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Although several leech species have recently been screened for anticoagulation factors, piscicolids represent a
major gap in our knowledge of the distribution of these proteins across the phylogeny of leeches. Piscicolidae is
predominantly a marine family and its members feed on a variety of fish species. The pontobdelline species
Pontobdella macrothela has evolved a preference for feeding on elasmobranch blood and, because of this, may
have a divergent anticoagulant repertoire, compared to its mammal-, reptile- and amphibian-feeding
counterparts. Representing the first piscicolid leech comprehensively investigated, here we convey results from a
salivary transcriptome sequencing effort of P. macrothela collected from a blacktip shark (Carcharinus limbatus)
in Veracruz, Mexico (Western Gulf of Mexico). Following orthology determination based on phylogenetic
inference, amino acid conservation and a series of BLAST searches against the UniProtKB database, as well as
searches of Pfam domains, we identified matches against ten known anticoagulants in the P. macrothela
transcriptome. In addition, 13 hits were recovered against proteins that have previously been linked to
anticoagulation but whose functions within leeches are not unequivocally understood. Finally, we discuss the
largely untested hypothesis that prey choice in leeches impacts the diversity of anticoagulants.
© 2016 The Linnean Society of London, Zoological Journal of the Linnean Society, 2016
2017
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INTRODUCTION

*Corresponding author. E-mail: sebastian.kvist@utoronto.ca

Notwithstanding that leeches (Hirudinea) are unique
among annelids in maintaining a diet exclusively
composed of blood, these organisms have evolved
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three main feeding strategies: macrophagy, liquidosomatophagy (mainly involving haemolymphal fluids
of invertebrates) and hematophagy (e.g. Sawyer,
1986). These differences in behavior are partly permitted by the differences in the morphology of
mouthparts, upon which leech systematics was long
centered (e.g. Sawyer, 1981). Leeches are subdivided
into two orders on the basis of the morphology of
their feeding apparatus: Rhynchobdellida includes
the proboscis-bearing leeches and Arhynchobdellida
includes leeches without such structures. Moreover,
rhynchobdellid leeches include both liquidosomatophagous and hematophagous taxa and Arhynchobdellida harbours both macrophagous and
hematophagous species, suggesting that feeding
behaviour cannot be completely predicted by the
gross anatomy of the feeding structures. Also, modern molecular phylogenetic analyses have so far
failed to recover Rhynchobdellida as a monophyletic
group (Apakupakul, Siddall & Burreson, 1999; Trontelj, Sket & Steinbr€
uck, 1999; Borda & Siddall, 2004;
Siddall, Bely & Borda, 2006; Siddall et al., 2011).
Beyond the need for specialized feeding apparatuses,
hematophagous leeches require anticoagulant proteins that are secreted from the salivary glands and
that specifically target the blood coagulation cascade
of the host. These proteins help to keep the blood
flowing in and around the incision wound, and to
prevent the blood from coagulating inside the leech
crop during the extended periods of digestion. Bloodfeeding seems to have been lost on several independent occasions throughout the evolutionary history of
leeches (but see Siddall & Burreson, 1995, 1996;
Siddall et al., 2011) yet the extent to which the nonhematophagous taxa have completely lost the
production of anticoagulation factors remains unclear
– it has been shown that at least one non-bloodfeeding taxon still possesses genes coding for anticoagulant proteins (Kvist, Sarkar & Siddall, 2011). Recent
efforts at sequencing the anticoagulant repertoires of
various bloodfeeding taxa have indicated that the
anticoagulant repertoires of leeches are much larger
than previously thought and the size of the anticoagulant repertoires has been hypothesized to be linked
to the prey choice of the leech (Kvist et al., 2014a) –
larger prey diversity appears to correspond to larger
anticoagulant repertoires. However, only a small
part of the known leech diversity has been
thoroughly investigated for their anticoagulant
repertoires and increased sequencing efforts for both
host-generalists and host-specialists will probably
shed light on the validity of this hypothesis.
Although the presence of orthologues of the anticoagulant hirudin (but see M€
uller et al., 2015) within
both glossiphoniid and hirudinid taxa solidified the
notion of an ancestral bloodfeeding leech (Siddall,

Brugler & Kvist, 2016), it remains to be investigated
whether members of the remaining rhynchobdellid
bloodfeeding families, Ozobranchidae and Piscicolidae,
possess similar sets of orthologous anticoagulant proteins. Species pertaining to the predominantly marine
family Piscicolidae are almost exclusively ectoparasitic
on fish (Meyer, 1940; Utevsky & Trontelj, 2004) but
some species have been recorded from crustacean and
cephalopod hosts (Ephstein, 1959; Burreson & Allen,
1978; Zara et al., 2009). The genus Pontobdella contains at least six species that, when combined, show a
worldwide distribution (Wunderlich et al., 2011; Burreson & Passarelli, 2015). Pontobdella macrothela
(Schimarda, 1861) (formerly Stibarobdella macrothela;
see Burreson & Passarelli, 2015) is known from over
20 elasmobranch hosts and is only rarely recovered
from non-cartilaginous fishes (Robinson, 1982; Yamauchi, Ota & Nagasawa, 2008; Wunderlich et al., 2011;
Yamauchi & Ota, 2012); piscicolids are the only members of Annelida that have been recorded as parasitic
on elasmobranchs (Caira & Healy, 2004). Because of
its narrow prey range, it is plausible that
P. macrothela produces a reduced anticoagulant cocktail, when compared to other more diversely feeding
taxa, but this has yet to be confirmed. In addition, the
composition of elasmobranch blood, in combination
with the function of the coagulation cascades, may differ from that of (e.g.) turtles, mammals and other common leech prey, which may alter the diversity of
anticoagulation factors produced by the leech. To shed
light on this, here we present results from a salivary
transcriptome sequencing effort of P. macrothela. To
our knowledge, this is the first report on the anticoagulant repertoire of a piscicolid leech.

MATERIAL AND METHODS
Specimen collection
In February 2014, two specimens of P. macrothela
were collected from the dorsal surface of a shark (later
determined to be a blacktip shark; see Results) in the
Western Gulf of Mexico by fisherman from Alvarado,
Veracruz, Mexico. Specimens were collected under a
SEMARNAT permit to A.O.-F. Salivary gland tissues
were dissected using sterilized dissecting tools while
submerged in RNAlater (Thermo Fisher Sceintific,
Waltham, MA, USA) and the tissue masses were
stored in RNAlater at 20 °C until RNA extraction.
RNA extraction, cDNA library construction and
sequencing
Both specimens of P. macrothela were sequenced but
only one of the transcriptomes was further analysed,
due to the seemingly degraded nature of the RNA in
one of the libraries. Total RNA was extracted using a

© 2016 The
Linnean
Society
of London,
Zoological
the Linnean
Society,
2016
© 2016 The Linnean
Society
of London,
Zoological
Journal
of theJournal
LinneanofSociety,
2017, 179,
725–737

SALIVARY
TRANSCRIPTOME
PONTOBDELLA
MACROTHELA 727
3
SALIVARY
TRANSCRIPTOME
OFOF
PONTOBDELLA
MACROTHELA
standard TRIzol-based (Life Sciences) protocol. Salivary gland tissue masses were homogenized using a
drill in 500 lL of TRIzol with an RNAse-free plastic
pestle for grinding. TRIzol was then added up to a total
volume of 1 mL. After 5 min of incubation at room temperature, 100 mL of bromochloropropane was added
and the mixture was vortexed. After an additional incubation period at room temperature for 10 min, the sample was centrifuged at 44 076 g. for 15 min at 4 °C. The
upper aqueous layer was recovered, mixed with
500 mL of isopropanol and incubated at 20 °C overnight. The sample was then centrifuged for 15 min at
16 000 r.p.m. at 4 °C to allow for the formation of an
RNA pellet, which was then washed twice with 1 mL of
75% isopropanol and centrifuged at 16 000 r.p.m. at
4 °C for 15 and 5 min in the first and second washing
step, respectively, air dried and eluted in 100 lL of
RNA Storage solution (Ambion, Austin, TX, USA).
Total mRNA purification was performed using the
Dynabeads mRNA Purification kit (Invitrogen, Carlsbad, CA, USA) following the manufacturer’s protocol.
After incubation of total RNA at 65°C for 5 min, the
sample was incubated on a rocker for 30 min with
200 lL of magnetic beads and then washed twice with
washing buffer. This step was repeated again with an
incubation time of 5 min. mRNA was eluted in 15 lL of
Tris-HCl buffer. The quality and quantity of mRNA
was measured with a pico RNA assay in an Agilent
2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA, USA) and quantity was also measured using a
RNA assay on a Qubit fluorometer (Life Technologies,
Gaithersburg, MD, USA).
The cDNA library was constructed on the Apollo 324
automated system using the PrepX mRNA kit (Wafergen, Fremont, CA, USA) following the manufacturer’s
protocol. Full-length cDNAs were fragmented to a
mean insert size of 500 bp. The sample was then inline barcoded with different Illumina indices to allow
for pooling with other libraries prior to sequencing.
Library quality and size selection were again checked
on the Agilent 2100 Bioanalyzer (Agilent Technologies)
with the HS DNA assay. The sample was then
sequenced in 1/6 of a lane on the Illumina HiSeq 2500
platform (paired end, 150 bp) at the FAS Center for
Systems Biology at Harvard University, USA.
In addition, DNA was extracted from the bloodmeal
inside the leech and the standard zoological barcoding
gene cytochrome c oxidase subunit I (COI) was amplified and sequenced following protocols described elsewhere (e.g. Kvist et al., 2014b). The sequence was
then BLASTed using the online blasting tool at NCBI
to assess the identity of the bloodmeal.
Raw data sanitation and sequence assembly
Quality filtering and adaptor trimming were done
with Trim Galore! 0.3.3 (http://www.Bioinformatics.

Babraham.Ac.Uk/projects/trim_galore/) applying a
PHRED score of 30. Bowtie ver. 1.1.1 (Langmead &
Salzberg, 2012) was used to purge mitochondrial contaminants from the dataset using a comparative
dataset consisting of four full mitochondrial genomes
for Whitmania laevis (Baird, 1869), Whitmania
acranulata (Whitman, 1886), Whitmania pigra
(Whitman, 1884) and Hirudo nipponia Whitman,
1886, as well as all available protein coding genes for
Hirudinaria manillensis (Lesson, 1842) and Erpobdella octoculata (Linneaus, 1758). Assembly was performed with Trinity ver. r20140717 (Grabherr et al.,
2011; Haas et al., 2013) applying a group pairs distance of 800. Thereafter, Transdecoder ver.
r20131117 (https://transdecoder.github.io/) was used
to predict open reading frames (ORFs) among the
contigs.
Sequence annotation
Assembled ORFs were annotated using the Trinotate
pipeline (https://trinotate.github.io/), which applied
HMMER ver. 3.1B1 (Finn, Clements & Eddy, 2011)
to identify protein domains against the Pfam database (Finn et al., 2014), SignalP ver. 4.1 (Petersen
et al., 2011) to identify putative signal peptide
regions and GO (Ashburner et al., 2000) to establish
gene ontology. Thereafter, both BLASTp and
BLASTx searches were performed against UniProtKB (including the SwissProt and TrEMBL databases; The UniProt Consortium, 2015), and an
expansive local dataset of known anticoagulation factors and other bioactive salivary proteins derived
from both leeches and other bloodfeeding organisms
(an expanded version of that used by Kvist et al.,
2014a) using a cut-off e-value of 1E05. A custom
script was used to populate an SQLite database with
the results from the BLAST searches and HMMER
Pfam domain results and this was further visualized
as a tab delimited file. The top BLASTx and BLASTp
hits against known anticoagulation factors were
gathered and compared to the best reciprocal BLAST
hits against UniProtKB, as well as the recovered
Pfam domains, to securely establish the identity of
the proteins. That is, reciprocal BLAST searches
necessitated hits against similar anticoagulant proteins in the UniProtKB database and anticoagulant
domain hits in the Pfam database in order to be considered anticoagulants. In contrast, transcripts that
found better hits against non-anticoagulant proteins
were not further considered.
Alignments and gene trees
Two sets of alignments were produced for each of the
hits against known anticoagulants. First, amino acid
sequences for the ORFs from the P. macrothela
transcriptome and the respective archetypal
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anticoagulant that showed the top scoring match
were aligned to visualize amino acid conservation
between the sequences. Second, the top scoring ORFs
were aligned with all known leech-derived putative
orthologues and this alignment was further used to
reconstruct phylogenetic gene trees. This was done
to test the orthology predictions based on the BLAST
hits, identify potential phylogenetic utility of the
orthologues and establish their general pattern of
evolution. All alignments employed the web version
of MAFFT ver. 7 (Katoh & Standley, 2013) applying
automatic assignment of alignment strategy, the
BLOSUM62 scoring matrix and gap-opening penalty
of 3.00. Gene trees were recovered for the amino acid
alignments under the parsimony criterion using TNT
(Goloboff, Farris & Nixon, 2008), applying a ‘traditional search’ with 100 random addition sequences,
with gaps treated as a fifth state. Whenever more
than one most parsimonious tree was recovered, a
strict consensus scheme was applied. Due to the lack
of orthologous proteins for appropriate outgroup
taxa, the gene trees were left unrooted.

RESULTS
All raw reads from the Illumina run, as well as the
assembled ORFs are deposited in the Short Read
Archive (SRA) at NCBI under accession number
SRX1869301. Full results from the annotation pipeline are available in Supporting Information
(Table S1).
Identity of the bloodmeal
A fragment of the DNA barcoding gene, COI, was
sequenced for two separate samples of the bloodmeal,
taken from different parts of the digestive tract of
the leech (anterior intestine and posterior crop).
BLASTn results of the sequences unequivocally indicated that the blood had been drawn from the blacktip shark [Carcharhinus limbatus (M€
uller & Henle,
1839)], as they matched the target with 99% coverage and at 100% identity (e-value = 0).
Assembly, BLAST and Trinotate
The Illumina sequencing run produced 10 729 308
raw reads and the Trinity assembly resulted in
14 430 ‘genes’ with an N50 score of 564 bp and an
average contig length of 552 bp (GC content 44.24%).
Transdecoder predicted 34 919 ORFs and these
found 1059 hits against the dataset including anticoagulation factors and other proteins from bloodfeeding organisms at an e-value of 1E05 or below; the
full Trinotate database is available in Supporting
Information (Table S1). The vast majority of the
recovered hits were matches against ribosomal
proteins and other proteins not related to

anticoagulation in the ‘bloodfeeding dataset’ (see
Supporting Information, Table S1). However, several
hits were recovered against 11 known archetypal
anticoagulants and the top scoring hits are presented
in Table 1. Putative orthologues were recovered in
the P. macrothela transcriptome against each of the
following known anticoagulants from both leech and
non-leech taxa: antithrombin III from the king cobra,
Ophiophagus hannah (Cantor, 1836), manillase from
the leech H. manillensis, an unknown thrombininhibitor from the lone star tick, Amblyomma americanus (Linnaeus, 1758), destabilase I from the leech
Hirudo medicinalis Linnaeus, 1758, haemalin from
the tick Haemaphysalis longicornis Neumann, 1901,
therostasin from the leech Theromyzon tessulatum
(M€
uller, 1774), snake-derived c-type lectin (snaclec,
which functions as a platelet inhibitor), leech antiplatelet protein (LAPP), antistasin from the leech
Haementeria officinalis de Fillipi, 1849, ghilanten
from the leech Haementeria ghilianii de Fillipi, 1849
and lefaxin from the leech Haementeria depressa
(Blanchard, 1849). The hit against lefaxin showed a
much better match against neurohemerythrin during
the reciprocal BLAST searches against UniProtKB
and also found a non-anticoagulant Pfam domain
during the HMMER search, suggesting that the
P. macrothela-derived protein is not necessarily
orthologous with lefaxin. In addition, several hits
were recovered against other bioactive proteins with
possible links to anticoagulation and the 16 hits that
fell within the e-value cutoff are presented in
Table 2. Significant hits were recovered for: disintegrin, cystatin, ficolin, cathepsin B, chrysoptin, mannose-binding lectin, boophilin, venome plasminogen
activator, prolyl carboxypeptidase, angiogenesis inhibitor, disintegrin-like atrase A, alpha-fibrinogenase,
dipelogastin, chymotrypsin, infestin and c-type lectin. Each of these has previously been linked to anticoagulation. Three of these 16 hits (mannose-binding
lectin precursor, boophilin and infestin) found better
matches
against
non-anticoagulant
proteins
during the reciprocal BLAST searches against
UniProtKB, and/or found Pfam domains not consistent with anticoagulation factors, leaving 13 putative
anticoagulant-related proteins (Table 2).
Alignments and gene trees
Leading and lagging ends for some of the
P. macrothela transcripts were removed after
alignment to enable visualization of only homologous
regions between the transcripts and the best-scoring
hits – in some cases this included the signal
peptide
region.
Alignments
containing
the
P. macrothela ORF and the respective top scoring
matches from the dataset containing sequences
from other bloodfeeding organisms are presented in
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Thrombininhibitor
(5E-33)

Destabilase I
(8E-33)
Haemalin (7E-25)

Therostasin
(2E-19)
Snaclec
coagulation
factor IX/factor
X-binding protein
(6E-11)
LAPP (3E-10)

Antistasin (6E-09)

Ghilanten (1E-08)

Lefaxin (2E-08)

c62283_g2

c66048_g1

c51364_g1

c66134_g1

c64950_g4

c52080_g1
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Neurohemerythrin
(6E-51)

Antistasin (4E-07)

Antistasin (9E-06)

LAPP (7E-08)

Therostasin
(4E-17)
Perlucin-like
protein (5E-11)

ADAMTS-like
protein (1E-20)

Lysozyme (2E-19)

Leukocyte
elastase
inhibitor (1E-76)

Heparanase
(1E-14)

Serpin (1E-33)

UniProtKB (e-value

Hemerythrin
(6E-08)

Antistasin
(1E-08)

PAN-like domain
(2E-04)
Antistasin
(2E-07)

Antistasin
(9E-08)
Lectin C (7E-16)

Destabilase
(3E-25)
Thrombospondin
(9E-06)

Glycosyl
hydrolase
(9E-06)
Serpin (1E-96)

Serpin (8E-42)

Pfam (e-value)

Neurohemerythrin
(7E-49)

No hit

Ghilanten (1E-08)

Lefaxin (2E-08)

No hit

No hit

Uncharacterized
protein (6E-17)
Uncharacterized
protein (4E-17)

Uncharacterized
protein (9E-117)

Lysozyme (1E-29)

Uncharacterized
protein (2E-42)

Uncharacterized
protein (2E-64)
Hyaluronidase
(3E-38)

UniProtKB
(e-value)

Antistasin (6E-09)

Therostasin
(2E-19)
Snaclec
coagulation
factor IX/factor
X-binding
protein (6E-11)
Saratin (3E-10)

Destabilase I
(8E-33)
Haemalin (7E-25)

Thrombininhibitor
(5E-33)

Antithrombin
III (6E-57)
Manillase (1E-42)

Local (e-value)

BLASTp

Hemerythrin
(7E-08)

Antistasin
(2E-07)

No

Yes

Yes

Yes

Yes

Lectin C (3E-11)

PAN domain
(2E-04)
Antistasin
(2E-06)

Yes

No

No

No

No

Signal
peptide

No hit

Destabilase
(4E-25)
Thrombospondin
(3E-4)

Glycosyl
hydrolase
(2E-11)
Serpin (9E-49)

Serpin (2E-49)

Pfam
(e-value)

MF, molecular function; CC, cellular component.
*Local refers to the dataset of known anticoagulation factors and other proteins from bloodfeeding organisms (see text for further details).

c36612_g1

c65179_g3

c56039_g1

c30389_g1

Antithrombin
III (6E-57)
Manillase (1E-42)

Local (e-value)*

c67113_g1

Contig
name

BLASTx

MF: serine-type
endopeptidase
inhibitor
MF: serine-type
endopeptidase
inhibitor
N/A

N/A

N/A

MF: hydrolase
activity; CC:
membrane
MF:
serine-type
endopeptidase
inhibitor
MF: lysozyme
activity
MF:serine-type
endopeptidase
inhibitor
activity
N/A

N/A

GO-term

Table 1. Known anticoagulant-related proteins with high scoring matches to Pontobdella macrothela salivary transcripts (see text for further details)
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Ficolin (2E-29)

Cathepsin B-like
protein (5E-29)

Chrysoptin
precursor (2E-27)

Mannose-binding
lectin precursor
(3E-27)
Boophilin (3E-25)

Venom plasminogen
activator (2E-21)

Prolyl
carboxypeptidase
(4E-20)

Angiogenesis
inhibitor
(2E-15)
Zinc
metalloproteinasedisintegrin-like
atrase-A (3E-14)

c51231_g1

c38317_g1

c56969_g1

c60187_g1

c62511_g1

c53883_g1

c63418_g1

c55021_g1

c65508_g1

Cystatin (8E-36)

Disintegrin (1E-40)

c26791_g1

c50878_g1

Local (e-value)*

Contig
name

BLASTx

Serine
carboxypeptidase
S28 (2E-37)
Thrombospondin
type 1-domain
(2E-16)
Disintegrin
(1E-12)

Thymus-specific
serpin (1E-25)

Hemicentin-1
(2E-71)
Zinc
metalloproteinasedisintegrin-like
atrase-A (9E-12)

Trypsin (5E-50)

Trypsin inhibitor
(1E-22)

Calcineurin-like
phosphoesterase
(3E-11)
Legume-like lectin
family (3E-38)

Fibrinogen
C (8E-32)
Peptidase
C1 (3E-66)

Cystatin (9E-14)

ADAM spacer
1 (8E-15)

Pfam (e-value)

Serpin (7E-42)

Snake venom
50 -nucleotidase
(1E-38)
Vesicular
integral-membrane
protein (8E-38)
Papilin (5E-42)

Angiopoitein
(2E-27)
Cathepsin B
(1E-136)

Cystatin B (9E-25)

Disintegrin (3E-41)

UniProtKB (e-value

Peptidase
(1E-37)

No hit

Disintegrin
(1E-12)

Uncharacterized
protein (1E-56)

Uncharacterized
protein (7E-84)

Uncharacterized
protein (3E-45)

Uncharacterized
protein (4E-46)
Uncharacterized
protein (2E-11)

Mannose-binding
lectin precursor
(3E-27)
Boophilin (3E-25)

Venom plasminogen
activator (2E-21)

Prolyl
carboxypeptidase
(4E-20)
Angiogenesis
inhibitor (2E-15)
Zinc
metalloproteinasedisintegrin-like
atrase-A (3E-14)

Papilin (4E-51)

Calcineurin-like
phosphoesterase
(3E-11)
Legume-like
lectin family
(3E-38)
Thrombospondin
type 1 domain
(8E-09)
Trypsin (8E-50)

Fibrinogen C
(9E-32)
Peptidase C1
(3E-66)

Cystatin (9E-14)

ADAM spacer
(1E-14)

Pfam (e-value)

Uncharacterized
protein (1E-48)

Angiopoietin
(1E-27)
Uncharacterized
protein
(2E-175)

Cystatin B
(2E-31)

Disintegrin
(7E-42)

UniProtKB
(e-value

Chrysoptin
precursor (2E-27)

Cathepsin B-like
protein (5E-29)

Ficolin (2E-29)

Cystatin (8E-36)

Disintegrin (1E-40)

Local (e-value)

BLASTp

CC: membrane

MF: serine-type
endopeptidase activity

Yes

No

No

No

No

No

No

N/A

MF:Serine-type
endopeptidase
activity; BP:
proteolysis
MF: serine-type
endopeptidase
activity; BP:
proteolysis
N/A

MF: cysteine-type
endopeptidase
activity; BP:
proteolysis
MF: hydrolase activity

No

No

No

MF:
metalloendopeptidase
activity; CC:
extracellular matrix
MF: cysteine-type
endopeptidase
inhibitor activity
N/A

GO-term

No

Signal
peptide

Table 2. Putative anticoagulation-related proteins with high scoring matches in salivary transcripts from Pontobdella macrothela (see text for further details)
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Dipelogastin (4E-08)

Chymotrypsin-like
VLCTLP (1E-07)

Thrombin-inhibitor
infestin precursor
(3E-06)
C-type lectin (1E-05)

c64997_g3

c66754_g2

c49111_g1

Insulin-like growth
factor protein
(9E-46)
Pulmonary
surfactant-related
protein (5E-04)

Testisin (2E-11)

Agrin (8E-27)

Chymotrypsin-like
protease (4E-20)

UniProtKB (e-value

Lectin-C (1E-10)

Kazal-type serpin
(1E-11)

Immunoglobulin
I-set domain
(4E-17)
Trypsin (2E-24)

Trypsin (2E-21)

Pfam (e-value)

Kazal-type
serpin
(4E-08)
Lectin-C (4E-06)
No hit

Zonadhesin-like
(2E-11)
Uncharacterized
protein (1E-92)

Thrombin-inhibitor
infestin precursor
(3E-06)
C-type lectin (1E-05)

Chymotrypsin-like
VLCTLP (1E-07)

Immunoglobulin
I-set domain
(7E-17)
Trypsin (1E-20)

Uncharacterized
protein (4E-47)

Dipelogastin (4E-08)

Trypsin (2E-21)

Pfam (e-value)

Uncharacterized
protein (2E-27)

UniProtKB
(e-value

Alpha-fibrinogenase
(2E-11)

Local (e-value)

BLASTp

Yes

Yes

No

No

No

Signal
peptide

MF, molecular function; CC, cellular component; BP, biological process.
*Local refers to the dataset of known anticoagulation factors and other proteins from bloodfeeding organisms (see text for further details).

c51258_g1

Alpha-fibrinogenase
(2E-11)

Local (e-value)*

c65933_g1

Contig
name

BLASTx

Table 2. Continued

N/A

MF: serine-type
endopeptidase activity;
BP: proteolysis
MF: protein binding

MF: serine-type
endopeptidase
activity; BP:
proteolysis
MF: protein binding

GO-term
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Figure 1 for manillase, destabilase I and therostasin; the remaining alignments are shown in Supporting Information (Fig. S1). Note that alignments
were only performed for those ORFs that showed
positive reciprocal BLAST hits in UniProtKB and
that found anticoagulant-related domains in Pfam
(that of lefaxin was dismissed for this reason). The
percentage of amino acid conservation was calculated for shared positions for each alignment. In
declining order, manillase showed 62% amino acid

conservation (Fig. 1A), destabilase I showed 57%
(Fig. 1B), therostasin showed 47% (Fig. 1C), haemalin showed 43% (Supporting Information, Fig. S1A),
ghilanten showed 42% (Supporting Information,
Fig. S1B), antistasin and antithrombin III both
showed 39% (Supporting Information, Fig. S1C, D,
respectively), thrombininhibitor showed 36% (Supporting Information, Fig. S1E), snaclec showed 34%
(Supporting Information, Fig. S1F) and LAPP
showed 32% amino acid conservation for shared

Figure 1. MAFFT-based amino acid alignments of putative anticoagulant orthologues from Pontobdella macrothela and
the respective top BLASTp hits. A, putative manillase from P. macrothela (cds_c30389) aligned with the known
sequence of the salivary bioactive protein (Patent no. 2006 US 7.049.124 B1); B, putative destabilase I from
P. macrothela (cds_c66048) aligned with the known sequence of the salivary bioactive protein (GenBank accession number AAA96144); C, putative therostasin from P. macrothela (cds_c51364) aligned with the known sequence of the salivary bioactive protein (GenBank accession number Q9NBW4). Red boxes denote conserved cysteine residues and blue
shadings represent conservation of residues between the sequences.
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sites (Supporting Information, Fig. S1G) (the
archetypal anticoagulant is labelled ‘saratin’, which
is orthologous to LAPP; Cruz et al., 2001; Kvist
et al., 2011).
Gene trees for the alignments containing putative
orthologues for manillase, destabilase I and therostasin are presented in Figure 2; those of the remaining
proteins are presented in Supporting Information
(Fig. S2). Because of the complete lack of comparative sequence data for leech-derived haemalin, no
gene tree was produced for this protein. Similarly, no
gene tree was produced for lefaxin due to the betterscoring reciprocal BLAST hit against other proteins.
Due to the unknown specific identity of the two hits
against ‘antithrombin III’ and ‘thrombininhibitor’ in
the P. macrothela transcriptome (Table 1), a diversity of leech-derived thrombininhibitors were
included in the gene tree analysis in an attempt to
ascertain the specific identity of these hits. The
remaining alignments included archetypal proteins
for only one type of anticoagulant (although more
than one sequence for this type was occasionally
used). The terminology used to describe the unrooted
trees shown here follows that of Wilkinson et al.
(2007), such that a ‘clan’ is the equivalent to a ‘monophyletic group’ in a rooted tree and ‘adjacent group’
is equivalent to ‘sister-group’ in a rooted tree. In all
trees, the P. macrothela-derived putative anticoagulants form clans that include the archetypal anticoagulants. For manillase (Fig. 2A), therostasin
(Fig. 2C) and antistasin (Supporting Information,
Fig. S2A), the P. macrothela sequence places as the
adjacent group to the anticoagulants, strongly suggesting orthology of these proteins. For LAPP, the
tree (Supporting Information, Fig. S2B) shows a
clear dichotomy between LAPP and saratin paralogues; the P. macrothela sequence forms a clan
with all other LAPP sequences, derived from Haementeria officinalis, Placobdella ali Hughes & Siddall, 2007, Placobdella parasitica (Say, 1824) and
Haemadipsa interrupta (Moore, 1935) (sequences
from the latter showing unusually long branches).
For destabilase (Fig. 2B), the P. macrothela sequence
nests with the archetypal anticoagulants derived
from Hirudo medicinalis and, together, these form
the adjacent group to two sequences derived from
Macrobdella decora (Say, 1824). Only four sequences
were available for ghilanten, including the archetypal
sequence.
The
sequence
derived
from
Figure 2. Single most parsimonious trees for leechderived putative orthologues of: A, manillase (503 steps);
B, destabilase I (234 steps); C, therostasin (332 steps).
See text for further discussion. Where appropriate, GenBank accession numbers follow taxon names. Branch
lengths are drawn proportional to change.
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P. macrothela forms a clan showing short branches
with the sequence derived from Placobdella ali
(Supporting Information, Fig. S2C). Finally, for the
hirudin tree, several known leech-derived thrombininhibitors (theromin, haemadin, hirudin, bufrudin,
hirullin and an unknown throbininhibitor from Haemadipsa sylvestris Blanchard, 1894) were included
in the analysis. The sequence from P. macrothela
matching antithrombin III from O. hannah nests
with the unidentified thrombininhibitor from
H. sylvestris and an unknown thrombininhibitor
from Haemadipsa interrupta (Supporting Information, Fig. S2D). By contrast, the sequence matching
the thrombininhibitor from A. americanum forms a
clan with theromin, isolated from T. tessulatum.
However, both the P. macrothela sequences display
exceedingly long branches, which sheds doubt on
their orthology with the unknown thrombininhibitor
and theromin (see Discussion).

DISCUSSION
Through transcriptome sequencing of the salivary
gland tissues of the piscicolid leech Pontobdella
macrothela, we were able to identify ten anticoagulation factors with putative orthology to known anticoagulants, as well as 13 other P. macrothela-derived
proteins that have previously been linked to anticoagulation processes. Some of the hits against known
anticoagulants were restricted to non-leech targets;
this was confirmed by the lack of phylogenetic affinity of these proteins to leech-derived orthologues, as
well as the lower levels of amino acid conservation
across these comparisons. Most conspicuously, this
included hits against two thrombininhibitors isolated
from the king cobra, Ophiophagus hannah, and the
Lone Star tick, Amblyomma americanum, respectively. Based on the amino acid alignment and the
resulting phylogenetic tree for thrombininhibitors
presented here (Supporting Information, Fig. S2D),
the two P. macrothela-derived proteins that matched
these anticoagulants showed low affinity to leechderived thrombininhibitors. In addition, the known
leech-derived thrombininhibitors are present as short
peptides, normally varying in length between 65 and
75 amino acids, whereas the P. macrothela-derived
putative thrombininhibitors are 128 and 268 amino
acids, respectively. Given the convincing e-value
scores of the hits against the snake- and tick-derived
anticoagulants, as well as the level of conservation
between these proteins (Supporting Information,
Fig. S1A, D), it seems plausible that the proteins
represent previously undiscovered anticoagulant
diversity within leeches. The functionality of these
predicted bioactive proteins remains unknown but
the significant reciprocal BLASTx and BLASTp

UniProtKB hits against serine protease inhibitors
and/or leukocyte elastase inhibitors, as well as Pfam
domain hits against similar proteins, suggests conserved domains within these transcripts, associating
them with well-characterized anticoagulant motifs.
In addition, the significant hit (7E25) of a
P. macrothela-derived contig against haemalin represents the first finding of this protein within a leech.
The fact that the reciprocal BLASTs against Pfam
and UniProtKB found only hits with higher e-values
(except for a Pfam hit against an uncharacterized
protein from the leech Helobdella robusta Shankland, Bissen & Weisblat, 1992; see Table 1) is indicative of a positive identification for the protein.
Haemalin is a Kunitz-type thrombin inhibitor with
two Kunitz domains, the first of which binds to the
active site of thrombin thus preventing the thrombin-mediated conversion of fibrinogen to fibrin (Koh
& Kini, 2009), much like the leech-derived hirudin.
Boophilin (also found in P. macrothela; Table 2) is
also a member of this family of anticoagulation factors and has been shown to bind to thrombin in a
non-canonical fashion (Macedo-Ribeiro et al., 2008).
However, the hit against boophilin in P. macrothela
found a better reciprocal BLAST score in the UniProtKB database against papilin, an extracellular
glycoprotein involved in, among other things, matrix
layers during gastrulation and basement membranes
(Kramerova et al., 2000). As such, it is unlikely that
the P. macrothela protein is orthologous with boophilin, despite its clear amino acid affinity with anticoagulation factors (top BLASTx and BLASTp hits of
this contig against Pfam indicated a trypsin inhibitor
and a thrombospondin type 1 domain, respectively).
Interestingly, the amino-end of the papilin cassette
is also the carboxyl-end of the ADAMTS (A Disintegrin And Metalloproteinase with ThromboSpondin
motifs) subgroup of proteins, which possess a thrombospondin type 1 domain (Kramerova et al., 2000).
This may explain the reciprocal BLASTp Pfam hit
against thrombospondin type 1 domain encountered
for the boophilin-like protein (Table 2).
Disintegrins were first isolated from snake venom
and are small, potent inhibitors of platelet aggregation and integrin-mediated cell adhesion (Souza
et al., 2000; Calvete et al., 2005). Furthermore, disintegrins and metalloproteinases are comparatively
similar in structure and even share a common precursor in snakes (Kini & Evans, 1992); whether this
common precursor exists also in leeches in unknown.
A number of transcripts in P. macrothela matched,
with significant e-values, different forms of disintegrins with positive reciprocal BLASTs (only the top
hit is shown in Table 2; see Supporting Information,
Table S1 for full BLAST results), suggesting that
these play important and diverse roles in attacking
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the coagulation cascade of the prey. Also, numerous
hits were encountered in the transcriptome against
metalloproteinases, many of which presented a
thrombospondin motif, indicating that they carry a
similar function to that of disintegrins. The role of
the abundant metalloproteinases within the leech
transcriptome is, however, still unclear. Whereas
disintegrins have been widely identified as anticoagulation factors in leeches, their biological function
remains unclear in other organisms (Stone, Kroeger
& Sang, 1999), which is why the hits against
these are labelled as proteins previously linked to
anticoagulation (Table 2), as opposed to known
anticoagulants.
Elasmobranchs possess uncommonly high concentrations of urea in their blood, in order to equilibrate
with the osmotic potential of the seawater (Staedler
& Frerichs, 1858; Bottazzi, 1897; Rodier, 1899;
Smith, 1929). Because ‘colossal amounts’ (Staedler &
Frerichs, 1858) of urea are not typically encountered
outside of elasmobranch taxa, leeches that feed on
this type of blood would logically need specific pathways devoted to the degradation of the compound.
One of the most common enzymes that catalyses the
hydrolysis of urea is urease (Fawcett & Scott, 1960;
Chaney & Marbach, 1962) and the degradation of
urea is often promoted by urease-producing symbiotic bacteria in animals (Griffith, Musher & Itin,
1976; Hazell et al., 1987). At marginal e-values
(2E05 and 8E05, respectively), two amino acid
sequences were found in the P. macrothela transcriptome
(contigs
cds.c62468_g1_i2
and
cds.
c42205_g1_i1) that match the urease gamma subunit
and the N-terminal domain of a urease accessory
protein, respectively. Although it is not surprising to
find urease encoding genes in prokaryotic and
eukaryotic taxa alike, we hope that these results will
serve as a baseline for future studies relating to the
degradation of the high levels of urea by elasmobranch-feeding leeches. To this end, it will be particularly important to understand the diversity and
biological functions of the bacterial communities present in the crop caeca of these leeches.
The full diversity of leech anticoagulants is still
largely unmapped and, to our knowledge, the present
study includes comparisons of leech proteins against
the broadest swathe of anticoagulation factors
derived from other bloodfeeding organisms to date.
Given the elevated sequencing effort of the present
study, we found comparatively fewer anticoagulants
within the P. macrothela transcriptome than did
Kvist et al. (2014a) within H. interrupta. Siddall
et al. (2016) found a comparable number of anticoagulants in the mainly turtle-feeding taxa Placobdella
kwetlumye Oceguera-Figueroa, Kvist, Watson Sankar, Overstreet & Siddall, 2010, P. parasitica and

P. ali. This may be a reflection of the relatively modest prey diversity of P. macrothela (e.g. Yamauchi
et al., 2008) and the Placobdella species. When considering all studies focusing on revealing a substantial part of the salivary transcriptome of leeches, we
are beginning to see the emergence of a pattern
showing narrower anticoagulant repertoires for those
species that tend to have narrower ranges of prey
(cf. Faria et al., 2005; Min, Sarkar & Siddall, 2010;
Kvist, Min & Siddall, 2013, Kvist et al., 2014a; Siddall et al., 2016; present study). It is important, however, to underline that this hypothesis needs to be
explicitly tested before any conclusions can be
drawn. Increasing the number of studied leeches
should be a priority for future studies to account for
both specialist and generalist taxa. Furthermore,
future studies should aim at screening outgroup taxa
for potential orthologous anticoagulant proteins to
enable the full consideration of evolutionary histories, and maintain similar levels of sequencing depth
such that comparative expression levels, as well as
presence and absence of certain proteins, can be
more robustly inferred.
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