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Trade of wild-caught animals is illegal for many taxa and in many countries. Common regulatory procedures
involve documentation and marking techniques. However, these procedures are subject to fraud and thus should
be complemented by routine genetic testing in order to authenticate the captive-bred origin of animals intended
for trade. A suitable class of genetic markers are SNPSTRs that combine a short tandem repeat (STR) and single
nucleotide polymorphisms (SNPs) within one amplicon. This combined marker type can be used for genetic
identification and for parentage analyses and in addition, provides insight into haplotype history. As a proof of
principle, this study establishes a set of 20 SNPSTR markers for Athene noctua, one of the most trafficked owls in
CITES Appendix II. These markers can be coamplified in a single multiplex reaction. Based on population data,
the percentage of observed and expected heterozygosities of the markers ranged from 0.400 to 1.000 and 0.545
to 0.850, respectively. A combined probability of identity of 5.3 * 102 was achieved with the whole set, and
combined parentage exclusion probabilities reached over 99.99%, even if the genotype of one parent was
missing. A direct comparison of an owl family and an unrelated owl demonstrated the applicability of the
SNPSTR set in parentage testing. The established SNPSTR set thus proved to be highly useful for identifying
individuals and analysing parentage to determine wild or captive origin. We propose to implement SNPSTR-
based routine certification in wildlife trade as a way to reveal animal laundering and misdeclaration of wild-
caught animals.

1. Introduction

The annual revenue from illegal wildlife trade (IWT) has been esti-
mated at up to 23 billion dollars, which is even higher than the revenue
from the illegal trade in light weapons [1]. Prices paid for wildlife
contraband are extraordinary, e.g. rhino horn is traded at a higher price
than gold [2] and exotic birds are worth more than the same weight of
drugs [3]. At the same time, the high profits are coupled with a low risk
of prosecution and even if prosecuted, low sentencing. For example,
Kitade and Naruse analysed juridical outcomes of wildlife crimes and
show that the fines for trafficking wildlife were only 13-29% of the

estimated respective market values [4].

However, the consequences of IWT on biodiversity are severe. Direct
exploitation of species is a major cause of biodiversity loss, leaving the
planet more vulnerable to climate change [5]. One of the taxa strongly
affected by IWT are birds. Approximately 45% of all bird species
worldwide are exploited by humans [6]. Solely in the Mediterranean
area every year 11-36 million birds are captured or killed illegally,
mostly to be used as food, pets, or in sports [7]. Laws forbidding the
trade of wild-caught birds are applied by several countries. For example,
the EU has a permanent ban on the import of all wild birds, regardless of
their conservation status [8] and in the US, exporting wild-caught native
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birds from the country or importing exotic birds is prohibited, unless
these are captive-bred [9]. However, several studies showed that
frequently animals asserted being captive-bred are actually taken from
the wild (e.g. [10,11]). A study by Shepherd et al. found that the high
volume of captive-bred, CITES-listed bird species, mostly exported from
the Solomon Islands, would suggest several thousand breeding pairs at
captive-breeding facilities. However, not a single captive-breeding fa-
cility for birds is officially registered on the Solomon Islands, indicating
that most, if not all, allegedly captive-bred birds must, in fact, be
wild-caught [12].

For owls, an increasing trend of trafficking has been recorded [13,
14]. These animals are to a great extent traded for pet keeping [14,15] as
well as for other purposes, such as food in restaurants [16] or as tradi-
tional medicine for the treatment of weakening eyesight [17]. Further-
more, in Japan, captive-bred owls are kept in “bird cafes” for
entertainment [14]. Currently, individually numbered bird rings and
documents are used to certify a bird as captive-bred. However, cases of
laundering wild-caught birds as supposedly captive-bred have been
recorded, with the bird rings being falsified [18] and documents being
forged [10]. Therefore, this issue remains of forensic relevance and calls
for a molecular tool for revealing IWT.

This study proposes the use of SNPSTR markers to authenticate the
origin of traded animals. They were first described by Mountain et al.
[19]. A SNPSTR is a combined marker that contains a short tandem
repeat (STR; also known as simple sequence repeat, SSR, or microsat-
ellite) as well as a single nucleotide polymorphism (SNP) in close
proximity to the STR, usually within less than 400 bp [19]. Thus, both
variants can be PCR-amplified with one primer set. Furthermore, spatial
proximity renders the probability of interchromosomal recombination
within a SNPSTR marker negligible [19]. The usability of other types of
compound markers has been successfully demonstrated, e.g. STRs
combined with Alu deletions [20] or STRs combined with dele-
tion—insertion polymorphisms [21]. SNPSTRs have been used in human
forensic science e.g. to resolve unbalanced DNA mixtures [22]. In the
context of wildlife conservation, Farke et al. analysed STRs and flanking
SNPs in eastern Hermann’s tortoises (Testudo hermanni boettgeri) [23].
Thus, in wildlife forensics, SNPSTRs are promising markers and might
provide the basis of a molecular approach to effectively reveal IWT. To
present a case study for the application of SNPSTR markers, the current
study focuses on the little owl Athene noctua (Scopoli, 1769). A. noctua
belongs to the family Strigidae and 12 subspecies are recognised [24].
The species is characterized by its compact size of around 19-25 cm
while weighing usually 160-250 g [24]. A. noctua is native to a variety
of habitats in Europe, North Africa, and Asia and has been introduced in
England and New Zealand [24,25]. Although A. noctua is classified as
“Least concern” by the IUCN red list [25], several countries have
recorded a significant decline in population sizes (e.g. [26,27]).
A. noctua is listed in CITES Appendix II [28]. Therefore, trade is regu-
lated to prevent species extinction in the future due to overexploitation.
This listing seems reasonable considering that A. noctua is among the
three most traded, CITES-listed owl species [13]. Poaching [29] and
illegal capture of little owls [30], probably to be kept as pets [31], and
illegal trade [32] have been recorded in many countries. So far, separate
STR (e.g. [33,34]) and SNP markers (e.g. [35]) have been developed for
A. noctua. However, these markers have mainly been used for genetic
assessment of populations.

According to the National Research Council, research should be
directed towards forensic marker systems that make each profile unique
[36]. While the emerging technologies of Massive Parallel Sequencing
(MPS) entail higher costs as compared to current standard capillary
electrophoresis systems, the ISFG highlights the advantages of MPS
(higher resolution; easier analysis of mixtures, degraded samples, stutter
or artifacts; no need to develop an allelic ladder, etc.) and sees a shift
towards increased use of MPS methods in the future [37]. By inevitably
including SNPs in the STR amplicons, MPS suggests the analysis of a
forensic marker system, SNPSTR, that combines a short tandem repeat
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(STR) and single nucleotide polymorphisms (SNPs) within one amplicon
and has a higher discriminatory power than either marker type in
isolation. As a proof of concept, this study establishes a SNPSTR set for
A. noctua and demonstrates its usefulness for individual identification
and for assessing parentage in a wildlife forensic framework.

2. Materials and methods
2.1. DNA samples

Little owl samples (tissues; n = 14; 10 individuals sampled to
establish the SNPSTR marker set, and additional four samples for family
testing (two parents, one offspring, and one unrelated individual)) were
obtained from the Biobank at the Leibniz Institute for the Analysis of
Biodiversity Change. Sampling covers the species‘ distribution range in
Germany and Italy and includes a family from a raptor center in
Germany.

DNA was extracted with the DNeasy Blood & Tissue Kit (Qiagen,
Hilden, Germany) or BioSprint 96 Blood & Tissue Kit (Qiagen) according
to the manufacturer’s instructions. Species confirmation and control for
contamination was ensured in accordance with recommendations of the
International Society for Forensic Genetics (ISFG) regarding the use of
non-human (animal) DNA in forensic genetic investigations [38] by
DNA barcoding [39], i.e. sequencing a 658 bp fragment of the cyto-
chrome c oxidase subunit 1 gene with primers LCO1490-JJ (5
“CHACWAAYCATAAAGATATYGG-3") and HCO02198-JJ 5
“AWACTTCVGGRTGVCCAAARAATCA-3") and respective PCR condi-
tions from Astrin and Stiiben [40] and comparison to the Barcode of Life
Data System (BOLD; [41]).

Concentrations of the extracts were quantified by the QuantiFlour
ONE dsDNA System on a Quantus Fluorometer (Promega, Fitchburg,
United States). If concentrations were below 10 ng/uL, 100 pL of the
sample were concentrated on a Savant Speed Vac SPD111V (Thermo
Scientific, Waltham, United States) at 35 °C for 30 min

2.2. Selection of STR Candidate Loci

Whole genome sequencing was performed on one sample after Tru-
Seq DNA PCR-free library preparation on a NovaSeq 6000 (150 bp,
paired-end; Illumina, San Diego, United States; Macrogen, Amsterdam,
The Netherlands). Prior to filtering, reads were trimmed using fastp
([42]; minimum length requirement: 100 bp; phred quality: > Q15) and
assembled using SPAdes ([43]; -isolate paired-end). Scaffolds were
filtered for specified candidate STRs (tetranucleotides, with 11-20 re-
peats, with motifs of at least three different bases, and with no further
repetitive sequence 170 bp up- or downstream of the STR) using PERF
[44], CD-HIT [45], and BEDTools [46].

2.3. Multiplex PCR

Primer pairs for 30 suitable STR candidates were designed using
PrimerPlex (v. 2.76, Premier Biosoft, San Francisco, United States).
Primers were synthesised by Metabion (Planegg, Germany). PCRs were
carried out with the Multiplex PCR kit (Qiagen; primer concentration
0.2 uM) on a Biometra TGradient Thermocycler (Analytik Jena, Jena,
Germany) using at least 20 ng of genomic DNA as template and
including a blank sample to check for possible contamination. A 12-step
temperature gradient of 60 + 3 °C was applied to the PCR block and the
optimal annealing temperature was determined visually based on fluo-
rescence after an agarose gel electrophoresis (1.5%, 100 V, 60 min;
stained with GelRed, Biotium, San Francisco, United States). The PCR
was carried out according to the manufacturer’s protocol with a modi-
fied temperature cycle (95 °C for 15 min, (95 °C for 30 s, 63 °C for 1.5
min, and 72 °C for 1.5 min) for 35 cycles, 72 °C for 10 min, 4 °C for o ),
again, a blank was used to check for possible contamination prior to
library preparation (agarose gel electrophoresis; same conditions as
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described above).
2.4. MPS analysis

Before library preparation, PCR products were purified with AMPure
XP beads (Beckman Coulter, Indianapolis, United States). Libraries were
prepared with the NEBNext Ultra II DNA Library Prep Kit for Illumina
(New England Biolabs, Ipswich, United States). Samples were sequenced
on a MiSeq using a Nano v2 kit (Illumina). Reads were merged, trimmed,
mapped, and analysed using Geneious Prime (v. 2022.1.1, plugin
BBDuk, Auckland, New Zealand). Minimum coverage per called allele
was 10x. Heterozygosity was determined by > 0.15 of the reads, but
flanking regions were also considered to identify unbalanced alleles and
artifacts. The STR sequence and allele nomenclature followed the DNA
Recommendations 1997 of the ISFG [47], while SNP nomenclature
followed the Human Genome Variation Society (HGVS) Recommenda-
tions [48]. A locus was considered a SNPSTR if the STR was variable and
at least one SNP has been found among the 10 samples.

Sequencing data were uploaded to NCBI (BioProject ID:
PRJINA954578; SRA Runs: 31663787- 31663773) and primer sequences,
as well as the full reference sequence of all SNPSTR markers (as per
Recommendation #6 of the ISFG regarding the use of non-human (an-
imal) DNA in forensic genetic investigations [38] and Consideration 6 of
the DNA commission of the ISFG on minimal nomenclature re-
quirements [37]), can be found in Appendix Table Al.

2.5. Statistical analysis

Due to the absence of a chromosome-level genome assembly of a
strigiform species, candidates could not be mapped on chromosomes to
avoid linkage. Therefore, linkage disequilibrium was accounted for by
avoiding complementary STR motifs (implemented in PERF; [44]) and
using only one candidate per assembled scaffold.

Relevant parameters (Recommendation #10 of the ISFG: Recom-
mended parameters regarding the use of non-human (animal) DNA in
forensic genetic investigations [38]), such as the number of alleles (N,),
allele frequencies, observed heterozygosity (H,), expected heterozy-
gosity (He), unbiased heterozygosity expected (uHe), Chi-Square test for
Hardy-Weinberg-Equilibrium (HWE), fixation index and probability of
identity (POI), were calculated using GenAlIEx software [49,50] based
on the 10 sampled individuals. The network for AthNoc29 was gener-
ated with Network 10 software (v. 10.2, Fluxus Technology, Colchester,
England).

According to the ISFG: Recommendations regarding the use of non-
human (animal) DNA in forensic genetic investigations [38], speci-
ficity should also be demonstrated. We therefore tested our SNPSTR set
also with another owl species (Bubo bubo), as well as a member of the
Piciformes and a member of the Psittaciformes.

2.6. Parentage Testing

The probability of exclusion (POE) for the SNPSTR marker set was
computed using GenAIEx software [49,50]. A direct comparison of the
genotypes of two parents, an offspring, and an unrelated individual was
also analysed to determine the alleged parentage of parent 1 and parent
2 to the offspring and the unrelated individual.

3. Results
3.1. Establishing a SNPSTR set for Athene noctua

In order to find variable SNPSTR markers we chose to sequence STRs
and analyse the candidate loci for flanking SNPs (see Fig. 1). Overall, a
set of 20 polymorphic SNPSTR markers was established which can be
amplified in a single PCR reaction (Fig. 1 and Table 1). The number of
alleles (N,), observed (H,), and expected heterozygosities (He), the
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WGS of Athene noctua

Trimmed and assembled

Screening for Repetitive Structures
= 1,280,900 repeats

STR Candidate Selection
Tetranucleotides, 11-20 repeats, and
no flanking repeats
- 358STRs

STR Motif Refinement
Motifs of at least three different bases
-> 190 STR candidates

Primer Design
Amplified within one multiplex PCR
- 30 tested loci

SNPSTR Selection
Each marker must contain a variable STR
and at least one flanking SNP
= 20 SNPSTRs

Fig. 1. Workflow and results of SNPSTR marker development for Athene noctua.
First, a whole genome sequencing (WGS) run was performed. After trimming
and assembling the obtained reads, the sequences were screened for repetitive
structures. These repetitive structures were filtered for tetranucleotide short
tandem repeats (STRs) with 11-20 repeats and no other flanking repetitive
structures in close proximity to the STR. STRs with motifs consisting of at least
three different bases (e.g. AGAT) were then selected. From these candidates, a
multiplex PCR was designed that encompassed 30 candidate loci. These were
then used to amplify and sequence 10 samples. Each locus was analysed for STR
variability and the presence of at least one flanking single nucleotide poly-
morphism (SNP). If both were confirmed, a so-called SNPSTR marker was
described. In total, 20 SNPSTR markers for Athene noctua were identified in
this study.

reference STR motif, and the SNPs found for each SNPSTR marker are
stated in Table 1.

Identified alleles per sample, allele frequencies, and deviations from
HWE of the described SNPSTR markers are listed in Appendix Table A2,
A3, and A4, respectively. The majority of markers conformed to the
HWE, while four markers (AthNoc5, AthNoc7, AthNoc24 and Ath-
Noc29) did not. The total number of observed alleles per marker ranged
from 5 to 11, averaging 7.6 & 2.0 alleles per marker. Observed hetero-
zygosities (H,) ranged from 0.400 up to 1.0 (mean = 0.715 + 0.187),
while expected heterozygosities (He) ranged from 0.545 to 0.850 (mean
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Table 1

Set of 20 SNPSTR markers for Athene noctua. For each SNPSTR, the number of
identified alleles (N,), the observed (H,) and expected (H,) heterozygosity, the
STR motif of the reference and the SNPs are stated. SNPs printed in grey were
only found during parentage testing and not included in the statistical analysis.

Locus N. H, He STR motif SNPs
AthNocl 6 0.700 0.770  [ATAGI;» 122 A>G, 126 G>A,
242 C>T
AthNoc2 8 0.900 0.820 [ATAG];2[AT] 41 G>C, 297 T> G
AthNoc5 9 0.500 0.840 [TAGA];»[TA] 61 G>A, 78 G>C, 136
G>A, 279_280insT,
284 A>G
AthNoc7 11 0.800 0.840 [CAGA], 80 G>T, 187 G>A
[TAGA];2
AthNoc8 7 0.800 0.700 TCCCTTCT TCCT 175 G>A, 241 A>G
[TCCA]14[TCC]
AthNoc9 9 1.000 0.827 [AGATI;3 43 C>A, 254 G>T,
[GATA],[GAT] 260T > C
[GATA],[GA]
AthNoc11 5 0.600 0.765 [ATCClq; 205 C>T, 264 T >C
AthNocl2 5 0.500 0.545 [AGATI]:1[A] 270 G>A
AthNocl3 6 0.800 0.795 [ATCCly1 86 A>G
AthNoc14 8 0.700 0.800 [CATC]4,[CT], 43 G>C
AthNocl6 5 0.500 0.585 [CATC];[C] 227 G>A, 253 G>A,
288 A>G
AthNoc17 5 0.800 0.720 [GAAT]13[G] 78 C>A, 129 C>T,
207 G>T
AthNoc21 9 0.900 0.850 [GATA];1[GAT] 145 G>A, 255 C>A,
261 G>A,290T > C
AthNoc23 7 0.400 0.780 [ATCC]y; 32 A>T, 32delA, 213
T>C
AthNoc24 6 0.400 0.640 [TCCA]y;1[TC] 105A>G,170T > A
AthNoc25 8 0.700 0.705 [TCCA]1;[TCC] 35delG
AthNoc26 8 1.000 0.825 [TCCAl;3 CCCA 97 C>A, 106 T > C,
215C>T, 271 T > G
AthNoc28 7 0.900 0.780  [ATCCli2[A] 105 A>C, 229 C>T
AthNoc29 11  0.600 0.840  [ATAGI;1[ATA] 146 A>G, 150 C>T,
162 G>A, 236 T > C,
244 G>A,272T > C
AthNoc30 11  0.800 0.840 [GATAl;3 GATG 106 C>T,
210_213delAATG,
265 G>A

= 0.763 + 0.089). Half of the found SNPSTRs consisted of a compound
STR motif, nine SNPSTRs had a simple STR motif (for all 10 tested
samples) and one showed a complex STR motif. In 50% of the loci, the
STR motif was ATCC (including variations thereof, e.g. TCCA or CATC),
followed by AGAT (and variations hereof; 45% of the loci) and AATG
(5% of the loci). Overall 49 SNPs were recorded, on average 2.45 + 1.31
SNPs per marker were found. The transition/transversion ratio was

11.3_146A>G

(STR +1) (STR
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0.484.

Although InDels were not specifically sought, they were recorded
when observed (found in four markers). Furthermore, variable STR
markers with no flanking SNP were recorded as well (AthNoc3, Ath-
Noc4, AthNoc6, AthNoc10, AthNocl5, AthNoc19, AthNoc20, and Ath-
Noc22; primer and STR information can be found in Appendix Table A1l
and A2, respectively) as these still contain forensically valuable infor-
mation, although not used in this study.

The combined marker set achieved a probability of identity (POI) of
5.3 * 1072 for non-related individuals and a POI of 5.7 * 10~° for sib-
lings. The fixation index of the tested individuals was 0.066.

To test the species specificity of the primer set, the MPS assay was
also applied to DNA from the owl species Bubo bubo, as well as from a
member of the Piciformes and a member of the Psittaciformes, respec-
tively. The results of the specificity can be found in Appendix Figure Al.
While products within the expected size ranges were observed for
B. bubo, no amplifications could be detected for Australaves.

To demonstrate the potential of the SNPSTR markers to delineate
evolutionary relationships of haplotypes of one locus, an evolutionary
network was established for the observed SNPSTR haplotypes for Ath-
Noc29 (Fig. 2).

3.2. Parentage testing

Probabilities of exclusion (POE) for various constellations, as
calculated for the combined marker set from the population data (Ap-
pendix Table A3), are presented in Table 2 and show that the marker set
is suitable for parentage analysis. In Table 3, the identified genotypes of
a family (two parents, one offspring) and an unrelated individual are
listed. If the unrelated individual were sold as an alleged offspring of
parent 1 and parent 2, genetic analysis with the SNPSTR set could
exclude that this owl is an offspring of the tested parents.

Table 2
Probability of exclusion (POE) using 20 SNPSTR markers.

Combination of 20
SNPSTR

Probability of Exclusion (POE 1 - When the other parent
is known)

Probability of Exclusion (POE 2 - When the genotype of
one parent is missing)

Probability of Exclusion (POE 3 - Excluding a putative
parent pair)

0.999999982583489

0.999976703958464

0.999999999999944

13.3_146A>G

146A>G

12.3_162G>A
162G>A

(STR +1)

v

13.3_162G>A

—-@

236T>C
+

STR motif mutation

@

272T7>C

(STR +1)

v

12b_236T>C_272T>C

STR +1) 13b_236T>C_272T>C

@

13b_236T>C

B
12b_236T>C
Shiash O12b_236T>C_244G>A

Fig. 2. Network of observed SNPSTR haplotypes for AthNoc29. The orange dots represent sampled haplotypes, changes in dark blue show SNP events while light
blue ones indicate a mutation of the STR (repeat unit +1). Due to the different mutation rates of SNPs and STRs, the length of the branches does not reflect time.

Created with Network (v. 10.2, Fluxus Technology, Colchester, England).
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Table 3
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Genotypes of a family of Athene noctua and an unrelated individual obtained from 20 SNPSTR markers. Alleles passed on from the parents to the offspring are

highlighted in bold letters.

Locus Parent 1 Parent 2 Offspring Unrelated Individual
AthNocl 10|11 10|12 10 1112
AthNoc2 41 G>C_11.2 41 G>C9.2 |41 G>C_10.2 41 G>C9.2 | 41 G>C_11.2 11.2.297T>G |
41 G>C_12.2
AthNoc5 13.2_279_280insT 78 G>C_13.2 78 G>C_13.2 | 13.2_279_280insT 12.2 | 12.2.279_280insT
AthNoc7 11c|11d.18 13b | 14b 11c | 13b 12|13
AthNoc8 10.3 | 10.3 241A>G 10.3 10.3 | 10.3.241A>G 10.3]11.3
AthNoc9 16 | 17_260T>C 15 15|16 17
AthNocll  11_205C>T | 11_264T>C 10|11 10 | 11.205C>T 11
AthNocl2  12.1 | 15.1b 11.1 | 121 11.1 | 15.1b 11.1
AthNocl3 7| 86 A>G_9b 9|86 A>G_10b 86 A>G_9b | 86 A>G_10b 11|12
AthNocl4 11|13 9|11c 11c| 13 1213
AthNocl6  10.1 | 11.1_253G>A_288A>G 9.1 121 11.1_253G>A_288A>G | 12.1 11.1
AthNoc17 12.1 10.1 | 12.1 12.1 13.1
AthNoc21 8.3.255C>A_290T>C | 9.3.255C>A_290T>C | 8.3_255C>A_290T>C | 10.3 |
11.3_.255C>A_290T>C 11.3_.255C>A_290T>C 11.3_255C>A_290T>C 11.3.255C>A_290T>C
AthNoc23 32 A>T 9 213T>C 32 A>T 9213T>C | 12 32 A>T 9.213T>C 11
AthNoc24 12.2 | 105 A>G_12.2 12.2 | 13.2 12.2 11.2 105 A>G_13.2
AthNoc25 10.3 7.3110.3 10.3 11.3
AthNoc26 106 T > C_11 | 12 12b | 106 T > C_12_215C>T_ 271T>G 12| 106 T > C_12 215C>T 271T>G 106 T>C11 |13
AthNoc28 9.1]12.1 11.1 | 12.1 9.1]12.1 10.1 ] 12.1
AthNoc29 150 C>T_12d_236T>C | 11.3 | 146 A>G_12.3 150 C>T_12d 236T>C | 146 A>G_12.3 11.3 | 146 A>G_11.3
14c_236T>C_272T>C
AthNoc30 12 12 12 13|14

4. Discussion
4.1. Establishing a SNPSTR set

Given the ongoing trend of owl trafficking [13,14], the development
of a molecular tool is urgently needed to help combat illegal wildlife
trade before it severely and irreversibly affects the populations of
A. noctua, as it already occurred in many other species. In this proof of
concept study, we have established a set of 20 unlinked SNPSTR loci that
can simultaneously be PCR-amplified and analysed by massive parallel
sequencing (MPS) in order to reveal identity and family relationships of
small owls. However, the population data used in our study were
derived from only ten individuals, and several SNPSTR alleles were
observed only once. Therefore, it should be kept in mind that true allele
frequencies may be under- or overestimated and our population data are
not ready to use.

This study proves that one of the major advantages of SNPSTR
markers is the higher power of discrimination of SNPSTRs compared to
the more commonly used STR markers because STR isoalleles (having
the same amplicon size) can be resolved by SNPs. Using conventional
capillary electrophoresis (CE), for AthNoc29 only three STR alleles
(11.3, 12.3, 13.3) would have been identified, in contrast to the 11
haplotypes that can be resolved through SNPSTR analysis and MPS (see
Fig. 2 and Appendix Table A2). This analysis allows for discrimination of
isoalleles bearing sequence variants in the repeat units (e.g. 13 and 13c)
and of isoalleles bearing SNPs in the flanking regions that are part of the
amplicon (e.g. for 11.3 and 11.3_146A>G). For the whole SNPSTR set,
the expected heterozygosity (H.) for all markers was > 0.7, except for
three (AthNoc12 with He of 0.545, AthNocl6 with He of 0.585, and
AthNoc24 with He of 0.640). Two markers (AthNoc9 and AthNoc26)
even reached a H, of 1.00 (see Table 1). In human forensics, the het-
erozygosity of a suitable marker should be at least 0.7 [51]. However, as
this study uses a small sample size (with individuals from two different
countries), this could have a strong effect on these tested parameters and
could also explain why several markers are not in HWE. Nevertheless,
for most loci, allele frequency distributions were relatively balanced
(Appendix Table A4), and only four loci displayed statistically signifi-
cant deviations from HWE (Appendix Table A3). We assume that with
increasing sample size, the markers with a He below 0.7 would likely
also reach higher heterozygosity given the fact that the analysis of the
four additional samples for parentage testing revealed additional alleles

already (Table 1 in grey; these were not considered for the statistic
calculations of allele frequencies, POI, and POE as the three individuals
were related to each other). Additionally, it is possible that an increased
sample size might reveal SNPs in the STRs proper described here (Ath-
Noc3, AthNoc4, AthNoc6, AthNoc10, AthNoc15, AthNoc19, AthNoc20,
and AthNoc22).

The balance of heterozygous alleles per SNPSTR marker is 0.44
=+ 0.02, while an average of 0.04 & 0.01% of the reads per marker were
identified as stutters (—8 bp, —4 bp, +4 bp, and +8 bp combined; Ap-
pendix Table A4). Thus, another advantage of the SNPSTR markers is
their ability to help resolve unbalanced alleles and identify possible
stutters.

Although the percentage of reads for each marker is relatively evenly
balanced (0.04 + 0.02), we recommend increasing the primer concen-
trations for AthNoc2, AthNoc9, and AthNoc12 in future use, as these
concentrations, although still analysable, were below the range of the
standard deviation (Appendix Table A4).

Although it is generally assumed that as a standard for a represen-
tative database, 200 unrelated samples should be included (e.g. [52]), in
wildlife forensics this often is not feasible, especially in rare or critically
endangered species. Nevertheless, in the past, wildlife forensic prose-
cutions have been conducted based on significantly smaller databases.
For example, poaching of a red-tailed black cockatoo (Calyptorhynchus
banksii) has been proven and led to a conviction based on a database
with 30 individuals [53]. However, sample sizes should reflect the
population(s) in question.

As mentioned, the sample size in this study was very limited and thus
the population data are hardly representative of a native population. As
A. noctua is a sedentary bird [54] and does not show strong dispersal
behaviour [26,27], European populations form two genetically distinct
population clusters [34]. However, strong genetic admixture has been
detected in northern and central Europe [34]. Future studies may
determine whether a single database for A. noctua is statistically valid or
whether multiple databases, depending on population clusters, are
needed. In comparison to other STR studies in birds (e.g. [53,55]), the
POI using all 20 SNPSTR markers (5.3 *10723) was several orders of
magnitude higher. If considering only allele lengths, the 20 markers of
the present study resulted in a POI of 7.8 * 10~ '8 which is in the range of
the aforementioned STR studies in birds [53,55] thus demonstrating the
gain in POI by analysing the combined markers. Even if considering only
the 16 SNPSTR markers conforming to HWE, a POI of 4.4 * 107 was
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achieved. Although this study comprised only 10 individuals, for most
loci more than 7 alleles were present. This is likely due to the higher
variability of SNPSTR markers as compared to STRs. The fixation index
(0.066) indicates no inbreeding between individuals. Given that the
number of mature individuals of A. noctua amounts to five to ten million
globally [25], the attained POIs will be more than sufficient, both for the
SNPSTRs and the length-based analysis. However, the improved POI of
SNPSTRs as compared to length-based analysis may be beneficial in
cases of partial profiles e.g. due to sample degradation. Our study thus
shows that using SNPSTR markers for A. noctua even a small population
database can provide a sufficient POL. Thanks to the high POI, the
SNPSTR set can also be used as a tool for forensic identity testing, e.g. in
casework on thefts from zoos and animal parks. Such thefts have been
recorded with increasing frequency in recent years [56]. Required
reference samples can usually be obtained from materials (such as
feathers) provided by the animals’ caretakers or from previous veteri-
nary examinations. Apart from zoo thefts, SNPSTR analysis can be
applied to effectively connect crime scenes (e.g. a poached nest) to
seized animals, as well as in other casework scenarios involving identity
proving in IWT.

It could be argued that AthNoc25 does not constitute a SNPSTR
marker proper since the SNP consists of a deletion rather than a sub-
stitution. However, some sources also consider single base pair in-
sertions and deletions as SNPs (e.g. [57]) because their information
value is comparable and relevant for forensic analysis. Therefore, we
chose to include AthNoc25 in our set of SNPSTR markers. Furthermore,
the relatively high presence of InDels (found in a fifth of our analysed
markers), indicates another advantage of our method over traditional
non-sequencing detection techniques: InDels in close proximity to the
STRs can easily confound results in purely fragment length-based anal-
ysis. For example, the 4 bp InDel (equal in length to the STR repeat) in
AthNoc30 (see Appendix Table A2) is located outside the repeat region.
Several studies have also found such types of InDels in forensic human
STRs (e.g. [37,58,59]).

The underlying dataset of this study is too small to assess the rela-
tionship between the STR motifs and flanking SNPs, but previous studies
analysing flanking regions of STRs state that the mutation rate of the
flanking region depends on the STR motif (e.g. [60-62]) as well as the
STR length (e.g. [62,63]).

As can be seen in Fig. 2, analytically combining SNPs and STRs
provides insight into the possible temporal order of mutation events and
can be used to infer the relative age of SNPSTR haplotypes, based on the
much higher propensity for replication slippage mutations of STRs than
point mutations. For example for AthNoc29 haplotype
13b_236T>C_272 T > C seems to be younger than 12b_236 T > C since
the haplotype 12b_236T>C_272T>C was also identified. Therefore, the
SNP event likely occurred earlier than the STR mutation. The same
might be true for 11.3.146A>G and 13.3_146A>G where the latter
seems to be younger since 11.3 was also found. Here, a double-step
mutation from 11.3.146A>G to 13.3.146A>G would also be a
possible explanation; however, over 90% of the recorded STR mutations
are single-step slippage events [64,65]. STR repeat unit loss is also an
explanation model: It is possible that the 272 T > C SNP occurred after
13b_236T>C since haplotype 13b_236T>C_272T>C was identified and
then a mutation with the loss of one repeat could have occurred resulting
in 12b_236T>C_272T>C. In the event of 12.3_162G>A likely the STR
mutation occurred before the SNP mutation, as the haplotype 12.3 was
also sampled. However, more sampling would be required to be able to
delineate which of the changes, the STR motif mutation or the 236 T > C
occurred earlier. Nevertheless, it can be stated that overall, even the
relatively small number of only 11 sampled haplotypes gave a promising
insight into the genetic history of AthNoc29. The fact that a SNP can
provide insights into the evolutionary history of a linked STR and vice
versa has also been demonstrated by Ramakrishnan and Mountain. Their
study for the estimation of divergence time showed that the analysis of
20 SNPSTR markers was more accurate and less biased than that of 100
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STR loci [66]. Therefore, Fig. 2 not only demonstrates the higher power
of resolution of SNPSTR markers compared to STRs alone, but also the
potential of SNPSTR markers for genetic history applications in wildlife
forensics. It is conceivable that SNPSTR markers could be used to
distinguish populations more accurately and, conversely, to assign un-
known samples to their population origin (e.g. [67]). This would be
particularly interesting if all the markers could be analysed in combi-
nation using appropriate software. In addition, populations and species
might be analysed and assessed using SNPSTR markers, thus providing
also the basis for conservation legislation.

Klein et al. identified 15 polymorphic STR markers in barn owls (Tyto
alba). Seven of these markers also showed polymorphy in A. noctua [68].
Here, amplification success of the A. noctua markers has been observed
for another owl species but not for Australaves (Appendix Figure Al). It
therefore appears that at least some of the SNPSTR markers we devel-
oped for A. noctua will also amplify in other Strigidae or even Strigi-
formes species and may show variation, potentially even species-specific
SNP or STR alleles. However, due to e.g. primer binding site mutations
undetected null alleles might occur, therefore validation studies have to
be done before transfering the SNPSTR markers to another species.
Nevertheless, the transferability of an established molecular marker set
is particularly important in wildlife forensics. Since 1999, more than
5000 animal species have been seized worldwide in connection with
IWT [69]. However, genetic tools exist for only a fraction of these spe-
cies, so the transferability of established markers would save valuable
time and resources in the fight against IWT. Future studies may shed
light on the applicability of the same SNPSTR markers in related species,
the possibility of species identification using SNPSTR marker sets, and
the possibility of population-specific and therefore population analyses
based on SNPSTR markers. However, further validation studies and, in
particular, larger data sets are needed for this.

In summary, despite focusing on a small population cohort, this
study identified a versatile SNPSTR marker set for A. noctua. While for
forensic purposes, larger sample sizes seem generally preferable, in
wildlife forensic practice, it is often impossible to compile large datasets.
Our study thus proves that even only ten samples can be sufficient to
identify variable SNPSTR markers for forensic testing.

4.2. Parentage testing

As the probability of parentage exclusion with 20 SNPSTR markers
reached > 0.9999 (Table 2), the presented SNPSTR set can be used for
parentage or kinship testing and thus reveal captive-bred vs. wild origin
of traded owls. This is also shown exemplarily in the comparison of the
genotypes of a family and an unrelated individual (Table 3). Here, the
unrelated individual shows it cannot be an offspring of the tested parents
in accordance with the Mendelian inheritance rules due to alleles of 15
markers that cannot be found in the respective genotypes (all except
AthNoc8, AthNocl2, AthNoc14, AthNoc21, and AthNoc28). Again, the
higher resolution of SNPSTRs becomes apparent, as a pure STR analysis
would yield only 10 markers that were inconsistent with parentage. This
would still be enough for exclusion but in challenging cases, like
degraded material (leading to loss of certain alleles or loci), absence of
one parent, or other scenarios the higher power of the SNPSTRs could
make a significant difference. The combined likelihood ratios for the
parents were in the order of 10*-10° when the other parent was not
available and 10°-10” when the other parent was available (Appendix
Table A5). For comparison, the combined likelihood ratios using only
the length-based alleles of the loci considered were in the order of 10*
when the other parent was not available and 10° when the other parent
was available (Appendix Table A5). Although these pure length-based
values would already be convincing, the SNPSTR-based values provide
greater certainty, which could be particularly important if individual
loci fail, e.g. in the case of degraded DNA. However, for these calcula-
tions several SNPSTR loci could not be taken into account, because their
alleles were not recorded in the ten samples used to establish the
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database and thus respective allele frequencies were unknown. There-
fore, we also chose to calculate these specific loci on the basis of frag-
ment length allele frequencies and yielded combined likelihood ratios in
magnitudes of 10° and 107-108, respectively. Even when only length-
based alleles were considered for all loci, the combined likelihood ra-
tios were in the order of 10° and 10°-107 (Appendix Table A5). There-
fore, although more loci were available for the pure length-based
calculation, the magnitude was the same or lower than for calculations
including SNPSTR and length-based alleles, again demonstrating the
greater certainty provided by SNPSTRs. However, the inclusion of more
SNPSTR alleles (through SNPSTR allele frequencies due to more sam-
pling) would certainly increase the likelihood ratios. For comparison, in
human paternity testing, combined likelihood ratios of > 10* are typi-
caly considered as supporting an alleged paternity [70]. As the assess-
ment of origin (captive-bred or wild-caught) is a major issue for
authorities and experts in illegal bird trade [71], SNPSTR sets provide a
viable solution to this challenge.

According to CITES, only second-generation and subsequent
offspring from breeding facilities can be traded under the term “captive-
bred” [72]. A certification based on SNPSTR markers could therefore
effectively prove parentage in breeding lines. This would establish
confidence in lawful breeders and would routinely detect wild-caught
animals, which are usually poached opportunistically, implying that
their genotypes will not be directly related to alleged parents. An
additional advantage would be that routine genetic testing allows for
early detection of signs of inbreeding and could thus reduce legal takings
from the wild to augment breeding populations [73].

Although not observed within the data presented in this study, it is
possible that a germline mutation occurs, especially given the high
slippage mutation rate of STRs. For example, SE33, one of the most
informative STR markers in human forensics [74], has a mutation rate of
1.7% [64]. In this context, SNPSTR markers bear a further advantage: In
case of a slippage mutation of the STR, the SNP will still remain un-
changed and vice versa, therefore the combination of both within one
marker can be used to reveal a genealogical relationship even in case of a
germline mutation of the STR part. This could also simplify the practice
of Recommendation #9 of the ISFG regarding the use of non-human
(animal) DNA in forensic genetic investigations [38] due to the verifi-
cation by the other, combined variation.

4.3. Outlook on the usage of SNPSTR markers in wildlife forensics

Besides the advantages of SNPSTRs already mentioned, there are
several others, such as the analysis of DNA mixtures. As SNPSTRs
combine SNPs with STRs, mixture analysis would still be possible in
contrast to biallelic SNPs where this is not the case. A study conducted
by Tan et al. showed that the analysis of extremely unbalanced DNA
mixtures is immensely improved by SNPSTR markers [22]. Moreover,
SNPSTR markers would enhance the existing STR databases with addi-
tional information. One concern against a shift in a marker system is that
prior investments into databases might be rendered obsolete, as would
be the case for a shift from STRs to SNPs [75]. However, if future
SNPSTR studies, like the current study, follow ISFG recommendations
on minimal nomenclature requirements to ensure backward compati-
bility and comparison with existing STRs [37], SNPSTR markers can be
used on existing STR databases. Furthermore, with the increasing use of
MPS, many standard STRs will possibly turn out to actually represent
SNPSTRs. Previous studies estimated that 25-50% of all human STRs
bear the possibility to be SNPSTRs [19,66], and Agrafioti and Stumpf
found bioinformatically over 600,000 SNPSTRs in humans, more than
800,000 in mice, and 250,000 in dogs [76].

Although the full extent of the SNPSTR markers used in this study
can only be achieved by sequencing, SNPSTR markers can also be ana-
lysed by CE. CE is currently the standard method in forensic labora-
tories. SNP-specific primers as shown in Mountain et al. would be a
compromise between MPS and CE. However, allelic ladders would be
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required for a valid CE analysis, and product sizes need to be considered,
as multiplexing in CE is more limited than in MPS. Nevertheless,
approximately 46% of European forensic genetics laboratories already
possess a MPS system and over 26% plan to install one in their labora-
tory [77]. Despite the higher costs, it is therefore likely that the use of
MPS systems will increase in the future, also as predicted by the ISFG
[371, not least because the cost of sequencing has fallen significantly
over the last two decades [78]. However, during the transition phase,
SNPSTRs make sense in light of the compatibility between length-based
STR databases and sequenced alleles, thus forensic practitioners work-
ing exclusively with STRs can still use SNPSTRs for their STR workflow.

5. Conclusion

Shepherd et al. [12] proposed owls should be ranked with a higher
protection status, which would also direct more attention from law
enforcement agencies. As demonstrated in this proof of concept study, a
versatile tool for authorities to reveal IWT in A. noctua now exists. Using
our set of SNPSTRs, individual identification, as well as parentage
exclusion, can be proven with high levels of confidence despite a small
dataset. Moreover, a deeper insight into the evolutionary history of a
marker is also possible due to the combination of the two variation types
within a SNPSTR. Given the fact that MPS technologies are on the rise,
SNPSTR markers might be the tool of the future as they provide more
information but still ensure backward compatibility with possibly
existing STRs.

Within the FOGS project (Forensic Genetics for Species Protection;
https://fogs-portal.de/en), we are establishing a database of SNPSTR
sets for dozens of vertebrate species relevant to IWT. The database will
be freely available to authorities, laboratories, and institutions and thus
can be used e.g. to confirm or refute the legal origin of traded animals
and should, we hope, help to prevent IWT.
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