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Abstract
In October of 2018, Canada Border Services Agency (CBSA) at Pearson International Airport in Toronto notified the Wildlife
Enforcement Branch of Environment and Climate Change Canada that a passenger had arrived aboard a flight fromRussia with a
large quantity of live leeches. The leeches had been discovered in the passenger’s carry-on luggage. An enforcement officer with
Environment and Climate Change Canada detained the leeches to identify the species in order to determine whether the import
was lawful. We identified the leeches asHirudo verbana and extracted DNA from the bloodmeals of a subsample of 240 leeches
and used metabarcoding of 6 mitochondrial loci to determine the vertebrate host species on which the leeches had previously fed.
Sixteen undomesticated vertebrate host species were identified from the bloodmeals of the imported leeches, indicating that these
leeches were collected from wild habitats. Furthermore, the overlap of host species’ distributions point to a possible collecting
source in the Volga delta, the Danube delta, or the coastal area region on the east side of the Sea of Azov. Our findings support the
utility of invertebrate-derived DNA (iDNA) as a valuable tool in forensic evaluation of trafficked wildlife and provide new
evidence regarding illegal exploitation of the European medicinal leech.
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Introduction

On October 17, 2018, Canada Border Services Agency
(CBSA) stationed at Toronto’s Pearson International Airport
discovered a passenger who arrived aboard a flight from
Russia carrying 4788 live European medicinal leeches in his
carry-on luggage. As per protocol, CBSA contacted the

Wildlife Enforcement Branch of Environment and Climate
Change Canada, who detained the leeches to determine if
the import was lawful. The Convention on International
Trade in Endangered Species (CITES), which oversees the
movement of protected and endangered species across inter-
national borders, includes both Hirudo medicinalis and
Hirudo verbana under their protection (IUCN 2019; CITES
Appendices I, II and III 2017). Both species were erroneously
considered H. medicinalis until reexamination of their mor-
phology and genetics proved otherwise (Siddall et al. 2007).
CITES regulates bothHirudo species (the only two species of
annelids protected under CITES) under Appendix II, indicat-
ing that “trade must be controlled in order to avoid utilization
incompatible with their survival.” This entails obtaining per-
mits for international exportation and importation, as well as
professional preparation for shipment of live animals (CITES
Appendices I, II and III 2017) and declarations regarding the
source of the material. Upon detainment, it was unknown if
the leeches had come from a breeder/supplier, or if they had
been collected from the wild.

Since the advent of DNA fingerprinting (Jeffreys et al.
1985), molecular techniques have grown more sophisticated
and standardized in forensics (Roewer 2013). Recently,
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genetic barcoding on mitochondrial loci has overtaken micro-
satellite data for species-level identifications pertaining to the
multibillion-dollar illegal wildlife trade (Eaton et al. 2009).
Mitochondrial loci are easier to amplify from samples that
were not freshly collected from a living animal because of
their circular structure (which puts them at lower risk for deg-
radation than nuclear loci) and their high copy number (which
provides additional starting copies of the loci for PCR) (Foran
2006). These traits make mitochondrial loci ideal for deter-
mining species identifications (and therefore IUCN and
CITES status) of exotic game meat, pelts, furs, feathers, and
other exports (Linacre and Tobe 2011; Speller et al. 2011;
D’Amato et al. 2013; Pilli et al. 2014).

Use of invertebrate-derived DNA (iDNA) is a recent ad-
vancement in biodiversity monitoring that harnesses
metabarcoding of mitochondrial genes to identify vertebrate
species that invertebrates (such as biting flies and leeches) fed
on by targeting DNA from the bloodmeal inside the inverte-
brate (Schnell et al. 2015; Tessler et al. 2018; Drinkwater et al.
2019; Fahmy et al. 2019; Fahmy et al. 2020). Thus far, iDNA
studies using leeches have only leveraged terrestrial
haemadipsid leeches. Haemadipsid leeches are generalists in
host selection (Sawyer 1986; Rocha et al. 2012), therefore
providing a broad view of vertebrate diversity (Calvignac-
Spencer et al. 2013). Furthermore, because haemadipsid
leeches are philopatric, unlike flying hematophagous insects,
investigators can assume the species identified in the
bloodmeal were recently present in the region of collection
(Tessler et al. 2018; Fahmy et al. 2020). While these features
have not been studied in the iDNA context for aquatic leeches
such as Hirudo, the applicability of these leeches for iDNA
studies can be estimated based on the wealth of research that
underlies our knowledge of the natural history of Hirudo spe-
cies. Hirudo leeches have experimentally been found to pre-
serve high-quality host DNA in their gut for at least 4 months
(Schnell et al. 2012). Like their terrestrial relatives, aquatic
Hirudo leeches are known to feed off a wide variety of verte-
brate hosts (Sawyer 1986). These include amphibians, birds,
mammals, and fish (Wilkin 1989; Keim 1993). Hirudo also
appear to be equivalent in their ability to preserve high-quality
host DNA. Schnell et al. (2012) experimentally determined
that both medicinal Hirudo leeches and terrestrial
haemadipsid leeches could preserve host DNA for at least
4 months. While aquatic leeches are likely more mobile than
terrestrial leeches, in most cases they are restricted to the body
of water they inhabit and are hypothesized to rely on their
hosts for dispersal to new bodies of water (Utevsky et al.
2010; Trontelj and Utevsky 2012). Thus, aquatic Hirudo
leeches should be able to retain host DNA and represent the
aquatic vertebrate fauna of the local area.

In order to identify the most likely origin of the confiscated
aquatic medicinal leeches, we used molecular genomic
metabarcoding of the leech bloodmeals. While iDNA surveys

have previously been leveraged to characterize the vertebrate
fauna in a particular region, the corollary, pinpointing a pre-
viously unknown collection region based on the diversity of
fauna identified from iDNA, has not been attempted. Provided
with mitochondrial signatures of a sufficiently large number
of leeches, one should be able to estimate the geographic
origin of the leeches. Similarly, the relative species richness
of vertebrate hosts and relative abundance of domesticated
animal DNA present in the iDNA should allow investigators
to deduce whether the leeches were purchased from a licensed
captive breeding supplier or were collected from wild popu-
lations. Collection of medicinal leeches from the wild has had
detrimental effects on populations for centuries and recently
renewed exploitation of leeches for both traditional and mod-
ern medical use has put these populations at risk of local
extinction (Elliott and Kutschera 2011).

Materials and methods

One thousand live leeches were received at the American
Museum of Natural History from Environment and Climate
Change Canada on December 14, 2018, 59 days after having
been impounded at Pearson International Airport, during
which time they had not had the opportunity to feed. The
leeches were identified as Hirudo verbana morphologically
and molecularly (using the COI locus). Two hundred and
forty of these leeches were relaxed and fixed in 95% ethanol.

The posterior one-third of each leech, anterior to the caudal
sucker (the post-cecal crop region), was targeted for DNA
isolation, regardless of whether or not a bloodmeal was ob-
servable. A 5-mm transverse slice was cut from each leech,
and then trisected sagittally in order to exclude the medial
intestine, retaining the bilateral gastric postcaeca. Pairs of gas-
tric postcaeca from 10 leeches were pooled for DNA isola-
tions, forming 24 pools in total, representing 240 leeches.
These samples were agitated with 0.5 mm ceramic beads in
a Fisherbrand Bead Mill 24 at 1.95 m/s for 1 min. To isolate
DNA, 200 μL of liquid was removed from the agitated sam-
ples for overnight incubation with 720 μL ATL buffer and
80 μL proteinase K. The remainder of the extraction followed
Qiagen’s DNeasy Blood and Tissue kit protocol.

Six loci targeting a range of vertebrate taxa (Table 1) were
PCR amplified for each of the 24 pools of DNA isolates. With
the exception of the 16S rDNA primers for fishes, each primer
set was constructed in two versions: with a forward Illumina
adaptor (ACACTCTTTCCCTACACGACGCTCTT
CCGATCT) and with a reverse Il lumina adaptor
(GACTGGAGTTCAGACGTGTGCTCTTCCGATCT) in
order to overcome any amplification inefficiencies introduced
by the addition of the adaptors and to avoid Illumina sequenc-
ing error bias between read 1 and read 2 (first optimized by
Fahmy et al. 2020). Thus, there were two PCR reactions for
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each targeted locus: one using the forward primer with a for-
ward Illumina adaptor in combination with the reverse primer
with a reverse Illumina adaptor, and another with the forward
primer with a reverse Illumina adaptor in combination with
the reverse primer with a forward Illumina adaptor. The 16S
rDNA fishes PCR was performed twice to prevent it from
being underrepresented, as all of the other primer sets had
two versions.

All PCR reactions were performed using Illustra PuReTaq
Ready-To-Go PCR Beads (GE Healthcare Life Sciences) with
0.5 μL of each (10 μM) primer, 22 μL of water, and 2 μL of
DNA template. For all 12S and 16S primer reactions, the fol-
lowing thermocycling conditions were used: an initial denatur-
ation step of 94 °C for 1 min, followed by 40 cycles of 94 °C for
15 s, 54 °C for 30 s, and 72 °C for 45 s, with a final extension of
72 °C for 2 min. The NAD2 and CO1 loci followed the same
conditions, but required an annealing temperature of 50 °C.

Following amplification, all PCR products generated from
any single template were combined together, totaling 24
amplicon aggregates, each containing the product of 12
unique PCR amplifications. These aggregates were then puri-
fied using a 2:1 carboxylated bead (Faircloth and Glenn 2012)
to amplicon volumetric ratio and submitted for paired-end
250 bp sequencing by Genewiz on an Illumina Mi-Seq plat-
form. Raw sequencing reads are deposited on NCBI’s
Sequence Read Archive (BioProject PRJNA608698).

After sequencing, primer sequences were informatically re-
moved from the raw Illumina sequences and the retained se-
quences were trimmed for quality, using a phred score cut off
of 33, and requiring a minimum length of 100 nucleotides (nt)
using Trimmomatic v. 0.38 (Bolger et al. 2014). Trimmed se-
quences representing nested substrings then were dereplicated
and clustered by 98% sequence similarity with USEARCH v.5
(Edgar 2010). Reads remained unmerged following the assump-
tion that the clustering tool unites overlapping reads. Clustered
sequences thenwere comparedwith BLASTn to a local database
of whole vertebrate mitochondrial genomes in order to exclude

contaminants (e.g., leeches and bacteria).Matching clusters were
compared with the NCBI non-redundant nt nucleotide database
(updated September 6, 2019) using the BLASTn algorithm, re-
quiring an e-value of e−15 or better (Altschul et al. 1990;
Camacho et al. 2009; Sayers et al. 2019).

In order to be considered a candidate species-level taxo-
nomic match to a retrieved hit description, queried clusters
were required to have a percent identity match greater than
or equal to 98% over at least 80% of the locus length (i.e., 200
nucleotides for all loci save the tetrapod primers with a 120 bp
product). Species-level matches also were required to exhibit a
percent identity match to the best hit description that was 3
percentage points better than to any other species recovered.
Queried clusters that failed to meet these criteria were either
evaluated at the genus level or discarded.

Distribution data for each species-level identification was
procured from the IUCN Global and European Red Lists
(IUCN 2019), including both a list of countries where the
species is extant and shapefiles of the global distribution of
the species.Hyla orientalis and Perccottus glenii are not listed
on the IUCN; therefore, country presence/absence data was
supplied for these species from GBIF and FishBase (GBIF
Secretariat 2019; Froese and Pauly 2019). The country pres-
ence data was used to construct a map showing what propor-
tion of the species identified are known to be present in each
country using Tableau, which harnesses OpenStreetMap (©
Tableau Software 2019; © OpenStreetMap 2019). The distri-
bution shapefiles for each species were overlaid to show re-
gional hotspots using ArcGIS (ESRI 2011). The regions
where all identified species overlap were highlighted as po-
tential regions in which the leeches may have been collected.

Results

Clusters that were identified to the species-level are summa-
rized in Table 2. Next-generation sequencing of the 24 pools

Table 1 Primers used for amplification of mitochondrial iDNA. Base pairs = bp. Both forward and reverse primers are included in the primer set
column

Target taxa Target gene Primer set (5′ – 3′) Product length (bp) Reference

Tetrapoda 12S rRNA CTGGGATTAGATACCCCACTAT
GTCGATTATAGGACAGGTTCCTCTA

120 Poinar et al. (2016)

Mammalia 16S rRNA CGAGGGCTTTACTGTCTCTT
CCTATTGTCGATATGGACTCT

294 Caragiulo et al. (2014)

Aves NAD2 GGNGGNTGAATRGGNYTNAAYCARAC
ACTCTTRTTTAAGGCTTTGAAGGC

1059 Payne and Sorenson (2007)

Amphibia and Osteichthyes 16S rRNA AGACGAGAAGACCCYDTGGAGCTT
GATCCAACATCGAGGTCGTAA

250 Vences et al. (2016)

Squamata COI TNTTMTCAACNAACCACAAAGA
ACTTCTGGRTGKCCAAARAATCA

664 Nagy et al. (2012)

Osteichthyes and Chondrichthyes 16S rRNA GACCCTATGGAGCTTTAGAC
CGCTGTTATCCCTADRGTAACT

200 Berry et al. (2017)
Deagle et al. (2007)
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generated a total of roughly 4 million reads, which were con-
solidated into 533,158 unique clusters of at least 98% intra-
similarity. Of the clusters generated, 2923 were identifiable to
the species-level using the stringent criteria described above
collectively representing 16 distinct species (excluding Homo
sapiens). These 16 species are comprised of 10 birds, 4 fish,
and 2 amphibians. Of the 24 pools, 8 lacked any clusters
yielding species-level identification. None of the species con-
fidently identified were domesticated animals.

According to the IUCN, Bulgaria, Poland, Romania,
Russia, and Serbia are the only countries in which all 16 spe-
cies are extant (Fig. 1a). Full geographic distribution data that
are more precise than country-level presence/absence are
available for 11 of the 16 species identified (the species
without these data are denoted in Table 2). A heat map
representing the overlap of these 11 species shows them co-
inhabiting in river deltas along the Black Sea, the Sea of Azov,
and the Caspian Sea (Fig. 2a and b). More specifically, these
deltas are in Moldova, Romania, and Ukraine along the Black

Sea, Russia along the Sea of Azov, and Kazakhstan and
Russia along the Caspian Sea. However, it is worth noting
that Kazakhstan, Moldova, and Ukraine are not known to
harbor all 16 species identified (Fig. 1a), suggesting all 16
species may only overlap in the Romanian delta on the
Black Sea (the Danube delta), the Russian deltas on the Sea
of Azov (between the Don delta and the Kuban delta), and the
Russian delta on the Caspian Sea (the Volga delta).

Several pools of the sampled leech bloodmeals (5, 6, 8,
11, 12, 14, 19, 23, and) had no sequence reads that could
be identified to the species-level. These pools tended to
exhibit higher e-values and shorter alignment lengths for
their vertebrate BLASTn hits. It is possible that pools
containing little or no bloodmeal were overwhelmed by
leech DNA during the PCR amplification process, or that
the reads were simply too short for species identification
(Hanya et al. 2019).

Some clusters that were not identified to the species-level
nonetheless matched multiple species in the same genus

Table 2 Species identifications as determined by NCBI GenBank’s
BLASTn using the previously described criteria. For the species
identified in each pool, the highest percent identity, longest alignment

length, and lowest e-value for the best cluster (based on those criteria)
are reported. Species denoted with * did not have full geographic
distribution data available on the IUCN and are not included in Fig. 2

Scientific name Common name Gene PID Alignment length e-value Pool

Anas platyrhynchos Mallard 12S rRNA 99.14 117 1.00E−49 3

Andrea alba Great white egret COI 99.60 251 1.00E−121 7

NAD2 98.39 249 4.00E−117 7

Chlidonias hybrida Whiskered tern COI 99.60 250 2.00E−121 1, 13

NAD2 98.80 250 9.00E−119 1, 13

Cygnus olor Mute swan COI 100.00 250 1.00E−121 1

NAD2 100.00 250 2.00E−121 10

Esox lucius* Northern pike COI 100.00 227 2.00E−110 1, 7, 9, 13

Fulica atra Eurasian coot COI 100.00 204 3.00E−98 2, 20

NAD2 98.03 203 3.00E−92 20

Hyla orientalis* Shelkovnikov’s tree frog COI 99.17 245 6.00E−115 2, 22

Limosa limosa Black-tailed godwit COI 100.00 251 1.00E−121 2, 20

NAD2 98.40 250 1.00E−117 2, 20

Microcarbo pygmeus Pygmy cormorant COI 100.00 250 1.00E−121 2, 24

NAD2 100.00 250 9.00E−119 2, 24

Nycticorax nycticorax* Black-crowned night heron 12S rRNA 98.44 128 2.00E−54 1, 2, 3, 4

NAD2 100.00 252 2.00E−123 1, 2

Pelobates fuscus Common spadefoot toad 16S rRNA 100.00 252 2.00E−123 1, 2, 15, 20, 22

Perccottus glenii* Chinese sleeper 16S rRNA 100.00 251 2.00E−123 1, 13, 21, 24

NAD2 100.00 250 4.00E−121 2, 21

Podiceps cristatus Great crested grebe 16S rRNA 100.00 251 6.00E−121 16, 17, 18, 21, 22

COI 100.00 252 2.00E−123 1, 2, 16, 21

NAD2 100.00 250 4.00E−123 21

Pseudorasbora parva* Topmouth gudgeon 16S rRNA 100.00 251 2.00E−123 2

Rutilus rutilus Common roach 16S rRNA 100.00 244 2.00E−119 9

Spatula querquedula Garganey NAD2 99.11 250 2.00E−117 3
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equally well at the specified taxonomic identification criteria.
Anas acuta could not be distinguished from Anas crecca,
Anas clyptea, Anas cyanoptera, Anas formosa, or Anas
querquedula on the basis of 16S rRNA, COI, or NAD2 in

pools 3, 5, and 6. In pools 1, 2, 3, 5, and 7,Anas platyrhynchos
could not be distinguished from Anas poecilorhyncha on the
basis of 16S rRNA or NAD2. In pools 1, 2, and 8, several
species of Pelophylax and Rana could not be distinguished on

a  Without Felis (same as with Felis silvestris)    

b  With Felis chaus    

Fig. 1 Percent of identified species present by country, according to
IUCN, GBIF, and FishBase distribution data (Dybowski 1877; IUCN
2019; GBIF Secretariat 2019; Froese and Pauly 2019). PISP = percent
identified species present. Colorization is exponential to clarify the dif-
ferences between countries with more species present. a The percent of

identified species present by country excluding any Felis species (see
text for further details). This map does not change if Felis silvestris is
added. b The percent of identified species present by country including
Felis chaus
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the basis of 16S rRNA or COI. In all pools except pools 3 and
8, the carp genera Carassius and Cyprinus were present and
indistinguishable from each other on the basis of COI within
2% similarity.

Among the clusters that could not be identified to the
species-level on the basis of the 16S rRNA locus are three
members of the Felis genus, present in pool 4. Alignments
to our 250 bp clusters placed Felis catus (the domestic cat),
Felis chaus (the jungle cat), and Felis silvestris (the European
wildcat) within 2% similarity of each other, varying between
98.08% identity and 96.13% identity. Given the geographic
decisiveness of two of these species (F. chaus and
F. silvestris), the implications of each species being the true
match to our sequences were further investigated. The domes-
tic cat, much like their human caretakers, has spread across
every continent but Antarctica and thus does not impact the
distributions discussed earlier. F. chaus overlaps with the

other 16 species identified in Russia only (Fig. 1b), specifical-
ly at the Volga delta (Fig. 2c). Meanwhile, F. silvestris is
present in many countries, therefore not altering the country
presence/absence map shown in Fig. 1a, but within these
countries is only found to overlap with all of the other species
at the Danube delta in Romania (Fig. 2d).

Discussion

The wide variety of species captured by metabarcoding of
bloodmeals of the confiscated leeches indicates that the spec-
imens were wild caught, not captive bred. Leeches bred in
supply companies are typically fed exclusively on blood of
cows, pigs, or other common livestock. The International
Medical Leech Center in Udelnaya, Russia, for example, ex-
clusively feeds the leeches they breed on bovine blood from

a    Global (without Felis) 

b    Local (without Felis)
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Fig. 2 Distribution overlays (data from IUCN 2019) of the vertebrate
species recovered from iDNA gut contents of 240 individual Hirudo
verbana. Coincidence of increasing numbers of vertebrates proportional
to shade at a global scale (a) and regional scale (b). a and b are the
distribution overlays not including any Felis species. Distribution

overlays are shown at the local level again including Felis chaus (c)
and Felis silvestris (d). The geography of the local region employing
Earthstar Geographics TerraColor imagery is shown as an inset in c and
d. The red polygons (a and b) and white polygons (c) demarcate the
overlapping distributions of the species based on the IUCN data
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certified meat-packing factories (see http://www.leech.ru/en/).
Not one of the species confidently identified from the
bloodmeals of these leeches were domesticated animals,
suggesting that the leeches were wild caught. The only data
indicative of a potentially domestic animal comes from a felid,
which is an unlikely candidate for the feeding of captive
leeches. This result would be more parsimoniously attributed
to leech attachment during the feeding of one of the wild
species matched, F. chaus or F. silvestris, both specifically
known to hunt waterfowl (Heptner 1992).

The 11 species identified with detailed geographic distri-
bution data overlapped in river deltas along the Black Sea, the
Sea of Azov, and the Caspian Sea (Fig. 2a and b). However,
because Kazakhstan, Moldova, and Ukraine are not known to
harbor all 16 species identified (Fig. 1a), all 16 species likely
overlap only in the Romanian delta on the Black Sea (the
Danube delta), the Russian deltas on the Sea of Azov (be-
tween the Don delta and the Kuban delta), and the Russian
delta on the Caspian Sea (the Volga delta). While the host
species’ ranges would not need to overlap if the leeches were
collected from multiple sites, the complete overlap of distri-
butions seen in Fig. 2 suggests that it is possible that they were
all collected in one location. Moreover, these data are consis-
tent with published reports regarding the habitat and diet of
H. verbana. All vertebrate host species identified are extant in
the regions where H. verbana is found. All of the countries
and regions identified in Figs. 1 and 2 that are inhabited by all
identified species are within H. verbana’s distribution
(Utevsky et al. 2010; Saglam et al. 2016). Furthermore, this
species of medicinal leech is known to feed on the blood of a
wide variety of fish and amphibians, mammals that spend time
in aquatic environments, and nesting waterfowl, with a pen-
chant for congregating around these nests (Kutschera and
Elliott 2014).

Many of the 16 host species are birds with fairly global or
circumboreal distributions. Of the 11 species with full geo-
graphic distribution data (9 of which are birds), 3 particular
species helped limit the potential region to the Eurasian land
surrounding the Black and Caspian Seas. Unsurprisingly, 2 of
these 3 were non-avian taxa: the toad Pelobates fuscus and the
fish Rutilus rutilus. The remaining avian species,Microcarbo
pygmaeus, is capable of flight, but is primarily sedentary and
does not migrate long distances (Waldenström et al. 2017). Of
these 3 species with ranges primarily limited to Eurasia, the
particularly limited and patchy distribution of Microcarbo
dramatically reduced the potential range. However, some of
the species with global or circumboreal distributions, such as
Cygnus olor, also had patchy distributions within Eurasia,
which further defined the boundary. The accuracy of sequence
identification for range-restricted species in particular
(Table 2), as well as the accuracy of the IUCN geographic
distributions for each of these species (Fig. 2), is central to
the validity of the inferred leech origin. However, the fact that

the regions identified as the potential sources of the wild leech
acquisition are in Southeastern Russia is consistent with their
having been brought to Canada on a flight from Russia.

Some host taxa identified were unable to be identified to
the species-level. Limited resolution for the taxa is due to the
clusters matching equally well to multiple species. In these
cases, the amplified region of the loci is insufficiently variable
to distinguish among these species. The genus Anas is known
to have diversified recently and rapidly (Sun et al. 2017) to the
extent that closely related species cannot be resolved via the
metabarcoding loci used herein. Similarly, the frog genera
Pelophylax and Rana are thought to have rapidly diversified
at the beginning of the Paleogene (Feng et al. 2017), and the
carp genera Carassius and Cyprinus are known to be difficult
to distinguish with a single locus (Cherfas et al. 1994; Yang
et al. 2010).While this could explain all of the instances where
clusters were unable to be identified to the species-level, it is
also possible that the sequence for the gene of the species
detected is not available in the reference database. When this
occurs, a sequence of the next closest species (usually of the
same genus or family) will be matched, though at a lower
percent identity. Thus, analysis of iDNA can only be as pre-
cise as the reference database allows (Siddall et al. 2019).

The only mammal DNA captured in the study was unable to
be resolved to the species-level based on our 16S rRNA se-
quence data. The three candidate matches provided by
GenBank, Felis catus, Felis chaus, and Felis silvestris were all
within 2% identity matches of each other, suggesting that this
portion of the 16S rRNA locus is unlikely to resolve these spe-
cies of Felis to the species-level. However, these three species
are not equally likely candidates for Hirudo verbana feeding
due to their ecology and behavior. F. chaus inhabits wetlands
where it has ample opportunity to come into contact with aquatic
leeches (Gray et al. 2014). While F. chaus opportunistically
preys on rodents, reptiles, amphibians, and even fish (Ogurlu
et al. 2010), in southern Russia, the jungle cat is known to prey
primarily on waterfowl, hunting them at their nesting sites along
unfrozen rivers and marshes (Gray et al. 2016), where leeches
also are known to feed on waterfowl. Meanwhile, F. silvestris
primarily hunts small mammals in woodland areas; however,
the population surrounding the Black Sea and the Azov Sea
are specifically known for hunting waterfowl in these riparian
and coastal areas (Heptner 1992). Thus, both F. chaus and
F. silvestris likely spend more time in and near water than the
average feral domestic cat. While this hardly rules out the do-
mestic cat (a 2% closer match to our sequences) as the prey of
the leeches, it is also important to consider the database from
which these three potential species matches originated. NCBI’s
BLAST tool is known to exhibit biases towards species that are
over-represented in the database (Cameron et al. 2007).
GenBank’s nt database, the database used in this study, typically
has many more representative sequences from domestic species
(and model organisms) than from their close non-domesticated
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relatives, leading to a more complete view of the population
diversity of domestic and model species than wild species.
F. catus, the domestic cat, has tenfold more representation of
16S sequences in GenBank’s nt database than F. chaus, poten-
tially hundredfold or thousandfold more than F. chaus and
F. silvestris if unannotated whole mitochondrial genomes and
shotgun sequenced genomes are included. Thus, inherent bias
towards the more represented domestic species is likely. If more
individuals of F. chaus and F. silvestris were uploaded to the
database, it is possible that this could more readily evince the
species-level identity of ourFelis sequences. An alternative pos-
sibility, although untestable with the current data, is that the
Felis sequence represents domestic cat mitochondrial introgres-
sion into a “hybrid”wild cat with the behavioral characteristic of
F. chaus or F. silvestris. Hybridization has been documented
between domestic cats and F. silvestris (Pierpaoli et al. 2003).
While it is unclear whether or not F. chaus interbreeds with
domestic cats in the wild, they have been intentionally bred as
pets and are even recognized as an exotic breed by The
International Cat Association (Murphy 2015). Additional testing
of nuclear markers would be required to confirm if our sequence
comes from a hybrid felid.

Conservation implications

The species identified from the bloodmeals of the leeches in
this study have pinpointed potential collection sites where all
species overlap to the Volga delta and the Danube delta, as
well as the coastal area region on the east side of the Sea of
Azov. The Volga delta is the largest river delta in Europe and
has grown by 24,000 km2 since 1880 due to the rising water
levels of the Caspian Sea (Coleman et al. 2008). In order to
protect the many migratory species of waterfowl, raptors, and
passerines that use the delta for staging, the region has been
under protection through the Astrakhan Nature Reserve since
1919, making it among Russia’s oldest nature preserves.
Despite this protection, the region is under threat from algal
blooms forming in the delta, fed by agricultural runoff in the
Volga river, a problem that is amplified by the development of
damming, reservoirs, and water diversion (Bhattacharyya
2013; Morley 2007). Hirduo verbana, as well as Hirudo
medicinalis, have previously become locally extinct in areas
with excessive algal blooming, such as the Srebarna Nature
Reserve, a UNESCO World Heritage Site in Bulgaria
(Michev et al. 1998). The other major delta identified in this
study, the Danube delta, a UNESCO World Heritage Site in
Romania, has also sustained eutrophication due to increased
agriculture along the Danube river banks across Europe and
erosion from riparian reed harvesting surrounding the delta
itself (Galatchi and Tudor 2006). Ecosystem damage is a ma-
jor threat to H. medicinalis and H. verbana , but
overharvesting of medicinal leeches for blood-letting and

traditional medicinal purposes has already led to their decline
since the mid-1800s (Elliott and Kutschera 2011). While
H. verbana is not yet catalogued by the IUCN, it is protected
by CITES, which oversaw the exportation of 132,093 live
leeches for medicinal purposes in 2018 alone (CITES Trade
Database 2018). Our success using iDNA metabarcoding to
determine the potential origin of the leeches serves as a model
for the use of this strategy elsewhere.

In this study, the species identified from the bloodmeals of
240 leeches formed an assemblage of species so unique that
there are only three deltas worldwide where all of them coexist.
While this study did not directly aim to comment on the use of
leeches for iDNA biodiversity surveys, it further lends credence
to the potential of this system. With 16 species-level identifica-
tions from 240 leeches, approximately 1 species was identified
per 15 leeches. The number of species identified per leech sur-
veyed has the potential to be used as a proxy for biodiversity
evenness. Furthermore, this study is the first to show that iDNA
can be captured from aquatic leeches, such asHirudo, and that a
diverse array of organisms (fish, amphibians, birds, and mam-
mals) can be detected in these bloodmeals. Of the vertebrate
species that have historically inhabited the Astrakhan Nature
Reserve in the Volga delta, 88 birds, 13 fish, and 7 mammals
(including Felis chaus) are rare or endangered at that locality.
Furthermore, while Felis chaus is assumed to inhabit the Volga
delta region according to the IUCN 2016 Assessment, there has
been no official siting or record of the species in the Astrakhan
State Reserve (which lies within the Volga delta) since the
1980s, giving the species a threatened status in this region
(Gray et al. 2016). Thus, an iDNAbiodiversity survey conducted
in the Volga delta region with a primer set better suited to
species-level identification of felids may be in order to confirm
the continued presence of this threatened species and other en-
dangered fauna of the region.
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