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Abstract
With few exceptions, animal mitochondrial genomes are impressively conserved with regard to gene arrangement (synteny). For
certain taxonomic groups, specific genomic “hotspot” regions present high levels of gene rearrangements. This is the case for the
region between the mitochondrial genes cox2 and atp8 across Annelida, particularly in members of the blood-feeding leeches of
the genus Placobdella, for which duplications and deletions of trnD have been detected. Analyses of the intergenic region
between cox2 and atp8 of 21 species of Placobdella broadly collected in Canada, Mexico, Portugal, and the USA revealed
numerous instances of trnD duplication restricted to the species of Placobdella, and it can be inferred based on the phylogenetic
position of samples with a single trnD copy that the duplicated condition is independently lost on five occasions. In species with
the duplicated trnD, great variation in the size of insertions between both copies, in the secondary structure of the trnD products,
and in their respective anticodon were found. For each of three species (Placobdella rugosa, P. ringueleti, and P. lamothei),
samples collected from different localities exhibit different gene arrangements, revealing an unexpected amount of intraspecific
variation. The rate at which rearrangements are occurring in this mitogenome region within Placobdella has no known equivalent
in the animal kingdom and we propose it as a hotspot for tRNA genes duplication-deletion. Our findings are partially compatible
with a “tandem duplication and random loss” model of evolution, however in species with just one trnD, it is the second copy the
one that we inferred is eliminated. This is, to our knowledge, the first study where such changes are mapped in a phylogeny
looking to reveal the state of the ancestor of the group.
Keywords tRNA duplication . tRNA deletion . Mitochondrial evolution . Placobdella

Introduction
Most animal mitochondrial genomes are circular molecules
composed of approximately 15,000 base pairs (bp) and
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containing 37 coding genes: 13 protein coding genes, 2
rRNA subunits, and 22 tRNAs (Boore 1999). The arrangement of mitochondrial genes is typically fully conserved
across animal diversity, although some rearrangements do exist (Jacobs et al. 1989; Boore 1999). Due to the sporadic occurrence of such rearrangement events, they have been considered important for phylogenetic inferences, as they are useful for separation and aggregation of evolutionary lineages
(Boore et al. 1995; Kumazawa and Nishida 1995; Boore
et al. 2005). One of the mechanisms that has been proposed
to explain mitochondrial gene rearrangements is the so-called
tandem duplication-random loss model (TDRL), which consists of the duplication by one of different means of a gene or
group of genes followed by the disappearance of redundant
copies via the accumulation of random mutation in anyone of
them (Macey et al. 1998; Boore 2000). This model has been
invoked particularly in cases that involve movement of tRNAs
within restricted boundaries and without changing strands in
the mitochondrial genome (Dowton et al. 2009). Presence of
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inferred pseudogenes and intergenic nucleotides between
genes is considered evidence for the TDRL model (San
Mauro et al. 2005). For example, in two families of marsupials
(Phalengeridae and Didelphidae), as well as in six amphibian
species and the bonefish Chauliodus sloani (Bloch and
Schneider, 1801), rearrangements have been detected in the
five tRNAs that form the so-called WANCY region, where the
light strand replication is initiated (Miya et al. 2001; San
Mauro et al. 2005; Mueller and Boore 2005). Another example of tRNA rearrangement in support of the TDRL model is
found in the reptile Bipes biporus (Cope, 1894), in which a
tandem repetition of the genes trnT and trnP, located between
cytb and the control region, have been characterized (Macey
et al. 1998). These discoveries provide evidence for the first
step of TDRL (tandem duplicated genes) and of its outcome
(deletion of redundant copies and rearrangement of genes).
In a study involving species of 42 genera from
Hymenoptera, a “hotspot” for mitochondrial gene rearrangements was detected between cox2 and atp8 (Dowton and
Austin 1999). Evidently, fully seven different arrangements
have arisen independently in this genomic region within
Hymenoptera (Dowton and Campbell 2001).
A similar phenomenon has been detected across species of
Annelida, where rearrangements were also detected between
the cox2 and atp8 genes (Oceguera-Figueroa et al. 2016). The
plesiomorphic and most common condition in Annelida is the
presence of a single copy of the trnD gene between cox2 and
atp8. However, alternative combinations were detected for
some groups: species of the family Urechidae (echiurids) exhibit a translocation of trnP next to trnD; in species of the
family Nereididae, a translocation of genes trnM and the control region (pCR) has been detected. In species of
Myzostomida, the trnD gene is absent between cox2 and
atp8, while in Sipunculidae (specifically in the members of
the family Phascolosomatidae), trnL, trnN, trnY, trnG, trnE,
and trnV occupy that position. In two leech species of the
genus Placobdella, a duplication of trnD was found between
cox2 and atp8, with both copies forming a typical tRNA secondary structure (Oceguera-Figueroa et al. 2016). However,
whereas both trnD copies in Placobdella parasitica were
found next to each other with no nucleotides separating them,
in P. lamothei a sequence of 128 bp was found between the
two copies. Furthermore, whereas both trnD copies contain a
GUC anticodon in P. parasitica, in P. lamothei, the second
copy following 5′–3′ direction, has an AUC anticodon. The
trnD duplication found in Placobdella may represent a synapomorphy for this genus of leeches, as it was not detected in
leech species of the genera Helobdella and Haementeria,
which together form the sister group of Placobdella
(Oceguera-Figueroa et al. 2016; de Carle et al. 2017).
The genus Placobdella resides within the family
Glossiphoniidae and currently includes around 24 species,
all of which are strictly haematophagous on vertebrates and

are distributed across North America (including Canada,
USA, and Mexico), with a single species recorded from
Europe (Placobdella costata Müller, 1846) (Bielecki et al.
2012; Arizza et al. 2016; Oceguera-Figueroa and PachecoChaves 2012; Siddall et al. 2005). Species of Placobdella feed
mainly on freshwater turtles, but some species feed on amphibians, birds, and opportunistically on mammals (Siddall
and Gaffney 2004; Oceguera-Figueroa et al. 2010; Moser
et al. 2014a, b; de Carle et al. 2017).
In the present study, we aim to evaluate the extent of the
trnD duplication across the species of the genus Placobdella,
as well as to characterize the variation of this duplication for
each of the species and to provide a phylogenetic framework
to understand this variation. Also, we aim to provide further
information through the characterization of this specific mitochondrial region of several leech species representing the major clades of Hirudinea to test if the presence of this trnD
duplication is restricted to Placobdella.

Material and methods
Specimen collection
Leech specimens were collected during field collection trips to
several locations in Canada, Mexico, and USA as well as one
sample of P. costata from Portugal – individuals were commonly collected from the undersides of rocks and other debris.
In addition, several specimens of Placobdella spp. were donated form the collections at the American Museum of Natural
History. All specimens were identified using taxonomic keys
and specialized literature (Sawyer 1986; Oceguera-Figueroa
and Siddall 2008; López-Jiménez and Oceguera-Figueroa
2009; Oceguera-Figueroa et al. 2010; Moser et al., 2016; de
Carle et al. 2017). Five leech taxa represent undescribed species, and these are labeled here as Placobdella sp. 1–5 followed by an acronym of their collection locality.

Sequencing and gene predictions
Total DNA was extracted using a DNeasy Blood & Tissue kit
(Qiagen, Valencia, CA) in accordance with the manufacturers
protocol from 43 individuals, representing 21 out of the 24
known species of Placobdella and, in addition, 13 nonPlacobdella species of leeches representing the major clades
of leeches. The latter were included in order to allow for the
investigation of the levels of taxonomic restriction of any trnD
duplication in the mitochondrial genome. The region between
the genes cox2 and atp8 was amplified using two pairs of
primers designed specifically for the present study (Table 1).
Primers were designed based on previously published mitochondrial genomes of P. parasitica (Say, 1824), P. lamothei
Oceguera-Figueroa and Siddall 2008 and Haementeria
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Table 1

Primers designed for this study

Primer name

Sequence

Matching site

TrnDF
TrnDR
F_trnN
R_trnY

5′ – ATAGATGCAATTCCAGGCCG – 3’
5′ – AGAGCGGATGTTARRGGYCATGG – 3’
5′ – AAAGCAAATAAATTGCACCTA – 3’
5′ – ACAGTTTACTGTYTATAWTTCRACCATCT – 3’

cox2
cox3
trnN
trnY

officinalis (de Filippi, 1849) (GenBank accession numbers
LT159849, LT159850, and LT159848, respectively).
Different tools were used for primer design, including
Primer-BLAST (Ye et al. 2012), FastPCR v 6.6.28
(Kalendar et al. 2009), and eye comparison of sequences to
find primers targeting coding genes before and after the area
of interest. Forward primers were located in cox2 and trnN and
reverse primers in cox3 and trnY. Primers TrnDF and TrnDR
were used together and as alternative F_trnN and R_trnY.
Polymerase chain reactions (PCR) were conducted to amplify
the selected fragments; the thermoprofile was as follows: an
initial denaturation at 94 °C (2 min), followed by 40 cycles of
denaturation at 94 °C (30 s), annealing at 52 °C (40 s), and
extension at 72 °C (1 min), with a final extension of 4 min at
72 °C for all samples. PCR reactions were performed in a
12.5 μl volume containing 1.25 μl Buffer EH, 0.28 μl
dNTPs, 0.5 μl of each primer, and 0.05 μl Platinum™ Taq
DNA Polymerase (Invitrogen). PCR products were purified
using ExoSAP-IT (Affymetrix) following the protocol suggested by the manufacturer before performing a BigDye reaction and sequencing of both strands on an ABI PRISM 3730
(Applied Biosystems, Carlsbad, CA). DNA sequences were
reconciled and edited in Geneious 11.1.3 (https://www.
geneious.com). All DNA sequences generated by the present
study were deposited in GenBank under accession numbers
MK789600-MK789637. Additionally, our dataset was
augmented by the addition of seven complete leech
mitochondrial genomes, available on GenBank (Table 2).
Gene predictions were performed in the MITOS Web
Server (http://mitos.bioinf.uni-leipzig.de/index.py) (Bernt
et al. 2013). Secondary structure of each tRNA was inferred
using the invertebrate mitochondrial genetic code in
tRNAScan-SE (http://lowelab.ucsc.edu/tRNAscan-SE/)
(Lowe and Chan 2016). All alignments employed MAFFT
ver. 7 (Katoh et al. 2017) as implemented in Geneious 11.1.
3, with default settings.

Phylogenetic analysis
Three phylogenetic analyses were performed: (i) a maximum
likelihood analyses of the species of the genus Placobdella
based on three mitochondrial (cox1, nd1, and 12S rDNA) and
one nuclear (Internal Transcribed Spacer [ITS]) marker; (ii) a
maximum likelihood analyses using each of the inferred trnDs

as terminals; and (iii) a Bayesian inference analyses using
each of the inferred trnDs as terminals.
Our matrix for the first analyses (i), a total of 25
Placobdella species as well as every non-Placobdella species for which we had data of the region between atp8 and
cox2 were included; the trees were rooted at Acanthobdella
peledina following Tessler et al. (2018). The alignment
was performed using MAFFT ver. 7. PartitionFinder ver.
1.1.1 (Lanfear et al. 2012) was used to determine the bestfitting models of nucleotide evolution. All loci were separately assessed. A general time reversible (GTR) model
and GAMMA distribution of rate heterogeneities with an
estimated proportion of invariable sites was suggested for
all partitions. The phylogenetic analysis was performed in
RAxML ver. 8 (Stamatakis 2014), with 1000 iterations and
25 initial GAMMA rate categories and final optimization
using four GAMMA shape categories. Branch support was
estimated using 1000 rapid bootstrap replicates.
Finally, ML (ii) and Bayesian Inference (iii) analysis
were performed considering each inferred trnD as a terminal was rooted using the oligochaete Pontoscolex
corethrurus (Müller, 1857). The best-fitting model of nucleotide evolution was obtained using JModelTest 2.1
(Darriba et al. 2012), which suggested an HKY model
and GAMMA distribution. This dataset was analyzed
using maximum likelihood in PhyML 3.0 (Guindon et al.
2010), using Nearest Neighbor Interchange method for tree
improvement and a starting tree inferred from NJ. A BI
analysis was also conducted in Mr. Bayes (Ronquist et al.
2012) consisting of 10 million generations with trees sampled every 1000 generations and the burn-in option
established at 25%.

Ancestral state reconstruction
Based on the leech phylogeny (i), resulting from the ML
analyses, the ancestral state reconstructions for trnD evolution was performed. We included the newly compiled
duplication data for the 29 Placobdella specimens
(representing 21 species), as well as 16 additional nonPlacobdella leech species for which a single copy of the
trnD has previously been characterized. We used both
maximum parsimony and ML based reconstruction
methods in Mesquite 3.51 (Maddison 2008) for the
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Table 2

Species used in the present study, including the collection locality and GenBank accession numbers

Species

Locality

Reference

GenBank accession number

Portugal
Idaho, USA
Nuevo Urecho, Michoacán, Mexico
Querétaro, Mexico
Friends Landing, Washington, USA
New York, USA
John Allen Pond, New York, USA
Pearkes Lake, Ontario, Canada
Algonquin Provincial Park, Ontario, Canada
Clear Lake, Ontario, Canada
Chiapas, Mexico
Yucatán, Mexico
Moosomin Regional Park, Saskatchewan,
Canada
Paquette Lake, Ontario, Canada
Kenny Lake, Algoma, Ontario, Canada
South Frontenac, Ontario, Canada
Duck Mountain Provincial Park, Manitoba, Canada
Swan Lake, Nebraska, USA
Washington, USA
Adams Lake, Saskatchewan, Canada
Canopus Ramp, New York, USA
Maryland, USA
–
Presa El Cuchillo, Nuevo León, Mexico
Yucatán, Mexico
Amealco, Querétaro, Mexico
Tres Lagunas, Chiapas, Mexico

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

MK789621
MK789622
MK789619
MK789623
MK789625
MK789617
MK789616
MK789604
MK789605
MK789601
MK789613
MK789626
MK789610

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

MK789600
MK789602
MK789607
MK789612
MK789608
MK789615
MK789611
MK789627
MK789624
MK789620
MK789614
MK789636
MK789634
MK789631

Helobdella adiastola
Helobdella adiastola
Helobdella virginiae
Helobdella robusta
Family Piscicolidae
Zeylanicobdella arugamensis
Family Ozobranchidae
Ozobranchus branchiatus
Ozobranchus jantseanus
Family Hirudinidae
Hirudinaria manilensis
Hirudo nipponia
Hirudo medicinalis
Hirudo verbana
Family Erpobdellidae

Cocaná, Tabasco, Mexico
Río San Juan, Nuevo León, Mexico
Catemaco, Veracruz, Mexico
–

This study
This study
This study
Boore and Brown (2000)

MK789632
MK789635
MK789630
AF178680

–

Wang et al. (2018)

NC035308

Isla Aguada, Campeche, Mexico
Jieyang, Guangdong, China

This study
Liu et al. (2017)

MK789637
KY861060

–
–
Volkovo, Saratov, Russia
Manych Lake, Stavropol Krai, Russia

–
Xu et al. (2016)
Nikitina et al. (2016)
Nikitina et al. (2016)

KC688268
KC667144
KU672396

Erpobdella ochoterenai
Erpobdella kwente

Xochimilco, CDMX, Mexico
Michoacán, Mexico

This study
This study

MK789629
MK789633

Family Glossiphoniidae
Placobdella costata
Placobdella kwetlumye
Placobdella lamothei
Placobdella mexicana
Placobdella montifera
Placobdella nuchalis
Placobdella papillifera
Placobdella parasitica (1)
Placobdella parasitica (2)
Placobdella phalera
Placobdella ringueleti (1)
Placobdella ringueleti (2)
Placobdella rugosa (1)
Placobdella rugosa (2)
Placobdella rugosa (3)
Placobdella rugosa (4)
Placobdella rugosa (5)
Placobdella rugosa (6)
Placobdella sophieae
Placobdella sp.1 AL
Placobdella sp. 2 CR
Placobdella sp. 3 MA
Placobdella sp. 4 XX
Placobdella sp. 5 PC
Haementeria acuecueyetzin
Haementeria officinalis
Helobdella elongata

inference of ancestral states, employing the MK1 model
for the latter. A character state matrix was constructed

considering two states: a single trnD copy versus evidence
of any sort of trnD duplication.
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Results and discussion

In total, 40 leech samples representing 37 species of
Hirudinida were sequenced for the region between cox2 and
atp8. A total of 21 out of the 24 known species of the genus
Placobdella are represented in the final dataset. In addition, 16
sequences representing non-Placobdella species were included (Fig. 1). All the non-Placobdella samples presented a single copy of the trnD gene (hereinafter named trnD1). A second copy (trnD2, following 5′-3’direction) was detected in 17
species of Placobdella. In addition, a single copy of trnD
(trnD1) was found in six species of Placobdella: P. nuchalis,
P. ringueleti, P. rugosa, P. phalera, P. sophieae, and
Placobdella sp. 5 PC; in P. phalera and P. sophieae, an

insertion of 57 and 72 bp, respectively, was detected between
trnD1 and atp8; in P. nuchalis, a sequence of only 6 bp was
detected in this intergenic region, but in P. ringueleti,
P. rugosa, and Placobdella sp. 5 PC, atp8 immediately follows trnD, without any nucleotide insertions.
The secondary structure of trnD1 shows minimal differences between the sampled leeches, including Placobdella
and non-Placobdella species. That is, all the trnD1 copies
possess the canonical anticodon for aspartic acid used in the
invertebrate mitochondrial code (GUC). In contrast, trnD2
displays different levels of sequence variation and, consequently, differences in the predicted products (Fig. 2).
The first level of variation is intraspecific: for P. parasitica,
P. ringueleti, and P. rugosa; two, two, and six individuals were
sequenced, respectively. Both samples of P. parasitica have
trnD duplications with identical nucleotide composition and
lacking any insertion between them. In P. ringueleti, one

Fig. 1 Maximum Likelihood tree built based on 4 concatenated
molecular markers (cox1, nad1, ITS and 12S). Taxon names in orange
correspond to specimens in which trnD2 was found. Taxon names in pink
and blue possess, respectively, a trnD3 or trnD4 locus. Taxon names in
black possess only trnD1 and the gray taxon names indicate lack of data.
Horizontal bars next to taxon names represent the order and relative
length of genes between atp8 and cox2. Cox2 segment is 530 bp long

and the sizes of the other genes in each diagram are proportional to it. Pie
charts in nodes represent the character state predicted for that node by a
parsimony approach, where purple indicates presence of additional loci
(trnD2–4) and white, absence. Node A represents the last common
ancestor of all leeches, node B is the ancestor of all Placobdella species
and node C is the first node in Placobdella which represents an ancestor
with almost 100% certainty of having multiple trnD copies

Sequence variability, composition, and secondary
structure
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Fig. 2 Predicted secondary structures of the products of trnD2 in samples that present substitutions in the GUC canonical anticodon. (A) P. rugosa,
samples from Ontario, Manitoba, and Nebraska; (B) Placobdella sp. 1 AL; (C) P. kwetlumye

sample possesses a trnD duplication, though no secondary
structure could be recovered for trnD2; the second sample

had a single trnD copy without any separating nucleotide insertion between it and atp8. The most remarkable finding

Fig. 3 Genetic signature of the trnD1/trnD2 genes of Placobdella species highlighted in an alignment
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Fig. 4 Position of the conserved nucleotides in the P. parasitica trnD
product (highlighted in purple)

occurs in P. rugosa, where five out of the six samples presented trnD2 with a GUA anticodon (contrary to the GUC anticodon of trnD1) and one of them, collected in Nebraska, USA,
shows traces of a third degenerated tRNA (named trnD3)
between cox2 and trnD1; this third locus is only 57 bp in
length. The sixth sample of P. rugosa, collected in
Saskatchewan, Canada, lacks trnD2 and trnD3, and does not
possess any nucleotide insertions between trnD1 and atp8.
Note that these P. rugosa specimens have previously been
shown to belong to the same species using a variety of data
(de Carle et al. 2017; Mack et al. 2019)
Regarding the highly variable trnD2, only four species
possess the conventional GUC anticodon characteristic of
trnD1: P. hollensis, P. multilineata, P. mexicana, and
P. parasitica. The latter presents an abnormal loop in the anticodon stem caused by the mismatch between two uracil residues. In our phylogenetic analysis of the species of
Placobdella (Fig. 1), the first three species form a monophyletic group that may suggest that natural selection is acting
against changes at least in that clade. In the remaining
Placobdella species with duplicated trnDs, the anticodons in
trnD1 and trnD2 are different (Fig. 2); in P. rugosa collected
in Ontario, Manitoba, and Nebraska, the anticodon GUA (corresponding to tyrosine) was detected in trnD2 with a short
anticodon stem, consisting of only 2 bp, as opposed to the
3 bp or 4 bp that are usually present. In addition, a GUU

anticodon, corresponding to asparagine, is predicted for
trnD2 from Placobdella sp.1 AL, and the gene product displays a regular secondary structure and is presumably functional. In P. kwetlumye, trnD2 possesses an ACU anticodon
(corresponding to serine) and displays a regular secondary
structure, making it the most divergent trnD2 that still apparently maintains functionality. This pattern suggests that purifying selection is particularly strong in trnD1, precluding any
mutation, whereas it is relaxed in additional copies, probably
due to gene redundancy. In the remaining seven species,
trnD2 was detected by MITOS, but tRNAScan-SE was unable
to recover a predicted secondary structure. This seems to be a
product of the accumulation of random mutations at a magnitude that would preclude the maintenance of regular tRNAs.
In only one species, Placobdella sp. 2 CR, trnD1 has accumulated mutations and trnD2 has not. In this case, no secondary structure can be recovered for trnD1, even though the
gene was detected. The trnD alignment revealed that in
Placobdella sp. 2 CR, a fragment of 19 bp of trnD1 was
apparently translocated from the 3′ end to the 5′ end, making
it non-functional but still recognizable. Also, the first 8 bp of
trnD1 overlap with the 5′-end of cox2. Our findings for
Placobdella are consistent with the TDRL model. However,
there is a bias for trnD2, and not trnD1, being targeted for the
process of pseudogenization.
A Placobdella-specific combination of 12 nucleotides was
found in all trnD1 and trnD2 sequences, representing a molecular signature that can be used to distinguish these from
other tRNA coding genes. Six of the 12 nucleotides are contiguous (TTAGTT) (Figs. 3 and 4). This signature is present in
all trnD1 and trnD2 but absent in trnD3 and trnD4. It is also
absent in all the other tRNAs of leech mitochondria analyzed
to date. The presence of this genetic signature strongly supports the notion that trnD2 is the outcome of a tandem duplication event of trnD1 and not the result of a translocation
event of another mitochondrial tRNA with subsequent modification to structure, as might be suggested. Discarding the
possibility of trnD2 resulting from a translocation event, analyses of two complete mitochondrial genomes reported in
Oceguera-Figueroa et al. (2016) show, that in addition to all
taxa having a trnD1 + trnD2 makeup, all the remaining 21
tRNAs are present as single copies with conserved positions
across Clitellata (with two tRNA inversions in Whitmania
pigra). It is worth noting that, in P. sophieae and P. phalera,
the single trnD copy is separated from cox2 by an insertion
that lacked the defining signature found in all trnDs.
In addition to the finding of traces of a third copy of trnD in
P. rugosa from Nebraska, we also found traces of an additional, highly degraded tRNA coding gene in P. montifera. These
loci were labeled trnD3 and trnD4, respectively. Whereas in
P. rugosa, the trnD3 is located between atp8 and trnD1, in
P. montifera, trnD4 is located between trnD1 and trnD2. It is
interesting to note that P. rugosa and P. montifera are not sister
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Fig. 5 Maximum Likelihood inferred relationships for all the trnD1–4 sequences known to date

taxa in the phylogenetic hypothesis, suggesting that this condition of three trnD copies may have evolved independently.
These trnD copies do not possess the 12 bp signature that
otherwise unambiguously identifies trnD1 and trnD2 and, as
a result, the origin of the third copy cannot with certainty be
attributed to a tandem duplication. However, we support the
possibility that these loci are products of gene duplications in
which a process of pseudogenization has eroded the signature.

Phylogenetic signal in the gene order
The character history optimization for the last common ancestor of Placobdella under parsimony resulted in an ambiguity
(Fig. 1; node B), whereas the ML optimization analysis
returned a 54% probability of more than one trnD copy in

the last common ancestor of the genus. In the second mostinclusive node within the Placobdella clade (Fig. 1, node C),
both parsimony and ML ancestral state recosntruction
methods recover a duplication of trnD as the inferred ancestral
state. In this phylogenetic context, we clearly suggest that the
presence of single trnD copy have arisen by independent
events from a two-copy plesiomorphic condition inferred in
a common ancestor. The fact that Placobdella species with a
single trnD (P. nuchalis, P. ringueleti, P. rugosa, P. phalera,
P. sophieae, and Placobdella sp. 5 PC) do not form monophyletic groups is partially compatible with the random gene loss
notion of the TDRL model of evolution. However, loses of
function is chiefly restricted to trnD2, trnD3, or trnD4 with
one exception: Placobdella sp. 2 for which trnD1 is apparently not functional. The fact that species with a single trnD copy
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Fig. 6 Bayesian Inference relationships obtained for all the trnD1–4 sequences known to date

appeared nested within a clade composed of species with
more than one trnD copies clearly suggests that this state is
a derived condition. Our findings allow us to speculate that in
the future, after a considerable number of generations, some
other mitochondrial genomes of species of this group may
carry a single trnD copy, following what we detected in 6
terminals carrying just one copy and that redundancy in the
presence of this gene does not represent an obvious advantage
to the organisms. Furthermore, our findings also open the
question whether the impressive conservation of mitochondrial architecture across animalia is also related with the effectiveness to eliminate redundant gene copies in the mitochondria and not only to the reduced number of gene duplications
detected up to date.

In all our 16 DNA sequences derived from nonPlacobdella species, including members of all currently
recognized suborders of Hirudinida (sensu Tessler et al.
2018) except for Americobdelliformes for which no information is available, a single copy of the trnD gene
was detected between cox2 and atp8. Indeed, this is the
case also for the sister group of Placobdella, which is
comprised of the genera Helobdella and Haementeria
(de Carle et al. 2017). Therefore, whereas the trnD duplication is not present in all samples of Placobdella, all
the available information supports that the
plesiomorphic condition for the whole genus is the
two copies state, that subsequently transformed to a single or 3–4 copies.
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Relationships between trnD copies
Phylogenetic analyses (Bayesian inference [BI] and ML)
using each leech trnD (1–4) as terminals regardless of its
position in the mitochondrial genome, included 69 terminals
in total, 52 of which belong to Placobdella. Under the assumption that all genes within a single mitochondrion are
linked and that the organelles function as single chromosomes, coupled with the hypothesis that duplicated genes undergo concerted evolution to the point that gene copies are
virtually identical within a single species (see Eberhard et al.
2001), it is expected that a phylogenetic analysis using each
copy of trnD as a terminal would result in a tree with different
trnD copies grouped according to their respective species. Our
analyses failed to recover sequences obtained from the same
individual/species as monophyletic groups, as could be expected if concerted evolution between copies of trnD was a
significant driver of change. Furthermore, both phylogenetic
methods failed to recover monophyletic groups formed exclusively by trnD1 or trnD2, further supporting the notion that
these copies were formed by duplication events followed by a
process of pseudogenization of one of the copies. In the ML
analysis, Helobdella trnD sequences of four species appeared
in different positions within the Placobdella clade; trnD1 and
trnD2 from different species appear grouped in the same
clade; and sequences from the same species appear in different
places of the tree (Fig. 5). In the BI topology (Fig. 6), almost
all trnD1, trnD2, and trnD3 copies form a polytomy, with only
minor clades. Neither of the inference methods show trees in
which trnD2 form a monophyletic group separated from
trnD1, nor do any of them show a sister taxon relationship
between trnD1 and trnD2 copies derived from the same species (except for P. parasitica).
The fact that all trnD copies are located on the same strand
of the mitochondrial genome, that these duplicated genes are
arranged in tandem, and the apparent ongoing
pseudogenization, particularly in trnD2, correspond to a
TDRL model (Dowton et al. 2009) of evolution for this region. The frequency at which gene rearrangements seem to be
occurring (we recovered different arrangements even between
populations of the same species) is arguably elevated enough
to consider this region a hotspot for gene rearrangements.
Interestingly, this very same hotspot is shared by other groups
of animals (Dowton and Austin 1999) although at a lessfrequent rate of change than that identified in Placobdella
species. Also, different samples are representative of different
stages in the TDRL process: In some of them we found two
identical copies (e.g., P. parasitica), some others have
changed anticodons (e.g., P. kwetlumye), some others have a
non-functional trnD2 (e.g., P. costata), and others have passed
through a complete deletion of trnD2 (Placbdella sp. 5). We
obtained these data in a very interesting point of evolution and
the discoveries made here preset evidence for an ongoing

process of TDRL and raise questions in how animal mitochondrial genomes evolve.
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