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Abstract: The Eurasian lynx (Lynx lynx) is listed in CITES Appendix II and is protected
under the Bern Convention and the EU Habitats Directive, yet it remains a frequent target
of wildlife crime, highlighting the urgent need for reliable identification methods. This
study focuses on determination and DNA quantification of the Lynx spp. using quanti-
tative real-time PCR (qPCR). The Llynx Qplex quantification multiplex system effectively
distinguishes Lynx spp. from other Feliformia species by targeting mitochondrial and
nuclear markers. Additionally, we present the results of the developmental validation of
the Llyn STRplex system for individual identification and databasing using six STR loci.
This study followed ISFG recommendations for non-human DNA testing and develop-
mental validation guidelines. Both systems demonstrate high sensitivity (5 pg genomic
DNA for Llynx Qplex and 30 pg of mtDNA for Llyn STRplex) and high specificity to Lynx
spp., confirmed by testing against 16 related Feliformia species. Robustness was evaluated,
showing sensitivity to temperature variation, and both repeatability and reproducibility
were successfully tested across replicates and conditions. Given that forensic casework
often involves degraded and limited biological material, molecular tools must be both
sensitive and specific to ensure accurate results. Developing precise and efficient tools is
essential for supporting investigations of wildlife crime involving the Eurasian lynx, as
well as efforts aimed at conserving the species.

Keywords: wildlife crime; wildlife trade; Feliformia; Felidae; Cyt b

1. Introduction
Wildlife crime has become a severe global issue, particularly affecting endangered

species. The need for DNA-based animal species and individual identification in forensic
casework increased significantly when wildlife crime gained prominence for law enforce-
ment agencies. The main driving force for the expansion of non-human DNA testing is the
growing connection between organized crime and wildlife crime [1–3]. The first scientific
studies on animal and plant DNA identification appeared in the early years of identification
genetics, even if the studies addressed non-forensic areas like species identification of
tuna fish [4], phylogeny [5–7], conservation efforts [8], relationship [9,10], evolutionary
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studies [11–13], and paleobiology [14]. One of the first studies that dealt with the museum
specimen of extinct zebra quagga [15] paved the road of DNA typing for species identifica-
tion. The studies from the early 1990s identified the possibilities for the field of forensic
studies [16–18]. Cases of disputed paternity of dogs solved by DNA fingerprinting were
described in 1991 [19], the plant DNA analysis used as a piece of evidence was published
in 1993 [20], and forensic tracing of horse identities was reported in 1996 [21]. However, the
increased use of non-human DNA typing for forensic purposes started hand-in-hand with
the availability of typing kits [22,23] and developmental and validation studies aiming at
animal barcoding using mitochondrial DNA markers [23,24]. Even though human and
non-human DNA typing for forensic purposes has many common features, it has been
necessary to set criteria for this specific field. Budowle et al. created the first set of compre-
hensive guidelines [25]; their work was followed by the recommendations produced by
ISFG in 2011 [26]. Some current studies on individual identification of animals are driven
by the demands of local or international enforcement agencies. Illegal trade of rhinoceros
horns can be traced using assays and a database originated in South Africa [27,28], illegal
trade of elephant ivory can be successfully monitored using DNA-based tools developed by
the group of S. K. Wasser [29–32], and illegal trade of Traditional Chinese medicine derived
from Pantherinae body parts can be uncovered by procedures developed in the Czech
Republic [33–36]. Another example of research on public demand are typing systems for
European roe deer [37], bears [38,39], or wolves and dogs [40,41]. Accurate identification is
crucial for species conservation and law enforcement efforts to combat wildlife crime.

DNA-based forensic techniques offer a robust solution, enabling species determination
and individual identification. These methods commonly rely on barcoding (e.g., Cytochrome
c oxidase subunit I, Cytochrome b) and short tandem repeat (STR) polymorphisms [35]. STRs
have the dominant position in genetic monitoring of populations [42]. In the case of Lynx
spp., STR-based approaches have been widely applied. Genetic monitoring of Lynx lynx
using STR loci has been applied to estimate population size, inbreeding, sex ratio, and
kinship in Scandinavia [43–45] and Central Europe [46,47]; Lynx canadensis [45] and Lynx
rufus in Northern America [48]; and Lynx pardinus in Spain [49]. To ensure the repeatability
and accuracy of STR analyses, precise measurement of DNA concentration is essential.
Accurate quantification ensures that optimal DNA amounts are used in amplification
reactions, minimizing variability and maximizing the reliability of results. The proper
quantification of DNA extracted from forensic evidence is a necessary step following
the extraction, as the subsequent STR genotyping requires an optimal input quantity.
This step is particularly critical when working with suboptimal samples, including low-
quality or low-quantity samples, such as those collected non-invasively from hair or fecal
samples [50,51]. The most commonly used techniques for DNA quantification include UV
spectrophotometry (e.g., NanoDrop instruments, ThermoFisher Scientific, Waltham, MA,
USA), fluorometry (e.g., Qubit, Life Technologies, Carlsbad, CA, USA), gel electrophoresis,
and qPCR using SYBR Green. However, these methods often suffer from insufficient
sensitivity, and the precision of DNA concentration measurements may be compromised
due to under- or overestimation. Additionally, they are generally unable to distinguish
between intact and degraded DNA and often exhibit low specificity [52,53].

The Eurasian lynx (Lynx lynx) is a species strongly affected by wildlife crime, and its
population is declining due to habitat fragmentation, habitat loss, and poaching [54,55].
Historically distributed across the Eurasian region [56], this species is now listed under
CITES Appendix II and is protected by the Bern Convention and the EU Habitats Directive
(Habitat Directive 92/43/EEC; Bern Convention). Despite these protections and gradually
favorable public attitudes, the Eurasian lynx remains a frequent target of wildlife crime,
highlighting the urgent need for reliable identification methods [57].
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In this paper, we present a newly designed molecular system for Lynx spp. deter-
mination and DNA quantification based on real-time polymerase chain reaction (qPCR),
including artificial internal positive control. The qPCR system is combined with a multiplex
STR system that includes di-, tri-, and tetranucleotide repeats and integrates sex determina-
tion using the Amelogenin gene [45,58,59]. This system allows for Lynx spp. identification
and individual identification of Lynx spp. from tested samples, offering a valuable tool for
forensic science and wildlife conservation.

2. Materials Studied, Methods, Techniques
2.1. Specimens Used for the Analyses

The quantification and individual identification system was tested on 16 unrelated
Lynx spp. individuals. Fecal samples were obtained from Zoological Gardens in the
Czech Republic. The tissue samples were obtained from dead animals (traffic accident,
tanned hide). The sampling process, therefore, did not cause any harm or trauma to living
animals. The protection of animals used for scientific purposes, as stated by the Directive
2010/63/EU of the European Parliament and of the Council of 22 September 2010, was fully
respected. Fecal samples were collected and stored in DNA/RNA Shield Fecal Collection
Tubes (Zymo Research, Irvine, CA, USA) prior to DNA extraction. DNA was extracted
from fecal samples using the Quick-DNA Fecal/Soil Microbe Miniprep Kit (Zymo Research,
Irvine, CA, USA), and tissue samples were extracted using the Quick-DNA Microprep Plus
Kit (Zymo Research, Irvine, CA, USA) following the manufacturer’s protocols.

2.2. Quantification System and Species Identification

The extracted DNA was quantified using the Llynx Qplex quantification system, us-
ing qPCR (QuantStudio™ 5 Real-Time PCR System, ThermoFisher Scientific) and utiliz-
ing TaqMan probes and four standards (S1: 46 ng/µL mtDNA, 0.06 ng/µL nDNA; S2:
9.2 ng/µL mtDNA, 0.012 ng/µL nDNA, S3: 1.84 ng/µL mtDNA, 0.0024 ng/µL nDNA; S4:
0.368 ng/µL mtDNA, 0.00048 ng/µL nDNA). The system targeted the following sequences:
an mtDNA fragment of Cytochrome b (Cyt b) (139 bp) (mtDNA) specific to Lynx spp., a
fragment of nuclear proteolipid protein (PLP) (132 bp) (nDNA) specific to Feliformia, and
the artificial Internal Positive Control (IPC) (261 bp) (Table 1). The primers were designed
using Primer-BLAST [60], and probes were designed using Primer Express v3.0.1 (Ther-
moFisher Scientific, USA). All primers were analyzed together using an online software,
Multiple Primer Analyzer (ThermoFisher Scientific, USA), for primer dimer detection prior
to further testing. The quantification reaction consisted of a total volume of 10 µL (5 µL of
2× TaqMan Multiplex Master Mix (ThermoFisher Scientific, USA), 0.5 µL of 20× qLynx
mtDNA Assay mix, 0.5 µL of 20× qLynx nDNA Assay mix, 0.5 µL of 20× qLynx IPC,
1 µL of IPC 0.1 pg/µL, 2.5 µL of DNase/RNase-Free Water (Zymo Research), and 1 µL of
DNA template) under the following cycling conditions: 95 ◦C 20 s; 50× 95 ◦C 10 s; 60 ◦C
25 s. The results were analyzed using QuantStudioTM Design & Analysis Software v1.5.2
(ThermoFisher Scientific, USA). Each run included positive control (a selected individual
of Lynx lynx used consistently across all test runs) and a negative control consisting of
DNase/RNase-Free Water (Zymo Research).

2.3. STR System for Individual Identification

Individual identification was conducted using Llyn STRplex, which contains five di-,
tri-, or tetranucleotide STR loci; additionally, sex determination was integrated using the
Amelogenin gene (Table 2). STRs were amplified using fluorescently labeled primers with
standard PCR in a total volume of 12.5 µL (1.25 µL of Gold Star 10x buffer (Promega,
Madison, WI, USA), 0.25 µL of AmpliTaq Gold DNA Polymerase (ThermoFisher Scientific,
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USA), 1.25 µL of 10x Llyn STRplex Primer Mix (Table 2), template DNA (~30–50 pg of
nDNA), and DNase/RNase-Free Water (Zymo Research) to a total volume of 12.5 µL)
under the following cycling conditions: initial denaturation at 95 ◦C for 11 min, followed
by 32 cycles of 94 ◦C for 30 s, 55 ◦C for 1 min 10 s, and 72 ◦C for 90 s, with a final
extension at 72 ◦C for 60 min followed by 60 ◦C for 60 min. Fragment analysis was
conducted via capillary electrophoresis with the SeqStudio™ 3200 Genetic Analyzer System
(ThermoFisher Scientific, USA) using the following mix of 12 µL of Hi-Di Formamide and
0.3 µL of LIZ600size standard (ThermoFisher Scientific, USA) mixed with 1 µL of the
PCR product Under following settings: Size standard GS600LIZ, Dye Set G5 (DS-33), Frag
analyses 1200 sec. The data were subsequently analyzed using the genotyping software
GeneMapper v5 (ThermoFisher Scientific, USA). Each run included positive control (a
selected individual of Lynx lynx used consistently across all test runs) and a negative
control consisting of DNase/RNase-Free Water (Zymo Research).

Table 1. Primer and probes used in Llynx Qplex.

Primer/Probe
Name

Final
Concentration

(mM)
Sequence (5′-3′)

PCR Product
Size

(bp = Base Pairs)
Specificity TaqMan Probe

Fluorescent Label

qLynxM_F 5 GTCCCCTTCCACCCATACTAT
139 bp Cyt b (mtDNA)

---

qLynxM_R 5 ACTTAGGGGGTTAGCGGGGATATAA ---

qLynxM_probe 1.7 CTCACCAGACCTGTTAGGA probe VIC

qLynxC_F 5 CTGCTAGGTTTAGCGCGTGAC
261 bp IPC

---

qLynxC_R 5 GGGGACCATGCTTGCG ---

qLynx_probe 1.7 TGCACGATTCAAGCACGAT probe NED

qLynxN_F 3.3 AGTCCACTTCTCATTGCCCCTT
132 bp PLP (nDNA)

---

qLynxN_R 3.3 ACCTTCCCTGAGTTCTCCATACC ---

qLynxN_probe 1.7 CTCACCAGACCTGTTAGGA probe 6-FAM

Table 2. STR multiplex Llyn STRplex.

STR Marker Label Size (bp) Repeat Motif Primer Design Primer Concentration (µM)

Amelogenin FAM 193; 214 [59] 2.75

Lc110
(alias Llyn1) ATTO565 91–120 (T)3(GT)14 [45] 0.75

FCA559
(alias Llyn2) YAKYE 100–195 (GAAA)n [58] 2.75

FCA391
(alias Llyn3) ATTO550 129–273 (GATA)n [58] 1

F115
(alias Llyn4) ATTO565 193–250 (GAA)n [58] 1.25

FCA723
(alias Llyn5) FAM 243–317 (AAAG)n [58] 0.75

3. Results
The identification of Lynx spp. in a sample was performed using qPCR. The presence

of an amplification curve for the Cyt b fragment indicates the presence of Lynx spp. in the
sample (Figures 1 and 2). The Llynx Qplax has been tested on 16 closely related taxa to test
the specificity of the mtDNA marker (Figure 3).
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Figure 2. Specificity of Llyn Qplex to Lynx spp.—Lynx lynx (a), L. canadensis (b), and L. rufus (c).

The optimal concentration for STR-based individual analysis was determined to
be ~30–50 pg of nDNA. Individual identification and sex determination of lynxes were
conducted based on 5-variable STR loci and a sex determination system (Figure 4). The
results of the STR typing are shown in Table 3 and Figure 5.
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Qplex Acinonyx jubatus, Caracal caracal, Civette civette, Cryptoprocta ferox, Felis catus, Leopardus serval, L.
tigrinus, L. wiedii, Neofelis nebulosa, Otocolobus manual, Puma concolor, Panthera leo, P. tigris, P. pardus, P.
uncia, and P. onca (~10 ng/µL).
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Table 3. STR typing results for 16 unrelated Lynx spp. Individuals (15 Lynx lynx, 1 Lynx canadensis).

Species Sample Amelogenin
Lc110
(Alias
Llyn1)

FCA559
(Alias
Llyn2)

FCA391
(Alias
Llyn3)

F115
(Alias
Llyn4)

FCA723
(Alias
Llyn5)

Lynx lynx LL57 F 18,19 14,14 13,13 34,36 10,10

Lynx lynx LL56 M 19,19 12,13 13,13 34,42 10,11

Lynx lynx LL40 F 19,20 12,12 12,13 40,42 10,13

Lynx lynx LL41 M 19,19 15,15 13,13 30,34 8,11

Lynx lynx LL55 F 18,18 11,13 11,12 33,40 8,10

Lynx lynx LL61 M 18,22 11,11 11,13 36,37 10,14

Lynx lynx LL54 M 16,20 11,14 13,13 34,36 8,11

Lynx lynx LL62 M 18,19 12,13 12,15 42,43 5,7

Lynx lynx LL147 F 18,19 13,15 11,13 34,37 10,10

Lynx lynx LL65 M 18,19 11,13 11,12 32,40 7,10

Lynx lynx LL67 M 18,19 13,13 13,15 32,34 9,10

Lynx lynx LL68 M 18,19 13,15 11,12 34,38 10,14

Lynx lynx LL148 F 15,16 13,14 13,13 30,36 10,10

Lynx lynx LL149 F 16,19 12,16 13,13 34,36 10,10

Lynx lynx LL63 M 18,19 13,15 11,12 34,38 10,14

Lynx
canadensis LC52 M 16,18 21, 24 11,13 31,41 7,10
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4. Validation
4.1. Llynx Qplex

Specificity, sensitivity, robustness, repeatability, and reproducibility were assessed
following the protocol for the Llynx Qplex assay described in the Materials and Methods
Section 2.2.

Specificity: The Llynx Qplex quantification assay was tested on 16 phylogenetically
related species belonging to Feliformia (Acinonyx jubatus, Caracal caracal, Civette civette,
Cryptoprocta ferox, Felis catus, Leopardus serval, L. tigrinus, L. wiedii, Neofelis nebulosa,
Otocolobus manual, Puma concolor, Panthera leo, P. tigris, P. pardus, P. uncia, P. onca) and
four outgroup species—Bos taurus, Canis lupus familiaris, Homo sapiens, Ursus arctos.
DNA extracts from all tested species were diluted to 10 ng/µL and analyzed using the
Llynx Qplex assay. A positive control (Lynx lynx DNA; 10 ng/µL) and a negative control



Methods Protoc. 2025, 8, 47 9 of 14

(DNase/RNase-free water; Zymo Research) were included in each run. No amplification
was observed in the outgroup species for either the nuclear or mitochondrial targets,
confirming assay specificity to Feliformia. Figure 2 demonstrates that the nuclear marker
enables the quantification of nuclear DNA for the above-listed species of Feliformia without
amplification of the mtDNA. Figure 3 further confirms that the assay is specific to mtDNA
and nDNA target of Lynx spp.

Sensitivity: The analytical sensitivity of species-specific quantification was tested on
serial dilutions of DNA from F. catus, P. concolor, A. jubatus, C. caracal, P. leo, P. tigris, Lynx
sp., and L. serval, with DNA input ranging from 2 ng to 5 pg. Even the lowest DNA input
of 5 pg provided positive results (mtDNA for Lynx spp., nDNA for all tested species).

Robustness: Assay robustness was assessed by varying the annealing temperature.
The optimal annealing temperature was 60 ◦C. Deviations greater than +2 ◦C resulted in
amplification failure, indicating the assay’s sensitivity to thermal conditions.

Repeatability: The repeatability was tested on DNA extracts from 16 different individ-
uals (Lynx spp.) in triplicate. All experiments, including the negative controls, provided
consistent results across replicates, demonstrating the repeatability of the assay.

Reproducibility: Two different technicians ran the assay of the same set of 10 samples
independently (within-lab reproducibility). All the runs, including the negative controls,
provided concordant results, confirming that the assay produces reproducible outcomes
across users.

4.2. Llyn STRPlex

Specificity, sensitivity, robustness, repeatability, and reproducibility were assessed
following the protocol for the Llynx Qplex assay described in the Materials and Methods
Section 2.3.

Specificity: The STR-typing multiplex Llyn STRplex incorporates previously design
STRs from Lynx lynx, Lynx canadensis, and F. catus. The Llyn STRplex is specific to the genus
Lynx.

Sensitivity: The STR-typing multiplex was tested with the DNA input ranging from
1 ng to 30 pg. The resulting EPGs for Lynx spp. are shown in Figure 5. Even the lowest
nDNA input of 30 pg provided a complete DNA profile.

Robustness: The STR-typing multiplex Llyn STRplex was tested under different anneal-
ing temperatures from the original 55 ◦C. Changes greater than +2 ◦C cause unbalanced
peaks and/or allelic drop-outs, indicating that performance is sensitive to thermal variation.

Repeatability: The repeatability of the STR typing was tested on DNA extracts from
16 individuals (Lynx spp.), each tested in triplicate. All samples produced identical DNA
profiles, including the positive controls (a selected individual used for all runs). The
negative controls were free of detectable peaks.

Reproducibility: Two different technicians independently tested the same set of 10 sam-
ples (within-lab reproducibility). All samples provided concordant DNA profiles, including
the positive controls. The negative controls were free of detectable peaks.

5. Discussion
Species and individual identification are crucial in forensic investigations and species

protection. Individual identification based on STR multiplexes is used across many taxa in
forensic applications and supports efforts to monitor populations, enforce wildlife protec-
tion laws, and manage conservation programs effectively [61,62]. A critical aspect of STR
analysis is ensuring repeatability and accuracy by precisely measuring DNA concentration.
Most commonly used DNA quantification methods, such as UV spectrophotometry and
fluorometry, often suffer from insufficient sensitivity, can overestimate DNA concentration
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due to non-specific binding, and are unable to distinguish between intact and degraded
DNA [53]. Consequently, insufficient DNA input can lead to allelic dropout, resulting
in incomplete or incorrect genotyping [63]. Moreover, suboptimal samples often contain
inhibitors like humic acid or EDTA that can interfere with PCR reactions [64]. These chal-
lenges underscore the importance of robust quantification systems and quality control
measures.

In this study, we present the results of a qPCR quantitation assay tested alongside the
STR-typing multiplex for Lynx spp. QPCR quantitation assays offer the potential of multi-
plexing, sufficient sensitivity for the detection of low-concentration template DNA. QPCR
quantification system, Llynx Qplex, incorporates not only a genus-specific marker (Cyt b),
and nuclear marker specific to Feliformia, but also an artificial internal positive control to
detect inhibitors and ensure proper reaction conditions [33,35]. Inclusion of internal posi-
tive control is crucial for detection of potential inhibitors, especially for environmental and
forensic samples that frequently contain PCR inhibitors that can be copurified during DNA
extraction step [64]. From this perspective, qPCR provides significant advantages over
conventional PCR when working with degraded or inhibitor-rich samples, as it enables the
simultaneous detection of target DNA and internal controls [65,66].

As demonstrated by the data in Table 3 and Figure 6, the set of multiplexed STR
loci (5 loci and a sex determination system) seems to be sufficient for basic individual
identification. None of the Lynx spp. (n = 16) individuals tested in this study exhibited the
same DNA profile (see Table 3). Although the limited sample size precluded population-
level analyses or kinship calculations, the validated quantification and profiling systems
offer significant potential for analyzing Lynx spp. samples. For instance, they allow for
comparisons between reference and stain samples and enable the detection of Lynx spp.
DNA in environmental DNA (eDNA) samples with high sensitivity. This sensitivity is
sufficient even for low-yielding samples, such as feces, tanned hides, and hair.
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Figure 6. Allele frequencies (absolute number on y-axis) for particular alleles of Llyn STRplex loci as
observed for Lynx lynx and Lynx canadensis individuals (n = 16).

Research targeting the identification of endangered species has a leverage effect in
many areas. It not only enables law enforcement agencies to act in a timely manner but
also aids in solving cold cases through database searches, including the use of rapid DNA
profiling for early identification. Furthermore, progress in innovative techniques facilitates
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international cooperation and promotes further research in the field of wildlife forensic
genetics [67,68].

6. Conclusions
The presented work describes the molecular tools for species-specific qPCR and

STR-based individual identification of Lynx spp. The Llynx Qplex quantification system
is Lynx-species-specific and provides information about the presence of inhibitors and
reaction failure (internal positive control). The STR multiplex Llyn STRplex was tested on
15 unrelated individuals of Lynx lynx and 1 Lynx canadensis individual. The STR profile was
not obtained for L. rufus due to low yields of DNA extracted (<2 pg of nDNA). The DNA-
typing assay is robust and sensitive, thus suitable for forensic casework and databasing.
The dataset will be expanded to develop a viable reference database for accurate individual
identification and relationship testing.
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