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Abstract

Mitochondrial (mt) DNA has been useful in revealing the phylogenetic relationship of eukaryotic organisms including flatworms.
Therefore, the use of mitogenomic data for the comparative and phylogenetic purposes is needed for those families of digenetic
trematodes for which the mitogenomic data are still missing. Molecular data with sufficiently rich informative characters that can
better resolve species identification, discrimination, and membership in different genera is also required for members of some
morphologically difficult families of trematodes bearing few autapomorphic characters among its members. Here, the internal
transcribed spacer (ITS) region of nuclear ribosomal DNA (rDNA) and the complete mt genome of the trematode Uvitellina sp.
(Cyclocoelidae: Haematotrephinae) was determined and annotated. The mt genome of this avian trematode is 14,217 bp in length,
containing 36 genes plus a single non-coding region. The ITS rDNA sequences were used for the pairwise sequence comparison of
Uvitellina sp. with European cyclocoelid species, and the mitochondrial 12 protein-coding genes (PCGs) and two ribosomal RNA
genes were used to evaluate the position of the family within selected trematodes. The ITS rDNA analysis of Uvitellina sp. showed
less nucleotide differences with Hyptiasmus oculeus (16.77%) than with other European cyclocoelids (18.63-23.58%). The Bayesian
inference (BI) analysis using the 12 mt PCGs and two rRNA genes supported the placement of the family Cyclocoelidae within the
superfamily Echinostomatoidea (Plagiorchiida: Echinostmata). The availability of the mt genome sequences of Uvitellina sp. provides
a novel resource of molecular markers for phylogenetic studies of Cyclocoelidae and other trematodes.
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material, which is available to authorized users. The family Cyclocoelidae Stossich, 1902, contains medium-

sized to large trematodes, which parasitize the airways, air
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sacs, nasal and infraorbital sinuses, hypothalamus, liver and
body cavity of their avian hosts that are feeding on molluscs
(Kanev et al. 2002; Dronen and Blend 2015). For the life cycle
of these avian trematodes, freshwater pulmonate snails or xe-
rothermic snails serve as both first and second intermediate
hosts (Poulin and Cribb 2002; Dronen and Blend 2015). The
tailless cercariac do not emerge from the snails; instead, they
encyst either in rediae or in the tissue of the snail, develop to
metacercariac and await ingestion by the avian host (Poulin
and Cribb 2002; Dronen and Blend 2015). Thus, birds feeding
on molluscs, including waders, get infected upon ingestion of
an infected snail (Kanev et al. 2002; Shutler et al. 2016).
The classification of Cyclocoelidae underwent many chang-
es over time with the proposal of additional subfamilies, genera
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and species. Dronen and Blend (2015) published an extensive
monograph with keys to the six subfamilies, 22 genera and 128
species. The subfamily Haematotrephinae was characterized by
having the ovary ranging from pretesticular in position to op-
posite the anterior testis forming a triangle with the testes
(Dronen and Blend 2015). Within Haematotrephinae, the genus
Uvitellina Witenberg, 1923, was distinguished from other four
genera by having a distinctly pretesticular ovary forming a tri-
angle with the testes, postpharyngeal genital pore and posteri-
orly confluent vitelline fields (Dronen et al. 2017). Dronen and
Blend (2015) assigned nine species to Uvitellina i.e. Uvitellina
pseudocotylea Witenberg, 1923, Uvitellina macroisophaga
Hannum and Wilson, 1934, Uvitellina vanelli Rudolphi,
1819, Uvitellina titiri Chatterji, 1958, Uvitellina simile
Stossich, 1902, Uvitellina kaniharensis Gupta, 1958,
Uvitellina adelphus Johnston, 1917, Uvitellina iraquensis
Dronen, Ali and Al-Amura, 2013, and Uvitellina himantopi
Dronen and Tkach, 2013.

All the hitherto proposed classification systems of
Cyclocoelidae are primarily based on morphological charac-
ters, but the family has been recognized as a “morphologically
difficult group” (Dronen et al. 2017), “unsettled taxonomic
group” (Dronen and Blend 2015; Sitko et al. 2017) and
“controversial family” (Kalani et al. 2015). Among the main
reasons which lead to misidentification are the presence of
their low numbers in definitive hosts, low chance of regaining
specimens studied previously, morphological similarity be-
tween genera, for example, Cyclocoelum, Harrahium and
Hyptiasmus, and higher similarities in their developmental
cycles (Dronen and Blend 2015; Sitko et al. 2006, 2017).
Thus, molecular studies could benefit more for the family
Cyclocoelidae than probably any other family of flukes
(Dronen et al. 2017). Surprisingly, few studies have been done
on the molecular phylogenetics, positioning the
Cyclocoelidae within the higher taxa based on nuclear ribo-
somal DNA (rDNA) (Littlewood and Bray 2001; Olson et al.
2003; Libert et al. 2012; Tkach et al. 2016). Sitko et al. (2017)
performed the phylogenetic analyses of central European
cyclocoelids based on two nuclear (ITS2, 18S rDNA) and
two mitochondrial (cox1, nadl) DNA loci. However, for the
genus Uvitellina (Haematotrephinae), there are no sequences
available, neither from nuclear nor from mitochondrial DNA.

The mitochondrial DNA (mtDNA) is an effective and rich
source of genetic markers (Smith 2016; Locke et al. 2018) for
molecular identification and phylogenetics of many organ-
isms. However, mt genomes of only a limited number of
trematodes have been sequenced. The mitogenomic data is
still missing for some morphologically difficult groups of
trematodes including Cyclocoelidae. Here, we determined
the internal transcribed spacer region of nuclear ribosomal
DNA (ITS1-5.8S-ITS2 rDNA) and the complete mt genome
of Uvitellina sp. as the representative of the family
Cyclocoelidae, examined the gene arrangement and
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composition and conducted a phylogenetic analysis with other
selected trematodes using the amino acid sequences of 12
mitochondrial protein-coding genes (PCGs).

Materials and methods
Sampling, identification and DNA extraction

Three cyclocoelid specimens were collected from the air sacs
(lungs) of their definitive host, the red-wattled Lapwing
(Vanellus indicus) (Boddaert, 1783) (Charadriiformes:
Charadriidae) in Swabi, Khyber Pakhtunkhwa (KP), Pakistan.
The live worms were killed and relaxed in hot water and stored
in 80% ethanol (Lutz et al. 2017). For light microscopy, a spec-
imen was stained, dehydrated and mounted permanently ac-
cording to the recommended protocol (Lutz et al. 2017) and
identified to the genus level following the existing identification
keys and descriptions of cyclocoelids (Kanev et al. 2002;
Dronen 2007; Dronen and Blend 2015; Gupta 1958; Siddiqi
and Jairajpuri 1962). For molecular work, the total genomic
DNA was extracted from 80% ethanol-preserved specimens
according to a published protocol (Gasser et al. 2007).

ITS rDNA sequencing and comparison with European
cyclocoelids

The nuclear ribosomal DNA region spanning the 3" end of the
18S rDNA gene, the complete ITS (ITS1, 5.8S, ITS2) and the
5"end of the 28S rDNA gene was amplified by PCR using two
sets of primers: BD1 (forward; 5'-GTCGTAACAAGGTT
TCCGTA-3’) and BD2 (reverse; 5'-ATGCTTAAATTCAG
CGGGT-3') (Morgan and Blair 1995) and NC13 (ITS2)/F
(5'-ATCGATGAAGAACGCAGC-3') (Jacobs et al. 1997)
and Dd28SR1 (5'-ACAAACAACCCGACTCCAAG-3")
(Otranto et al. 2007). The positive amplicons were purified
and subjected to Sanger sequencing by GENEWIZ sequenc-
ing company (Beijing, China). While the complete ITS rDNA
sequences were not available for all cyclocoelids, the nuclear
ribosomal DNA region spanning partial 5.8S, the complete
ITS2 and the partial 28S rDNA has been sequenced for
European cyclocoelids (Sitko et al. 2017). Therefore, this nu-
clear rDNA region was used for comparative purposes with
other European cyclocoelids. The nucleotide differences in
percent (including gaps within alignment) across the rDNA
region (mentioned above) were estimated using pairwise
alignment in ClustalX 1.83 (Thompson et al. 1997) and
BioEdit 7.0.9.0 (Hall 1999).

Long-PCR and mt genome sequencing

Universal PCR primers for flatworms were used for the am-
plification of partial cyfb, nadl, nad4, cox1, rrnL-rrnS and
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nad5 regions in order to obtain mt gene sequence data for
further design of primers (Yang et al. 2015; Le et al. 2016).
The entire mt genome was amplified and sequenced in six
medium-sized overlapping fragments using six pairs of newly
designed primers (Additional file 1: Table S1). Long-PCR
reactions were conducted in a total volume of 28 pl, using
12.5 pl PrimeSTAR Max DNA polymerase (Takara, Dalian,
China), 12.5 ul ddH,0, 1 pl of each primer (25 pmol) and 1 pl
of'total genomic DNA. The thermocycling profile included an
initial denaturation step at 98 °C for 2 min, followed by 10 cy-
cles of denaturation at 92 °C for 15 s, annealing at 50-55 °C
for 30 s, extension at 60 °C for 1-3 min, followed by 2 min
denaturation at 92 °C, then 22 cycles of 92 °C for 10 s, 50—
55 °C for 30 s and 66 °C for 1-3 min with 10 min of final
extension at 68 °C. PCR products yielding desired bands on a
1.0% (w/v) agarose gel were considered as positive. The pos-
itive amplicons were sent to Sangon Company (Shanghai,
China) for sequencing.

Sequence assembly and mitogenome
characterization

Contiguous sequences were manually assembled and
aligned against each other using DNAstar v7.1 program
(Burland 2000), and then aligned against the entire mt
genomes of relevant trematode species (echinochasmid
and fasciolids) using MAFFT (Katoh and Standley
2013) to infer the approximate gene boundaries. The
12 mitochondrial protein-coding genes (PCGs) were
identified by searching for ORFs or by comparison with
the entire mt genome sequences of Fasciola gigantica
(KF543342), F. hepatica (AF216697) and
Echinochasmus japonicus (KP844722). The two rRNA
genes were determined by the same technique, via com-
parison with homologues in MAFFT. The length and
putative secondary structures of 22 tRNA genes were
identified using ARWEN (Laslett and Canback 2008)
and MITOS (Bernt et al. 2013) or detected by the scru-
tiny of the sequences aligned with that of the other
relevant trematodes. PhyloSuite v1.1.14 (Zhang et al.
2018), a GUI-based software, was used to translate the
PCGs into their corresponding amino acids and to cal-
culate codon usage and relative synonymous codon us-
age (RSCU) of 12 PCGs. The RSCU figure was drawn
using the ggplot2 (Wickham 2016), plugin of
PhyloSuite. The nucleotide content of Uvitellina sp.
mitogenomes was compared with other selected trema-
todes using PhyloSuite. The entire mt genome size, A +
T/G + C contents and codon usage (for 12 PCGs) were
also used for comparative purposes. A single non-
coding region (NCR) was identified between #nG and
cox3. The secondary structures of NCR were predicted
using Mfold software (Zuker 2003).

Phylogenetic analyses

Phylogenetic analyses were conducted using the newly se-
quenced Uvitellina sp. and 17 other digenean mitogenomes,
classified in suborder Echinostomata and Pronocephalata
(Olson et al. 2003; Tkach et al. 2016), with Schistosoma
japonicum (AF215860) as an outgroup, thus adding 19
mitogenomes in total. The nucleotide sequences of 12 PCGs
were extracted from GenBank files and translated to their
corresponding amino acid sequences using PhyloSuite.

Phylogenetic analyses were conducted using two datasets:
dataset 1 containing nucleotide sequences of 12 PCGs + two
rRNAs and dataset 2 containing the amino acid sequences of
12 PCGs. The analyses were conducted in PhyloSuite as fol-
lows: nucleotide and amino acid sequences of each gene were
aligned in batches followed by the deletion of ambiguously
aligned regions using Gblocks (Talavera and Castresana
2007), the nucleotide (dataset 1) and amino acid (dataset 2)
sequences were then concatenated and subjected to the
ModelFinder (Kalyaanamoorthy et al. 2017), as implemented
in PhyloSuite. Based on Akaike Information Criterion, GTR+
F+I+G4 was chosen as the best-fitting model for dataset 1
while JTT+F+I+G4 was chosen as the best-fitting model for
dataset 2. Bayesian inference (BI) analysis was carried out in
MrBayes 3.2.6 (Ronquist et al. 2012), implemented in
PhyloSuite, with default setting and 5 x 10° metropolis-
coupled MCMC generations for each dataset. The analyses
were considered to be completed upon finding the average
standard deviation of split frequencies below 0.01. Twenty-
five percent (1250) of sample trees were discarded as burn-in.
The phylograms were viewed in iTOL (Letunic and Bork
2016) and annotated in Adobe Illustrator®.

Results

Identification and differences in ITS rDNA
with European cyclocoelids

The examined flukes from V. indicus agree with the
subfamilial description of the Haematotrephinae Dollfus,
1948, because it has an opposite to slightly pretesticular ovary
forming a triangle with the testes. Moreover, the presence of
the rudimentary oral sucker, postpharyngeal genital pore and
uterine coils overreaching the ceca extended somewhat poste-
rior to the posterior testis and posteriorly confluent vitellaria
with a tail-like extension placed it in the genus Uvitellina
Witenberg, 1923. The species has close morphological and
morphometric similarities with U. indica Siddiqi and
Jairajpuri, 1962, recovered from the same definitive host,
which was later synonymized with U. kaniharensis Gupta,
1958, by Dronen and Blend (2015). As a high level of homo-
geneity and phenotypic plasticity found in cyclocoelids
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(Dronen and Blend 2015), thus in order to avoid the misiden-
tification, we recognized it only to generic level as Uvitellina
sp. (supposedly U. kaniharensis). The nucleotide sequences
obtained for the ITS rDNA (1350 bp) of Uvitellina sp. were
deposited in GenBank (GenBank accession No. MK227162).
The difference in nucleotide sequences (including internal
gaps) of Uvitellina sp. with Harrahium tringae was higher
(23.58%) followed by the differences with H. obscurum
(22.84%), Cyclocoelum mutabile (18.64%), Morishitium
polonicum (18.63%) and Hyptiasmus oculeus (16.77%).

Mitochondrial genome features and gene content

The complete mt genome of Uvitellina sp. (GenBank acces-
sion No. MK227160) is circular, 14,217 bp in length, contain-
ing 36 genes, including 12 PCGs, 22 transfer RNA genes and
two ribosomal RNA genes (r7nL and r#nS) plus a single non-
coding region (Fig. 1, Table 1). a#p8 is absent as commonly
reported in the mt genome of other flatworms. Genes are ei-
ther overlapped or abut or separated by intergenic spacers (2—
70 bp). The shared gene boundaries continuously observed
between five genes, truT-rrnL-trnC-rrnS-cox2 without
intergenic spacers. Overlap of 40 bp between nad4L and
nad4 in the mt genome of Uvitellina sp. is consistent with that
of other flatworms. The nucleotide composition in the mt ge-
nome of Uvitellina sp. are 49.7% (T), 16.3% (A), 24.8% (G)
and 9.2% (C), with 66% overall adenine + thymine (AT) con-
tent. The A+T content of the Uvitellina sp. mtDNA is higher
than those of echinostomatids, an echinochasmid, fasciolids
and a himasthlid published to date but similar to that of

Mitochondrial genome

Uvitellina sp.

14,217 bp

Fig. 1 Organization of the complete mitochondrial genome of Uvitellina
sp. Genes are differentiated by specific colours. Blue colour indicates the
intergenic sequences (>20 bp)
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O. sikae (66.5%). The A+T content of protein-coding genes
range from 63.9% (cox1) to 71.8% (nad6). In the rRNA genes,
rrnL has higher A+T content (65.2%) than rruS (62.5%)
(Table 2).

In the Uvitellina sp. mt genome, the 12 PCGs use ATG and
GTG as translation initiation codons and TAG or TAA as
translation termination codons (Table 1). Incomplete or abbre-
viated stop codons were not used in Uvitellina sp. mtDNA. A
total of 10, 200 bp was used to construct the 12 PCGs,
encoding 3388 amino acids regardless of the overlap of nu-
cleotides found between cyfb-nad4L (8 bp) and nad4l-nad4
(40 bp). The total number of codons was 3400 including 12
translation termination codons (TAG, eight instances, and
TAA, four instances). The codon TTT was the most frequently
used (12.79%, 435 instances), followed by TTG for leucine
(9.94%, 338 instances), GTT for valine (8.91%, 303 in-
stances) and TCT for serine (6.15%, 209 instances). The least
commonly used codon is CGC-Arginine (one instance). The
codons CTA-Leu, GCC-Ala, CAC-His, GAC-Asp, AGC-Ser
and GGC-Gly are also least commonly used codons (two in-
stances each), composed of nucleotides other than T, except
CTA-Leu. The most commonly used codons were those end-
ing with T (2,108, 62.03%), followed by those ending with G
(876, 25.76%) and ending with A (342, 10.06%), but those
having C at a third codon position counted only 74 (2.18%) in
number. The overall codon usage and RSCU for the construc-
tion of all 12 PCGs are presented in Fig. 2. The most common
amino acids were leucine (L, 2.77%, and L,, 13.28%) and
phenylalanine (13.37%) while glutamine (0.83%), lysine
(1.51%) and histidine (1.53%) were the least used amino
acids. The nucleotide composition in 12 PCGs of the mt ge-
nome of Uvitellina sp. in descending order is 52.2% (T),
24.4% (G), 14.7% (A) and 8.8% (C), with overall A+T content
66.9% (Table 2). The overall A+T content of the PCGs is
nearly similar to the A+T content of the entire mt genome;
however, the percent presence of the nucleotide T is higher in
the PCGs. Among the 12 PCGs, nadS5 is the longest (1596 bp)
gene and nadAL is the shortest gene.

The mt genome of Uvitellina sp. encodes 22 tRNAs rang-
ing from 62 to 76 bp in length, together accounting for
1751 bp. Twenty of these tRNAs can be folded into a typical
four-armed “cloverleaf” structure, whereas the dihydrouridine
(DHU) arm is missing in the remaining two tRNA genes,
trnS1 (AGN) and #7nS2 (UCN). The two ribosomal RNA
genes (r7nL and rrnS) were recognized between the #rnT
and the cox2 genes, separated by #nC. The length of rrul
(16S) and rrnS (12S) in the mtDNA of Uvitellina sp. are
991 bp and 760 bp, respectively (Table 2). In the mt genome
of Upvitellina sp., the single non-coding region is located be-
tween #rnE and cox3 gene (Fig. 1) which is consistent with the
mt genome of H. conoideum, E. hortense (Echinostomatidae)
and F. magna and F. buski (Fasciolidae). The non-coding re-
gion is 355 bp in length with the A+T content of 63.94%. The
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Table 1 Organization and length

of genes in the mitochondrial Gene/region Position 5’ to 3’ Length Ini/Ter codons tRNA Int. seq.

genome of Uvitellina sp. anti-codon length (bp)

bp aa

cox3 1-645 645 214  ATG/TAA +39
tRNA-His (H) 685-760 76 GTG +3
cytb 764-1882 1119 372 ATG/TAG -8
nad4L 18752144 270 89  GTG/TAG —40
nad4 2105-3397 1293 430  ATG/TAG +27
tRNA-GIn (Q) 3425-3487 63 TTG +13
tRNA-Phe (F) 3501-3572 72 GAA +39
tRNA-Met (M) 3612-3680 69 CAT +3
atp6 3684-4211 528 175  ATG/TAG +49
nad2 4261-5142 882 293  ATG/TAA +17
tRNA-Val (V) 51605228 69 TAC +20
tRNA-Ala (A) 5249-5314 66 TGC +10
tRNA-Asp (D) 5325-5397 73 GTC 0
nad|l 5398-6300 903 300  ATG/TAG +15
tRNA-Asn (N) 6316-6386 71 GTT +16
tRNA-Pro (P) 64036474 72 TGG +5
tRNA-Ile (I) 64806548 69 GAT +2
tRNA-Lys (K) 6551-6616 66 CTT 0
nad3 6617-6973 357 118  GTG/TAG +70
tRNA-SerAGN (S1) 7044-7104 61 GCT +14
tRNA-Trp (W) 7119-7186 68 TCA +11
cox1 7198-8739 1542 513  ATG/TAG +48
tRNA-Thr (T) 8788-8853 66 TGT 0
rrnL 8854-9844 991 0
tRNA-Cys (C) 9845-9912 68 GCA 0
rrnS 9913-10,672 760 0
cox2 10,673-11,272 600 199  ATG/TAA +10
nad6 11,283-11,747 465 154  GTG/TAA +10
tRNA-Tyr (Y) 11,758-11,822 65 GTA +7
tRNA-LeuCUN (L1) 11,830-11,892 63 TAG -2
tRNA-SerUCN (S2) 11,891-11,955 65 TGA +10
tRNA-LeuUUR (L2) 11,966-12,030 65 TAA +14
tRNA-Arg (R) 12,045-12,109 65 TCG 0
nad5 12,110-13,705 1596 531 GTG/TAG 0
tRNA-Glu (E) 13,706-13,767 62 TTC +28
tRNA-Gly (G) 13,796-13,862 67 TCC
NCR 13,863-14,217 355

NCR non-coding region, bp base pair, aa amino acid, /ni/Ter initial/terminal codons, /nt. seq. intergenic sequences

NCR lacks any tandem repeats. The secondary structure of
the NCR was predicted by Mfold software (Additional
file 2: Fig. S1).

Genetic relationships

Regardless of the dataset and model used, phylogenetic
analyses produced phylograms with concordant branch

topologies with minor changes in nodal support values;
thus, only the tree based on nucleotide sequences of 12
PCGs + two rRNA genes was selected (because of
strong nodal support) and shown (Fig. 3). The phyloge-
netic tree clearly indicates two major clades: one con-
taining four families of the suborder Pronocephalata and
the other containing five families of the suborder
Echinostomata. The Uvitellina sp. represented the family

@ Springer
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Table 2 Nucleotide content and skewness of genes, individual elements and the complete mitogenome of Uvitellina sp.

Regions Size (bp) T U) C A G AT (%) GC (%) GT(%) AT skew GC skew
PCGs 10,200 522 8.8 14.7 244 66.9 332 76.6 —0.561 0.471
1st codon position 3400 449 9.6 18.4 27.1 63.3 36.7 72 -0419 0.478
2nd codon position 3400 49.8 14.5 15.6 20.1 65.4 34.6 69.9 —0.524 0.163
3rd codon position 3400 62 22 10.1 258 72.1 28 87.8 -0.721 0.844
atp6 528 53 9.1 15.9 22 68.9 31.1 75 —0.538 0.415
coxl 1542 47.6 10.6 16.3 255 63.9 36.1 73.1 —0.489 0.414
cox2 600 45 9 19.2 26.8 64.2 35.8 71.8 —0.403 0.498
cox3 645 54.4 8.5 12.4 247 66.8 332 79.1 —0.629 0.486
cytb 1119 51.7 8.7 14.5 25.1 66.2 33.8 76.8 —0.563 0.487
nadl 903 51.9 7.2 14.1 26.8 66 34 78.7 -0.574 0.577
nad2 882 55.6 8.3 13.7 22.4 69.3 30.7 78 —0.604 0.461
nad3 357 53.8 6.2 14.6 255 68.4 31.7 79.3 -0.574 0.611
nad4L 270 52.6 5.2 14.8 27.4 67.4 32.6 80 —0.56 0.682
nad4 1293 52.5 8.7 135 252 66 339 77.7 -0.59 0.485
nad5 1596 54.4 9.8 14.2 21.6 68.6 314 76 —0.587 0.377
nad6 465 58.5 7.1 13.3 21.1 71.8 28.2 79.6 -0.629 0.496
rrmL 991 42.7 10.9 22.5 239 65.2 34.8 66.6 -0.31 0.374
rmS 760 41.4 10.9 21.1 26.6 62.5 375 68 -0.326 0.418
tRNAs 1481 41.2 11.6 21.5 257 62.7 373 66.9 -0.315 0.378
rRNAs 1751 42.1 10.9 21.9 25.1 64 36 67.2 -0.317 0.394
Full genome 14,217 49.7 9.2 16.3 24.8 66 34 74.5 —0.505 0.459
PCGs protein-coding genes, bp base pairs

Cyclocoelidae. The tree placed the Uvitellina sp. on a  Discussion

separate branch (100% nodal support) as a distinct fam-
ily in a clade containing members classified within
Echinostomata including those of the family
Fasciolidae, Echinostomatidae, Echinochasmidae and
Himasthlidae. The phylogenetic position of Uvitellina
sp. supports the placement of the family Cyclocoelidae
within the superfamily Echinostomatoidea.

RSCU

4 -
2.

I I 277 236 I l = I I
0.

In the present study, the main features of the complete mt
genome of Uvitellina sp. have been described and compared
with previously published digenean mt genomes. The gene
organization of the mt genome of Uvitellina sp. is similar to
those of previously published echinostomatids (H. conoideum
and E. hortense) (Yang et al. 2015; Liu et al. 2016) and

13.28

12.54 7.38

I I ]

Gin His Asn Pro Thr Leul Glu Met

Arg Tyr

Asp Lys AIa

IIe Ser1 SerQ Leu2 Cys

Trp VaI GIy Phe

Fig.2 Relative Synonymous Codon Usage (RSCU) of 12 mitochondrial protein-coding genes of Uvitellina sp. codon families are labelled on the x-axis.

Values on the top of each bar represent amino acid usage
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Gastrothylacidae

Paramphistomidae

Gastrodiscidae

Notocotylidae

Fasciolidae

Tree scale: 0.1 —

Echinostomatidae

Cyclocoelidae
Himasthlidae
Echinochasmidae

Fig. 3 Phylogenetic relationships of Uvitellina sp. with selected
trematodes based on Bayesian inference analysis (BI) of concatenated
nucleotide sequences of 12 mitochondrial protein-coding genes and two
rRNA genes. Schistosoma japonicum (AF215860) (Schistosomatidae:

fasciolids (. magna and F. buski) (Ma et al. 2016; Ma et al.
2017). However, it differs from some fasciolids (F hepatica,
F. gigantica; the intermediate form of Fasciola) and
echinochasmid (E. japonicus) in possession of one non-
coding region instead of two. The 12 PCGs exhibit a strong
bias toward T and have the highest percent of the nucleotide T
among the PCGs of all published trematodes species including
schistosomatids (Additional file 3: Table S2). Similarly, the
codon TTT-Phe is the most frequently used one with the
highest percentage in all published mt genomes of trematode
species.

Kaneyv et al. (2002) placed the family Cyclocoelidae within
the superfamily Cyclocoeloidea Stossich, 1902. Later, Cribb
et al. (2001) and Olson et al. (2003) classified the family
Cyclocoelidae in the superfamily Echinostomatoidea based
on molecular phylogenetic analyses of nuclear ribosomal
DNA. Recently, the same systematic position of
Cyclocoelidae was accepted in a conclusive phylogenetic
analysis and systematics of the superfamily
Echinostomatoidea, based on the nuclear IsrRNA (28S) gene
(Tkach et al. 2016). Sitko et al. (2017) supported the phylo-
genetic classification of the family Cyclocoelidae within
Echinostomata by observing the higher sequence similarities
in four loci (included in their analyses) of cyclocoelids with
members taken as outgroup from Echinostomatidae and
Fasciolidae.

In the present study, the placement of the family
Cyclocoelidae within Echinostomata has been well support-
ed, based on the concatenated nucleotide sequences of 12

Fischoederius elongatus KM397348
Gastrothylax crumenifer KM400624
Paramphistomum cervi KF475773
Paramphistomum leydeni KP341657
Homalogaster paloniae KT266674
Ogmocotyle sikae KR006934
Ogmocotyle sp. KR006935

Fasciola gigantica KF543342
Fasciola sp. KF543343

Fasciola hepatica AF216697
Fascioloides magna KU060148
Fasciolopsis buski KX169163
Echinostoma caproni AP017706
Echinostoma paraensei KT008005
Hypoderaeum conoideum KM111525
Uvitellina sp. MK227160
Acanthoparyphium sp. MG792058
Echinochasmus japonicus KP844722
Schistosoma japonicum AF215860

Pronocephalata

Echinostomata

Strigeida) was included as the outgroup. GenBank accession numbers
are shown to the right of each species. Families are highlighted in differ-
ent colours

mitochondrial PCGs + two rRNA genes of Uvitellina sp., a
representative of the family. The mitogenomic data from
the families Fasciolidae, Echinostomatidae and
Echinochasmidae (suborder Echinostomata) have been used
for their systematics and taxonomic purposes (Le et al.
2001; Liu et al. 2014; Yang et al. 2015; Liu et al. 2016;
Ma et al. 2016; Le et al. 2016; Ma et al. 2017). However,
mtDNA data was not available for any member of the
family Cyclocoelidae prior to the present study.

The cyclocoelidae, being an unsettled taxonomic
group, need the molecular data from the nuclear or
mtDNA from different genera and species for their
correct identification and taxonomic position within this
family. Sitko et al. (2017) conducted such phylogenetic
analysis of central European cyclocoelids based on se-
quences of two nuclear (ITS2 and 28S) and two partial
mitochondrial (cox1 and nadl) genes. In their analyses,
they included the molecular data of C. mutabile,
C. obscurum, H. tringae, H. oculeus and M. polonicum.
Based on their results, Sitko et al. (2017) suggested the
omission of the genus Hyptiasmus from the subfamily
Hyptiasminae Dollfus, 1948, sensu Dronen and Blend
(2015), and transferred the C. obscurum to the genus
Harrahium as H. obscurum comb. n. sensu Sitko et al.
(2017), being clustered with H. tringae in all of the four
DNA loci. In the present study, the analysis of the rDNA
region (partial 5.8S-ITS2-partial 28S) revealed closer ge-
netic relatedness of Uvitellina sp. (Haematotrephinae)
with the genus Hyptiasmus (83.23% similarity with
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H. oculeus) than with the members of the genus
Harrahium (Haematotrephinae), which is not consistent
with the morphological classification of Dronen and
Blend (2015). In fact, Dronen et al. (2017) also sug-
gested the meaningful revision of the subfamilies and
genera within Cyclocoelidae based on molecular studies.
Here, we described the result of this study but do not
assign Uvitellina sp. to any other existing subfamily.
Therefore, to be able to refute the present taxonomic
position of Uvitellina, nuclear rDNA and mtDNA
datasets are required from more cyclocoelid species, es-
pecially from the type species of different genera includ-
ing Uvitellina.

The lapwing has been recorded as the type host for
many species of the genus Uvitellina and for two species
of the genus Haematotrephus (Dronen and Blend 2015),
which shows a high level of definitive host specificity of
Uvitellina species. The posteriorly confluent vitelline
fields in Uvitellina species distinguish it from the genus
Haematotrephus; however, the other diagnostic charac-
ters of these two genera are almost the same (Dronen
and Blend 2015). Thus, the molecular data from
Haematotrephus species are also needed to better explore
the genetic distance between these two genera of the
subfamily Haemototrephinae. The mitogenomic data
from other families of the suborder Echinostomata in-
cluding Philphthalmidae and Psilostomidae is also re-
quired to better explore the inter- and intra-familial rela-
tionships of these trematodes.

Conclusions

The present study determined the complete mt genome
sequences of Uvitellina sp., the first of the genus
Uvitellina and the family Cyclocoelidae. Phylogenetic
analysis based on mitogenome sequences supported the
classification of Cyclocoelidae within the superfamily
Echinostomatoidea and suborder Echinostomata. The ful-
ly characterized mt genome sequences of Uvitellina sp.
provide novel molecular sources for identification and
systematic and ordinal phylogenetic studies of Uvitellina
species and other cyclocoelids.
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