016)

Fasciola hepatica AF216697 Le et al. (2000)

Fasciola gigantica KF543342 Liu et al. (2014b)

Fasciola sp. KF543343 Liu et al. (2014b)
Fasciolopsis buski KX169163 Ma et al. (2016), unpublished
Fascioloides magna KU060148 Ma et al. (2016), unpublished
Hypoderaeum conoideum KM111525 Yang et al. (2015)
Pronocephalata

Acanthoparyphium sp. MG792058 Kandari et al. (2018), Unpublished
Tracheophilus cymbius MK355447 Lietal 2019

Uvitellina sp. MK227160 Suleman et al. (2019b)
Calicophoron microbothrioides KR337555 Ma et al. (2015), unpublished
Explanatum explanatum KT198989 Ma et al. (2015), unpublished
Fischoederius cobboldi KX169164 Ma et al. (2016), unpublished
Fischoederius elongatus KM397348 Fang (2014), unpublished
Gastrothylax crumenifer KM400624 Yang et al. (2016)
Homalogaster paloniae KX169165 Ma et al. (2016), unpublished
Ogmocotyle sikae KR006934 Ma et al. (2015), unpublished
Orthocoelium streptocoelium KM659177 Yang (2014), unpublished
Paramphistomum cervi KF475773 Yan et al. (2013)
Hemiurata

Azygia hwangtsiyui MN844889 Wu et al. (2020)
Opisthorchiata

Amphimerus sp. MK238506 Maet al. (2019)

Clonorchis sinensis FJ381664 Shekhovtsov et al. (2010)
Haplorchis taichui KF214770 Lee et al. (2013)
Metagonimus yokogawai KC330755 Jeon et al. (2012), unpublished
Metorchis orientalis KT239342 Na et al. (2016)

Opisthorchis felineus EU921260 Shekhovtsov et al. (2010)
Diplostomata

Clinostomum complanatum KM923964 Chen (2015), unpublished
Cyathocotyle prussica MH536510 Locke et al. (2018)
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Table 1 (continued)

GenBank accession number

Reference

Species
Postharmostomum commutatum MN200359
Schistosoma bovis CMO014335
Schistosoma haematobium DQ157222
Schistosoma japonicum AF215860
Schistosoma mekongi AF217449
Schistosoma spindale DQ157223
Trichobilharzia regenti DQ859919
Trichobilharzia szidati MF136777
Outgroup (Cestoda)
Diphyllobothrium latum DQ985706

Fu et al. (2019b)

Oey et al. (2019)
Littlewood et al. (2006)
Le et al. (2000)

Le et al. (2000)
Littlewood et al. (2006)
Webster et al. (2007)
Semyenova et al. (2017)

Park et al. (2007)

23%; T (U)—26.9%; C—21.4%; and G—28.7%. These data
represents just additional information for rDNA of
Haploporidae and will not be analyzed and discussed here.

General characteristics of the Parasaccocoelium
mugili mitochondrial genome

The whole-genome sequence was obtained from total DNA that
was extracted from 40 specimens of P. mugili, which possess
some level of intraspecific variation of mtDNA (Atopkin et al.,
2019) revealing 28 variable positions within the same reads of
different parts of the genome sequence (Table 2). These vari-
able sites were taken into account during genome assembly,
annotation and phylogenetic reconstructions. In total, the mito-
chondrial genome of P. mugili contained 14,021 bp, with 12
protein-coding genes, two ribosomal genes, 22 tRNA genes,
and non-coding region including two tandem repeats (TR)
and one unique sequence (US) (Fig. 1, Table 3). Gene arrange-
ments of whole mt-genome sequence of P. mugili were identi-
cal to those of Plagiorchis maculosus (Rudolphi, 1802), except
for a single difference in the non-coding region for the last
species. The nucleotide composition in the P. mugili whole
mitochondrial genome was as follows: 48.1%—T (U);
10.5%—C; 19.8%—A; and 21.6%—G. Nucleotide pair fre-
quency was 67.9% for the AT content, and 32.1% for the GC
content, showing a bias towards T over A (AT skew = —0.42)
and G over C (CG skew = 0.35), respectively.

Protein-coding genes

The complete sequence length of 12 protein-coding genes was
9968 bp. The order of these genes cox3-cytb-nad4l.-nad4-
atp6-nad2-nadl-nad3-cox1-cox2-nad6-nad5 is identical to
all Xiphidiata and representatives of other suborders of
Plagiorchiida La Rue, 1957 (Biswal et al. 2014; Briscoe
et al. 2016; Chang et al. 2016; Le et al. 2019; Liu et al.

@ Springer

Table 2 Variable positions within the same reads of different parts of
the mitochondrial genome sequence of 40 Parasaccocoelium mugili
specimens

Gene Gene site number Substitution
(in whole genome) (UIPAC code)

cox3 207 (207) C/T(Y)
cytb 732 (1457) C/T (Y)
cytb 735 (1460) A/G (R)
cytb 753 (1478) A/T (W)
cytb 768 (1493) A/G (R)
cytb 774 (1499) A/G (R)
cytb 804 (1529) C/T(Y)
nad4 118 (2183) CIT(Y)
atp6 54 (3597) A/G (R)
nad2 270 (4335) A/G (R)
nad2 396 (4461) C/T (Y)
coxl 34 (6848) C/T (Y)
coxl 1098 (7912) C/T (Y)
coxl 1182 (7996) A/G (R)
rrnL 141 (8561) C/T(Y)
nad6 40 (10808) A/G (R)
tRNA-Leu (L1) 61 (11356) G/C (S)
nad5 6 (11614) C/T (Y)
nad5 104 (11712) C/T(Y)
nad5 507 (12115) A/G (R)
nad5 679 (12287) A/G (R)
nad5 780 (12388) A/G (R)
nad5 1320 (12928) C/G/T(B)
nad5 1329 (12937) C/G/T(B)
nad5 1321 (12938) C/T (Y)
tRNA-Glu (E) 38 (13207) C/T (Y)
TR1 102 (13420) A/T (W)
TR2 101 (13704) A/T (W)
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2014a; Qian et al. 2018; Suleman et al. 2019a; Wang et al.
2018). Start codons for protein-coding genes were ATG.
Terminal codons were TAA or TAG. The nucleotide compo-
sition of the assembled protein-coding part of the mt-genome
sequence was as follows: A—17.6%; T (U)—50.6%; C—
10.1%; and G—21.7%; the AT content was 68.2% (AT skew
= —0.48) and the GC content was 31.8% (CG skew = 0.36).
Codon usage statistics for P. mugili agree with the nucleotide
composition ratio: the most common triplets contained T (U)
and/or A bases, namely UUU (frequency = 13.8%), UUA
(frequency = 4.9%) and UAU (frequency = 4.8%). A total of
3348 amino acids were encoded by the mitochondrial protein-
coding genes of P. mugili.

Phylogenetic analysis

The maximum likelihood algorithm was used on the basis of
the 2339 amino-acid alignment length, available after Gblocks
processing. The ML tree topology showed that all of the used
digeneans could be subdivided into two large clades (Fig. 2).
The Clade I consists of seven species of the family
Schistosomatidae Stiles & Hassal, 1898, while the clade II
comprises 43 representatives from 17 families. The Clade II
includes the family Haploporidae (Parasaccocoelium mugili),
which was closely related to Paragonimus Dollfus, 1939 spe-
cies. Brachicladium goliath (van Beneden, 1858) from the
suborder Xiphidiata was the sister group to both
Paragonimus species (Xiphidiata) and P. mugili
(Haploporata). This subclade was a sister to the monophyletic
Opisthorchiata La Rue, 1957 group, which contained repre-
sentatives of Opisthorchiidae Looss, 1899 and Heterophyidae
Leiper, 1909. Pronocephalata Olson, Cribb, Tkach, Bray,
Littlewood, 2003 and Echinostomata La Rue, 1926, were
monophyletic and sister relative to each other.
Representatives of Dicrocoeliidae Looss, 1899 (Xiphidiata)
were considerably separated from other Xiphidiata and
formed a distinct branch, in the same way as Azygia
hwangtsiyui Tsin, 1933, a representative of Hemiurata
Skrjabin & Guschanskaja, 1954.

Sequence cluster analysis based on codon usage bias

Results of cluster analysis based on codon usage bias showed
that P. mugili has the highest similarity to Plagiorchis
maculosus (Rudolphi, 1802) according to the frequencies of
all 64 codons, which were included in this analysis (Fig. 3a).
The results of cluster analysis based on codon usage bias with
only the most frequent non-synonymous codons (20 totally)
indicate, as in previous analysis, the high similarity of
P. mugili and P. maculosus (Fig. 3b). On the whole, the ob-
tained results demonstrates some agreement with results of ML
analysis, indicating the gathering of Paragonimus species,
Opisthorchiata species (excluding Opisthorchis felineus

(Rivolta, 1884) Blanchard, 1895), and Brachycladium goliath
into the same cluster, grouping of representatives of
Pronocephalata into same separate cluster and the marked dif-
ferentiation of schistosomes from other digeneans.

Discussion

Previous results on molecular-based phylogenetic studies of
digenetic trematodes indicate that Haploporoidea appears
within Xiphidiata and that this position was interpreted as
phylogenetic misposition (Olson et al. 2003). Pérez-Ponce
de Ledn and Hernandez-Mena (2019) proposed a higher tax-
onomical status for Haploporoidea—a suborder Haploporata.
This decision resolves at least two questions: (i) members of
Haploporata characterized by a lack of stylet in cercariae as a
unique feature, the presence of a hermaphroditic sac consid-
ered synapomorphy for this group, and (ii) resolving the phy-
logenetic relationships of Xiphidiata based on 28S rDNA se-
quence data. Our results of phylogenetic analyses, based on
mitochondrial amino-acid sequences, indicate close relation-
ships of P. mugili with some representatives of Xiphidiata,
namely Paragonimus species (results of ML analysis, Fig. 2)
or Plagiorchis maculosus (codon-usage-based cluster analy-
sis, Fig. 3a, b). On the one hand, these results agree with the
resulting phylogenetic tree from Olson et al. (2003), which
showed close relationships between Haploporidae and
Paragonimidae Dollfus, 1939. On the other hand, our results
do not contradict to the taxonomic conclusion of Pérez-Ponce
de Le6on and Hernandez-Mena (2019) relative to the

2710

Parasaccocoelium mugili
14021 bp

Fig. 1 Organization of the complete mitochondrial genome of
Parasaccocoelium mugili
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establishment of a new suborder for Haploporoidea,
Haploporata, because Xiphidiata is obviously paraphyletic in
our phylogenetic tree, as also shown in previous phylogenetic
studies of trematodes based on complete mitochondrial DNA
sequence data (Wang et al. 2018; Le et al. 2019; Suleman et al.
2019b; Wu et al. 2020). However, the clade, comprising
P. mugili, Paragonimidae species and Brachycladium goliath

can be considered distinct taxonomical unit by means of phy-
logenetic interpretation. Additional data on mitochondrial ge-
nome sequences for more digenean specimens are needed for
more substantive conclusions.

We will not discuss the mitochondrial gene arrangements of
all of the available trematode species because this has already
been done in detail by Wu et al. (2020). Nevertheless, it has not

Table 3  The organization of mitochondrial genome of Parasaccocoelium mugili (TR, tandem repeat; US, unique sequence; *tRNA-Ser (S1) missed

the paired dihydrouridine (DHU) arm)

Gene Position 5’ to 3’ Length (bp) Initiation codons Termination codons Anti-codons (tRNA)
cox3 1-645 645 ATG TAG

tRNA-His (H) 662725 64 GTG
cytb 726-1832 1107 ATG TAA

nad4lL 1842-2105 264 ATG TAG

nad4 2066-3340 1275 ATG TAA

tRNA-GIn (Q) 3353-3415 63 TTG
tRNA-Phe (F) 3416-3478 63 GAA
tRNA-Met (M) 3478-3543 66 CAT
atp6 3544-4059 516 ATG TAA

nad2 4066-4935 870 ATG TAA

tRNA-Val (V) 4940-5003 64 TAC
tRNA-Ala (A) 5004-5064 61 TGC
tRNA-Asp (D) 5071-5134 64 GTC
nadl 5135-6064 930 ATG TAA

tRNA-Asn (N) 6050-6110 61 GTT
tRNA-Pro (P) 6111-6174 64 TGG
tRNA-Ile (I) 6176-6239 64 GAT
tRNA-Lys (K) 6243-6305 63 CTT
nad3 6308-6667 360 ATG TAA

*tRNA-Ser (S1) 6674-6734 61 GCT
tRNA-Trp (W) 6747-6809 63 TCA
coxl 6815-8356 1542 ATG TAA

tRNA-Thr (T) 8358-8417 60 TGT
rrnL 8421-9385 965

tRNA-Cys (C) 9385-9444 60 GCA
rrmS 9443-10,162 720

cox2 10,163-10,762 600 ATG TAG

nad6 10,769-11,218 450 ATG TAG

tRNA-Tyr (Y) 11,223-11,289 67 GTA
tRNA-Leu (L1) 11,296-11,360 65 TAG
tRNA-Ser (S2) 11,360-11,427 68 TGA
tRNA-Leu (L2) 11,437-11,499 63 TAA
tRNA-Arg (R) 11,499-11,562 64 ACG
nad5 11,609-13,114 1506 ATG TAA

tRNA-Glu (E) 13,170-13,235 66 TTC
tRNA-Gly (G) 13,241-13,305 65 TCC
TR1 13,319-13,603 285

TR2 13,604-13,888 285

us 13,889-14,021 133
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escaped our notice that the results of sequence cluster analysis
based on codon usage bias on the one hand indicate the close-
ness of Parasaccocoelium mugili with Plagiorchis maculosus
that characterized by high similarity of mitochondrial gene ar-
rangement and on the other hand the separate position of
Schistosoma Hansen, 1916 species relatively other digeneans,
which also possess gene arrangement quite different from other
worms. Protein-coding gene rearrangements are not observed
for all trematodes within the clade II of the ML tree (Fig. 2) in
contrast to the clade I, comprising schistosomes and
Trichobilharzia Skrjabin & Zakharov, 1920 species.
Schistosoma species differ considerably from other digeneans,
including Trichobilharzia, by the arrangement of protein-coding
genes (see Wu et al. 2020, Table 4) and occupy a separate
position in the cladogram, constructed on the basis of frequency
values of all mitochondrial codons (Fig. 3a). However,
Shistosoma and Trichobilharzia are closely related to each other
on amino-acid based ML phylogenetic tree and on results of
cluster analysis based on frequencies of most frequent non-
synonymous codons (20 totally). On this basis, we propose
possible relationships between gene rearrangement processes

0.99, Paragonimus westermani
10 1~°I_| E Paragonimus kellicotti

Clade I

Parag

1.0

heterotremus
Paragonimus ohiari

0.92
1.0
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Brachycladium goliath

Opisthorchis felineus
Amphimerus sp.

and the occurrence of synonymous nucleotide substitutions,
suggested from results of codon usage analysis, within the mi-
tochondrial genomes of Digenea. Such relationships are known
for some animal groups. For example, positive correlation rates
of gene rearrangement and nucleotide substitution were shown
for 20 mitochondrial genomes in insects with deep statistical
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trematodes and cestodes associated with the phenomenon of
skew of complementary bases and proposed a hypothesis for
this, developed earlier for mammals, related with asymmetric
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digenetic trematodes, reconstructed by means of maximum likelihood on
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Sambon, 1907 indicate high frequency of substitutions in 3™
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“ds euljjainn - Snwialjoisjay snuiiuobeled
‘ds wnjydAiedoyjuedy - ‘ds sniswiydwy

XajAueiIns wnwojsoulyosiAuy - S|ejusLIo SiyoIoje N

asualIol ewo}SouIydg - ‘ds wnydAedoyjueoy

wnjeue|dwod wnwojsoul|D - 9SU/UOY BWOISOUIYOT

wnopeasoued ewanfing . XajAueiins wnuwiojsouiyosAuy
Juoides ewojsoulyog - whjeuejdwod wnwojsoul}d
lemebeAw ewojsoulyoq - SISuUsUIS SIYy210U01D
- YSNQ.SISAO/O/ISES.... s - nyalel siyoloydery -
— S9p/oLY]OgoIdILl UoIoydodie] - SBPIOLILOGoIDIU UbIodosiEr

W&M:w\&ww w:&wwm\qu : L wnjeuejdxe winjeuejdx3
| - 1P/0QQOO SNLIBPaoYIS)

1P]0qg0d SNLIsPaoyIsIH %&% uoje w.:t@bowcumm
Snjebuoje sniiopaoyasi4 L winij80003da.3s_Wnif@o0yu0
J9Jiuswnio XejAyjoises) aejuoled isjsebojellioH
wnij@o20jdaljs Wnijaoo0ypO aeyls a£1000WPO

.EmoE:ES&&ESm& Jajiiauinia xejAyjosse:
Se1u0[ed 2ISeBoIEUI0N IAlBo WnoISdEIE

WiRjeuniuitss WNLoISGULBYIS6 [ TOOIAED BUIGSRLITg i
\m%mmwﬁmm%o\o wsﬂo i lemebe Al ewiojsouiyo3
" 1ZIBUIIgOYoLL 3 1fsnq sisdojorose-
m@ﬂ:&wﬁmﬁﬁwﬁ i SISUBUIYD WNI0ioIoIq
gt el : e e
N@w\:%%% wq%mwwcoos 43 wnaijeasoued me:b%mm
wcmME woﬁ\zo\oanmmm eubel sapiojojose
wnapioUOD WNarISPOdAL winapIoUE2 winaeispodAH
: 616

eojuebIb ejojose mo.::m 10 ejolose
e kst dooce?
TUBULIS)SOM SNTUTUOBEIB ™ """} sniquiAd snjiydoayoeiy
Temeboyof snwijuobejopy ds euleinn
yjeljob wnipejoAyoeig infisibuemy eibAzy
13001j18) shuijuobe.e - snauljey siyo.oy)sid,
MﬂEﬂwmﬁﬁ &@EEO eled - .Ew:&w“ww\% snwijuopeied

! 3 1emeboxoA snwiiuobe}s

- yjeljob &\Eum\.i com»m "

- eaissnid ajAj000y3eAD
- nusbau ejzieyiqoyou |
- 1jepizs eizieyjiqoyou |

Pronocephalata

SI[JUBLIO SIY2IOJa
SISUBUIS S112J0UojD
nyaiey siyolojder|

9,

Opisthorchiata +
Paragonimidae +
Brachycladium goliath

350

a

particular, results of codon usage and AT/GC content analysis of
Fasciola hepatica Linnaeus, 1758 and Schistosoma mansoni

cluster analysis based on codon

Fig. 3 a Results of sequence
usage bias of Digenea, using

g L NIeUNUWILIO) WINWIOTSOULIBYISOH

) - - =

$ - S

= L i 8

o o o o o o o B %)

o [Ye] o v o wn

» N N 9~ - o
o
aaue)siq o ©

frequent non-synonymous codons

frequencies of all 64 codons. b
(20 totally)

Results of sequence cluster
analysis based on codon usage
bias of Digenea, only the most

pringer

A's



Parasitol Res

Table4 Protein-coding gene assembling of Parasaccocoelium mugili (*all Xiphidiata and other suborders from present study, excluding Schistosoma)
and of Schistosoma species. Different gene rearrangements are colored with black and grey

1 2 3 4 7 8 9 10 11 12
P. mugili* cox3 cytb  naddl.  nadd QLS (I nadl  nad3  coxl cox2 nad6  nadS
Shistosoma cox3 cytb  naddl. nad4 | nad3  nadl  coxl  cox2  nad6 nad5

suggesting maintenance of GC skew and proper amino acid
encoding. Along this, a low frequency of GC-rich codons in
S. mansoni, in contrast to F. hepatica, explained by markedly
increase of synonymous substitutions towards to AT-rich co-
dons, has been notified. Our calculations indicate that average
GC content in mitochondrial protein-coding genes of
Schistosoma species is also lower (28%) relative to other
digeneans (31.8-44.8%), suggesting the same mechanisms of
substitution processes in mitochondrial codons, showed for nu-
clear genes (Lamolle et al. 2019). However, studies by Lee et al.
(2004) and Lamolle et al. (2019) did not considered relation-
ships of nucleotide substitution of codons and protein-coding
gene rearrangements. We clearly understand indirect nature
of arguments from our study because this question is
not the main aim of this work. Nevertheless, we share
the opinion that the observed agreements of species
clustering based on codon usage bias analysis and gene
arrangement features of different groups of Digenea deserve
attention and need to be studied separately in more detail with
the most representative material and strong statistical
methods.
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