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Evaluation of mtDNA analysis as a
screening method prior to
individual identification by short
tandem repeat analysis of sika
deer (Cervus nippon) for illegal
disposal of hunting in Japan

Aki Tanaka*, Reina Ueda, Chihiro Udagawa, Toshinori Omi,
Yuko Kihara and Shin-ichi Hayama

Department of Veterinary Medicine, Nippon Veterinary and Life Science University, Musashinoshi,
Tokyo, Japan

The sika deer (Cervus nippon) is subject to controlled abatements Japan, and in
many areas hunters are subsidized by submitting tails from the dead deer. The
carcasses must be properly disposed of after the tails are removed, and abandoning
culled animals in the field is strictly prohibited by law. However, it has become an
increasing legal problem that carcasses are left behind without proper disposal. In
such cases, individual identification by DNA analysis has been considered useful
to identify the culled animals and the suspects who abandoned the carcasses,
and to provide scientific evidence for criminal investigations. In this study, the
mtDNA D-loop region was analyzed in Sika deer using 285 deer samples with the
aim of evaluating the capability of mtDNA markers as a screening method prior
to performing individual identification by short tandem repeat analysis. Haplotype
data obtained from 283 samples, excluding those with confirmed heteroplasmy,
were used to calculate probability of random match, power to exclude, and
genetic diversity. Twenty-three haplotypes were detected in 285 Japanese deer
from the same local population, with mutations in the tandem repeat sequence
and 48 different sites. The exclusion probability was 79.9%. The results suggested
that mtDNA analysis provided moderate identification capability for screening.
mtDNA analysis has proven to be a useful robust analysis in wildlife forensics when
the samples were decayed and there were time and resource limitations, and is
expected to be applied to solve illegal disposal of animal carcasses.
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Introduction

Wildlife forensics is the application of scientific disciplines to enforce laws and solve illegal
problems involving wildlife, and consists of taxonomy, pathology, molecular biology,
biochemistry, genetics and toxicology (1). In addition to evidence collection and the
prosecution of wildlife crimes, veterinary forensic science contributes to a wide range of
wildlife-related issues, such as monitoring environmental change and investigating
epidemiology of disease (1). In many cases of suspected wildlife crime, unlike human cases,
there is no “victim” to provide information for the investigation. Therefore, wildlife forensics
technique play important role in wildlife crimes by connecting the suspect, victim and crime
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scene with trace and degraded physical evidence recovered from the
crime scene (2).

Morphological, isotopic and DNA analyses are used to identify
evidence (3). Of these, DNA evidence is particularly important for
evidence of wildlife origin, which is often already degraded, decayed
or morphologically unidentifiable (4). Development and application
of DNA analysis techniques to provide evidence applicable in wildlife
crime investigations, commonly referred to as ‘wildlife DNA
identification] has long been recognized, but is now gaining more
attention as an important discipline (5).

Sika deer (Cervus nippon) is a large wild mammal widely
distributed throughout East Asia (6). Its distribution in Japan has been
fragmented by human activities: since the mid-19th century, habitat
fragmentation, overhunting and several severe winters have led to the
extinction of many local populations and a sharp decline in their
numbers (7). After the Second World War, the ‘Hunting Law’ was
amended into the ‘Law on the Protection of Birds and Animals and
Hunting’ and the hunting of female deer was banned from 1948.
Although the hunting ban was lifted in some areas in 1994, a policy of
protection was in place until 2007. As a result, sika deer population
increased, especially in northern and central mainland, and its range
expanded rapidly (8, 9).

Various problems such as damage to forestry, agriculture and
vegetation have been reported in various areas in Japan due to the
increase in the sika deer population, and most prefectures are
managing the populations based on Type II Specified Birds and
Wild Animals Management Plans (10), [Ministry of the
Environment: Results of Population Estimates of Japanese Deer and
Wild Boar Nationwide (2023).  https://www.env.go.jp/
press/110760_00001.htm!l confirmed on 12 June 2023]. To
encourage such population management, subsidies are provided in
many areas to those who hunted the sika deer by submitting the tail
to the local government.

Culled animal carcasses must be handled properly, and it is
forbidden to leave behind in the field. However, there have been
increasing cases in Japan where culled animal carcasses had been
abandoned without proper disposal and this has become a serious
legal issue. Investigation of such cases, determining the genotypes of
the tails submitted to the government at the time of capture and of the
abandoned individuals, and investigating whether there are identical
individuals that match, will provide beneficial scientific evidence for
the crime investigation and lead to the deterrence of the crime.
Individual identification through DNA analysis is therefore required
and crucial to solve these cases.

mtDNA analysis has attracted attention in forensic science
because of its potential to provide valuable results from samples for
which complete and reliable nuclear DNA results cannot be obtained
(11-13). In cats, mtDNA analysis has proven to be useful for
individual identification when STR analysis was not possible (14).
mtDNA can be isolated from skin, hair shaft, ivory, feathers, scales,
horns, etc. (12, 13) and is widely used in wildlife forensics due to its
feasibility of isolation (14). In addition, because many of the samples
collected for wildlife forensics are highly degraded, the success rate
of nuclear DNA amplification may be lower than mtDNA, making
mtDNA potentially the only DNA analysis that can be used for
individual identification (15, 16). The use of mtDNA in wildlife
forensics is widespread because of its abundance in samples where
nuclear DNA may be degraded and highly processed, and because of

Frontiers in Veterinary Science

10.3389/fvets.2025.1599909

the reduced time required for method development (17). However,
mtDNA alone has limitations for individual identification because it
is maternally inherited, leading to a lack of differentiation between
siblings or closely related individuals from the same maternal lineage
(18). mtDNA is inherited maternally, which does not provide the
same level of individual specificity as nuclear DNA, but could be used
when samples are too degraded for short tandem repeat (STR)
analysis (19).

The D-loop region, located within the regulatory region (CR) of
mtDNA, is the largest non-coding part of the molecule and is prone
to conserved base substitutions and shows a high rate of evolution (9).
The D-loop region is the most appropriate region to screen for
mutations for individual identification (20, 21). In humans, this region
has been found to be highly polymorphic and is adopted in individual
identification (21-23). In sika deer, the D-loop region of mtDNA has
been used in several studies aimed at revealing the genetic structure
of multiple local populations (7, 24-28). The D-loop region of sika
deer mtDNA is approximately 1,100 bp (7), and many studies have
used a portion of this region for analysis. However, analysis of the
entire D-loop region may provide new insights into the genetic
diversity of deer. In addition, the D-loop region of the sika deer
contains a tandem repeat sequence consisting of approximately
37-40 bp of similar sequences (24, 29), and analysis of this region may
provide additional information on the sika deer mtDNA
D-loop region.

According to the guidelines for mtDNA typing recommended by
the DNA Committee of the International Society of Legal Genetics,
sequencing of the entire CR is necessary to obtain the most reliable
results (11, 30). However, sample quality often makes it impossible to
amplify the entire CR using just forward and reverse primers. In
wildlife forensics, the quality of DNA extracted from decaying animals
is often low, which makes amplification of large DNA fragments
difficult. The ISFG guidelines state that reported mtDNA sequences
should be based on multiple sequence data, including forward and
reverse primers whenever possible (31). If sequencing with forward
and reverse primers was not possible, multiple sequence data obtained
from the same DNA strand with different primers should be used.
Therefore, it may be possible to construct more reliable data on the
entire mtDNA D-loop region of sika deer by sequencing from both
directions using multiple primer.

If the mtDNA haplotypes of evidence samples and individual
match in individual identification, the following could be considered:
(1) they belong to the individual thought to have provided the
evidence; (2) they belong to the same maternal lineage as the
individual thought to have provided the evidence; or (3) the mtDNA
of the evidence is a match to that of the individual thought to have
provided the evidence. Because estimates of DNA mutation rates for
mtDNA CR vary between species (32, 33), the discriminatory power
of mtDNA CR may be higher or lower in different species. Studies
evaluating such discriminatory power for the sika deer in Japan are
scarce. Therefore, it is necessary to evaluate the discriminatory power
of the mtDNA CRs of the sika deer before reporting. Since mtDNA
haplotypes may match in many maternally related individuals, the
discriminatory power depends not only on sequence diversity, but also
on the size of the geographically related genetic database (34).
Therefore, databases should be constructed for each regional
population. However, there are no studies that have conducted
mtDNA  haplotype individual

database construction with
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identification or evaluated individual identification ability by statistical
analysis in sika deer.

When conducting DNA analysis of sika deer, one important factor
to consider is the decline in genetic diversity. Sika deer have
experienced a population bottleneck due to a drastic decrease in their
numbers (35). A bottleneck occurs when a population undergoes a
significant reduction in size due to factors such as overhunting, habitat
loss caused by economic development, or habitat fragmentation,
leading to reduced genetic diversity and lower levels of gene flow
(35-38). Since bottlenecks diminish genetic diversity, it is crucial to
account for their effects even if the current population size is large.
Additionally, habitat fragmentation can lead to genetic differentiation
among local populations (25, 26, 39), and previous studies have
reported that the genetic structure of sika deer varies among regional
populations (24, 35, 40).

The purpose of this study was to conduct DNA identification at
the request of the law enforcement to determine the genotypes of tails
of sika deer surrendered to the government and abandoned carcasses,
and to evaluate as screening method prior to STR analysis for identical
individuals that match.

DNA analysis in wildlife forensics requires the use of appropriate
markers for the species under investigation. Since there are differences
in genetic structure among regional populations, verification of the
availability of markers for each assessment is inevitable. However,
there are few studies in Japan that have verified the usefulness of
markers and constructed databases for application to wildlife DNA
analysis. Therefore, in this study, we analyzed the D-loop region, an
mtDNA CR, with the aim of constructing a database of mtDNA
haplotypes of sika deer in local population, and, at the same time,
we evaluated the individual identification ability of this region and
examined its application for wildlife forensics.

Materials and methods
Samples

A total of 283 tails and two lower jaw samples from a total of 285
sika deer were submitted to the university by the law enforcement in
April 2022. Muscle fragments were collected with a scalpel and frozen
at —30°C until DNA extraction.

DNA extraction

DNA was extracted from 25 mg muscle pieces to a final yield of
100 pL using a DNA extraction kit (DNeasy Blood & Tissue Kit,
Qiagen, Venlo, The Netherlands) according to protocol. NanoDrop
Lite (Thermo Fisher Scientific Inc., Walthman, MA, USA) was used to
measure DNA concentration and purity. The extraction products were
stored at —20°C until polymerase chain reaction (PCR).

Amplification of the sika deer mtDNA
D-loop region by PCR

Until March 2022, PCR was performed following the GoTaq®
Colorless Master Mix protocol (Promega, Madison, WI, USA), with a
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reaction mixture of 25 pL containing 2 x GoTaq® Colorless 1 x Master
Mix, 0.4 pM of each primer, less than 250 ng of template DNA per
25 pL, and distilled water. The PCR conditions included an initial
denaturation at 95°C for 15 min, followed by 32 cycles of denaturation
at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for
1 min, with a final extension at 72°C for 5 min.

From April 2023 onward, PCR was conducted using the KOD FX
Neo polymerase (TOYOBO Co., Ltd., Osaka, Japan) with a reaction
mixture of 25 pL containing 1 x PCR Buffer for KOD FX Neo, 0.4 mM
dNTPs, 0.3 pM of each primer, less than 100 ng of template DNA per
25puL, 1U/25pL KOD FX Neo, and distilled water. The PCR
conditions consisted of an initial denaturation at 94°C for 2 min,
followed by 30 cycles of denaturation at 98°C for 10 s, annealing at
57°C for 30 s, and extension at 68°C for 1 min.

PCR products were subjected to electrophoresis on a 1.5% agarose
gel for 20-25 min (1 x TAE buffer [Promega, Madison, WI, USA],
Loading Buffer [Nippon Gene, Japan]) at 100 V/cm using a Mupid-
2plus electrophoresis system (TaKaRa Co., Ltd., Japan). After
electrophoresis, the gel was stained with ethidium bromide (EtBr,
Nippon Gene, Japan) for 15min, and band amplification was
confirmed under UV illumination.

Sequencing by direct sequencing

The amplified PCR products were purified according to protocol
using ExoSAP-IT Express (Thermo Fisher Scientific Inc., USA). The
purified products were sequenced by direct sequencing by Eurofin
Genomics Inc. Eight primers were used for direct sequencing, which
were prepared according to the reports of Nagata and colleagues (7),
Nabata and colleagues (41) and Yoshio and colleagues (25) (Table 1).

The resulting sequences were multiple aligned using MEGA7.0
(42), and haplotypes were classified using GENETYX Ver. 12
(GENETYX Co., Tokyo, Japan).

TABLE 1 Primers used for analysis of sika deer (n = 283) mtDNA D-loop
region.

Primer ‘ Sequence ‘ Reference

L15926 5'-CTAATACACCAGTCTTGTAAACC-3' Nagata et al.
(1998) (7)
H597 5 AGGCATTTTCAGTGCCTTGCTTTG-3 | Nagataetal
(1998) (7)
LD5 5"-AAGCCATAGCCCCACTATCAA-3’ Nagata et al
(1998) (7)
HD8 5" TTGACTTAATGCGCTATGTA-3' Nagata et al.
(1998) (7)
HD2 5-CCTGAAAAAGAACCAGATG-3’ Nagata et al.
(1998) (7)
LD15 5 TATATGCCCCATGCTTATAAGC-3’ Nagata et al.
(2004) (41)
HD2R 5-CATCTGGTTCTTTTTTCAGG-3’ Yoshio etal.
(2008) (25)
HD6R Yoshio et al.

5-GCAGTCAATGGTCACAGGAC-3’
(2008) (25)

frontiersin.org


https://doi.org/10.3389/fvets.2025.1599909
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Tanaka et al.

Statistical analysis

Haplotype data obtained from 283 samples, excluding those with
confirmed heteroplasmy, were used to calculate the probability of
random match, the power of exclusion, and the genetic diversity using
the following formulae: The formula for the probability of random
match was [P = £X{’], the formula for the power of exclusion was
[PD=1 -XX?], and the formula for the genetic diversity was
[h=n(1-ZX?)/ (n-1)]. (i: haplotype number, X; i-th haplotype
frequency, n: number of individuals) (43, 44).

Ethics statement

Ethical approval for this study was obtained from Institutional
Animal Care and Use Committee (approval number: 2024 K-29).

Results

PCR amplification of the D-loop region of
sika deer mtDNA

In this study, PCR was performed on the D-loop region, a
particularly highly polymorphic region of mtDNA, and PCR
amplification yielded a clean single band at the expected position of
approximately 1,000 to 1,200 bp (1,013 to 1,206 bp) for 283 sika deer
samples (62).

Direct sequencing was then performed using the primers listed in
Table 1 to determine the nucleotide sequence, and from all 285
samples a sequence of 1,013-1,206 bp including tandem repeat
sequences was determined.

Haplotype detection

Among the 1,013-1,206 bp sequenced in this study, mutations
were found in the tandem repeat haplotype and 48 other sites, and 23
haplotypes were detected in the entire population (285 animals)
(Table 2). The minimum number of mutation sites was one (haplotype
b) and the maximum was 32 (haplotype n-2). Two samples showed
heteroplasmy and were excluded from further analysis.

The most predominant haplotype was haplotype 1-1 with a
frequency of 34.6% (n = 98). This was followed by haplotype k-2
(20.8%, n=59) and haplotype h-2 (16.3%, n=46). Fourteen
haplotypes, including haplotype a and haplotype b, were rare
haplotypes detected in only one to two samples. The mutation sites of
the 22 haplotypes detected in 283 deer were summarized in
Supplementary Table 1 (63).

In this study, tandem repeat sequences were detected from base
167 to base 516 and 11 tandem repeat haplotypes were detected
(Table 3) (64). Five of these (TD-15, TD-4, TD-6, TD-2 and TD-9)
were consistent with the tandem repeat haplotypes reported by Hata
and colleagues (45). Six other types were newly discovered in this
study. The number of tandem repeats ranged from four to nine.

Nineteen repeat unit sequences were detected in this study. The
list of repeat unit mutation sites was summarized in
Supplementary Table 2: seven (al, d1, d5, el, d8, f3, f4) matched the
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TABLE 2 Number of samples (n) and frequency of occurrence (%) of 22
haplotypes detected in 283 sika deer submitted in April 2022, Japan.

Haplotype n Frequency (%)
a 2 0.7
b 1 0.4
c-1 2 0.7
-2 1 0.4
d 1 0.4
e 3 1.1
f 3 1.1
g 2 0.7
h-1 1 0.4
h-2 46 16.3
h-3 1 0.4
h-4 2 0.7
i 1 0.4
j 2 0.7
k-1 18 6.4
k-2 59 20.8
k-3 1 0.4
1-1 98 34.6
12 8 2.8
13 1 0.4
m 1 0.4
n-1 9 32
n-2 20 7.1
Total 283 100

sequences reported by Nagata and colleagues (24) and eight (n2, n4,
n3, nl, n7, n10, n13, n5) matched those reported by Hata and
colleagues (45). The other sequences were newly detected in this study.

NCBI BLAST search results did not reveal any complete haplotype
matches. When partial sequence matches were examined, the partial
sequence of haplotype c-1 and haplotype c-2 (1,019 bp) matched
CN-4 (46), the partial sequence of haplotype h-3 (1,053 bp) matched
CN-1 (46), and the partial sequence of haplotype h-4 (1,083 bp)
matched Szo6 [Tamate unpublished].

Statistical analysis

In this study, statistical analysis was performed using data from
283 samples, excluding 2 samples in which heteroplasmy was detected.
The results showed that the random match probability was 20.1%, the
exclusion power was 79.9% and the genetic diversity was 0.8016.
Discussion

It has been reported that sika deer have reduced genetic diversity

due to the effects of local bottlenecks (7, 25, 28). In many previous
studies analyzing the sika deer mtDNA D-loop region, often
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TABLE 3 Eleven tandem repeat haplotypes detected in 283 two-tailed deer submitted in April 2022, Japan.

Tandem repeat

Repeat units

haplotypes Sth

TD-15 al d1 el n7 nl3 ds d8 ds8
S-2 al d1 n4 3 n5 ds s3 ds
S-3 al d1 el n7 nl3 nl3 ds ds
S-4 al d1 el n7 nl3 ds ds

TD-4 al dl el nl d8 ds d8

TD-6 al d1 el nl ds ds n5

S-5 al d1 n4 3 d8 s4 d8

S-6 al d1 n4 3 d8 ds

TD-2 al di1 el nl ds ds

TD-9 n2 ds n3 f4

performed excluding the tandem repeat region, but due to the effects
of such bottlenecks, the number of mtDNA haplotypes detected in
sika deer was relatively low, ranging from 4 to 13 (25, 26). In a previous
study that included the tandem repeat region in its analysis, the
number of haplotypes detected was 16 (45). However, in this study, a
relatively large number of haplotypes (23 types) were detected.
Possible reasons for this included the inclusion of the tandem repeat
region in the analysis and regional differences in the effects of the
population bottleneck.

In this study, 11 tandem repeat haplotypes were detected, and the
number of tandem repeats ranged from four to nine. The number of
tandem repeats differed between the southern and northern
populations bordering Hyogo Prefecture, with the southern
population having five or fewer repeats and the northern population
having six or more repeats (24, 29). However, a mixture of haplotypes
with characteristics of each of the southern and northern populations
has been observed in the regional populations of the Kinki region
(24), eastern Shikoku (29), southern Kanto (26) and Toyama
Prefecture (47), and the results of this study were similar. Since the
same local population was studied in this study, artificial introgression
of individuals of same bloodline and resulting hybridization between
the two populations were suggested. Although previous studies
analyzing population structure have considered the number of
tandem repeats, very few studies have gone as far as identifying
tandem repeat haplotypes. In this study, tandem repeat haplotypes
was identified and, similar to previous studies that have identified
some tandem repeat haplotypes (24, 45), the tandem repeat region
showed a particularly high mutation rate in the D-loop region. It was
considered that this high mutation rate contributed to a more detailed
classification of the haplotypes. In fact, excluding the tandem repeat
sequences, the number of haplotypes in the populations studied in
this study was 16. Therefore, when mtDNA analysis was used to
identify individual sika deer, it was expected that the identification
power would be increased by including tandem repeat haplotypes in
the analysis.

The large number of haplotypes detected compared to previous
studies suggests that the degree of reduction in genetic diversity due
to bottlenecks depends on the extent and duration of bottlenecks in
each local population. Particularly, in wild animals, gene flow can
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occur between neighboring local populations (26), which can reduce
the impact of bottlenecks. Therefore, it was considered that when
using mtDNA haplotypes to identify individuals, the mtDNA
haplotype composition of each local population should be examined
for each analysis, considering the locality to which the evidential
sample belongs.

In this study, statistical analyses were conducted to evaluate the
identification power of the sika deer by mtDNA analysis. The results
showed that the random match probability was 20.1%, the exclusion
power was 79.9%, and the genetic diversity was 0.8016. The exclusion
capacity of 79.9% means that approximately 8 out of 10 randomly
selected animals can be excluded as possibly being the same
individual, and this dataset can be used to correctly exclude
approximately 80 out of 100 animals unrelated to the forensic
evidence sample as the source of the evidence sample.

In a previous study using haplotype diversity calculated with the
same formula as the genetic diversity in this study, the haplotype
diversity in a study examining the entire mtDNA genome of 287 deer
from China, Russia and Japan was 0.9358 (48). The haplotype
diversity in a study examining the mtDNA D-loop region of 171 deer
was 0.916 for the southern population and 0.623 for the northern
population, suggesting that the northern population has lower
genetic diversity than the southern population (49). Although only
one regional population was analyzed in this study, genetic diversity
could be higher if several regional populations were analyzed
together, as in the previous studies mentioned above. In this study,
two haplotypes, haplotype n-1 and haplotype n-2, were characterized
by the southern population and about 90% of the haplotypes were
characterized by the northern population. The fact that many
haplotypes with characteristics of northern populations with low
genetic diversity were detected suggests that the value of genetic
diversity was relatively low.

In previous study, the random match probability and haplotype
diversity of Japanese mtDNA are 0.4% and 0.9969, respectively
(22). For dogs and cats, where the usefulness of individual
identification by mtDNA has been demonstrated, the random
match probability and genetic diversity of canine mtDNA are 7.5%
and 0.929, respectively (50), while the random match probability
and genetic diversity of feline mtDNA are 14.1% and 0.9969,
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respectively (51). The probability and haplotype diversity of feline
mtDNA are 14.1% and 0.8767, respectively (52). Both have a lower
random match probability and higher genetic diversity compared
to sika deer. The human mtDNA haplotype is thought to have
diverged more than 150,000 years ago (27), the ancestors of
domestic dogs diverged from wolves 100,000 years ago (53), and
cats are thought to have diverged from five mitochondrial lineages
that arose approximately 9,000 years ago (54). The probability of a
random match and the level of genetic diversity are influenced by
the divergence history of these mtDNA haplotypes. Compared
with humans, dogs, and cats, a shorter divergence history
corresponds to a higher probability of a random match and
reduced genetic diversity. As many local populations of sika deer
have been extinct since the mid-19th century (8), the increase in
sika deer populations and subsequent increase in mtDNA
haplotype divergence is likely to be more recent.

Compared to humans, dogs and cats, where mtDNA analysis has
proven to be beneficial, the statistical values in this study indicated
that it was not sufficient to correctly identify specimens in sika deer.
However, they demonstrated sufficient utility as exclusionary evidence
and, with the accumulation of further research data, may prove useful
in the identification of individuals in the forensic veterinary study of
sika deer. In addition to its use as a means of exclusion, this study
proved that mtDNA analysis is a powerful tool for screening prior to
performing STR analysis, especially when there is limitation in time
and resource. In the past, a case was reported in which mtDNA and
STR analysis were combined to develop a DNA test for individual
identification of North Pacific minke whales sold in the Korean
market (55).

DNA identification in wildlife forensics contributes to the
identification of evidence in wildlife crimes and the prosecution of
wildlife crimes, and genetic markers have now been developed and
databases established to implement individual identification in
various animal species. In Japan, most prefectures have implemented
population control of sika under the Type II Specified Bird and
Wildlife Management Plan due to the recent population increase, but
there have been increasing cases where captured deer have been
abandoned without proper disposal. This study was the first to
evaluate the availability of mtDNA analysis for identification of sika
deer in Japan and the results suggested that mtDNA analysis provided
effective tool as screening and exclusion when there were large
number of samples that needed to be analyzed within certain limit of
time and resource, and when the samples were decayed, which is
common in wildlife forensic cases. mtDNA analysis is proven to
be beneficial in wildlife forensics and expected to be applied to solve
legal problem involving wildlife such as illegal disposal of animal
carcasses. Illegal disposal is a global issue involving not only domestic
animals but also wildlife such as roe deer (Capreolus capreolus) and
wild boars (Sus scrofa), often causing health concerns due to
scavenging phenomena and the transmission of infectious agents and
parasites. Such practices can facilitate the spread of zoonotic diseases,
including tuberculosis and trichinellosis, particularly when carcasses
are accessible to both wildlife and domestic animals (56-58).
Moreover, the persistence of carcasses in the environment may alter
local scavenger community dynamics and increase interspecies
contact rates, further amplifying the risk of pathogen spillover (59).
Addressing illegal disposal therefore requires not only enforcement
of existing regulations but also coordinated surveillance and public
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awareness campaigns to mitigate both ecological and public
health consequences.

Limitations of the study

Although a large number of haplotypes were detected in this
study, the major haplotypes, haplotype 1-1, haplotype k-2 and
haplotype h-2, together accounted for a high percentage,
approximately 72%, and this frequency bias may have affected
statistical values. A possible reason for this frequency bias could
be that the tails submitted to the local government were randomly
collected from the same local populations, which may have biased the
number of maternally related individuals.

Randomly collected samples may contain many maternally
related individuals, and it has been reported that a bias towards
maternally related individuals generally reduces the genetic diversity
of population samples (60). It is also possible that in small population
samples the bias of maternally related individuals may increase the
frequency of particularly rare haplotypes (61). The results of the
BLAST search showed that most of the haplotypes were novel, with
the major haplotypes, haplotype 1-1, haplotype k-2 and haplotype
h-2, also being novel, suggesting that these may also be rare
haplotypes in Japan as a whole. As it is often difficult to collect
unrelated specimens in wildlife forensics, this bias towards maternally
related individuals must be considered when identifying individuals
by mtDNA analysis.

Data availability statement

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and accession
number(s) can be found in the article/Supplementary materialS1.

Ethics statement

The animal study was approved by Institutional Animal Care and
Use Committee at Nippon Veterinary and Life Science University. The
study was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

AT: Software, Writing - review & editing, Formal analysis,
Writing - original draft, Resources, Methodology, Visualization, Data
curation, Investigation, Project administration, Conceptualization,
Validation. RU: Validation, Resources, Writing - review & editing,
Methodology, Writing - original draft, Investigation, Data curation.
CU: Supervision, Writing - review & editing, Formal analysis,
Writing - original draft, Investigation, Software, Data curation,
Validation, Project administration, Visualization, Conceptualization,
Methodology. TO: Writing - original draft, Investigation, Software,
Validation, Data
Conceptualization, Writing - review & editing, Project administration,
Methodology. YK: Writing -

Visualization, Formal analysis, curation,

original draft, Investigation,

frontiersin.org


https://doi.org/10.3389/fvets.2025.1599909
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org

Tanaka et al.

Conceptualization, Visualization, Resources, Formal analysis, Data
curation, Writing - review & editing, Methodology. S-iH: Writing -
review & editing, Supervision, Data curation, Investigation,
Visualization, Conceptualization, Resources, Project administration,
Writing - original draft, Validation.

Funding

The author(s) declare that no financial support was received for
the research and/or publication of this article.

Acknowledgments

We wish to thank the timely help given by the Laboratory of
Wildlife Medicine at Nippon Veterinary and Life Science University
in analyzing the large number of samples.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

1. Gouda S, Kerry RG, Das A, Chauhan NS. Wildlife forensics: a boon for species
identification and conservation implications. Forensic Sci Int. (2020) 317:110530. doi:
10.1016/j.forsciint.2020.110530

2. Mitra I, Roy S, Haque I. Application of molecular markers in wildlife DNA forensic
investigations. ] Forensic Sci Med. (2018) 4:156-60. doi: 10.4103/jfsm.jfsm2318

3. Dawnay N, Ogden R, Wetton JH, Thorpe RS, McEwing R. Genetic data from 28
STR loci for forensic individual identification and parentage analyses in 6 bird of prey
species. Forensic Sci Int Genet. (2009) 3:¢63-9. doi: 10.1016/j.fsigen.2008.07.001

4. Poetsch M, Seefeldt S, Maschke M, Lignitz E. Analysis of microsatellite
polymorphism in red deer, roe deer, and fallow deer—possible employment in forensic
applications. Forensic Sci Int. (2001) 116:1-8. doi: 10.1016/S0379-0738(00)00337-6

5. Huffman JE, Wallace JR. Wildlife forensics: Methods and applications. Hoboken,
New Jersey, United States: John Wiley & Sons (2011).

6. Otaishi N. Taxonomy, distribution, and geographic variation in the Shika deer in
Japan. Mammalian Sci. (1986) 26:2_13-7.

7. Nagata J, Masuda R, Kaji K, Kaneko M, Yoshida M. Genetic variation and
population structure of the Japanese sika deer (Cervus nippon) in Hokkaido Island,
based on mitochondrial D-loop sequences. Mol Ecol. (1998) 7:871-7. doi:
10.1046/j.1365-294x.1998.00404.x

8. Kji K. Increase and population management of sika deer in Japan. Water Sci. (2013)
57:2-11.

9. Tamate H. Mammalian Fauna of Japan as revealed by genetic diversity: past,
present, and future. Global Environ. (2013) 18:159-67.

10. lijima H. Management of Japanese deer populations in each prefecture based on
the specified bird and wildlife management plan: current status and issues. Preserv Ecol
Res. (2018) 23:19-28.

11. Parson W, Gusmao L, Hares D, Irwin ], Mayr W, Morling N, et al. DNA
Commission of the International Society for forensic genetics: revised and extended
guidelines for mitochondrial DNA typing. Forensic Sci Int Genet. (2014) 13:134-42. doi:
10.1016/j.fsigen.2014.07.010

12. Smart U, Cihlar JC, Budowle B. International wildlife trafficking: a perspective on
the challenges and potential forensic genetics solutions. Forensic Sci Int Genet. (2021)
54:102551. doi: 10.1016/j.fsigen.2021.102551

13. Pfeiffer I, Volkel I, Taubert H, Brenig B. Forensic DNA-typing of dog hair: DNA-
extraction and PCR amplification. Forensic Sci Int. (2004) 141:149-51. doi:
10.1016/j.forsciint.2004.01.016

Frontiers in Veterinary Science

10.3389/fvets.2025.1599909

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,
including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fvets.2025.1599909/
full#supplementary-material

14. Jota Baptista C, Seixas F, Gonzalo-Orden JM, Oliveira PA. Wildlife forensic
sciences: a tool to nature conservation towards a one health approach. Forensic Sci.
(2022) 2:808-17. doi: 10.3390/forensicsci2040058

15. Arenas M, Pereira F, Oliveira M, Pinto N, Lopes AM, Gomes V, et al. Forensic
genetics and genomics: much more than just a human affair. PLoS Genet. (2017)
13:€1006960. doi: 10.1371/journal.pgen.1006960

16.Tobe SS, Linacre AM. A technique for the quantification of human and non-
human mammalian mitochondrial DNA copy number in forensic and
other mixtures. Forensic Sci Int Genet. (2008) 2:249-56. doi:
10.1016/j.fsigen.2008.03.002

17. Alacs EA, Georges A, Fitz Simmons NN, Robertson J. DNA detective: a review of
molecular approaches to wildlife forensics. Forensic Sci Med Pathol. (2010) 6:180-94.
doi: 10.1007/s12024-009-9131-7

18. Linacre A, Tobe S. Wildlife DNA analysis: Applications in forensic science. (2013).
Hoboken, New Jersey, United States: John Wiley & Sons.

19. Melton T, Holland C, Holland M. Forensic mitochondria DNA analysis: current
practice and future potential. Forensic Sci Rev. (2012) 24:101.

20. Cann RL, Stoneking M, Wilson AC. Mitochondrial DNA and human evolution.
Nature. (1987) 325:31-6. doi: 10.1038/325031a0

21. Sultana GNN, Tuli JE, Begum R, Tamang R. Mitochondrial DNA control region
variation from Bangladesh: sequence analysis for the establishment of a forensic
database. Forensic Med Anat Res. (2014) 2:95.

22.Sekiguchi K, Imaizumi K, Fujii K, Mizuno N, Ogawa Y, Akutsu T, et al.
Mitochondrial DNA population data of HV1 and HV2 sequences from Japanese
individuals. Legal Med. (2008) 10:284-6. doi: 10.1016/j.legalmed.2008.02.002

23. Aquadro CF, Greenberg BD. Human mitochondrial DNA variation and evolution:
analysis of nucleotide sequences from seven individuals. Genetics. (1983) 103:287-312.
doi: 10.1093/genetics/103.2.287

24. Nagata J, Masuda R, Tamate HB, Hamasaki S-i, Ochiai K, Asada M, et al. Two
genetically distinct lineages of the sika deer, Cervus nippon, in Japanese islands:
comparison of mitochondrial D-loop region sequences. Mol Phylogenet Evol. (1999)
13:511-9. doi: 10.1006/mpev.1999.0668

25. Yoshio M, Asada M, Ochiai K, Goka K, Murase K, Miyashita T, et al. Spatially
heterogeneous distribution of mt DNA haplotypes in a sika deer (Cervus nippon)
population on the Boso peninsula, Central Japan. Mamm Stud. (2008) 33:59-69. doi:
10.3106/1348-6160(2008)33[59:SHDOMH]2.0.CO;2

frontiersin.org


https://doi.org/10.3389/fvets.2025.1599909
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fvets.2025.1599909/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fvets.2025.1599909/full#supplementary-material
https://doi.org/10.1016/j.forsciint.2020.110530
https://doi.org/10.4103/jfsm.jfsm2318
https://doi.org/10.1016/j.fsigen.2008.07.001
https://doi.org/10.1016/S0379-0738(00)00337-6
https://doi.org/10.1046/j.1365-294x.1998.00404.x
https://doi.org/10.1016/j.fsigen.2014.07.010
https://doi.org/10.1016/j.fsigen.2021.102551
https://doi.org/10.1016/j.forsciint.2004.01.016
https://doi.org/10.3390/forensicsci2040058
https://doi.org/10.1371/journal.pgen.1006960
https://doi.org/10.1016/j.fsigen.2008.03.002
https://doi.org/10.1007/s12024-009-9131-7
https://doi.org/10.1038/325031a0
https://doi.org/10.1016/j.legalmed.2008.02.002
https://doi.org/10.1093/genetics/103.2.287
https://doi.org/10.1006/mpev.1999.0668
https://doi.org/10.3106/1348-6160(2008)33[59:SHDOMH]2.0.CO;2

Tanaka et al.

26. Yuasa T, Nagata J, Hamasaki S, Tsuruga H, Furubayashi K. The impact of habitat
fragmentation on genetic structure of the Japanese sika deer (Cervus nippon) in southern
Kantoh, revealed by mitochondrial D-loop sequences. Ecol Res. (2007) 22:97-106. doi:
10.1007/s11284-006-0190-x

27.Vigilant L, Stoneking M, Harpending H, Hawkes K, Wilson AC. African
populations and the evolution of human mitochondrial DNA. Science. (1991)
253:1503-7. doi: 10.1126/science.1840702

28. Fujima R, Takagi T. Genetic composition and origin of the recently expanding
Japanese deer population in the southern Aizu region, Fukushima prefecture, Japan.
Wildlife Soc. (2021) 9:57-64.

29. Yamada M, Hosoi E, Tamate HB, Nagata ], Tatsuzawa S, Tado H, et al. Distribution
of two distinct lineages of sika deer (Cervus nippon) on Shikoku Island revealed by
mitochondrial DNA  analysis. ~Mamm  Stud.  (2006) 31:23-8.  doi:
10.3106/1348-6160(2006)31[23:DOTDLO]2.0.CO;2

30.Yang Y, Zhang P, He Q, Zhu Y, Yang X, Lv R, et al. A new strategy for the
discrimination of mitochondrial DNA haplogroups in Han population. J Forensic Sci.
(2011) 56:586-90. doi: 10.1111/.1556-4029.2011.01711.x

31. Linacre A, Gusmao L, Hecht W, Hellmann A, Mayr W, Parson W, et al. ISFG:
recommendations regarding the use of non-human (animal) DNA in forensic genetic
investigations. Forensic Sci Int Genet. (2011) 5:501-5. doi: 10.1016/j.fsigen.2010.10.017

32. Hoelzel AR, Lopez JV, Dover GA, O'Brien SJ. Rapid evolution of a heteroplasmic
repetitive sequence in the mitochondrial DNA control region of carnivores. ] Mol Evol.
(1994) 39:191-9. doi: 10.1007/BF00163807

33. Lopez JV, Culver M, Stephens JC, Johnson WE, O'Brien SJ. Rates of nuclear and
cytoplasmic mitochondrial DNA sequence divergence in mammals. Mol Biol Evol.
(1997) 14:277-86. doi: 10.1093/oxfordjournals.molbev.a025763

34. Ottolini B, Lall GM, Sacchini E Jobling MA, Wetton JH. Application of a
mitochondrial DNA control region frequency database for UK domestic cats. Forensic
Sci Int Genet. (2017) 27:149-55. doi: 10.1016/j.fsigen.2016.12.008

35. Goodman SJ, Tamate HB, Wilson R, Nagata J, Tatsuzawa S, Swanson GM, et al.
Bottlenecks, drift and differentiation: the population structure and demographic history
of sika deer (Cervus nippon) in the Japanese archipelago. Mol Ecol. (2001) 10:1357-70.
doi: 10.1046/j.1365-294X.2001.01277.x

36. Kaji K. Increase in the sika deer population and its management in Japan. ] Water
Land Develop. (2013) 57:2-11.

37. Ceballos G, Ehrlich PR. Mammal population losses and the extinction crisis.
Science. (2002) 296:904-7. doi: 10.1126/science.1069349

38. Giles RE, Blanc H, Cann HM, Wallace DC. Maternal inheritance of human
mitochondrial DNA. Proc Natl Acad Sci. (1980) 77:6715-9. doi: 10.1073/pnas.77.11.6715

39. Otaishi N. Overview of taxonomy, distribution, and geographical variation in the
sika deer. Mammal Sci. (1986) 26:2_13-7.

40. Tamate HB, Tatsuzawa S, Suda K, Izawa M, Doi T, Sunagawa K, et al. Mitochondrial
DNA variations in local populations of the Japanese sika deer, Cervus nippon. ] Mammal.
(1998) 79:1396-403. doi: 10.2307/1383030

41. Nabata D, Masuda R, Takahashi O. Bottleneck effects on the sika deer Cervus
nippon population in Hokkaido, revealed by ancient DNA analysis. Zool Sci. (2004)
21:473-81. doi: 10.2108/zsj.21.473

42. Kumar S, Stecher G, Tamura K. MEGA7: molecular evolutionary genetics analysis
version 7.0 for bigger datasets. Mol Biol Evol. (2016) 33:1870-4. doi: 10.1093/molbev/msw054

43. Jones D. Blood samples: probability of discrimination. J Forensic Sci Soc. (1972)
12:355-9. doi: 10.1016/S0015-7368(72)70695-7

44. Stoneking M, Hedgecock D, Higuchi RG, Vigilant L, Erlich HA. Population variation
of human mt DNA control region sequences detected by enzymatic amplification and
sequence-specific oligonucleotide probes. Am ] Hum Genet. (1991) 48:370.

45. Hata S, Okazaki C, Konishi S, Yoshioka S, Kubota M, Arai K, et al. Detection of genetic
segregation in sika deer (Cervus nippon) by tandem repeat variations in the mitochondrial
DNA D-loop region. ] Forest Res. (2019) 24:325-9. doi: 10.1080/13416979.2019.1662877

Frontiers in Veterinary Science

08

10.3389/fvets.2025.1599909

46. Hata S, Konishi S, Yoshioka S, Arai K, Mizoguchi Y. Identification of origin of sika
deer (Cervus nippon) in recently expanded habitat areas in Tokyo Metropolis based on
mitochondrial D-loop sequences. Kanto ] Forest Res. (2018) 69:167-70.

47. Yamazaki Y. Genetic population structure of sika deer, Cervus nippon, derived
from multiple origins, around Toyama prefecture of Japan. Zool Sci. (2018) 35:215-21.
doi: 10.2108/2zs170187

48.Dong Y, Li Y, Wang T, Liu H, Zhang R, Ju Y, et al. Complete mitochondrial genome
and phylogenetic analysis of eight sika deer subspecies in Northeast Asia. ] Genet. (2022)
101:35. doi: 10.1007/s12041-022-01377-8

49.Lu X, Wei E, Li M, Yang G, Liu H. Genetic diversity among Chinese sika deer
(Cervus nippon) populations and relationships between Chinese and Japanese sika deer.
Chin Sci Bull. (2006) 51:433-40. doi: 10.1007/s11434-006-0433-9

50. Sugiyama S, Chong YH, Shito M, Kasuga M, Kawakami T, Udagawa C, et al.
Analysis of mitochondrial DNA HVRI haplotype of pure-bred domestic dogs in Japan.
Legal Med. (2013) 15:303-9. doi: 10.1016/j.legalmed.2013.08.005

51. Lyons LA, Grahn RA, Kun TJ, Netzel LR, Wictum EE, Halverson JL. Acceptance
of domestic cat mitochondrial DNA in a criminal proceeding. Forensic Sci Int Genet.
(2014) 13:61-7. doi: 10.1016/j.fsigen.2014.07.007

52. Tamada T, Kurose N, Masuda R. Genetic diversity in domestic cats Felis catus of
the Tsushima Islands, based on mitochondrial DNA cytochrome b and control region
nucleotide sequences. Zool Sci. (2005) 22:627-33. doi: 10.2108/zs].22.627

53. Vila C, Savolainen P, Maldonado JE, Amorim IR, Rice JE, Honeycutt RL, et al.
Multiple and ancient origins of the domestic dog. Science. (1997) 276:1687-9. doi:
10.1126/science.276.5319.1687

54. Driscoll CA, Menotti-Raymond M, Roca AL, Hupe K, Johnson WE, Geffen E, et al.
The near eastern origin of cat domestication. Science. (2007) 317:519-23. doi:
10.1126/science.1139518

55. Baker CS, Cooke JG, Lavery S, Dalebout ML, Yu MA, Funahashi N, et al.
Estimating the number of whales entering trade using DNA profiling and capture-
recapture analysis of market products. Mol Ecol. (2007) 16:2617-26. doi:
10.1111/j.1365-294X.2007.03317.x

56. Gortazar C, Ferroglio E, Hofle U, Frolich K, Vicente J. Diseases shared between
wildlife and livestock: a European perspective. Eur ] Wildl Res. (2007) 53:241-56. doi:
10.1007/s10344-007-0098-y

57. Pozio E. World distribution of Trichinella spp. infections in animals and humans.
Vet Parasitol. (2007) 149:3-21. doi: 10.1016/j.vetpar.2007.07.002

58. Humblet M-E, Boschiroli ML, Saegerman C. Classification of worldwide bovine
tuberculosis risk factors in cattle: a stratified approach. Vet Res. (2009) 40:50. doi:
10.1051/vetres/2009033

59. Mateo-Tomds P, Olea PP, Mole6n M, Vicente |, Botella F, Selva N, et al. From
regional to global patterns in vertebrate scavenger communities subsidized by big game
hunting. Divers Distrib. (2015) 21:913-24. doi: 10.1111/ddi.12330

60. Webb KM, Allard MW. Identification of forensically informative SNPs in the
domestic dog mitochondrial control region. ] Forensic Sci. (2009) 54:289-304. doi:
10.1111/j.1556-4029.2008.00953.x

61. Bodner M, Irwin JA, Coble MD, Parson W. Inspecting close maternal relatedness:
towards better mt DNA population samples in forensic databases. Forensic Sci Int Genet.
(2011) 5:138-41. doi: 10.1016/j.fsigen.2010.10.001

62. Rietz J.. (2025) 2024 Unravelling the role of wild boar carcasses in African swine
fever transmission and control: Dissertation, Universitit Freiburg.

63. Tummeleht L, Hakka SSS, Jirison M, Vilem A, Nurmoja I, Viltrop A. Wild boar
(Sus scrofa) carcasses as an attraction for scavengers and a potential source for soil
contamination with the African swine fever virus. Front Veter Sci. (2024) 11:1305643.
doi: 10.3389/fvets.2024.1305643

64.Schwegmann S, Binder N, von Hoermann C, Bhardwaj M, Storch I.
Evisceration residues from hunted roe deer as a resource for necrophagous insect
fauna in the Black Forest, Germany: a preliminary study. Wildlife Biol. (2022)
2022:e01055.

frontiersin.org


https://doi.org/10.3389/fvets.2025.1599909
https://www.frontiersin.org/journals/veterinary-science
https://www.frontiersin.org
https://doi.org/10.1007/s11284-006-0190-x
https://doi.org/10.1126/science.1840702
https://doi.org/10.3106/1348-6160(2006)31[23:DOTDLO]2.0.CO;2
https://doi.org/10.1111/j.1556-4029.2011.01711.x
https://doi.org/10.1016/j.fsigen.2010.10.017
https://doi.org/10.1007/BF00163807
https://doi.org/10.1093/oxfordjournals.molbev.a025763
https://doi.org/10.1016/j.fsigen.2016.12.008
https://doi.org/10.1046/j.1365-294X.2001.01277.x
https://doi.org/10.1126/science.1069349
https://doi.org/10.1073/pnas.77.11.6715
https://doi.org/10.2307/1383030
https://doi.org/10.2108/zsj.21.473
https://doi.org/10.1093/molbev/msw054
https://doi.org/10.1016/S0015-7368(72)70695-7
https://doi.org/10.1080/13416979.2019.1662877
https://doi.org/10.2108/zs170187
https://doi.org/10.1007/s12041-022-01377-8
https://doi.org/10.1007/s11434-006-0433-9
https://doi.org/10.1016/j.legalmed.2013.08.005
https://doi.org/10.1016/j.fsigen.2014.07.007
https://doi.org/10.2108/zsj.22.627
https://doi.org/10.1126/science.276.5319.1687
https://doi.org/10.1126/science.1139518
https://doi.org/10.1111/j.1365-294X.2007.03317.x
https://doi.org/10.1007/s10344-007-0098-y
https://doi.org/10.1016/j.vetpar.2007.07.002
https://doi.org/10.1051/vetres/2009033
https://doi.org/10.1111/ddi.12330
https://doi.org/10.1111/j.1556-4029.2008.00953.x
https://doi.org/10.1016/j.fsigen.2010.10.001
https://doi.org/10.3389/fvets.2024.1305643

	Evaluation of mtDNA analysis as a screening method prior to individual identification by short tandem repeat analysis of sika deer (Cervus nippon) for illegal disposal of hunting in Japan
	Introduction
	Materials and methods
	Samples
	DNA extraction
	Amplification of the sika deer mtDNA D-loop region by PCR
	Sequencing by direct sequencing
	Statistical analysis
	Ethics statement

	Results
	PCR amplification of the D-loop region of sika deer mtDNA
	Haplotype detection
	Statistical analysis

	Discussion
	Limitations of the study


	References

