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Mitochondrial genomes of two diplectanids @
(Platyhelminthes: Monogenea) expose

paraphyly of the order Dactylogyridea and
extensive tRNA gene rearrangements
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Abstract

Background: Recent mitochondrial phylogenomics studies have reported a sister-group relationship of the orders
Capsalidea and Dactylogyridea, which is inconsistent with previous morphology- and molecular-based phylogenies.
As Dactylogyridea mitochondrial genomes (mitogenomes) are currently represented by only one family, to improve
the phylogenetic resolution, we sequenced and characterized two dactylogyridean parasites, Lamellodiscus spari
and Lepidotrema longipenis, belonging to a non-represented family Diplectanidae.

Results: The L. longipenis mitogenome (15,433 bp) contains the standard 36 flatworm mitochondrial genes (atp8 is
absent), whereas we failed to detect trnS1, trnC and trnG in L. spari (14,614 bp). Both mitogenomes exhibit unique
gene orders (among the Monogenea), with a number of tRNA rearrangements. Both long non-coding regions
contain a number of different (partially overlapping) repeat sequences. Intriguingly, these include putative tRNA
pseudogenes in a tandem array (17 trnV pseudogenes in L. longipenis, 13 trnY pseudogenes in L. spari). Combined
nucleotide diversity, non-synonymous/synonymous substitutions ratio and average sequence identity analyses
consistently showed that nad2, nad5 and nad4 were the most variable PCGs, whereas cox1, cox2 and cytb were the
most conserved. Phylogenomic analysis showed that the newly sequenced species of the family Diplectanidae
formed a sister-group with the Dactylogyridae + Capsalidae clade. Thus Dactylogyridea (represented by the
Diplectanidae and Dactylogyridae) was rendered paraphyletic (with high statistical support) by the nested
Capsalidea (represented by the Capsalidae) clade.

Conclusions: Our results show that nad2, nad5 and nad4 (fast-evolving) would be better candidates than cox1
(slow-evolving) for species identification and population genetics studies in the Diplectanidae. The unique gene
order pattern further suggests discontinuous evolution of mitogenomic gene order arrangement in the Class
Monogenea. This first report of paraphyly of the Dactylogyridea highlights the need to generate more molecular
data for monogenean parasites, in order to be able to clarify their relationships using large datasets, as single-gene
markers appear to provide a phylogenetic resolution which is too low for the task.
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Background

Monogeneans of the family Diplectanidae (Dactylogyri-
dea: Dactylogyrinea) are parasites found on the gills of
(mostly) marine perciform fishes [1]. The family com-
prises approximately 250 species and is mainly studied
for the adverse health effects these parasites cause to the
hosts; the fixation of their opisthaptors on the gills
causes haemorrhages and a white mucoid exudate,
which often leads to secondary fungal, bacterial and/or
viral infections [2, 3]. An example is Diplectanum
aequans (Wagener, 1857), which can cause high mortal-
ity of juvenile European sea bass in the Mediterranean
aquaculture [2].

Traditionally used phylogenetic markers, morphology
and single-genes, are often not suitable for resolving
evolutionary history with high confidence; morpho-
logical traits can be homoplastic, which often causes
taxonomic and phylogenetic artifacts [4—6] and, due to
the small amount of information (phylogenetic signal)
they carry, single-gene molecular markers may have lim-
ited resolving power [7]. This is reflected in the unre-
solved phylogeny of Monogenean parasites [8—11].
Specifically, studies based on spermatozoal ultrastruc-
tural characters [12, 13], the 18S rRNA gene [9-11], and
a combination of three unlinked nuclear genes [5], sup-
ported a phylogenetically closer relationship between
monogenean orders Capsalidea and Gyrodactylidea than
(either of the two) to the Dactylogyridea. However, 66
homologous series of morphological characters resolved
the Gyrodactylidea and Dactylogyridea as sister groups
[14]. Therefore, molecular markers carrying more
powerful phylogenetic signals are needed to resolve their
phylogenetic relationships with high resolution. Mito-
genome is a good candidate marker, with an approxi-
mately ten times larger nucleotide alignment length than
commonly used single-gene molecular markers (ITS,
18S and 28S rRNA). Although their applicability for
studies of the Neodermata is still hampered by their
relative scarcity, they are increasingly used in population
genetics [15], phylogenetics [16, 17] and diagnostics [7,
18] of parasitic flatworms, despite this limitation. Intri-
guingly, recent researches [4, 19, 20] relying on the
mitochondrial (mt) phylogenomics approach consistently
resolved the Dactylogyridea and Capsalidea as
sister-groups, thereby further complicating phylogenetic
hypotheses for the three aforementioned orders.

As the resolution power of mitochondrial genomics is
still limited by the very low number of sequenced mono-
genean mitogenomes available, where many taxonomic
categories remain poorly represented or unrepresented
(only one dactylogyridean family represented), we se-
quenced and characterized two complete mitochondrial
genomes belonging to a non-represented dactylogyri-
dean family, the Diplectanidae: Lamellodiscus spari
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(Zhukov, 1970) and Lepidotrema longipenis (Yamaguti,
1934), collected from the gills of two marine fish species.
Their availability shall enable us to employ mitochon-
drial phylogenomics to investigate relationships of these
three orders with improved resolution.

Methods

Specimen collection and identification

According to the records in Zhang et al. [21], we
searched for diplectanid parasites by exploring fish mar-
kets in several coastal cities in the southern China. Lepi-
dotrema longipenis was obtained from Terapon jarbua
(Forsskal, 1775) (Perciformes: Terapontidae) bought at a
local market in Zhanjiang city, Guangdong Province (21°
15'5"-21°15'16"N, 110°23'46"-110°24'12"E), on the 18th
June 2016. Lamellodiscus spari was obtained from the
black sea bream Acanthopagrus schlegelii (Bleeker, 1854)
(Perciformes: Sparidae) caught by fishermen in Daya
Bay, Guangdong Province (22°42'58"-22°42'56"N, 114°
32'16"-114°3225"E) on the 10th July 2017. Discrimina-
tive morphological characteristics for the Diplectanidae
are their opisthaptor equipped by three transversal bars
connected to two pairs of central hooks, 14 marginal
hooks and accessory adhesive organ (lamellodisc or
squamodisc) that can be present or absent [22, 23]. Para-
sites were further morphologically identified to the
genus level as described in Domingues & Boeger [23],
and to the species level under a light microscope accord-
ing to the traits described in Ogawa & Egusa [24] for L.
spari, and the traits described in Zhang et al. [21] for L.
longipenis. Additionally, to confirm the taxonomic iden-
tity, the 285 rRNA gene was amplified using universal
primers [25] (Additional file 1: Dataset S1); both species
share a very high identity of 99.6% with corresponding
conspecific homologs available in GenBank: 744/747
identical bp for L. longipenis (EF100563), and (837/840)
for L. spari (DQO054823). All sampled and identified par-
asites were first washed in 0.6% saline and then stored in
100% ethanol at 4 °C.

DNA extraction, amplification and sequencing

Due to the small size of these parasites, we used two kinds
of genomic DNA to ensure a sufficient amount for ampli-
fication and sequencing, both extracted using a TIANamp
MicroDNA Kit (Tiangen Biotech, Beijing, China): mixture
DNA (20 parasite specimens) and individual DNA (a sin-
gle parasite specimen). Mixture DNA was first used to
amplify the whole mitogenome. First, we selected 14
monogenean mitogenomes from GenBank, aligned them
using ClustalX [26], and designed degenerate primer pairs
(Additional file 1: Dataset S1) matching the generally con-
served regions of mitochondrial genes (16S, 12S, cox1,
cox2, nadl, nad4 and cytb). On the basis of these obtained
fragments, specific primers were then designed using
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Primer Premier 5 [27], and the remaining mitogenome
was amplified and sequenced in several PCR steps (Add-
itional file 1: Dataset S1). Both mitogenomes were ampli-
fied exactly following the procedures previously described
[4, 17, 19, 28]; detailed PCR conditions are provided in
Additional file 1: Dataset S1. PCR products were se-
quenced bi-directionally using both degenerate and spe-
cific primers mentioned above on an ABI 3730 automatic
sequencer (Sangon, Shanghai, China) using the Sanger
method. During the sequencing we paid close attention to
chromatograms, carefully examining them for double
peaks, or any other sign of the existence of two different
sequences. A BLAST [29] check was used to confirm that
all amplicons are the actual target sequences. To address
the possibility of intraspecific sequence variation present
in the mixture DNA, we then used individual DNA and
long-range PCR to verify the obtained sequences (primers
used are listed in Additional file 1: Dataset S1). If we
found two different sequences, we used the DNA ex-
tracted from a single individual to infer the mitogenomic
sequence, thereby ensuring that each sequence belongs to
a single specimen.

Sequence annotation and analyses

Both mitogenomes were assembled and annotated fol-
lowing a previously described procedure [4, 17, 19, 28]
using DNAstar v.7.1 software [30], MITOS [31],
ARWEN [32] and DOGMA [33] web tools, so detailed
methodology is provided in Additional file 1: Dataset S1.
Codon usage and relative synonymous codon usage
(RSCU) for 12 protein-encoding genes (PCGs) of the
two studied diplectanids, two dactylogyrids (Dactylo-
gyrus lamellatus Achmerov, 1952 and Tetrancistrum
nebulosi Young, 1967) and three capsalids (Neobenede-
nia melleni MacCallum, 1927, Benedenia seriolae Yama-
guti, 1934 and B. hoshinai Ogawa, 1984) were computed
and sorted using MitoTool [34] (an in-house GUI-based
software), and finally the RSCU figure drawn using the
ggplot2 [35] plugin. Non-synonymous (dN) / synonym-
ous (dS) mutation rate ratios among the 12 PCGs of the
two studied diplectanid mitogenomes were calculated
with DnaSP v.5 [36]. The same software was also
employed to conduct the sliding window analysis: a slid-
ing window of 200 bp and a step size of 20 bp were im-
plemented to estimate the nucleotide divergence Pi
between the mitogenomes of L. longipenis and L. spari.
Tandem Repeats Finder [37] was employed to find tan-
dem repeats in the long non-coding regions (LNCR),
and their secondary structures were predicted by Mfold
software [38]. Rearrangement events in the mitogenomes
and pairwise comparisons of gene orders of all 20 avail-
able monogeneans were calculated with the CREx pro-
gram [39] using the common intervals measurement.
Due to limitations of the CREx algorithm, and to
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facilitate comparative analyses of gene orders, we provi-
sionally added the gene block trnSi-trnC-trnG to the
gene order sequence of L. spari, corresponding to the
position where these genes were found in L. longipenis
(between nad5 and cox3). Genetic distances (identity)
among mitogenomic sequences were calculated with the
“DistanceCalculator” function in Biopython using the
“identity” model.

Phylogenetic analyses

Phylogenetic analyses were conducted using the two newly
sequenced diplectanid mitogenomes and all 18 monogen-
ean mitogenomes available in GenBank (5th May 2018).
Two species of the order Tricladida, Crenobia alpina
(Dana, 1766) (KP208776) and Obama sp. (NC_026978),
were used as outgroups, thus making a total of 22 mito-
genomes (Additional file 2: Table S1). Two datasets were
used for phylogenetic analysis: amino acid alignment of 12
protein-coding genes (PCGAA) and codon-based align-
ment of nucleotide sequences of 12 protein-coding genes
+ secondary structure alignment of 22 tRNAs and 2
rRNAs (PCGRT). As data processing was conducted as
previously described [4, 17, 19, 28, 40], using MitoTool,
MAFFT [41] and Gblocks [42]; details are given in Add-
itional file 1: Dataset S1. The heterogeneity of sequence di-
vergence within data sets was analyzed using AliGROOVE
[43], wherein indels in nucleotide dataset were treated as
ambiguity, and a BLOSUM62 matrix was used for amino
acids. Best partitioning scheme and evolutionary models
were selected using PartitionFinder2 [44], with greedy al-
gorithm and AICc criterion. Phylogenetic analyses were
conducted using two different algorithms: maximum likeli-
hood (ML) and Bayesian inference (BI). Based on the
Akaike information criterion implemented in ProtTest
[45], MTART+1+G+F was chosen as the optimal evolu-
tionary model for the downstream phylogenetic analyses.
Under this optimal model and partition model, ML ana-
lysis was conducted in RAXML [46] using a ML+rapid
bootstrap (BS) algorithm with 1000 replicates. Bayesian in-
ference analyses with the empirical MTART model were
conducted using PhyloBayes (PB) MPI 1.5a [47]. For each
analysis, two MCMC chains were run after the removal of
invariable sites from the alignment, and the analysis was
stopped when the conditions considered to indicate a good
run (according to the PhyloBayes manual) were reached:
maxdiff < 0.1 and minimum effective size > 300. Phylo-
grams and gene orders were visualized and annotated by
iTOL [48] with the help of several dataset files generated
by MitoTool, as described in our recent papers [4, 17].

Results and discussion

Genome organization and base composition

The full circular mitochondrial genome of L. longipenis
(GenBank: MH328203), at 15,433 bp, is the longest
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among the monopisthocotylids characterized so far
(Additional file 2: Table S1). The mitogenome of L. spari
is 14,614 bp in size (GenBank: MH328204). The L. longi-
penis mitogenome contains the standard [49] 36 flat-
worm mitochondrial genes, including 12
protein-encoding genes (PCGs; atp8 is absent), 22 tRNA
genes, and two rRNA genes, whereas truS1, truC and
trnG genes are missing in L. spari (Table 1 and Fig. 1).
The architecture, gene contents and similarity of ortho-
logous sequences for the two studied mitogenomes are
summarized in Table 1. Average sequence similarity of
PCGs between the two studied mitogenomes ranged
from 55.58 (nad5) to 79.45% (cox1) (Table 1). In com-
parison to PCGs, average sequence similarity values be-
tween the rRNAs of the two species were higher: 75.43%
for rruL and 70.87% for rruS.

Protein-coding genes and codon usage

Eleven out of 12 PCGs of the two studied mitogenomes
used ATG or GTG as the initial codons. However, it proved
difficult to determine the initial codon of the nad2 gene in
both species. On the basis of results reported for other re-
lated species, as a working hypothesis we proposed TTG
and ATT as the initial codon of nad2 for L. longipenis and
L. spari, respectively. Similarly, ATT was proposed as the
start codon for nad2 in B. hoshinai (Ogawa, 1984) and
Aglaiogyrodactylus forficulatus (Kritsky, Vianna & Boeger,
2007) [20, 50], and TTG as the start codon for cox2 in
Paragyrodactylus variegatus (You, King, Ye & Cone, 2014)
[51] (also see Additional file 3: Table S2). Canonical stop
codons for the genetic code 9 (echinoderm and flatworm
mitochondrion), TAA and TAG, were found in all 12 PCGs
(Table 1 and Additional file 3: Table S2). Codon usage,
RSCU, and codon family (corresponding to the amino
acids) proportions were investigated among the seven avail-
able capsalids (three species) and dactylogyrids (four spe-
cies) (Additional file 4: Figure S1). The third codon position
exhibited the highest A+T bias (Table 2). Amino acids
encoded by adenosine and thymine-rich codon families
(such as Phe, Leu2 and Ile) were strongly preferred,
whereas amino acids encoded by guanine and cytosine-rich
codon families (such as Arg, Pro and Ala) appear to be se-
lected against (Additional file 4: Figure S1).

Loss of trnS1, trnC and trnG from the L. spari mitogenome
Both ARWEN and MITOS algorithms failed to detect
trnS1, trnC and trnG in the L. spari mitogenome. We
made several attempts to corroborate that this is not an
artifact. First, we carefully checked (via alignments with
monogenean truS1, trnC and trnG homologs) all inter-
genic sequences (including the LNCR). As these missing
tRNA genes are located between nad5 and LNCR in L.
longipenis (Table 1, Fig. 2), and as trnC is located be-
tween two rRNA genes in many other monogeneans
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(Fig. 2), we focused specifically on these two fragments.
None of these sequences showed appreciable similarity
with the queried homologs. Secondly, we re-sequenced
the fragment between nad5 and cox3 using both mixture
DNA and individual DNA, and checked the chromato-
grams carefully [52]. We did not find any evidence for
sequence variability. Thirdly, referring to L. longipenis
and other closely related monogeneans, as well as cestodes
and trematodes in most of which trnG is located between
nad5 and cox3 (Fig. 2, Additional file 5: Figure S2), we de-
signed two primer pairs (Additional file 1: Dataset S1) to
assess whether trnG is located between these two genes
(or in their vicinity) in L. spari: (i) one forward primer
(LS-GIyF) matching the most conserved region of trnG
and two reverse primers (LSR1-6 and LSR1-8) matching
the conserved regions of cox3 to amplify the fragment be-
tween trnG and cox3; and (ii) two forward primers
(LSF17-0 and LSF17) matching nad5 and one reverse pri-
mer (LS-GlyR) matching ¢rnG to amplify the fragment be-
tween nad5 and trnG. None of these primer pairs could
generate a PCR product, which indicates that trnG is ei-
ther not in the vicinity of these two genes in L. spari, or
that its sequence is highly divergent, or that it is com-
pletely missing from the mitogenome. On the basis of
these tests and high quality of chromatograms of the frag-
ment between nad5 and cox3 [52], we suspect that all
three tRNAs (trnS1-trnC-trnG) might be missing from the
mitogenome of L. spari. These results would have to be
corroborated either by resequencing of this mitogenome,
or by sequencing of other closely related species. Loss of
tRNA genes was also reported in many other metazoan
taxa [53—57]. Given that the amino acid usage frequency
of serine (AGN), glycine and cysteine is analogous be-
tween L. spari and other monogeneans (Additional file 4:
Figure S1), there are at least three possible explanations
for the missing tRNAs: (i) they are imported from the nu-
cleus, as is common in mitochondria [58]; (ii) they are
encoded in the mitogenome, but undergo extensive
post-transcriptional RNA editing [54], so they could not
be identified from their coding sequences; and (iii) they
are encoded on a separate minicircle of mtDNA.

Non-coding regions

A putative control region, or long non-coding region
(LNCR), was found between nad5 and cox3 genes in
both mitogenomes (disregarding the three missing
tRNAs; Table 1 and Fig. 1). The LNCR of L. longipenis
(1993 bp) was the longest among the monogeneans
characterized so far [4, 7, 16, 19, 20, 50, 51, 59-67]. The
A+T content of both LNCRs (L. longipenis = 93.8%, L.
spari = 92.5%) was much higher than in other parts of
the mitogenomes (Table 2). Both LNCRs contained a
highly repetitive region (HRR): the HRR of L. longipenis
was composed of 18 tandem repeats (TRs), where repeat
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Table 1 Comparison of the annotated mitochondrial genomes of Lamellodiscus spari and Lepidotrema longipenis

Gene Position Size Intergenic Codon Strand Identity
From To nucleotides Start Stop
Lepidotrema longipenis/Lamellodiscus spari

cox1 11 1548/1557 1548/1557 GTG/GTG TAA/TAG H/H 7945
trnT 1553/1581 1609/1641 57/61 4/23 H/H 61.9
rrnL 1610/1642 2582/2593 973/952 H/H 73.19
S 2609/2599 3328/3335 720/737 26/5 H/H 6943
cox2 3361/3336 3936/3917 576/582 32/- ATG/ATG TAG/TAA H/H 70.79
trnL1 3970/3920 4039/3985 70/66 33/2 H/H 56.58
trnS2 4040/3985 4104/4050 65/66 -/-1 H/H 70.15
trnE 4105/4051 4171/4118 67/68 H/H 77.14
nadé 4175/4119 4624/4577 450/459 3/- ATG/GTG TAA/TAA H/H 62.75
trnl2 4628/4584 4697/4648 70/65 3/6 H/H 64.29
trnY 4700/4662 4767/4727 68/66 2/13 H/H 72.86
trnR 4769/4725 4836/4789 68/65 1/-3 H/H 72.06
nad5 4840/4790 6366/6193 1527/1404 3/- ATG/GTG TAA/TAA H/H 55.58
trnS1 6368/~ 6427/- 60/- 1/- H/- -
trnC 6431/~ 6496/~ 66/- 3/- H/- -
trnG 6503/- 6567/- 65/- 6/- H/- -
LNCR 6568/6194 8560/7966 1993/1773 H/H 60.71
cox3 8561/7967 9214/8617 654/651 ATG/ATG TAA/TAA H/H 7141
trnH 9218/8619 9285/8682 68/64 31 H/H 7647
cytb 9286/8683 10,374/9771 1089/1089 ATG/ATG TAG/TAG H/H 7493
nadAal 10,422/9764 10,670/10,018 249/255 47/-8 ATG/ATG TAG/TAG H/H 65.89
nad4 10,640/9991 11,857/11,166 1218/1176 -31/-28 ATG/ATG TAA/TAG H/H 59.5
trnQ 11,874/11,313 11,935/11,375 62/63 16/75 H/H 85.71
trnF 11,936/11,173 12,003/11,237 68/65 -/6 H/H 77.94
trnM 12,000/11,389 12,063/11,453 64/65 -4/13 H/H 67.69
atp6é 12,064/11,454 12,579/11,966 516/513 ATG/ATG TAA/TAG H/H 69.56
nad?2 12,629/11,962 13,525/12,810 897/849 49/-5 TTG/ATT TAA/TAA H/H 56.16
trnA 13,559/12,817 13,624/12,878 66/62 33/6 H/H 68.18
trnD 13,633/12,880 13,697/12,941 65/62 8/1 H/H 83.08
trnV 13,698/12,944 13,763/13,010 66/67 /2 H/H 86.76
nadi 13,764/13,012 14,660/13,905 897/8% /1 GTG/ATG TAG/TAA H/H 69.56
trnN 14,661/13,909 14,726/13,971 66/63 /3 H/H 74.63
trnl 14,759/14,056 14,827/14,123 69/68 32/1 H/H 77.14
trnP 14,854/13,978 14,920/14,044 67/67 26/6 H/H 7941
trnK 14,923/14,130 14,986/14,197 64/68 2/6 H/H 69.12
nad3 15,018/14,200 15,386/14,550 369/351 31/2 ATG/ATG TAG/TAG H/H 6344
trnW 15,367/14,549 15/433/14,614 67/66 -20/-2 H/H 66.18

Abbreviation: LNCR, large non-coding region

units 2—18 were identical (91 bp) and unit 1 was 1 bp
longer with a nucleotide insertion at the 16th position;
the HRR of L. spari contained 20 TRs with the consen-
sus size of 87 bp, but sizes and sequences of the repeat

units were variable, exhibiting nucleotide mutations, de-
letions and insertions. This is the second report of TRs
with high repeat numbers and large size in the subclass
Monopisthocotylea; the first report was also in a
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Fig. 1 Visual representation of the circular mitochondrial genomes of Lepidotrema longipenis and Lamellodiscus spari. Key: Red, protein-coding
genes; yellow, tRNAs; green, rRNAs; grey, non-coding regions

Table 2 Nucleotide composition and skewness comparison of different elements of the mitochondrial genomes of Lamellodiscus

spari and Lepidotrema longipenis

Regions Size (bp) TU) C A G AT (%) GC (%) GT (%) AT skew GC skew
Lepidotrema longipenis/Lamellodiscus spari
PCGs 9990/9780 473/477  7.9/85 285/26.7  163/17.1  758/744 242/256 636/648 -0.248/-0281 0.347/0336
1st codon position  3330/3260 412/403 82/9.0 304/295 202/213 716/698 284/303 614/616 -0.151/-0.154 0.425/0407
2nd codon position  3330/3260 489/49.1 122/12.7  21.1/200 17.9/182 70.0/69.1 30.1/309 668/67.3 -0.398/-0420 0.189/0.176
3rd codon position  3330/3260 51.7/53.7 34/38 340/30.7 108/11.8 85.7/844 142/156 625/655 -0207/-0273 0.523/0516
atp6 516/513 49.0/519 87/9.2 250/236 172/154 740/755 259/246 66.2/673 -0325/-0375 0.328/0.254
cox1 1548/1557 444/456 102/106 260/253 194/185 704/709 296/29.1 638/641 -0261/-0286 0.310/0.272
cox2 576/582 420/435 9.7/89 29.3/26.1  189/215 713/696 286/304 609/650 -0.178/-0249 0.321/0412
cox3 654/651 52.1/504 6.0/7.2 266/253 153/17.1  787/757 21.3/243 674/67.5 -0324/-0331 0.439/0405
cytb 1089/1089 457/462 96/11.1  274/249 174/178 73.1/71.1 27.0/289 63.1/640 -0.251/-0300 0.290/0.232
nadi 897/8%4 469/479 64/78 282/26.1 185/182 75.1/740 249/260 654/66.1 -0.249/-0295 0.489/0.399
nad?2 897/849 51.3/508 74/69 30.2/285 11.1/138 81.5/793 185/20.7 624/646 -0.259/-0281 0.205/0.330
nad3 369/351 485/459 46/5.1 31.2/330 157/160 79.7/789 203/21.1 642/619 -0218/-0.162 0.547/0.514
nad4 1218/1176 48.1/487 89/86 28.7/26.7 144/160 768/754 233/246 625/64.7 -0253/-0292 0.237/0.301
nadal 249/255 50.2/478 48/75 31.3/259 137/188 81.5/73.7 185/263 63.9/666 -0.232/-0298 0.478/0433
nad5 1527/1404 46.6/47.3 64/75 316/288 155/163 782/76.1 219/238 62.1/636 -0.192/-0242 0.413/0.367
nadé 450/459 489/490 6.9/54 27.8/298 164/157 76.7/788 233/21.1 653/64.7 -0.275/-0243 0.410/0.485
rrnL 973/952 41.7/40.1  86/9.5 340/343 156/16.1 75.7/744 242/256 57.3/56.2 -0.102/-0078 0.288/0.259
S 720/737 39.7/388 96/102  353/339 154/17.1 750/727 250/27.3 55.1/559 -0.059/-0067 0.233/0.254
LNCR 1993/1773 463/403 26/28 475/522  36/47 93.8/925 6.2/75 499/450 0.013/0.128  0.161/0.263
tRNAs 1448/1237 40.2/404 79/84 370/342 149/170 77.2/746 228/254 55.1/574 -0.041/-0083 0.309/0.338
rRNAs 1693/1689 40.9/396 9.0/9.8 346/342 155/165 755/738 245/263 564/56.1 -0.084/-0.073 0.264/0.257
Full genome 15433/14614 458/453 73/79 326/315 143/154 784/768 216/233 60.1/60.7 -0.169/-0.180 0.326/0.323

Abbreviation: LNCR, large non-coding region
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Fig. 2 Phylogeny and mitogenomic architecture of the class Monogenea. The phylogram was constructed using MTART model on the basis of
concatenated amino acid sequences of 20 monogenean mitogenomes. Crenobia alpina and Obama sp. are outgroups. The scale-bar corresponds
to the estimated number of substitutions per site. Statistical support values are shown above the nodes, except for nodes with maximum
support. Monogenean families are shown in different colors. Gene order is displayed to the right of the tree

dactylogyridean species, D. lamellatus [19]. These
findings consistently reject the hypothesis that mono-
pisthocotylids possess fewer and smaller (in size) TRs
in the LNCR than polyopisthocotylids [61]. As in
other monogeneans [19, 64] and cestodes [68, 69],
both consensus repeat patterns of the HRRs in L.
longipenis and L. spari are capable of forming
stem-loop structures (Additional file 6: Figure S3).
Since the presence of tandem repeats forming stable
secondary structure is often associated with replica-
tion origin in mitochondria [64, 70, 71], it appears

likely that these repeat regions are embedded within
the control region.

Aside from these TRs, the LNCR of L. longipenis also
harbored 17 identical trnV pseudogenes, whereas the
LNCR of L. spari contained 13 trnY pseudogenes (iden-
tified using ARWEN and DOGMA algorithms), all of
which were located on the minus strand. These pseudo-
genes and HRR repeat patterns were two separate fea-
tures, although the pseudogenes partially overlapped
with the repeat patterns of HRR. Among the 13 trnY
pseudogenes, six were 80 bases-long, and seven were 82

anticodon
—
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Microcotyle sebastis-trn¥
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Lepidotrema fongipenis-trnY
Lamellodiscus spari-tmY
Dactylogyrus lamellatus-trnY
Tetrancistrum nebulosi-trnY
Neobenedenia melleni-trnY
Benedenia hoshinai-trnY
Benedenia seriolae-tmY
Aglaiogyrodactylus forficulatus-trnY
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Fig. 3 Alignment of trnV and trmY pseudogenes with the corresponding functional monogenean tRNA homologs. Cloverleaf structures of the two
pseudogenes are shown on the right of alignment. Two red bases in tmY indicate nucleotide insertions in the TWC stem
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bases-long, with two bases inserted in the TYC stem.
trnV pseudogene had a standard TAC anticodon,
whereas trnY contained modified standard anticodon
(ATA). The cloverleaf structures of the two pseudogenes
and the alignment with the corresponding functional
monogenean tRNA homologs is shown in Fig. 3. Average
sequence similarity values of the alignment for trnV and
trnY were 40.78 + 3.87% and 39.91 + 4.13%, respectively.
As the amino acid usage frequencies of valine and tyro-
sine for L. longipenis and L. spari were analogous with
other monogeneans (Additional file 4: Figure S1), we hy-
pothesise that the presence of these pseudogenes is
non-adaptive, and that they may not be functional. A
tRNA pseudogene was also found in the LNCR of Para-
tetraonchoides inermis (Bychowsky, Gussev & Nagibina,
1965) [4], but such a large accumulation of tRNA pseu-
dogenes in tandem arrays is much more common in
plastid genomes [72] and prokaryotes [73] than in mito-
chondrial genomes of metazoans. It might be of interest
to sequence mitogenomes of other closely related species
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to infer whether they also harbor this feature, and study
its evolutionary history and mutational rate.

Nucleotide diversity and evolutionary rate analysis

The sliding window analysis was conducted using
concatenated alignments of 12 PCGs, two rRNAs and 19
coalescent tRNAs of the two diplectanids (trnS1, trnC
and trnG were removed due to their absence from L.
spari). The plot of sequence variation ratio exhibited
highly variable nucleotide diversity between the two
diplectanids, with Pi values for the 200 bp windows ran-
ging from 0.201 to 0.411 (Fig. 4a). cox1 (0.201), tRNAs
(0.215), rruS (0.221), rruL (0.224) and cytb (0.251) exhib-
ited a comparatively low sequence variability, whereas
nad?2 (0.411), nad5 (0.392), nad4 (0.381) and nad6
(0.354) had a comparatively high sequence variability.
This was corroborated by the non-synonymous/syn-
onymous (dN/dS) ratio (omega) analysis, which showed
that cox1 (0.163), cytb (0.167), nad4L (0.213) and cox2
(0.229) are evolving comparatively slowly, whereas nad2
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(0.69), nad5 (0.49), nad6 (0.462) and nad4d (0.451) are
evolving comparatively fast (Fig. 4b). Therefore, these
analyses consistently indicate that cox1, which is often
used as a universal barcode for species identification
[74], as well as population genetics in monogeneans
[75-78], is the slowest evolving and least variable gene.
As rapidly evolving genes are more suitable for analyzing
relationships among closely related species [79], we
propose that the fast-evolving nad2, nad5, nad6 and
nad4 would be better molecular markers than cox1 for
diplectanids.

Phylogeny

Regardless of the dataset and model used, all analyses
produced phylograms with concordant branch topolo-
gies (Fig. 2 and Additional file 7: Figure S4 and S5). As
the AlIGROOVE analysis indicated that the PCGAA
dataset exhibits lower heterogeneity than PCGRT (Add-
itional file 7: Figure S6), we displayed only the results of
PCGAA in Fig. 2. As expected, the two diplectanids, L.
longipenis and L. spari, constituted a monophyletic
group with maximum support. In accordance with previ-
ous results based on mitochondrial phylogenomics [4,
19, 20], the two dactylogyrids (D. lamellatus and T. neb-
ulosi;  Dactylogyridea:  Dactylogyridae) formed a
sister-group with the three capsalids (N. melleni, B. hos-
hinai and B. seriolae; Capsalidea: Capsalidae). The two
newly-sequenced diplectanids (Diplectanidae) formed a
sister-group with this (Dactylogyridae + Capsalidae)
clade. As the family Diplectanidae was classified into the
order Dactylogyridea in the classifications proposed by
Bychowsky [80], Lebedev [81] and Boeger & Kritsky
[82], this topology rendered Dactylogyridea paraphyletic
by the nested Capsalidea clade. In these taxonomic sys-
tems, the Dactylogyridae and Diplectanidae were
assigned to the same order Dactylogyridea (or suborder
Dactylogyrinea within the order Dactylogyridea in
Bychowsky [80]), whereas the Capsalidae was classified
into the order Capsalidea (or suborder Monopisthocoty-
linea within the order Dactylogyridea in Bychowsky
[80]). A number of subsequent morphology- and mo-
lecular data-based studies further supported the closer
phylogenetic relationship between the Dactylogyridae
and Diplectanidae than either of the two with Capsali-
dae: chaetotaxy and ciliated cells of the oncomiracidium
[83], spermatozoon ultrastructure [12, 13], comprehen-
sive morphological characters [14, 82], 285 rRNA [8]
and 18S rRNA [9-11]. Regarding the phylogenetic pos-
ition of the Capsalidae, it was either resolved as phylo-
genetically closely related to the Gyrodactylidea (families
Gyrodactylidae and/or Udonellidae) based on the evi-
dence of spermatozoon ultrastructure [12, 13], 28S
rRNA gene [8], 185 rRNA gene [9-11], and a combin-
ation of three unlinked nuclear genes (28S rRNA,
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Histone 3 and Elongation Factor 1a) [5], or was resolved
as basal to the Gyrodactylidea and Dactylogyridea on the
basis of comprehensive morphological characters [14,
82]. However, as argued before, morphological traits are
liable to cause taxonomic and phylogenetic artifacts in
(parasitic) microscopic animals [4-6] and single
gene-based molecular markers may not provide suffi-
cient resolution power to infer the relationships among
these species with high precision [7, 84]. These discrep-
ancies could also be a result of discrepant evolutionary
rates between mitochondrial and nuclear sequences,
which can produce differing evolutionary signals [85,
86]. Although our phylogenetic analysis was based on
relatively limited mitogenomic data (four species belong-
ing to two families for Dactylogyridea, and three species/
one family for Capsalidea), the paraphyly of the Dactylo-
gyridea with reasonably high support values (BS = 85,
PB = 0.99) suggests that their relationships should be
further explored using a larger number of monogenean
mitogenomes and large nuclear datasets.

Gene order
The order of tRNA genes of the two studied diplectanids
exhibits notable rearrangements in comparison to all
other sequenced monogenean mitogenomes (Fig. 2,
Additional file 8: Table S4). Disregarding the three miss-
ing tRNAs, the gene order of the two diplectanids was
very similar, with only two transposition events: position
interchanges of trnF and trnQ, and trnP and trul (Fig. 2
and Additional file 8: Table S4). This unique gene order
pattern of the two diplectanids is further manifested by
low pairwise similarity values in comparison with those
observed among other monogeneans: the highest, be-
tween L. spari and B. hoshinai, is only 354 over 1254
(Additional file 8: Table S4). The transformational path-
way from L. spari to the most similar gene arrangement,
belonging to B. hoshinai, required one transposition, one
TDRL (tandem-duplication-random-loss) and two
coupled transposition events (Additional file 9: Figure
S7). The transformational pathway from L. longipenis to
the most similar gene arrangement found in 7. nebulosi
and P. variegatus (similarity value: 322 over 1254; gene
orders of T. nebulosi and P. variegatus were identical)
required two transpositions, one TDRL and two coupled
transposition events (Additional file 9: Figure S7). In
addition to the patterns summarized in our recent paper
[4], we assigned pattern 1c to the gene order of the two
diplectanids, which seems to be synapomorphic to the
family Diplectanidae (Additional file 5: Figure S2).
Conserved gene arrangement is considered to be a
typical feature of mitochondrial genomes [87-89], but
our results suggest that extensive gene order rearrange-
ments are not rare events in the class Monogenea. As
five out of six proposed main patterns are found in the
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Monogenea (la, 1b, 3, 4 and the new pattern 1c; Add-
itional file 5: Figure S2), this further confirms the hy-
pothesis [4] that gene order in monogeneans is evolving
at a relatively rapid rate. However, evidence is emerging
that the evolution of mitogenomic gene order arrange-
ments is discontinuous in monogeneans, as some taxo-
nomic categories appear to be particularly prone to
mitogenomic rearrangements (diplectanids, tetraonchids
and A. forficulatus), whereas others exhibit relatively
conserved gene orders. Of course, our conclusions
should be interpreted within the context of the limited
number of monogenean mitogenomes currently avail-
able. Discontinuity in mitogenomic architecture evolu-
tion was also found in nematodes [28], snails [90],
insects [91] and vertebrates [92]. Although gene order is
sometimes used as a tool for inferring phylogenetic rela-
tionships [93, 94], this discontinuity in gene order rear-
rangements in monogeneans might produce misleading
evolutionary signals, such as disproportionately long
branches, which in turn might cause long branch attrac-
tion artifacts. Thus, gene order may only be used for
phylogenetic analyses in this group of animals with this
limitation in mind. The provisional addition of three
missing tRNAs certainly affected the similarity values
and transformational pathways between L. spari and
other monogeneans, but it would not affect the assign-
ment of a new gene order pattern to diplectanids, nor
our conclusion that diplectanids are prone to mitoge-
nomic rearrangements.

Conclusions

The present study reports four findings worthy of em-
phasis. First, on the basis of nucleotide diversity, dN/dS
and average sequence identity, we propose that nad2,
nad5 and nad4 genes are better-suited as molecular
markers for species identification and population genet-
ics studies of diplectanids than the commonly used cox1.
Secondly, the long non-coding region of both mitogen-
omes contains two interesting features: (i) a highly re-
petitive region, which is often associated with replication
origin in mitochondria; and (ii) tRNA pseudogenes in
tandem arrays, which is common in plastid genomes
and prokaryotes, but rare in metazoan mitogenomes.
Thirdly, phylogenetic analysis showed that the two new
diplectanids (Dactylogyridea) formed a sister group with
a clade comprised of two other dactylogyrids (Dactylo-
gyridea) and three capsalids (Capsalidea). Thus, Dactylo-
gyridea was rendered paraphyletic by the nested
Capsalidea clade. Fourthly, due to the extensive tRNA
gene rearrangements in the two diplectanids, we
assigned them a new gene order pattern, and concluded
that the evolution of mitogenomic gene order arrange-
ments is discontinuous in monogeneans. However, our
confidence in the unorthodox phylogeny produced here,
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and understanding of genomic architecture evolution, is
curbed by the scarcity of available mitogenomes (only
four dactylogyrideans and 20 monogeneans), so we en-
courage researchers to accumulate more samples and
molecular data (especially large molecular data) for
monogenean parasites in order to infer their evolution-
ary history with confidence.
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