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Abstract: Hematophagous leeches express a broad variety of secretory factors in their salivary glands;
among them are hirudins, inhibitors of blood coagulation, and decorsins/ornatins, inhibitors of
platelet aggregation. Here, we describe the identification and molecular and functional characteriza-
tion of putative hirudins and decorsins/ornatins in two leech species of American origin, Limnobdella
mexicana and Haementeria vizottoi. The leech species represent two orders of leeches, the proboscis-
bearing Rhynchobdellida and the non-proboscis-bearing Arhynchobdellida. Members of the hirudin
superfamily, such as hirudins or decorsins/ornatins, are described for the first time in the genus
Haementeria. Both species expressed very potent inhibitors of platelet aggregation, but only the
putative hirudins of L. mexicana displayed high thrombin-inhibitory potency, whereas the putative
hirudin of H. vizottoi turned out to be a hirudin-like factor. The results of our study provide new
insights into the evolutionary background of the blood-sucking lifestyle in leeches.

Keywords: hirudin; blood coagulation; platelet aggregation; anticoagulants; hematophagous leeches

1. Introduction

“Blood is a juice of very special kind” (Goethe, Faust), and hematophagous animals
have to cope with numerous challenges to ensure a successful blood meal [1]. Securing a
continuous flow of blood through an open wound and preventing premature coagulation of
the ingested blood within the sucking apparatus and/or the gut of the parasite are two sides
of the same coin. The inhibition of both platelet aggregation (primary hemostasis) and the
blood coagulation cascade (secondary hemostasis) are hence crucial tasks for hematophagic
animals [2]. Primary hemostasis refers to platelet aggregation and plug formation, whereas
secondary hemostasis refers to the formation and deposition of insoluble fibrin generated
by a proteolytic coagulation cascade. Both processes are interlinked by certain factors
acting in either mechanism [3].

Leeches are a taxonomic group of invertebrates that comprises both predatory (non-
blood-feeding) and parasitic (blood- and hemolymph-feeding) representatives [4].
Hematophagy is very likely the ancestral state and was independently lost (and regained)
in several lineages of leeches throughout evolution [5]. Blood-feeding leeches such as
Hirudo medicinals, probably the most famous one, comprise a broad variety of bioactive
compounds in their saliva, including inhibitors of both primary and secondary hemosta-
sis [6]. The inhibitors of platelet aggregation in the saliva of H. medicinalis are calin and
saratin [7,8]. Decorsins are platelet inhibitors in the saliva of Macrobdella decora [9–11], and
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ornatins fulfill this function in Placobdella ornata [12]. The molecular identity of calin re-
mains obscure, but saratin, decorsin variant 1, and ornatin variant E have been successfully
purified and functionally characterized [8,9,13]. Strikingly, both M. decora and P. ornata
encode several variants, namely five decorsin variants (1–5) and six ornatin variants (A2,
A3, and B–E), respectively.

Inhibitors of secondary hemostasis target different steps within the blood coagulation
cascade, but leech-derived factors mainly inhibit factor Xa or thrombin (factor IIa). Yagin
from H. medicinals [14] and antistasin from the Mexican leech Haementeria officinalis [15]
are inhibitors of factor Xa, whereas hirudin from H. medicinalis represents the archetype
of leech-derived thrombin-inhibitors [16,17]. Hirudin is composed of three functionally
distinct domains: a short N-terminal stretch of five amino acid residues that blocks the
active site of thrombin, a central globular domain that is stabilized by the formation of three
disulfide bonds, and an elongated C-terminal tail that blocks the fibrinogen-binding site of
thrombin (exosite I) [18]. Several putative hirudins have been described in different leech
species, but only a few of them have actually been functionally characterized [11,19–22].
Only recently, a new class of leech-derived factors has been described: the hirudin-like
factors (HLFs) [21,23]. HLFs share some characteristic features with hirudins, such as the
numbers and positions of the six disulfide bond-forming cysteine residues and common
gene structures composed of four exons and three introns, but may considerably differ
in others, such as molecular mass and isoelectric points (pI values). Some HLFs exhibit
thrombin-inhibitory potency that is equal to that of hirudins, whereas others do not or
only very poorly inhibit thrombin [24]. Structure–function analyses have revealed that the
interplay of all three domains of hirudins and HLFs is crucial for their thrombin-inhibitory
potency [25,26].

Hirudin is a hallmark of hematophagy in leeches, but its presence is actually not
restricted to blood feeders. The Asian non-hematophagous leech Whitmania pigra expresses
several hirudins and HLFs, and some of them are potent thrombin inhibitors [22]. It may
not come as a surprise that W. pigra is widely used as an anti-thrombotic drug in Traditional
Chinese Medicine (TCM) [27]. By contrast, the presence of hirudins (or HLFs) has not yet
been confirmed in some leech species that are blood-feeders, such as H. officinalis and its
close relative Haementeria ghilianii, the giant Amazonas leech, although other inhibitors of
secondary hemostasis have been found in close relatives: vizottin, a potent inhibitor of
factor Xa [28], and cystatin-Hv, a serine protease inhibitor that acts on cathepsin-L [29], have
been identified in Haementeria vizottoi, a leech that is native to southeastern Brazil. Hirudin
or ornatin, however, could not be identified in a transcriptome library that was generated
from the salivary gland tissue of H. vizottoi [30]. Members of the genus Haementeria
belong to the proboscis-bearing leeches (Rhynchobdellida), and so far, the expression of
hirudin and ornatins in Rhynchobdellida has only been confirmed in members of the genus
Placobdella [5,12].

Limnobdella mexicana, by contrast, is a member of the family of Praobdellidae and
hence belongs to the jawed or non-proboscis-bearing leeches (Arhynchobdellida) [31]. It
parasitizes mucosal surfaces, such as the noses and oral cavities of mammals. Recently,
Iwama et al. [32] described the generation and analysis of a salivary transcriptome of
L. mexicana, including the identification of two putative hirudins. Unfortunately, the
functional characterization of both factors is still missing. In addition, the authors did not
find any evidence for the expression of decorsins or decorsin-like factors in L. mexicana.
Decorsins have been found in the North American leech M. decora [9] but not yet in members
of Arhynchobdellida outside America.

In the present study, we describe the re-analysis of the transcriptome datasets of
H. vizottoi and L. mexicana and the identification of additional putative hirudins and putative
decorsins in L. mexicana as well as the identification of an HLF and a putative ornatin in
H. vizottoi. All factors were successfully expressed, purified, and functionally characterized
using well-established coagulation and platelet aggregation assays. The results of our study
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shed new light on the evolutionary background of the hirudin superfamily and support
the concept of a single origin of blood-feeding in leeches.

2. Results
2.1. Identification of Putative Hirudins/HLFs and Decorsins in L. mexicana

In a previous study, Iwama et al. [32] reported on the identification of two putative
hirudins (DN24002_c0_g1_i2 and DN24002_c0_g1_i1) in the salivary gland transcriptome
of L. mexicana. Both factors exhibited 87%/90% sequence identity/similarity to each other
and about 32%/48% to hirudin variant HV1 of H. medicinalis, respectively. Functional
characterization of both putative hirudins, however, is pending. Decorsins were not
identified during the course of the study.

We thoroughly re-investigated the freely accessible raw transcriptome dataset of
L. mexicana (SRX5688711) and confirmed the predictions of Iwama et al. [32]. For factor
DN24002_c0_g1_i2, we identified two slightly different sequence variants (Lmex_HV1a
and Lmex HV1b in our nomenclature), and for factor DN24002_c0_g1_i1, we identified
the exact same sequence (Lmex_HV2 in our nomenclature). Furthermore, we were able to
predict three additional putative hirudin variants, namely Lmex_HV3a, Lmex_HV3b, and
Lmex_HV4. A multiple sequence alignment of all putative hirudin variants of L. mexicana
is shown in Figure 1A. With the exception of Hmex_HV3a, all variants were about the
same size as the hirudin variant HV1 of H. medicinalis. The same was applied for the
isoelectric points: all pI values were in the range of about 3.9 to 4.7, typical values for
hirudins (Table 1).

Table 1. Molecular properties of hirudin-variant 1 (HV1) of H. medicinalis (Hmed_HV1), putative
hirudins and hirudin-like factors of L. mexicana (Lmed_HV1–4) and H. vizottoi (Hviz_HV1), decorsin
variant 1 of M. decora (Mdec_D1), ornatin variants A2 and B of P. ornata (Plor_OA2 and OB), pu-
tative decorsins of L. mexicana (Lmex_DV1 + 2), and a putative ornatin of H. vizottoi (Hviz_OV1).
pI = isoelectric point; MW = molecular mass.

Factor pI Length in aa MW in Da

Hmed_HV1 4.04 65 7026.58
Lmex_HV1a 4.64 66 7573.23
Lmex_HV1b 4.69 66 7539.21
Lmex_HV2 4.64 66 7502.19
Lmex_HV3a 3.88 77 8539.1
Lmex_HV3b 4.07 66 7391.04
Lmex_HV4 4.03 63 6843.29
Hviz_HV1 4.22 63 6983.51
Mdec_D1 4.46 39 4383.86

Lmex_DV1 5.08 50 5757.4
Lmex_DV2 8.3 50 5621.46
Plor_OA2 8.32 41 4455.03
Plor_OB 7.75 52 5872.61

Hviz_OV1 4.59 50 5425.93

Our investigation also revealed the presence of coding sequences for two putative
decorsin variants, namely Lmex_DV1 and Lmex_DV2. Both variants exhibited 80%/86%
sequence identity/similarity to each other and contained the canonical RGD/KGD motif
located between the cysteine residues C5 and C6 [33], but the pI values differed markedly
(5.08 vs. 8.30, Table 1). The overall degrees of sequence identity/similarity of both putative
decorsin variants to decorsin variant D1 of M. decora were quite low (about 20%/27%,
respectively), and identical amino acid residues were virtually limited to the six cysteine
residues and the RGD/KGD motif (Figure 1B).
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Figure 1. Multiple sequence alignments. (A) Hirudin-variant 1 (HV1) of Hirudo medicinalis
(Hmed_HV1) and putative hirudins and hirudin-like factors of Limnobdella mexicana (Lmed_HV1–4)
and Haementeria vizottoi (Hviz_HV1). (B) Decorsin variant 1 of Macrobdella decora (Mdec_D1), or-
natin variants A2 and B of Placobdella ornata (Plor_OA2 and OB), a putative decorsin of L. mexicana
(Lmex_DV1+2), and a putative ornatin of H. vizottoi (Hviz_OV1).

The black background indicates conserved residues; the gray background indicates
similar residues. The six conserved cysteine residues giving rise to the three-dimensional
structure are marked in bold. The canonical RGD/KGD motif in decorsins and ornatins is
marked in bold and red. Abbreviations are used according to the IUPAC code.

2.2. Identification of Putative Hirudins/HLFs and Ornatin in H. vizottoi

The same experimental approach outlined for L. mexicana was also applied to the
freely accessible transcriptome dataset of H. vizottoi [30]. The authors of the study did
not report on the identification of either hirudin- or ornatin-like sequences. However, our
investigation revealed clear evidence that the coding sequences for both types of factors
are expressed in the salivary complex of H. vizottoi: a putative HLF (Hviz_HV1) and a
putative ornatin (Hviz_OV1). Hviz_HV1 exhibited characteristic features of hirudins (size
and pI value, Table 1), but the N-terminus was short, contained only three amino acid
residues in front of the first cysteine residue, and lacked the highly conserved Tyr3/Phe3
residue (Figure 1A). The overall degrees of sequence identity/similarity compared with
hirudin variant HV1 of H. medicinalis were 27%/41%, respectively. For Hviz_OV1, the
corresponding values were 42%/52% and 29%/37% compared with ornatin variants A2
and B of P. ornata. Like all decorsins and ornatins, Hviz_OV1 harbors an RGD motif located
between cysteine residues C5 and C6 (Figure 1B).

2.3. Functional Characterization I: Thrombin Inhibition

As mentioned above, the putative hirudin variants of L. mexicana exhibited all char-
acteristic structural and biochemical features of hirudins. By contrast, Hviz_HV1 of H.
vizottoi comprises a substantially altered N-terminus that very likely is prohibitive for
efficient interaction with the active site of thrombin. We thus constructed four variants of
Hviz_HV1, namely Hviz_HV1b–e, that contained N-terminal sequences of H. medicinalis
HV1 (Hviz_HV1c), a Placobdella costata hirudin (Hviz_HV1d), and Lmex_HV1 of L. mexicana
(Hviz_HV1e). The modified N-terminal sequences are listed in Table 2.
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Table 2. N-terminal sequences of natural and synthetic variants of Hviz_HV1 of H. vizottoi. Abbrevia-
tions are used according to the IUPAC code.

Factor N-Terminus Source

Hviz_HV1a QPEC native
Hviz_HV1b GQPEC native
Hviz_HV1c VVYTDC HV1 of H. medicinalis
Hviz_HV1d VHFPPC hirudin of Placobdella costata
Hviz_HV1e VHFMPC Lmex_HV1 of L. mexicana

All putative hirudin/HLF variants were successfully expressed, purified, and func-
tionally tested in a thrombin time test that specifically addressed the activity of thrombin.
To our disappointment and in sharp contrast to our expectations, none of the five Hviz-HV1
variants displayed any thrombin-inhibitory potency at the tested concentrations, despite
the presence of “suitable” N-termini in Hviz_HV1c–e (data not shown).

However, five of the six hirudin variants of L. mexicana were highly potent thrombin
inhibitors. In fact, the factors completely inhibited thrombin activity even at the lowest
concentration of 0.32 µmol/L, comparable to the inhibitory potency of hirudin variants HV1
and HLF1V of H. medicinalis (Müller et al., 2020a) [24]. Lmex_HV4, by contrast, was only a
very weak thrombin inhibitor, even at the high concentration of 3.2 µmol/L. As expected,
the putative decorsin Lmex_DV1 did not display any thrombin inhibitory effect (Figure 2).
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Figure 2. Standard blood coagulation assays of putative hirudin variants (Lmex_HV1–4) and a
decorsin variant (Lmex_DV1) of L. mexicana using the thrombin time test (TT). Results are means of
three independent measurements.

2.4. Functional Characterization II: Platelet Aggregation

Two putative decorsins of L. mexicana (Lmex_DV1 and DV2) and one putative ornatin
of H. vizottoi (Hviz_OV1) were identified in the course of the present study. For practical
reasons, only Lmex_DV1 and Hviz_OV1 were functionally tested in platelet aggregation
assays. The strong inhibitors eptifibatide and tirofiban served as positive controls for
the inhibition of platelet aggregation. Lmex_HV1a and Lmex_HV4 served as negative
controls (i.e., no inhibition of platelet aggregation) for the measurement of Lmex_DV1 and
Hviz_HV1 (see Table 2) served as the negative control for the measurement of Hviz_OV1.
The aggregation curves were recorded, and two quantitative readout parameters were
determined: maximal aggregation in percentage and maximal slope of the curve in percent
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per minute. The aggregation curves are shown in Figure 3A,B. Both Lmex_DV1 and
Hviz_OV1 inhibited platelet aggregation to an extent that was comparable to eptifibatide
and tirofiban in terms of maximal aggregation effect (Figure 3C) and maximal slope of the
curve (Figure 3D). By contrast, neither Lmex_HV1a, Lmex_HV4, nor Hviz_HV1 inhibited
platelet aggregation.
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and a decorsin variant (Lmex_DV1) of L. mexicana as well as an HLF (Hviz_HV1) and an ornatin
variant (Hviz_OV1) of H. vizottoi. Eptifibatide and tirofiban were used as positive control substances
for complete inhibition of aggregation; buffer was used as a negative control. Platelet aggregation
was induced by addition of ADP to a final concentration of 5 µmol/L. Results are means of two
independent measurements. (A) Platelet aggregation curves of L. mexicana-derived factors. (B) Platelet
aggregation curves of H. vizottoi-derived factors. (C) Values of maximal aggregation. (D) Values of
maximal slope.

3. Discussion

The emergence of next- and third-generation sequencing technologies has substantially
changed the field of genomic research [34,35]. A steadily increasing number of genome and
transcriptome datasets has become available in public databases, providing almost infinite
possibilities to conduct all kinds of sequence-based research projects. However, whereas
the costs for sequence data generation are constantly falling [36], the costs for sequence
data analysis are not; it is still a challenging, time-consuming, and tedious task, despite all
the computational help and support.
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The current manuscript describes the identification and subsequent functional char-
acterization of several previously undiscovered putative anticoagulants in two Ameri-
can leech species, L. mexicana and H. vizottoi. For the first time, both a hirudin-like fac-
tor (Hviz_HV1) and an ornatin (Hviz_OV1) were described in a member of the genus
Haementeria. Whereas antistasin and its related factors were identified in H. officinalis [15]
and H. ghilianii [37] a long time ago, the presence of members of the hirudin superfamily
remained obscure. Natural Hviz_HV1 is not an inhibitor of thrombin; the short N-terminal
stretch and the lack of the canonical Tyr3/Phe3 residue can easily explain this phenomenon.
However, the central globular domain and/or the C-terminal tail of Hviz_HV1 are obvi-
ously not optimal for interaction with thrombin since the replacement of the N-terminus
of Hviz_HV1 with respective sequences of very potent thrombin inhibitors (see Table 2)
did not convert Hviz_HV1 into a thrombin inhibitor. Previous studies in our lab have
revealed that not only the N-terminus and the C-terminal tail but also all three domains,
including the central globular domain, are essential for the thrombin-inhibitory potency
of putative hirudins [25,26]. The central globular domain of Hviz_HV1 is quite different
from those of the hirudin variant HV1 of H. medicinalis and the hirudins of L. mexicana,
including an exceptionally long stretch between cysteine residues C1 and C2 (see Figure 1).
We hence assume that the structure of the central globular domain of Hviz_HV1 is incom-
patible with the thrombin-inhibitory potency of the protein. Similar observations were
previously made for both HLF3 and HLF4 of H. medicinalis/verbana and HLF6 and HLF7 of
H. manillensis [25,26]. The biological target of Hviz_HV1 remains to be determined.

The putative hirudins of L. mexicana, by contrast, displayed substantial thrombin-
inhibitory potency, equal to those of HV1 and HLF1V in H. medicinalis. The only exception
was Lmex_HV4 (Figure 2). The main reason for the very low but still detectable inhibitory
potency of Lmex_HV1 is probably the presence of two asparagine residues at the very
end of the N-terminus (see Figure 1). To our knowledge, an Asn1Asn2 mutant of hirudin
has never been constructed, but the replacement of Val1Val2 of hirudin variant HV1 of H.
medicinalis with amino acid residues with hydrophilic side chains, such as serine, has the
potential to dramatically increase the Ki values of respective mutants of hirudin HV1 [38,39].
By contrast, the presence of a positively charged aspartate residue at position 2 or 4 (as in
Lmex_HV4, see Figure 1) can be well tolerated [24,37]. The very high thrombin-inhibitory
potency of Lmex_HV1-3 is likely due to the presence of a phenylalanine residue at position 3
(Phe3) instead of the canonical tyrosine residue (Tyr3) in each of these factors (see Figure 1).
The replacement of Tyr3 with Phe3 in hirudin variant HV1 of H. medicinalis increases its
affinity to thrombin approximately sixfold [40].

Altogether, at least six different hirudin/HLF variants are expressed in L. mexicana.
The presence of multiple copies and variants of anticoagulants in leeches has been reported
several times [21,41–44] and indicates that the potential expression of multiple variants
of effectors in salivary gland cells is a general feature in many leech species. However,
whereas the text of the song seems to be the same, the melodies differ: in M. decora, only
one hirudin was found, but five different decorsins could be identified [10]; in L. mexicana,
the ratio was almost the opposite: six hirudins/HLFs versus two decorsins. A greater
diversity of anticoagulants has been linked to greater diversity in putative host species [43].
On the basis of this hypothesis, the host spectrum of H. vizottoi must be narrow: only one
ornatin and one HLF have been identified so far. However, it cannot be ruled out that
additional variants of both factors are present in H. vizottoi but remained undetected in our
investigations due to an inappropriate search strategy.

Both L. mexicana and H. vizottoi express highly competent inhibitors of platelet aggre-
gation, namely Lmex_DV1 and Hviz_OV1 (see Figure 3A,B), and both factors very likely
belong to the hirudin superfamily [11]. So far, the presence of decorsins/ornatins has only
been confirmed in representatives of American leech species: M. decora [9], P. ornata [12],
L. mexicana, and H. vizottoi (this study). The only exception is the European freshwater
turtle leech Placobdella costata (Müller, unpublished data), but the genus Placobdella is of
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North American origin, and the presence of P. costata in the Palearctic is very likely due to a
single dispersal event [45].

The absence of decorsins/ornatins in leech species outside America raises questions
about the evolutionary background of this phenomenon. The genera Macrobdella and Hirudo
belong to different families of the suborder Hirudiniformes within the order Arhynchobdell-
ida [46,47], whereas Haementeria and Placobdella belong to the family Glossiphoniidae within
the order Rhynchobdellida. The split between both orders of leeches chronologically pre-
cedes the split between the families [48]. Consequently, the presence of decorsins/ornatins
as a trait must have been either lost (assuming a last common ancestor of both leech or-
ders expressing this trait) or gained (assuming a last common ancestor without this trait)
independently within the different lineages of leeches during evolution. The question of
whether the first or the second option is correct cannot be definitively answered yet. It
would certainly be helpful, in this context, to determine the gene sequences and evaluate the
gene structures of both Lmex_DV1 and Hviz_OV1 to compare them with the corresponding
gene structures of hirudins and the decorsins of M. decora [11].

4. Materials and Methods
4.1. Transcriptome Data

Transcriptome data of Limnobdella mexicana were obtained from GenBank sequence
read archive SRX5688711, BioProject PRJNA532931 [32]. Transcriptome data of Haemente-
ria vizottoi were obtained from GenBank sequence read archive SRX960561, BioProject
PRJNA276902 [30].

4.2. Bioinformatics Tools

Basic Local Alignment Search Tool (BLAST) searches were performed using the re-
spective NCBI web portal and modified settings for search algorithm parameters.

Multiple sequence alignments were generated using the CLC Sequence Viewer soft-
ware package v8.0 (CLC bio) and default settings. Alignments were exported as msf files
and further processed using GeneDoc v2.7 [49]. Signal peptide sequences were predicted
using the Phobius web server [50] and SignalP6.0 [51].

4.3. Gene Synthesis

cDNA fragments of putative hirudin, decorsin/ornatin, and HLF variants were gener-
ated using the gene synthesis service of Synbio Technologies (Monmouth Junction, NJ, USA).
Modifications were generated by PCR using appropriate primers to incorporate changes in
the nucleotide sequences that led to the desired alterations in the amino acid sequences.

4.4. Amplification and Cloning of Hirudin, Decorsin/Ornatin, and HLF cDNAs

For the amplification of putative hirudin, decorsin/ornatin, and HLF cDNAs, primers
were derived from the respective transcriptome database sequences. A list of all primers that
were used in the study is provided in the Supplementary Material (Table S1). PCR reactions
were performed using Q5 polymerase (New England Biolabs, Frankfurt a. M., Germany);
fragments of relevant sizes were purified and cloned, and their sequences were determined.

4.5. Expression, Purification, Processing, and Quantification of Putative Hirudins and Decorsins

The entire protocol to clone cDNAs encoding putative hirudins/HLFs and decorsins/
ornatins as well as to express, purify, and quantify the respective proteins has been previously
described in great detail [21,24,25]. Briefly, we applied a system developed by Qiagen (Hilden,
Germany). The pQE30Xa vector encodes a factor Xa protease recognition site between the
His-tag coding region on the 5′ side and the multiple cloning site on the 3′ side. Factor Xa
protease treatment cleaved off the His-tag and resulted in a recombinant protein that was free
of any vector-derived amino acids at the N-terminus. The molar concentrations of the final
protein solutions were calculated by dividing the absorbance at 280 nm by the molar absorption
coefficient according to the equation ε = (nW × 5500) + (nY × 1490) + (nC × 125) [52,53].
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4.6. Blood Coagulation Assays

To verify the thrombin-inhibitory potency of putative hirudins/HLFs, we performed
the thrombin time test (TT; reference range 16.8–21.4 s) using a BFT II analyzer (Siemens
Healthcare, Erlangen, Germany). All steps were carried out according to the instructions
outlined by the manufacturer. For the coagulation tests, protein samples were diluted with
buffer to reach final concentrations in the reaction assays of 3.2 µmol/L and 0.32 µmol/L.
The desired amount of substrate was directly transferred into the cuvette immediately
before the plasma was added. Dade® Ci-Trol® 1 (Siemens Healthcare, Erlangen, Germany)
was used as standardized human plasma. The incubation of the reaction mixtures was
carried out at 37.4 ◦C. Measurements that exceeded 300 s were stopped and considered
complete inhibition of clot formation.

4.7. Platelet Aggregation Assays

All assays were performed with human blood samples that were obtained from a
healthy volunteer (CM) after written informed consent and approval from the institutional
ethics committee were obtained. The blood collection, blood preparation, and subsequent
experiment followed the procedure as described in Lukas et al. (2019) [23] with few
modifications. Briefly, 10 mL of venous blood was taken from the antecubital vein using
an S-Monovette® (Sarstedt, Nürnbrecht, Germany) prefilled with citrate buffer. The first
centrifugation step of the blood collection tube was performed at 200× g for 20 min.
After centrifugation, the supernatant (platelet-rich plasma, PRP) was transferred, and
the remaining blood was centrifuged again for 10 min at 2000× g. The supernatant was
dedicated as platelet-poor plasma (PPP), transferred, and used as a reference value for
maximal platelet aggregation. Measurements were performed using an APACT-4004
(LABiTec, Ahrensburg, Germany). The potent platelet aggregation inhibitors tirofiban and
eptifibatide (Sigma-Aldrich, Taufkirchen, Germany) were used as controls. A volume of
170 µL PRP was transferred into cuvettes, and 10 µL of the respective test and control
compounds (64 µmol/L) or buffer was added. The cuvettes were transferred into an
APACT-4004 measuring cell, and the measurement was started. After 1 min, 20 µL of an
adenosine-diphosphate (ADP) dilution (200 µmol/L; Hart Biologicals, Hartlepool, UK)
was added as an agonist for a final ADP concentration of 5 µmol/L and a final sample
concentration of 3.2 µmol/L. All experiments were performed at 37 ◦C over a time period
of 400 s. Maximal aggregation in percentage and maximal slope of the curve in percentage
per minute were calculated as quantitative output parameters [54].

5. Conclusions

Our work, for the first time, presents strong evidence for the presence and expression
of members of the hirudin superfamily, both an HLF and an ornatin, within the genus
Haementeria. In addition, we determined that the praobdellid leech L. mexicana expresses
a broad variety of hirudins, HLFs, and decorsins. Both observations expand the current
knowledge on the distribution of the members of the hirudin superfamily among different
leech orders, families, and genera and may help to better understand the evolutionary
processes that underlie the gains and losses of hematophagous lifestyles among members
of this fascinating group of animals.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/parasitologia2040026/s1, Table S1: List of primers that were used
in the study.
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