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Abstract

We present the complete mitochondrial (mt) genome of Gyrodactylus thymalli, a monogenean ectoparasite on grayling (Thymallus thymallus).
The circular genome is 14788 bp in size and includes all 35 genes recognized from other flatworm mt genomes. The overall A + T content of the mt
genome is 62.8%. Twenty regions of non-coding DNA ranging from 1 to 111 bp in length were identified in addition to 2 highly conserved large
non-coding regions 799 bp and 767 bp in size. Compared to the recently described mt DNA of the closely related G. salaris from Atlantic salmon
from Signaldalselva, Norway, the mitochondrial genome of G. thymalli from Hnilec, Slovakia, differs on average by 2.2%.

© 2007 Elsevier B.V. All rights reserved.
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Gyrodactylus thymalli Zitian, 1960, is a relatively harmless
monogenean ectoparasite infecting grayling (Thymallus thy-
mallus). Morphologically and genetically, G. thymalli closely
resembles G. salaris Malmberg, 1957, a gyrodactylid that is
highly pathogenic to Atlantic salmon (Salmo salar) and rainbow
trout (Oncorhynchus mykiss) stocks with devastating ecological
and economical effects. More than 45 watercourses in Norway
alone have been infected with G. salaris and many salmon stocks
are threatened [1,2]. More than 15% of the Norwegian wild
salmon catch in Norway has been lost since the introduction of
the parasite and the costs from loss of fish, decline in fish tourism
and the need to survey and eradicate infected stocks amount to
over USD 50 million per year [3]. It is thus not surprising that G.
salaris on salmon has been studied intensively, while G. thymalli
on grayling has attracted only little attention, although compar-
ative analyses may provide clues to a better understanding of
gyrodactylosis of salmonid fish. An unambiguous discrimina-
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tion of G. thymalli and G. salaris has proven difficult by use of
pure morphometrical methodology [4], but molecular systemat-
ics has provided additional tools to identifying the parasites. The
nucleotide sequences of the internal transcribed spacers (ITS) 1
and 2 of the nuclear ribosomal DNA (~1200 bp) are identical
for many strains of G. salaris and G. thymalli [5] and support
the con-specificity of both species. Sequences of the intergenic
spacer (IGS) of the nuclear ribosomal DNA, however, were ini-
tially considered supporting the species status of G. salaris and
G. thymalli [6], but a more comprehensive study including 39
populations [7] challenges this interpretation. Recently, a 820 bp
segment of the mitochondrial cytochrome oxidase I gene has
been sequenced for many geographical isolates of G. salaris
and G. thymalli in order to resolve the species’ taxonomy and
phylogeography [1,7,8]. Substantial sequence diversity has been
detected and phylogenetic analyses are neither supporting mono-
phyly of G. thymalli nor of G. salaris. Instead, there are several
well-supported clades of haplotypes but the phylogenetic rela-
tionships of these clades could not be resolved. Currently there
is, with the exception of host preference, apparently no reliable
method for distinguishing G. salaris and G. thymalli. As mito-
chondrial (mt) DNA typically evolves faster than nuclear DNA,
mitochondrial sequences may provide powerful markers [9] for
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further elucidating the more recent evolutionary histories of G.
salaris and G. thymalli. Recently, the mt genome of one isolate
of G. salaris has been published [10]. In this study, we report the
complete mtDNA sequence of G. thymalli from graylings. Along
with the mtDNA sequence of G. salaris we provide an impor-
tant source for the further development of molecular markers
suitable for species or strain identification.

The complete mtDNA of G. thymalli from Hrable at River
Hnilec, Slovakia, has been determined. From this type locality
most specimens used for the species description of G. thymalli
have been collected [11]. Total DNA was extracted from a single
parasite specimen that had been stored in 95% ethanol using
the DNeasy Tissue kit (Qiagen). The DNA was subsequently
concentrated to a final volume of 15 pL using Microcon-100
columns (Millipore). Two long fragments amplified with the
primer pairs MitdF 5-AGCTAGGAAAAGTCACAGTGC-
CAGC-3-Mit6R 5'-GTACGCCTCTGAGTCCAATGCTAGG-
3’ and Mit3R 5-TGGCATCAATAGCCAAGCCCTTAAAGC-
3'-Mit5F 5'-ATAGTCGGTGGGTTCGGTGTAACC-3’ both
approximately 6500bp long and a shorter fragment
amplified with the primer pair ZMO4F 5'-GTGACAGGGAT-
AGTGCTATCCTC-3' [1]-Mit2R 5'-TAACCGCAGCTGCTG-
GCACTGTG-3 represent the entire mitochondrial genome
of G. thymalli in three overlapping fragments. The amplicons
were purified with ExoSAP-IT™ (GE Healthcare) and both
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strands were sequenced by means of primer walking on
an ABI3100 automated sequencer using BigDye chemistry
(Applied Biosystems).

The mitochondrial genome of G. thymalli comprises
of 14,788bp (GenBank accession number: EF527269).
Sequences were assembled and edited using Sequencher™ 4.5
(GeneCodes) and annotated with MacVector® 7.2.2 (Accelrys).
The sequence analysis of the mtDNA of G. thymalli revealed the
typical genes found in flatworm genomes (Fig. 1), i.e. 12 protein-
coding, 22 tRNA, and the large and small subunit rRNA genes
(Table 1). The atp8 gene is missing as in other flatworm mito-
chondrial genomes [12], and all mtDNA genes are transcribed
from the same strand [13]. The arrangement of mitochondrial
genes (Fig. 1) matches those of most other neodermatan species,
(i.e. all except the African and Asian species of Schistosoma
in which gene rearrangements have taken place [12,14]) and
the closely related G. salaris. A total of 20 short non-coding
regions with a length ranging from 1 bp (between tRNA® and
tRNALYS, (RNADYS and rrnS, and tRNAMY2 and tRNAA®) to
111bp (between cox2 and tRNASY and nad5 and tRNASY,
respectively) are found in the G. thymalli mtDNA making up
a total of 197 nucleotides. Five overlapping regions are found in
the G. thymalli genome ranging from 1 bp (cox3 and tRNAHIS,
tRNAV2 and tRNAA2, and tRNATM and rrmL) up to 28 bp
(nad4L and nad4) (Table 1). This particular overlap between
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Fig. 1. Graphical representation of the mtDNA of G. thymalli (GenBank accession number: EF527269). The abbreviations for the genes are as follow: atp6 refers
to the ATP synthase; coxl, 2, 3 refer to the cytochrome oxidase subunits; cytb refers to the cytochrome b; and nadl—6 refers to the nicotinamide dehydrogenase
subunits. tRNAs are denoted as three-letter symbol according to the ITUPAC-IUB amino acid code. The two long non-coding regions are denoted as NC1 and NC2.
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Table 1

Localization of genes and non-coding regions in the mitochondrial genome of G. thymalli and sequence similarity in comparison to the closely related G. salaris [10]
Annotation Relative position Length (bp) Length (aa) AT-content p distance to DQ988931
cox3 1-639 639 213 60.9 0.036
tRNAHis 639-701 63 73.0 0.016
cyth 705-1778 1074 358 60.9 0.024
nad4L 1784-2032 249 83 67.9 0.032
nad4 2005-3213 1209 403 60.1 0.035
tRNAPhe 3216-3281 66 742 0
NC1 3282-4080 799 63.9 0.004
atp6 4081-4593 513 171 61.0 0.012
nad2 4600-5456 857 286 63.0 0.032
tRNA V2! 5457-5521 65 75.8 0
tRNAAIR 5520-5589 70 64.3 0
tRNAASP 5590-5656 67 74.6 0.015
nadl 5657-6544 888 296 54.8 0.020
tRNAAS 6554-6620 67 62.7 0.015
tRNAPr 6626-6691 66 78.8 0
tRNAlle 6685-6756 72 62.5 0
tRNALYS 6758-6823 66 59.1 0
nad3 68277177 351 117 59.8 0.009
tRNASer! 7178-7237 60 66.7 0.017
tRNATP 7242-7304 63 61.9 0
coxl 7309-8856 1548 516 58.9 0.032
tRNATHr 8866-8931 66 69.7 0.015
rmL 8931-9888 958 70.7 0.010
tRNACYS 9889-9948 60 70.0 0
nS 995010659 710 64.7 0.021
cox2 10660-11241 582 194 63.1 0.029
tRNAC 11353-11424 72 66.7 0
nad6 11428-11910 483 161 66.9 0.019
tRNATYT 11914-11980 67 73.1 0.030
tRNALeu! 11981-12047 67 67.2 0.017
tRNAGCI 12048-12110 63 63.5 0.016
tRNAMet 12117-12182 66 75.8 0
NC2 1218312949 767 64.5 0.012
tRNASer2 12950-13012 63 68.3 0.016
tRNALe2 13018-13085 68 63.2 0
tRNAATE 13087-13153 67 59.7 0
nad5 1315414704 1551 517 59.2 0.030
tRNASY 14718-14775 58 77.6 0.015

GenBank accession number DQ988931. The abbreviations for the genes are as follow: atp6 refers to the ATP synthase; cox/, 2, 3 refer to the cyotchrome oxidase
subunits; cytb refers to the cytochrome b; and nadi—6 refers to the nicotinamide dehydrogenase subunits. tRNAs are denoted as three-letter symbol according to the
TUPAC-IUB amino acid code. The two long non-coding regions are denoted as NC1 and NC2.

nad4L and nad4, although variable in length, appears to be com-
mon among metazoan mtDNAs [13]. However, a 28 bp overlap
has also been identified in some digenean species [ 14]. Two long
non-coding regions (NC1 and NC2) could be detected. However,
an AT-rich region as found in many other mitochondrial genomes
[15] that is usually corresponding to the control region contain-
ing control elements for replication and transcription could not
be found.

The mtDNA of G. thymalli is moderately AT-rich, i.e. 30.0%
A,32.8% T, 20.2% G, and 17.0% C. The AT content of 62.8% is
thus as observed in other flatworm mitochondrial genomes. The
most AT-rich sections correspond to the tRNASY and tRNAP
two rRNA genes (77.6 and 78.8%).

In mitochondrial genomes, it is frequently the third codon
positions in protein-coding genes that are particularly AT-rich
[16] because it is assumed that these positions are under low
purifying selection. In G. thymalli this is not the case and the

third codon positions show a low AT content (55.5%) relative to
the first and second codon positions (61.0 and 66.2%).

The amino acid sequences of the proteins of G. thymalli
mtDNA were inferred using the genetic code for Platyhelminthes
[17] that uses AAA to code for asparagine, AGA and AGG
to code for serine, TGA to code for tryptophan, and TAA and
TAG as stop codon [12]. The codons AUA (Ile, 6.5%), CUA
(Leu, 5.2%), and UUC (Phe, 5.1%) are the most frequently used
codons in the protein-coding sequences. Leucine and serine are
the most frequently used amino acids with a proportion of 16.3
and 12.3%, respectively. The least used codons include CAG
(GlIn; 0.2%), CCG (Pro; 0.3%), and CGU, CGC, and CGG (0.3%
each) and CGA (0.5%) that code for arginine. Not surprisingly,
arginine (1.3%) and glutamine (0.8%) are the least frequently
used amino acids.

The only codon used for initiation is ATG, and TAA and
TAG are used for termination. The ND2 gene has an incomplete
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Fig. 2. Inferred secondary structure of tRNACYS tRNAS®'! and tRNAS®'? of G. thymalli that have unpaired DHU-arms. The tRNAs are labeled with the abbreviations
of their corresponding amino acids. Nucleotide sequences are presented from 5’ to 3'.

termination codon (TA) as found in many metazoan mitochon-
drial genomes and as has also been observed in cestodes [12].
A leucine zipper as has been described in the nad4L peptide of
several flatworms [12,18] and other eukaryotes that consists of
a leucine (L) residue repeated every seventh amino acid at least
four times (leucine can be substituted by Met, Val or Ile), has not
been detected in the nad4L peptide of G. thymalli. There are only
three leucine residues whereas the fourth residue is substituted
by a phenylalanine.

With the help of the program tRNAscan-SE 1.21 (http://www.
genetics.wustl.edu/eddy/tRNAscan-SE/) 17 tRNAs could easily
be identified. The remaining 5 tRNAs that were not iden-
tified by tRNAscan-SE 1.21, tRNA!®, tRNASe! (RNACYS,
tRNAS2 and tRNAAE, were found by identifying the anti-
codon sequences, the conserved motif YUxxxR (xxx=the
anti-codon), and the standard cloverleaf structure or cloverleaf
structure lacking the DHU arm. A few mismatches occur in the
structure of some tRNAs especially in the acceptor arm. Of a
total of 426 potential bonds, 380 are canonical pairings, i.e. A-U
(247) and G—C (133). Another 36 are non-Watson—Crick interac-
tions, i.e. G-U, which are permitted in RNA secondary structures
[19]. The remaining 10 bonds are considered mismatches. The
mitochondrial genome of G. thymalli contains 22 tRNAs as is
also common for other metazoans. Six tRNA genes are overlap-
ping with other genes tRNAMS tRNAVY (RNAAIZ t(RNAP™,
tRNA® and tRNAT™. The lengths of these tRNA genes vary
from 58 bp (tRNASY) to 72 bp (tRNA and tRNASY) (Table 1).
The inferred putative secondary structure of 19 tRNAs shows
the typical cloverleaf shape. However, the secondary structures
of tRNASYS, (RNASet! and t(RNASe™2 have unpaired DHU-arms
with a 7-8bp long loop (Fig. 2). This feature has also been
described for some other metazoan mtDNA [15].

The regions coding for the large and small ribosomal subunits
genes are 958 and 710 bp long, respectively (Table 1). These val-
ues are small compared to most other metazoans but fall well
into the length range in parasitic flatworms. The rrnL and rrnS
are separated by the tRNA®YS which is usually the case in flat-

worms. The AT content of the rRNA encoding sequences is 64.7
and 70.7%, respectively.

In addition to 20 short non-coding regions that are all <112 bp,
two long non-coding regions (NC) occur in the mitochondrial
genome of G. thymalli. Both NCs are of similar length (799
and 767 bp, respectively) and are located between tRNAPh
and afp6 and between tRNAM® and tRNAS. The AT con-
tent of the NCs (63.9 and 64.5%) is only slightly higher than the
overall AT content of the mitochondrial genome (62.8%) and
thus somewhat lower than what has been frequently observed
in other metazoan (usually >70%). This low AT content may
have facilitated to relatively easily amplify and sequence these
non-coding regions. Furthermore, sequence analysis of the two
NCs did not reveal clusters of repeated motifs in G. thymalli
that are frequently found in other species. However, as has
been reported for the closely related G. salaris [10] (GenBank
accession number DQ988931) the sequences of the two NCs
show a very high level of sequence similarity over 724 bp. In
these regions both NCs differ only by 2.1% (10 transitions, 4
transversions and 1 indel). Itis also noteworthy, that the two NCs
have been amplified in two different amplicons and sequenced
using primer walking; they can, therefore, not be explained as
artifacts.

Compared to the recently described mtDNA of G. salaris
[10] the mitochondrial genome of G. thymalli from Hnilec, Slo-
vakia, differs on average by 2.2%. While some of the tRNA
genes do not differ at all, the most differentiated sequence is
the cytochrome oxidase subunit III gene (Table 1). Surprisingly,
the long non-coding regions, in particular NC1, are highly con-
served. Further studies need to be conducted in order to analyze
why these regions that cannot be associated to any gene show
such a low differentiation between the two species.
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