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1 | INTRODUCTION

Understanding the genetic diversity of species and populations
is key to taxonomic assignments, which in turn are necessary for
modern adaptive species management (lsaac et al., 2004; Mace,
2004; Wilting et al., 2015) and biodiversity assessments following
the UN Sustainable Development Goals (https://sdgs.un.org/goals).
Furthermore, genetic information from populations across species'
geographic range can assist forensic scientists in tracing the origin
of confiscated animals and animal products in the wildlife trade (Blair
et al.,, 2017; Eaton et al., 2010; Le et al., 2020; Wasser et al., 2008;
Zhang et al., 2015). The lack of such genetic information often ham-
pers law enforcement effectiveness (and potential convictions) as the
origin of the traded animals or animal products cannot be determined.
Therefore, data on genetic diversity of species and local differentia-
tion of populations are not only important for evolutionary biologists,
but are also of direct practical importance for conservation.

For most species, genetic data from across their distribution
range are lacking, and extensive sampling efforts are needed to fill
these gaps. However, efforts to create range-wide molecular refer-
ence databases are often resource intensive and challenging, espe-
cially for species that have large distributions, are rare or elusive, or
occur in areas that are difficult to access. One potential solution to
these difficulties is to use archival samples from museum collections
to fill sampling gaps (Martins et al., 2018; Patel et al., 2017; Wilting
et al., 2015; Yao et al., 2017, 2020). However, there are disadvan-
tages to relying on museum samples, including the fact that museum
collections often reflect opportunistic sampling by naturalists in
the past, and lack precise locality information (Wehi et al., 2012).
Furthermore, archival samples only reflect the species' genetic infor-
mation from the time when samples were collected and may there-
fore not be currently representative of a species' genepool. Genetic
changes within populations often occur through genetic drift, and
these changes may increase if populations have undergone recent
demographic changes through decline or expansion (Frankham et al.,
2002). Many species that are of interest to conservationists are also
not well represented in archival collections, and the few available
samples rarely cover the species' entire range. In summary, archival
collections may often only be of limited help in understanding popu-
lation genetics for species across large geographic areas.

Analysis of environmental DNA (eDNA) provides a unique op-
portunity to avoid the aforementioned “sampling gap problem,”
because such samples can often be collected non-invasively across
large areas (Deiner et al., 2017). Specifically, a subdiscipline of
eDNA-based research, known as invertebrate-derived DNA (iDNA)
research, targets the genetic material of prey or host species ex-
tracted from copro-, sarco-, or hematophagous invertebrates. Both
eDNA and iDNA have been used in biodiversity studies more fre-
quently in recent years, especially for terrestrial vertebrates that
are otherwise difficult to sample (Calvignac-Spencer et al., 2013;
Leempoel et al., 2020; Sales et al., 2020; Schnell et al., 2012, 2015).
The most prominent method applied in such e/iDNA studies is the
so-called metabarcoding approach, which can be designed to detect

specific mammalian species, genera, or families (Schnell et al., 2012;
Wilcox et al., 2016), or even entire mammalian communities (Ji et al.,
2020; Weiskopf et al., 2018). However, the drawback of such me-
tabarcoding approaches is that retrievable genetic information is
limited to the short barcode sequence used for taxon assignment.

However, examples for the use of e/iDNA samples to infer the
population genetic structure of a species are less common. Recent
examples include the use of aquatic eDNA to study the genetic
structure of fish (Weitemier et al., 2021), whales (Székely et al.,
2021), and the use of iDNA obtained from copepods to study ge-
netic diversity of whale sharks (Meekan et al., 2017). In terrestrial
ecosystems, host DNA obtained from hematophagous leeches has
been used to infer the population genetic structure of the rare
and highly threatened Annamite striped rabbit Nesolagus timminsi
(Nguyen et al., 2021). Although such e/iDNA studies are still uncom-
mon, they have already shown great potential to become a widely
used approach for the collection of genetic information in an effec-
tive and non-invasive manner across large areas.

In this study, we evaluated whether and how an iDNA biodiversity
dataset derived from hematophagous leeches collected at multiple
sites can be used to fill sampling gaps for a suite of terrestrial mammals.
The leech samples were collected in the Annamite Mountains of Viet
Nam and Laos. The Annamites ecoregion is particularly well suited for
this study because (1) sampling of terrestrial hematophagous leeches
as mammalian host DNA collectors is easy in the wet evergreen trop-
ical forests of the region (Nguyen et al., 2021; Schnell et al., 2012), (2)
samples from the Annamites are much rarer in international museum
collections than samples from other regions in Southeast Asia (e.g.,
Sunda Shelf), (3) the Annamites contain several of the world's least
known, most threatened, and evolutionarily unique mammal species,
several of which were only recently discovered by science (e.g., saola
Pseudoryx nghetinhensis, large-antlered muntjac Muntiacus vuquangen-
sis, and Annamite striped rabbit N. timminsi; Sterling & Hurley, 2005),
with evidence that some mammal populations found more widely may
be genetically distinct from other populations in Southeast Asia, and
(4) the Annamites are heavily impacted by the Southeast Asian snaring
crisis (Belecky & Gray, 2020; Gray et al., 2018; Krishnasamy & Zavagli,
2020; Tilker et al., 2019), as evidenced by the fact that Annamite
animals and their parts are often confiscated by wildlife protection
authorities. Thus, focusing on the Annamite ecoregion will not only
help to fill sampling gaps in species' distributions, but will also help
contribute to the establishment of a geographically referenced mo-
lecular dataset for mammals in the Annamites region. Because such
a reference database is currently missing, the exact origin of confis-
cated animals can often not be determined (Blair et al., 2017), which
impedes investigative work on illegal wildlife trade routes and poten-
tially even convictions. Here, we explored the suitability of iDNA as
a way to address the “sampling gap problem” for six Annamites taxa
(three carnivores and three ungulates), all of which are regularly traded
(Kasper et al., 2020; Nguyen & Dinh, 2020). All six species occur across
large parts of Southeast Asia or Indochina, and earlier genetic stud-
ies on those species have either failed to include samples from the
Annamites or have done so to a minimal extent.
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2 | MATERIAL AND METHODS

2.1 | Sample collection

We collected leeches during several field campaigns in the Annamite
mountain range concurrent with systematic camera-trapping stud-
ies carried out between 2014 and 2019 (Nguyen et al., 2021,
Tilker et al., 2020). In Viet Nam, surveys were conducted in Pu Mat
National Park (PM used as abbreviation in the tables and figures),
Phong Dien Nature Reserve (PD), Bach Ma National Park (BM), Hue
Saola and Quang Nam Saola Nature Reserve (SNR), and Song Thanh
Nature Reserve (ST). In Laos, we surveyed the eastern part of Xe Sap
National Protected Area and adjacent forests near Ban Palé Village
(XS) (Figure 1). Leeches were collected as bulk samples (i.e., several
leeches were pooled per sample) around camera-trap stations. Each
leech bulk sample was preserved on-site in nucleic acid preserva-
tion buffer (Camacho-Sanchez et al., 2013) and stored at -20°C after
the end of each field campaign. We separated two types of leeches
based on their phenotypic appearance, brown and tiger leeches
(for detailed information on the collection procedure see Nguyen
et al., 2021), because they are assumed to occupy different ecologi-
cal niches and may have differences in vertebrate host preferences
(Drinkwater et al., 2019).

2.2 | Laboratory work and bioinformatic analysis

2.2.1 | Species identification via metabarcoding

Each leech bulk sample was first screened for vertebrate host DNA
using a metabarcoding approach, which included replicates and
controls, following the general procedure outlined in Axtner et al.
(2019), albeit with slight modifications. Instead of using all three sug-
gested mitochondrial markers (Axtner et al., 2019), we performed
six initial independent PCR screenings with the shortest marker only
(16S rRNA/mt-Rnr2, 93 bp) and used the two longer markers (12S
rRNA/mt-RNR1, 389 bp, and cytochrome b/mt-CYB, 302 bp) only to
resolve taxonomic uncertainties (Tilker et al., 2020). PCR products
were paired-end sequenced using lllumina's MiSeq Reagent Kit V3
with 2 x 300 cycles (Nguyen et al., 2021). We assigned the sequenc-
ing reads using PROTAX (Somervuo et al., 2016), accepting an as-
signment only when it was found in at least two independent PCRs
(Axtner et al., 2019). We followed the bioinformatical workflow of
Axtner et al. (2019) to analyze all the metabarcoding data.

2.2.2 | Targeted PCRs for reference datasets

In the second step, we identified all leech bulk samples that con-
tained one of six focal taxa (Table S1). For this study, we selected
six taxa that were among the most frequently detected species in
our metabarcoding approach and for which reference datasets using
fragments of mitochondrial DNA were available. To be analyzed
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further, leech bulk samples containing mammalian iDNA had to
meet the following criteria: (1) the bulk sample contained barcode
sequences of few (ideally just one) mammal species to avoid am-
plification of non-target species and to avoid formation of chimera
sequences (see Table S5), and (2) the bulk sample contained a high
amount of target species iDNA as indicated by a high number of re-
spective reads in the metabarcode sequencing. If more than eight
bulks per taxon met these criteria, we selected eight bulks to fa-
cilitate downstream analyses from as many of the six sampling areas
as possible. The iDNA of the selected bulks was then submitted to
subsequent PCRs and Sanger sequencing to obtain sequenced frag-
ments for the taxa of interest. For each focal species, we tested sev-
eral primers (Table S2) to amplify a fragment of the cytochrome b
gene (mt-Cytb) and the mitochondrial control region (mt-Dcr). To im-
prove the amplification success rate due to the potential degradation
of iDNA, marker fragments were designed to be short, ranging from
178 to 425 bp (Table S3). Fragments were amplified in 20 pl PCR
volumes including 0.05 M of each primer, 0.2 mM dNTPs, 1.5 mM
MgCl,, 1x PCR buffer, 0.5 U AmpliTag Gold™ (Invitrogen), and 2 pl of
total DNA (range of total DNA concentration 1-10 ng/ul) extracted
from the leech bulk sample. Cycling conditions were 5 min at 95°C
for denaturation, followed by 35 cycles of 30 s at 95°C, primer-
specific annealing conditions, and 45 s at 72°C. Amplification ended
with a final step for 5 min at 72°C. All PCR setups included a no-
template control. We used the ExoFastAP purification kit (Thermo
Scientific) to purify PCR products from excess reagents and verified
amplification visually by gel electrophoresis on 1.5% agarose gels.
Sanger sequencing was carried out bidirectionally using the BigDye
Terminator Cycle Sequencing Kit v.1.1 (Thermo Scientific) following
the manufacturer's instruction. We used the BigDye XTerminator
Purification Kit (Thermo Scientific) to purify our sequencing prod-
ucts. Terminated fragments were then separated on an ABlI A3130xI
automated genetic analyzer using the base-calling software SEQUENCE
v.5.2 (both Applied Biosystems).

2.2.3 | Phylogenetic analyses

We used Geneious v.8.0.5 (Biomatters Ltd.) to edit and align Sanger
sequencing reads. PCR primer sequences were clipped, and se-
quencing reads were visually edited. For each focal species, we then
mapped sequencing reads to a corresponding reference genome
downloaded from NCBI GenBank (Table S4), also using GeNeious.
Depending on availability, we downloaded additional sequences
of the same species, the same genus or the same family to which
we aligned the iDNA sequences (Table S4). We employed MEGA
v.10.1.8 (Kumar et al., 2018) to analyze the genetic distance between
the iDNA-retrieved sequences and the other sequences in the align-
ments. We build neighbor-joining (Saitou & Nei, 1987) phylogenies
in MEGA to determine the position of our sample sequences in a
tree together with the available reference sequences employing the
Kimura 2-parameter substitution model. Due to gaps in the align-
ment and only partial overlaps of some sequences, we applied the
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FIGURE 1 Location of the six study areas in the Annamites of Viet Nam and Laos. Gray circles are locations in which leech bulk samples
were collected and colored-diamonds indicate the locations of leech bulk samples that amplified in this study for each of the six species.
Note: Xe Sap National Protected Area and Palé area, as well as the Hue and Quang Nam Saola Nature Reserves, were treated each as one

study area, as the leech sampling was conducted at the same time
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FIGURE 2 Neighbor-joining trees of carnivores, displaying (a) Ferret badgers Melogale spp. (609 bp mt-Cytb) (b) masked palm civet
Paguma larvata (concatenated 173 bp mt-Cytb and 258 bp mt-Dcr) and (c) Crab-eating mongoose Urva urva (293 bp mt-Cytb) sequences from
leech bulk samples (Table 1) in relation to reference sequences from GenBank (see Table S4). Taxidea taxus (a), Paradoxurus hermaphroditus
(b), and Herpestes ichneumon (c) were used as outgroup. Leech bulk samples from this study are highlighted in dark-orange and branches
from other regions were partly collapsed for better visualization. For better visualization, we only show bootstrap supports >50 for clades
in which leech bulk samples were included. Yncluded 7 sequences; 2included 14 sequences from Sumatra and Peninsular Malaysia

“pairwise deletions” parameter and 10,000 bootstrap replicates to
assess node support. This analysis was performed to show the suit-
ability of iDNA for this type of approach, and not to run in-depth
phylogenetic analyses. Therefore, we only show the bootstrap sup-
ports above 50 for clades which contained one or more of the leech
bulk samples from this study (Figures 2 and 3).

3 | RESULTS

Across the six sampling sites, we collected 4710 leeches (4403
brown leeches and 307 tiger leeches). The highest number of leeches
per site was collected at Hue and Quang Nam Saola Nature Reserve
(n = 2051; 1907 brown leeches, 144 tiger leeches), while the low-
est number of leeches was collected at Phong Dien Nature Reserve
(n = 54, all brown leeches). The 4710 leeches were pooled during
the collection in 590 bulk samples (503 brown leech bulks, 87 tiger
leech bulks). The mean number of leeches per bulk varied between
the protected areas from 2.4 to 18.5 for brown leeches (total me-
dian = 5, mean + SD: 8.5 + 5.3) and from 1.8 to 4.4 for tiger leeches
(total median = 3, mean + SD: 2.7 + 1.6 (Table 1). Applying the 16S
rDNA metabarcoding approach, we obtained a total of 361 mammal

assignments across all sampling sites representing 37 species,
whereby iDNA extracted from brown leeches yielded 301 assign-
ments from 34 mammal species and iDNA extracted from tiger
leeches led to 60 mammal metabarcoding assignments from 23 spe-
cies. The highest sampling efficiencies (lowest number of leeches
per individual detection and lowest number of leeches per species
detection) were observed at Phong Dien Nature Reserve (the site
with least leeches collected) with 5.4 leeches per individual detec-
tion and 13.5 leeches per species detection. The lowest sampling
efficiency for a mammal detection was observed at Pu Mat National
Park with approx. 23 leeches per individual detection, and for spe-
cies detection at Hue and Quang Nam Saola Nature Reserve (the
two sites with most leeches collected) with 85.5 leeches needed per
species detection (Table 1). Out of the 590 leech bulks, 218 (36.9%)
contained iDNA of the six focal taxa (190 brown leech bulks, 28 tiger
leech bulks). Of the focal taxa, Eurasian wild pig (Sus scrofa) iDNA
was found most often, both in total (in 114 leech bulks) and at each
of the six sampling sites. The focal species detected in the least num-
ber of bulks was the crab-eating mongoose (Urva urva), detected in
11 bulks at three sampling sites.

Sequence analyses for each of the six focal species are outlined
below.
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FIGURE 3 Neighbor-joining trees of ungulates, displaying (a) Red muntjacs Muntiacus spp. (full mitogenomes 16,412 bp for the reference
samples and 424 bp mt-Cytb for the sample from this study) (b) Sambar Rusa (full mitogenomes 16,546 bp for the reference samples and up
to 223 bp mt-Cytb for the samples from this study) and (c) Eurasian wild pig Sus scrofa (694bp mt-Dcr) sequences from leech bulk samples
(Table 1) in relation to reference sequences from GenBank (see Table S4). Muntiacus atherodes (a), Rusa alfredi (b) and Porcula salvania (c) were
used as outgroup. Leech bulk samples from this study are highlighted in dark-orange and branches from other regions were partly collapsed
for better visualization. For better visualization, we only show bootstrap supports >50 for clades in which leech bulk samples were included

3.1 | Ferret badgers (Melogale spp.)

Based on the 16S rDNA metabarcoding assignments, ferret badger
sequences were detected in 47 leech bulk iDNA samples collected
in all six study areas (Table 1). As most mtDNA GenBank entries for
Melogale were mt-Cytb sequences, we only attempted to amplify a
Melogale ssp. mt-Cytb fragment from the corresponding leech bulks.
Only two of the selected eight leech bulk samples yielded mt-Cytb
sequences, one with 609 bp and the other one with 494 bp length
(Table 2). We included all 30 available Melogale mt-Cytb sequences
from GenBank (Li et al., 2019; Rozhnov et al., 2019; Zhou et al., 2020)
as well as an in-house generated sequence of the Bornean ferret
badger (Melogale everetti) in the alignment. These sequences covered
four of the five known species of this genus. No genetic data were
available for the fifth species, the Javan ferret badger (Melogale orien-
talis). However, all three species known to occur in Viet Nam (the Viet
Nam ferret badger (Melogale cucphongensis), the small-toothed fer-
ret badger (Melogale moschata), and the large-toothed ferret badger
(Melogale personata) were included in our analyses (Table S4). The
American badger (Taxidea taxus) was used as a taxonomic outgroup in
the phylogenetic analyses. The NJ-tree reveals four clades that match
the existing species (Figure 2). One of the leech bulk samples (ST-
16; Figure 2a, upper clade) grouped together with the large-toothed
ferret badger sequences, while the Melogale sequence obtained
from bulk leech sample PM-95 resided within the clade of the small-
toothed ferret badger (Figure 2a, second from bottom clade).

3.2 | Masked palm civet (Paguma larvata)

We detected masked palm civet iDNA in 17 leech bulk samples from
five of the six study areas (all except Bach Ma National Park, although
camera-trapping data showed that the species occurs in the park)
(Table 1). Of the selected eight leech bulk samples, we could am-
plify short fragments of the mt-Cytb and mt-Dcr (Table 2) from four
bulks coming from three different study areas (PM, SNR, and XS).
For the NJ-tree reconstruction, we combined our iDNA sequences
with reference sequences from a larger study on the genetic diver-
sity of masked palm civets (Patou et al., 2009). The common palm
civet (Paradoxurus hermaphroditus) was used as outgroup. Two of the
four iDNA sequences (XS-32 and PM-89) grouped together with a
GenBank reference sequence from the Central Annamites (Quang
Nam province), while the other two grouped either with a sequence
originating from Japan (SNR-52) or with sequences originating from
China (SNR-50; Figure 2b).

3.3 | Crab-eating mongoose (Urva urva)

Although metabarcoding results had indicated the presence of
crab-eating mongoose iDNA in 11 leech bulk samples, iDNA degra-
dation had already progressed to the point that we were only able
to amplify a short mt-Cytb fragment from one of the eight selected
bulk samples. For the comparison, we used mt-Cytb sequences in a
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neighbor-joining tree (Figure 2C) from other Asian mongoose spe-
cies (Patou et al., 2009; Veron & Jennings, 2017; Veron et al., 2015).
The Egyptian mongoose served as outgroup. The NJ-tree showed
clear separation among the numerous Asian mongoose species.
The iDNA mt-Cytb sequence from one leech bulk sample (SNR-53;
Figure 2C, lower third) was placed within the U. urva clade, together
with sequences from specimens from Viet Nam, Laos, China, Taiwan,

and Malaysia.

3.4 | Northern red muntjac (Muntiacus vaginalis)

We detected northern red muntjac iDNA in 15 of our brown leech
bulk samples from only two study areas (SNR and ST, although
camera-trapping recorded the species in all six study areas).
However, due to iDNA degeneration, only one of the primer systems
generated a short 424 bp mt-Cytb fragment, and only for one out of
the eight selected samples (SNR-27). As references for the NJ-tree
reconstruction, we used aligned published mitogenome sequences
from red muntjacs (M. vaginalis and M. muntjac) with known origins
(Martins et al., 2017; Singh et al., 2019) to which we also aligned
our leech-derived sequence. We used the Bornean yellow muntjac
(M. atherodes) for the outgroup. The resulting NJ-tree (Figure 3a)
shows the leech-derived sequence SNR-27 to cluster with other ref-
erences from central Viet Nam.

3.5 | Sambar (Rusa unicolor)

Species assignments via metabarcoding analysis indicated the pres-
ence of sambar iDNA in 14 brown leech bulks coming from two of
the six sampling sites (SNR and ST, the same sites with muntjac pres-
ence; Table 1). Here, iDNA degradation had not progressed as far as
for iDNA samples from muntjac and crab-eating mongoose, and we
were able to amplify short mt-Cytb fragments from four of the eight
selected leech bulk samples. Of those four positive samples, one
yielded a 161 bp long sequence (ST-12) and the other three a 223 bp
long sequence (ST-20, SNR-31, and SNR-48; Table2). The sambar
iDNA mt-Cytb sequences were aligned with GenBank mitogenome
sequences of R. unicolor and R. timorensis (Javan deer) with known
origins, whereby R. timorensis sequences were included because a re-
cent study had revealed past hybridization events between both spe-
cies (Martins et al., 2018). We used the Philippine spotted deer (Rusa
alfredi) as outgroup. The NJ-tree displayed several clades that were
not clearly geographically structured. The four sambar iDNA mt-Cytb
sequences clustered close to each other within a clade that included
predominantly Indochinese R. unicolor (Figure 3b, upper clade).

3.6 | Eurasian wild pig (Sus scrofa)

The species we detected most often in the 16S rDNA metabarcod-
ing analysis, both in absolute numbers and in terms of bulks per

Open Access
Dediicated to the study and use of environmental DNA for basic and applied sciences

sampling site, was the Eurasian wild pig (S. scrofa). The species was
detected across all six sampling sites in 114 out of the 590 bulk sam-
ples (19.3%). Because the latest taxonomic revision for S. scrofa was
based on sequences of the mt-Dcr (Choi et al., 2020), we amplified
a fragment of this locus. We were able to amplify fragments from
six S. scrofa iDNA containing bulks with lengths that ranged from
637bp (n = 1) and over 641bp (n = 4) to 694bp (n = 1). Of the 327
Eurasian wild pigs analyzed from Asia and Eastern Europe (Choi
et al., 2020), we selected representative haplotypes for each region,
summing to 118 sequences. We also added the published (Robins
et al., 2006) S. scrofa sequence from a skull formerly suspected to
have come from Heude's pig Sus bucculentus (Groves et al., 1997) as
a representative from Laos. The pygmy hog (Porcula salvania) served
as taxonomic outgroup, as it is the basal genus of the Suinae subfam-
ily. The NJ-tree, which does not show a geographic structuring of
the sequences, positioned all six iDNA S. scrofa mt-Dcr sequences
together with other Eurasian wild pig samples from Viet Nam, Korea,
China, and other Indochinese samples (Figure 3C, upper part).

4 | DISCUSSION

41 |
gaps

e/iDNA as sources to fill geographic sampling

In this study, we used iDNA extracted from hematophagous leeches
to evaluate its potential for obtaining genetic information of mam-
malian host DNA to fill sampling gaps across large geographic areas.
Recent e/iDNA studies have largely focused on the detection
of single rare or invasive species (Barata et al., 2021; Dougherty
et al., 2016) or been used to assess general biodiversity patterns
(Calvignac-Spencer et al., 2013; Gogarten et al., 2020; Leempoel
et al., 2020; Sales et al., 2020; Tilker et al., 2020; Weiskopf et al.,
2018). Our results suggest that non-invasively obtained genetic ma-
terial from e/iDNA can be used both for more in-depth studies on
within-species genetic diversity (Nguyen et al., 2021) and for obtain-
ing genetic information from populations that would otherwise be
difficult to sample. Because invertebrates are often abundant and
can be collected in large numbers, iDNA-based approaches have
the potential to provide genetic material from species that are es-
pecially rare or elusive (Schnell et al., 2015). The advantage to first
assessing mammalian diversity using metabarcoding approaches is
that downstream selection of bulk samples for the analyses of the
genetic diversity of the target species can be based on these re-
sults. However, our results also show that detectability of a species
is largely influenced by the sampling effort, as some of our target
species were not recorded in sites with low sampling effort (even
though camera-trapping proved their occurrence in the protected
areas). To improve e/iDNA detection rates for specific focal species,
it may be helpful to first conduct pilot studies to identify areas of
presence of the species of interest, ideally employing conventional
methods such as camera-trapping; such preliminary studies may
be particularly important for studies on rare species or those with
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TABLE 1 Overview of the collected samples per study area and the results of the metabarcoding

BM
tot. B T

No. collected leech bulk samples 129 118 11
No. of collected leeches 576 548 28
No. of recorded mammal species® 12 9 5
No. of mammal assighments?® 38 33 5
Melogale spp.

Positive bulk samples 3 3 0

Selected bulk samples
Paguma larvata

Positive bulk samples 0

Selected bulk samples
Urva urva

Positive bulk samples 0

Selected bulk samples
Muntiacus vaginalis

Positive bulk samples 0

Selected bulk samples
Rusa unicolor

Positive bulk samples 0

Selected bulk samples
Sus scrofa

Positive bulk samples 14 13 1

Selected bulk samples 0

PD PM
tot. B T tot. B T
22 22 0 82 70 12
54 54 0 436 387 49
4 4 0 8 8 4
10 10 0 19 14 5
1 0 6 5 1
0 1 1 0
2 2 5 4 1
1 1 0 1 1
0 0
0 0
0 0
4 4 0 8 7
2 2 0 2 2 0

Abbreviations: B, brown leeches; BM, Bach Ma National Park; PD-, Phong Dien NR; PM, Pu Mat National Park; SNR, Saola Nature Reserves; ST,
Song Thanh NP; T, tiger leeches; tot, total; XS, Xe Sap National Protected Area/Pale area.

#Using metabarcoding.

specific habitat requirements. Follow-up surveys can then employ
intensive collection of e/iDNA to maximize detections and therefore
the chance to obtain molecular data for the target species.
Regarding the invertebrate vector, our sampling was biased to-
ward leech morphotype, since we collected approximately five times
more bulk samples of brown leeches than of tiger leeches. Moreover,
bulk samples from brown leeches contained more than twice as
many leeches (median: brown = 5; tiger = 2). Interestingly, we did
not detect any deer species (i.e., sambar or muntjac) in tiger leech
samples. We believe the most likely explanation for this finding is
that we had many more brown than tiger leech bulk samples, and not
a consequence of morphotype feeding preferences; a recent study
from Malaysian Borneo showed that deer and pigs were detected
more frequently in tiger leech bulk samples than in brown leech
bulks (Abrams et al., 2019). However, we also cannot exclude re-
gional differences in host species preferences among leeches. Other
studies have also found differences in iDNA detection rates and de-
tected species between both leech types (Drinkwater et al., 2020).
The question of leech morphotype feeding preferences is of rele-
vance for biodiversity estimates or species distribution modelling, as
varying detection probabilities can influence the results. However,

for studies that simply aim to obtain genetic material of a target spe-
cies to fill a sampling gap, we do not see the need to distinguish the
two morphotypes during collection. This, in turn, would make field
logistics and sampling even easier.

The molecular data obtained by e/iDNA sampling might be par-
ticularly valuable for efforts to counteract the global illegal wildlife
trade. Depending on the source of DNA, a major advantage of e/
iDNA data can be that the samples have precise location data, which
is a prerequisite to establish a spatially explicit reference dataset to
be used in wildlife DNA forensics (Wasser et al., 2008). This is at
least true for some DNA sources such as soil, smaller water bod-
ies, or relatively immobile invertebrates such as ticks or leeches.
Because exact locality information is not known for most archival
specimens (Boessenkool et al., 2010), and not available for samples
that originated from a confiscated specimen, large reference data-
bases with sequences from different populations of different geo-
graphic areas could be used by enforcement agencies to determine
the source populations of traded wildlife, thus helping to identify
wildlife trade routes and to establish the evidence base needed for
follow-up legal actions. Furthermore, specific locality information
for confiscated wildlife could be used to direct law enforcement to
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SNR ST XS Total
tot. B T tot. B T tot. B T tot. B T
206 165 41 90 84 6 61 44 17 590 503 87
2051 1907 144 704 693 11 889 814 75 4710 4403 307
24 19 15 16 16 1 24 14 10 37 34 23
155 122 33 59 57 2 80 65 15 361 301 60
20 16 4 4 4 13 9 4 47 38
2 1 1 2 1 8 6
5 4 1 1 1 4 4 17 16 1
3 0 1 1 8 7 1
8 1 1 1 1 11 7 4
5 1 1 1 1 8 5
10 10 0 5 5 0 15 15
6 6 2 2 8 8
0 14 14
4 4 0 4 4 8 8
48 41 7 26 24 14 11 3 114 100 14
2 2 0 1 1 0 1 1 0 8 8 0

poaching hotspots, thus potentially preventing further overexploita-
tion of susceptible populations (Williams et al., 2020). Such genetic
databases could also be used to inform the release of confiscated
animals back into their population of origin, thus avoiding genetic
outbreeding and introgression (Banes et al., 2016; Oklander et al.,
2020), and in general helping to align release efforts with globally
recommended IUCN guidelines (Maddison, 2019). Unfortunately,
confiscated wildlife of unknown geographic origin is commonplace,
especially in countries where wildlife trade in prevalent. For exam-
ple, in April 2021, “Save Vietnam's Wildlife” confiscated 100 traded
masked palm civets (Save Vietnam's Wildlife pers. comm.). It is un-
known whether these animals originated from civet farms or were
taken from the wild, but a reference database with local resolution
for this species could support future release efforts.

Despite the advantages of obtaining genetic material via iDNA
collection, our study also highlighted several challenges with the use
of e/iDNA to fill sampling gaps.

1. Ingested DNA will be at various stages of degradation (see
also Nguyen et al, 2021). If already highly degraded, iDNA
samples will fail to amplify in PCRs. Of the 48 leech bulk

samples which were selected in this study to be submitted for
fragment-specific PCRs, less than half (20) yielded amplicons
for at least parts of the target fragments (Table 2). Certainly,
such a high failure rate limits the applicability of e/iDNA for
exceptionally rare species, at least at reasonable costs. Here,
we note that despite the large sampling effort in this study,
only few detections of rare species such as the marbled cat
(Pardofelis marmorata) and Owston's civet (Chrotogale owstonii)
were obtained (see Tilker et al., 2020). In addition, due to
DNA degradation, the amplified fragments might be too short
to provide the needed taxonomic resolution. At the same time,
this degradation might only pose a significant challenge for
the rather conventional PCR-based methods applied in this
project. Recent progress in ancient DNA studies show that
with modern DNA enrichment techniques, it is possible to
retrieve full mitogenomes from archival samples (Martins et
al., 2017; Paijmans et al., 2020; Patel et al., 2016) and even
full genomes from samples that are more than one million
years old and thus highly degraded (van der Valk et al., 2021).
We expect that such modern DNA enrichment techniques will
become routine in the upcoming years. Coupled with the
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TABLE 2 Leech samples that were

e E amplified in the targeted PCRs and the
mt- GenBank number of sequenced basepairs (bp) for
Cytb accession the respective mitochondrial markers
Bulk ID Study area (bp) mt-Dcr (bp) Total length (bp) numbers
Melogale
PM-95 Pu Mat NP 609 - 609 MZ234298
ST-16 Song Thanh 494 - 494 MZ234299
NP
Paguma larvata
XS-32 Xe Sap NPA 1732 258° 431 MZ265766
PM-89 Pu Mat NP 1732 258° 431 MZ265765
SNR-50 Saola NR 1732 248° 421 MZ265764
SNR-52 Saola NR 1732 258° 431 MZ265767
Urva urva
SNR-53 Saola NR 293 - 293 MZ234300
Muntiacus vaginalis
SNR-27 Saola NR 424 - 424 MZ265768
Rusa unicolor
ST-20 Song Thanh 223 - 223 MZ265769
NP
ST-12 Song Thanh 161 - 161 MZ265772
NP
SNR-31 Saola NR 223 - 223 MZ265771
SNR-48 Saola NR 223 - 223 MZ265770
Sus scrofa
XS-40 Xe Sap NPA — 641 641 MZ273045
PD-26 Phong Dien — 694 694 MZ273046
NR
PM-94 Pu Mat NP — 641 641 MZ273047
PM-101 Pu Mat NP — 641 641 MZ273048
BM-31 Bach Ma NP — 641 641 MZ273049
BM-33 Bach Ma NP = 637 637 MZ273050

Note: Study area and GenBank accession numbers of the new sequences are also shown.
2145 bp mt-Cytb followed by 28 bp tRNA-Thr.
526 bp tRNA-Pro followed by 234 bp in mt-Dcr.

continuing decline of sequencing costs (Wetterstrand, 2021),
we hope that such methods will also become available for e/
iDNA studies. Recently, DNA enrichment using hybridization-
capture approaches (Paijmans et al., 2016) have already been
used successfully to assess the mammalian diversity in water
samples (Seeber et al.,, 2019) and to screen leech samples for
novel mammalian viruses (Alfano et al., 2021).

. Sequences from e/iDNA cannot be linked to a real specimen at
hand, so that no additional phenotypic data are available. The
iDNA sequences from our six target species all grouped together
with sequences that originated from Indochina, and no sequence
was representative for a clearly distinct Annamite clade. Because
the Annamite Mountains are known for their high rate of ende-

mism (Baltzer et al., 2001), this result was unexpected, but avoided

the problem of iDNA sequences not matching GenBank reference
sequences. It is important to note that novel e/iDNA sequences
without reference sequence alignment do not allow the possibil-
ity of drawing taxonomic conclusions. If similar sequences are not
available in databases, such e/iDNA sequences would be need to
be treated as an operational taxonomic unit until further analy-
ses are conducted, ideally with genetic data from a real specimen
for comparison. Therefore, e/iDNA studies cannot serve as a re-
placement for obtaining both DNA and morphological data from
actual specimens. We do, however, think that e/iDNA studies can
be used to identify unique populations—for example, if e/iDNA
sequences do not match any existing reference population—as
well as taxonomic uncertainties, which can then be prioritized for

future in-depth phylogenetic and phylogeographic studies.
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4.2 | Filling sampling gaps on the six target species

421 | Ferret badgers

Species assignment for ferret badgers (Melogale spp.) from camera-
trap photographs or for animals found in trade is difficult due to
the lack of external characters clearly differentiating the species
(Robichaud, 2010; Schank et al., 2009). Species-level identification
often requires a close inspection of skull morphology and dentition.
Partly for this reason, little is known about the distribution of ferret
badger species in Indochina (Schank et al., 2009). In 2005 and 2006,
two animals were collected in northern Viet Nam and, based on their
skull characteristics and a 423 bp long mt-Cytb fragment, they were
described as a new species, the Viet Nam ferret badger M. cucphuon-
gensis (Nadler et al., 2011). Subsequent sampling across Viet Nam has
revealed that the new species appears to be relatively widespread
and occurs sympatrically with both small-toothed (M. moschata) and
large-toothed ferret badgers (M. personata) across large parts of the
country (Rozhnov et al., 2019). In this study, we did not detect iDNA
from M. cucphuongensis, but did detect iDNA from a small-toothed
ferret badger in a leech bulk sample from the northern Annamites
(PM-95; Pu Mat National Park, Figure 2a) and from a large-toothed
ferret badger in a leech bulk sample from the central Annamites (ST-
16; Song Thanh National Park, Figure 2a). Our simultaneous camera-
trapping surveys showed that ferret badgers were among the most
commonly recorded mammals in all six study areas (unpublished
data). However, due to the lack of obvious external characteristics
(Robichaud, 2010; Schank et al., 2009), ferret badgers captured by
these camera-trap photographs could not be assigned to any of the
three Melogale species occurring in the Annamites. Similarly, ferret
badgers were among the most frequently recorded species in our
metabarcoding approach, but the short 16S rDNA barcode had not
been designed to distinguish between the small-toothed and large-
toothed ferret badgers, while for the Viet Nam ferret badger a 16S
rDNA reference sequence was missing. Therefore, a much broader
sampling campaign—for example, of leech iDNA samples collected
across the country, and supplemented by sequencing of species-
diagnostic mt-Cytb regions—is needed to obtain an overview on the
distribution and genetic diversity of the three ferret badger species

in Viet Nam.

4.2.2 | Masked palm civet and crab-
eating mongoose

For the masked palm civet (Paguma larvata), our results support
earlier studies that found a low genetic diversity within the spe-
cies compared with other Paradoxurinae species (Patou et al.,
2009). Two of our iDNA samples clustered with a sequence origi-
nating from the Quang Nam province in central Vietnam, but the
other two P. larvata-iDNA sequences grouped with sequences from
Japan and China (Figure 2B). Such geographic assignment indicates
a low level of genetic diversity within the species, likely due to a
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recent population expansion that has resulted in little geographic
structuring. Nevertheless, the new Paguma iDNA sequences are the
first step toward a more comprehensive dataset that can assist in
determining the origin of masked palm civets confiscated by wild-
life protection authorities in Viet Nam and elsewhere. The recent
confiscation of 100 masked palm civets shows the urgency of such
a reference database.

For the crab-eating mongoose (U. urva), our iDNA sequence from
the Saola Nature Reserves (SNR-53; Figure 2c) clustered with all
other samples of this species and was most closely related to a sam-
ple from Viet Nam. Only a much wider sampling of more populations
can provide further insights on the genetic diversity within this spe-
cies. As mongooses are regularly traded and found on wildlife mar-
kets, we hope that e/iDNA sampling and sequencing will contribute

to a more complete Viet Nam wide reference database.

4.2.3 | Northern red muntjac and sambar

The sampling of Northern red muntjac (Muntiacus vaginalis) from
Viet Nam was already quite intensive in an earlier study analyzing
mitogenomes of red muntjacs from Southeast Asia, including the
central Annamites (Martins et al.,, 2017). As expected, the single
Northern red muntjac iDNA (SNR-27, Figure 3a) that amplified in
this analysis clustered with that sample from the central Annamites
(Martins et al., 2017).

Although sambar (Rusa unicolor) from the Annamites had not
been included in the large phylogeographic study of Rusa (Martins
et al., 2018), the four iDNA sequences obtained in this study formed
one group and clustered with sequences originating from Indochina,
India, and Sumatra (Figure 3B). Based on samples from both
Indochina and the Sunda region, the aforementioned study showed
the existence of several large R. unicolor mtDNA clades (Martins
et al., 2018). However, as these clades showed no clear geographic
structuring even when full mitogenomes were sequenced (Martins
et al., 2018) (for example, one clade included samples from India,
Thailand, and Sumatra), it might be difficult to determine the origin
of traded sambar, at least with the mtDNA fragments used in this

study.

4.2.4 | Eurasian wild pig

Our six iDNA sequences clustered closely with sequences from
Southeast Asia, and mainly from Indochina (Viet Nam, Laos, Thailand,
Myanmar, S. Korea; Figure 3c). We did not detect an Annamite-
specific wild pig clade or species. Four iDNA samples from the cen-
tral Annamites grouped with one GenBank reference sample from
Viet Nam, while the two iDNA samples from Pu Mat National Park
in northern Viet Nam seem somewhat distinct (Figure 3c). These
results indicate some genetic differentiation between populations
of the central and northern Annamites. Wild boars are often tar-
geted by poachers, and their meat is widely found in wildlife markets
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throughout Viet Nam (Drury, 2011; Sandalj et al., 2016). If subse-
quent studies substantiate the apparent genetic differentiation
within Vietnamese populations mentioned above, a reference data-
base could be established to determine the origin of Eurasian wild
pig animals and animal products confiscated from the illegal wild-
life trade. Such information would allow local authorities to identify
areas that are under the greatest poaching threat and to direct law

enforcement activities to these poaching hot spots.

5 | CONCLUSION

The use of e/iDNA has great value for conservation studies as a way
to detect focal species. Here, we take the application of e/iDNA
one step further by showing that this method can be used to ob-
tain information over large areas that can fill geographic sampling
gaps in genetic reference databases. We see enormous potential in
the use of these genetic databases to inform conservation actions,
especially with regards to DNA-based wildlife forensics. Two practi-
cal examples in which such a range-wide reference database could
be useful include situations where it is necessary to determine the
origin of confiscated animals and their parts to support law enforce-
ment agencies, and to inform the release of confiscated animals back
into their source populations. Although a relatively high sampling ef-
fort is needed to compensate for the degradation of e/iDNA, we be-
lieve that modern DNA enrichment techniques are likely to mitigate
this obstacle. We see a promising future for the use of e/iDNA to fill

sampling genomic gaps as a means to enhance conservation efforts.
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