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Abstract

A multiplex PCR assay was developed to simultaneously identify 22 mammalian species (alpaca, Asiatic black bear, Bactrian
camel, brown rat, cat, cattle, common raccoon, dog, European rabbit, goat, horse, house mouse, human, Japanese badger,
Japanese wild boar, masked palm civet, pig, raccoon dog, red fox, sheep, Siberian weasel, and sika deer) and four poultry
species (chicken, domestic turkey, Japanese quail, and mallard), even from a biological sample containing a DNA mixture
of multiple species. The assay was designed to identify species through multiplex PCR and capillary electrophoresis, with a
combination of amplification of a partial region of the mitochondrial D-loop by universal primer sets and a partial region of
the cytochrome b (cyt b) gene by species-specific primer sets. The assay was highly sensitive, with a detection limit of 100
copies of mitochondrial DNA. The assay’s ability to identify species from complex DNA mixtures was demonstrated using
an experimental sample consisting of 10 species. Efficacy, accuracy, and reliability of the assay were validated for use in
forensic analysis with the guidelines of Scientific Working Group on DNA Analysis Methods (SWGDAM). The multiplex
PCR assay developed in this study enables cost-effective, highly sensitive, and simultaneous species identification without
massively parallel sequencing (MPS) platforms. Thus, the technique described is straightforward and suitable for routine
forensic investigations.
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Introduction

Non-human biological samples are frequently encountered
in routine forensic investigations. Forensic scientists are
required to identify mammalian species in many forensic
cases; for example, traffic accidents involving animals [1],
animal cruelty [2-5], livestock robbery [6, 7], animal attacks
[5, 7, 8], murder cases [9], and postmortem investigations
[10]. In addition, species identification has become impor-
tant in wildlife forensics [11-15], conservation of endan-
gered animals [16—19], and the detection of food fraud
[20-22].
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Currently, mitochondrial DNA (mtDNA) markers are
commonly used for species identification because the high
copy number of mtDNA per cell [23-25] allows for success-
ful identification, even in samples that contain insufficient
amounts of nuclear DNA (e.g., partial bone fragments and
hair shafts). The cytochrome b (cyt b) gene, the cytochrome
¢ oxidase I (COI) gene, and the D-loop region are typical
mtDNA markers in forensic, phylogenetic, and biodiversity
studies [7, 13, 15, 26-32]. Other genes, such as the 12S and
16S ribosomal RNA genes, have also been studied for spe-
cies identification [33-35].

In forensic investigations, non-human biological sam-
ples recovered from crime scenes are often contaminated
with human DNA [25]. In other cases, samples may con-
tain DNA from more than one non-human species. Typical
DNA mixture samples include feces containing materi-
als from ingested species, mixed meat or meat products,
and saliva collected from a bite mark on a victim’s body.
Species identification from these mixtures is a challenge
for forensic scientists. This is mainly because conven-
tional Sanger sequencing using universal primers, which
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has been widely applied for species identification, pro-
duces mixed DNA profiles which are difficult to interpret
and lead to database matching of low reliability if it is
applied to such DNA mixture samples [36]. In recent
years, DNA metabarcoding using massively parallel
sequencing (MPS), also called next-generation sequenc-
ing (NGS), technologies have been developed to identify
multiple species in mixed DNA samples [5, 18, 22, 37].
However, DNA metabarcoding is not suitable for small-
scale analysis, which is common in local forensic labora-
tories, mainly because of its costly and time-consuming
procedures including data analysis in comparison with
other techniques [36]. By contrast, fluorescent multiplex
PCR involving capillary electrophoresis or real-time PCR
allows for cost-effective species identification from such
mixed samples. The target species of these assays, how-
ever, are limited by their primer sets [7, 31, 32, 38]. There-
fore, the usefulness of the assays critically depends on
the number of species they can analyze simultaneously
because forensic laboratories often encounter cases with
little information on the source species of the recovered
DNA samples. Furthermore, negative results from the
assays with a large number of identifiable species are also
useful to eliminate the necessity of further investigation.
Therefore, there is still a need to develop a more cost-
effective assay for simultaneous identification of a wide
range of mammalian species.

In this study, we developed a new multiplex PCR assay
that can simultaneously identify 22 mammalian and four
poultry species, even from a biological sample containing
DNA from multiple species. The target species are com-
posed of common domestic animals and wild animal foren-
sic laboratories in Japan often encounter. Partial regions
of the D-loop and cyt b loci were used for the assay. Uni-
versal primer sets were designed to amplify the hyper-
variable region (HV) of the D-loop of most of the target
species. The region is equivalent to the HV1 of human
mtDNA and shows interspecific size variation, giving size
differences in PCR products between species. Additional
species-specific cyt b primer sets were also designed to
identify the species of which the HV regions cannot be
amplified by the universal primer sets or are too long to
amplify from degraded mtDNA. Each PCR product was
analyzed by capillary electrophoresis using an Applied
Biosystems 3500xL Genetic Analyzer (Thermo Fisher
Scientific, Waltham, MA). The combination of the primer
sets of the D-loop and cyt b loci enabled an increase of
the number of identifiable species, while the number of
species-specific primer sets remained small. Developmen-
tal validation, which is a standard procedure to evaluate
conditions and limitations of a new DNA methodology
for forensic analysis, was performed to demonstrate effi-
cacy, reliability, and robustness of the assay in accordance
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with the guidelines of Scientific Working Group on DNA
Analysis Methods (SWGDAM) [39].

Materials and methods
Primer design

MtDNA sequences of the target species were downloaded
from GenBank (http://www.ncbi.nlm.nih.gov/genbank/).
For each species, the NCBI reference sequence was used,
if available. The species and the accession numbers used in
this study are listed in Table 1. The sequences were aligned
using MEGAT7 software [40] to identify variable and con-
served regions of the D-loop and the cyt b gene. Two uni-
versal primer sets, one targeting mammals and the other
targeting poultry, were used for D-loop. Another primer
set, which consisted of one universal forward primer and 10
species-specific reverse primers, was used for the cyt b in
12 mammals. All the primer sets were designed to amplify
fragments of different sizes among species below ~ 500 bp
(Tables 1, 2). DL_UniF and CYTB_UniF were modified
from Nakamura et al. [7] and Pidbo et al. [41], respectively,
in order to increase the number of the target species. CYTB_
PigR and CYTB_GoatR were modified from Tobe et al. [31]
and Matsunaga et al. [42], respectively. CYTB_RabbitR was
identical with that in Tobe et al. [31]. The remaining primers
were newly designed for this study. All forward primers were
labeled with 6-FAM, VIC, or NED dyes and purified by
HPLC. The fluorescent primers were ordered from Thermo
Fisher Scientific, and the other primers were ordered from
Rikaken Co., Ltd. (Nagoya, Japan).

Sample collection and DNA extraction

Biological samples (blood, buccal cells, tissues, hair, and
nails) were obtained from 28 animal species, including 12
domestic mammals, 12 wild mammals, and four poultry spe-
cies (Table 1). Most of the species are often encountered in
forensic investigations in Japan. Total DNA was extracted
from each sample using the QIAamp DNA Investigator Kit
(Qiagen, Hilden, Germany) according to the manufacturer’s
protocols. The following commercial DNA samples were
used as human samples: AmpFLSTR Control DNA 9947A
(Thermo Fisher Scientific), AmpFLSTR Control DNA 007
(Thermo Fisher Scientific), 2800 M Control DNA (Promega,
Madison, WI), K562 Genomic DNA (Promega), and human
genomic DNA (HeLa) (Takara Bio Inc., Shiga, Japan).
The mtDNA copy number of all the DNA samples tested
in this study was quantified using a real-time quantitative
PCR (qPCR) analysis described below because the copy
number varies depending on the tissue type. A universal
primer set (Forward: 5’-TACGACCTCGATGTTGGA
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Table 1 List of the species and the GenBank accession number used in this study
Common name Scientific name Number  Expected Observed Mean size (bp) Accession number
of sam-  amplicon
ples length (bp)
cytb D-loop cytb (SD) D-loop (SD)
Cattle Bos taurus 5 118 481 110.5 (0.04) 476.3 (0.06) NC_006853
European rabbit Oryctolagus cuniculus 8 187 503 181.3 (0.03) 496.8 (0.05) NC_001913
Human Homo sapiens 5 197 485 190.8 (0.02)  479.5 (0.06) NC_012920
Sheep Ovis aries 5 205 - 199.5 (0.005) — NC_001941
Pig Sus scrofa domesticus 5 225 431 217.0 (0.04) 426.1 (0.06) NC_000845
Japanese wild boar Sus scrofa leucomystax 5 N/A N/A 217.0 (0.02) 425.0 (0.08) ABO015070, AB0O15085
Horse Equus caballus 5 246 — 240.8 (0.04) - NC_001640
Goat Capra hircus 5 261 - 256.0 (0.05) - NC_005044
Cat Felis catus 5 283 - 278.3 (0.05) - NC_001700
Sika deer Cervus nippon 5 429 - 4244 (0.02) - NC_006993
Common raccoon  Procyon lotor 10 - 278 - 273.7 (0.08) NC_009126
Japanese badger ~ Meles anakuma 5 - 285 - 281.2 (0.05) NC_009677
Siberian weasel Mustela sibirica 5 - 295 - 291.6 (0.04) NC_020637
Red fox Vulpes vulpes 5 - 313 - 309.1 (0.05) NC_008434
Raccoon dog Nyctereutes procyonoides 7 - 326 - 322.0 (0.10) NC_013700
Dog Canis lupus familiaris 5 - 336 - 332.6 (0.10) NC_002008
Masked palm civet Paguma larvata 5 - 356 - 351.2-352.2 (0.02-0.06) NC_029403
Bactrian camel Camelus bactrianus 5 370 359 365.9 (0.04) 352.0(0.03) NC_009628
Alpaca Vicugna pacos 4 370 360 366.1 (0.23) 354.2 (0.07) KU168760
Asiatic black bear  Ursus thibetanus 12 - 367 - 361.6-364.5 (0.06-0.1) NC_009971
Brown rat Rattus norvegicus 5 - 373 - 369.8 (0.04) NC_001665
House mouse Mus musculus 5 - 374 - 370.4 (0.03) NC_005089
Rhesus macaque ~ Macaca mulatta 6 - 487 - 481.6-483.7 (0.005-0.16) NC_005943
Japanese macaque Macaca fuscata 6 - 488 - 481.6 (0.07) NC_025513
Japanese quail Coturnix japonica 5 - 280 - 276.5 (0.05) NC_003408
Domestic turkey ~ Meleagris gallopavo 5 - 285 - 281.0 (0) NC_010195
domesticus
Mallard Anas platyrhynchos 5 - 317 - 311.3 (0.04) NC_009684
Chicken Gallus gallus 5 - 344 - 340.2 (0.05) NC_001323

N/A: The length is not available because the registered sequences (AB015070 and AB015085) do not cover the primer binding sites

TCA-3’; Reverse: 5’-AGATAGAAACCGACCTGGATT-3’)
was newly designed to amplify a conserved region of the 16S
rRNA gene of vertebrates (Supplementary Table S1). As a
gPCR standard DNA, the sequence of the conserved region
corresponding to the human mtDNA position 2980-3104
of the revised Cambridge Reference Sequence (rCRS,
NC_012920) [43] was inserted into the plasmid pUCFA
and cloned (commercially available from Fasmac Co., Ltd.,
Kanagawa, Japan). The concentration of the purified plasmid
DNA solution was quantified by measuring the absorbance
at 260 nm (A260) using Nanodrop 1000 Spectrophotom-
eter (Thermo Fisher Scientific). The copy number (copies/
uL) of the plasmid DNA in the solution was then calcu-
lated by dividing the concentration by the average molecular
weight. The solution was serially diluted to the following

concentrations and subsequently used for the standard curve
analysis: 107, 10%, 10°, 10*, 10°, 10%, and 10" copies/uL. The
gPCR analysis was performed using a SmartCycler II system
(Cepheid, Sunnyvale, CA). Each 25-uL reaction contained
12.5 uL of SYBR Premix Ex Taq (Takara Bio Inc.), 0.2 uM
of the primers, and 2 uL of sample DNA or standard DNA.
The amplification conditions were as follows: 95 °C for 30 s
followed by 40 cycles of 95 °C for 5 s and 60 °C for 20 s.
Each standard DNA was quantified in triplicate.

Multiplex PCR
Multiplex PCR was performed using Multiplex PCR Assay

Kit Ver. 2 (Takara Bio Inc.) in a 25-pL reaction mix-
ture containing 5000 copies of sample DNA, 12.5 uL of
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Table 2 List of primers used in the multiplex PCR

Primer name

Sequence (5'-3")

Conc. (uM) Target region 5'label

DL_UniF
DL_UniR

DL_Bird_UniF
DL_Bird_UniR1
DL_Bird_UniR2

CYTB_UniF

CACCATCAGCACCCAAAGCT?
ATGGGCCCGGAGCGAGAAGAG
TCGTGCATACATTTATATTCCACATA
GTGTACGATTAATAAATCCATCTGGTAC
GTGGACGATCAATAAATCCATCTGATAC
GACCAATGATATGAAAAATCATCGTTGT®

CYTB_CattleR
CYTB_RabbitR
CYTB_HumanR
CYTB_SheepR

GGCTGGAAGGTCGATGAATGTA
GTGAAAATTTGAATTATAAGGCACAG®
ATAGTCCTGTGGTGATTTGGAGGATC
TGCTAGGAATAGGTCTGTTGGAATC

CYTB_PigR GTCTGATGTGTAATGTATTGCTAAGAAC®
CYTB_HorseR ACGGATGAGAAGGCAGTTGTC
CYTB_GoatR CGACAAATGTGAGTTACAGAGGGA®
CYTB_CatR TGATTCAGCCATAATTAACGTCG
CYTB_CamelR GTAGGAGCCGTAGTAAAGCCCA
CYTB_SikaR GCTGTGGCTATAACTGTAAATAGGACA

0.10 D-loop VIC (Green)
0.10 -

0.50 D-loop NED (Yellow)
0.20 -

0.40 -

0.80 cyth 6-FAM (Blue)
0.15 -

0.20 -

0.10 -

0.20 -

0.15 -

0.06 -

0.08 -

0.20 -

0.10 -

1.60 -

*Modified from Nakamura et al.[7]
"Modified from Piibo et al.[41]
“Same as Tobe et al.[31]

Modified from Tobe et al.[31]
“Modified from Matsunaga et al.[42]

2 x Multiplex PCR Buffer (Mg?*, dNTP plus), 0.125 L of
Multiplex Enzyme Mix, and the primer mix listed in Table 2.
Amplification was carried out on an iCycler (Bio-Rad Labo-
ratories, Inc., Hercules, CA) using the following conditions:
initial denaturation at 94 °C for 1 min followed by 27 cycles
of 94 °C for 30 s, 58 °C for 30 s, 72 °C for 30 s, and a final
extension at 72 °C for 10 min.

Allelic ladder

To construct an allelic ladder for electrophoretic analysis
using the 3500xL Genetic Analyzer, fragments of each target
species except for house mouse and rhesus macaque were
amplified by singleplex PCR. The fragments were sequenced
using unlabeled primers and BigDye Terminator v3.1 Cycle
Sequencing Kit (Thermo Fisher Scientific) to confirm target-
specific amplification. The amplified fragments by the sin-
gleplex PCR were mixed together so that all peak heights
detected by the 3500xL Genetic Analyzer were balanced.
The mix was subsequently purified using Performa DTR
Gel Filtration Cartridges (Edge Biosystems, Gaithersburg,
MD). The constructed allelic ladder was stored at —20 °C
until use.
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Electrophoresis and data analysis

All PCR products were analyzed on the 3500xL Genetic
Analyzer with a 36-cm array and POP-4 polymer (Thermo
Fisher Scientific). Spectral calibration was initially per-
formed using DS-36 Matrix Standard (Dye Set J6). 1 uL of
the PCR product or the allelic ladder was added to 9.5 uL.
of Hi-Di Formamide and 0.5 pL of GeneScan 600 LIZ dye
Size Standard v2.0, and subsequently denatured at 95 °C
for 3 min. The samples and the allelic ladder were injected
at 1.2 kV for 24 s and electrophoresed at 13 kV for 1600 s.
Electrophoresis results were analyzed using GeneMapper
ID-X Software v1.4 with a peak amplitude threshold of 175
RFU and customized panel and bin sets.

Species specificity, sensitivity, and repeatability

Species specificity and the intraspecific variability of the
assay were assessed by analyzing all samples for each
species listed in Table 1. Sensitivity of the multiplex assay
was evaluated by testing serial dilutions (10,000, 1000, 500,
100, 10 copies of mtDNA) from cattle, human, pig, dog,
and chicken samples. Each test was repeated in triplicate.
Repeatability of the assay was also evaluated by testing one
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individual of each species in triplicate. In order to assess the
sizing precision of capillary electrophoresis on the 3500xL
Genetic Analyzer, one microliter of the allelic ladder was
injected onto each of the 24 capillaries and electrophoresed.
The mean peak size (bp) and standard deviation within a
single run (i.e., n=24) were calculated for each peak, and
this was repeated five times.

Mixture studies

To evaluate the ability to identify species from DNA mixture,
three sets of DNA mixture (human with cattle, human with
dog, and human with chicken) were tested with a total input
of 5000 copies of mtDNA and one of the following mixture
ratios: 50:1, 20:1, 10:1, 5:1, 2:1, 1:1, 1:2, 1:5, 1:10, 1:20, and
1:50. An additional two sets of DNA mixture (brown rat with
house mouse and Japanese wild boar with pig) were analyzed
in the same manner to evaluate whether two adjacent peaks
were detectable by the GeneMapper ID-X software. An experi-
mental mixture sample, which contained 5000 mtDNA copies
of each 10 species (cattle, European rabbit, sheep, pig, horse,
goat, sika deer, domestic turkey, mallard, and chicken), was
also tested.

Case studies

To demonstrate the utility of the assay in forensic casework, a
total of 31 unknown samples collected from crime or accident
scenes were tested. These samples were either bloodstains, a
saliva stain, tissues, partial bones, hairs, or feces (Supplemen-
tary Table S2).

A 1 bp-InDel and phylogenetic relationship of wild
boars and domestic pigs

To investigate the relationship between the presence of
a 1 bp-insertion/deletion (InDel) in the D-loop region
(NC_000845.1:m.137delC) and the phylogeny among Euro-
pean and Asian wild boars and domestic pigs, complete
mtDNA sequences of 307 Eurasian wild boars and domestic
pigs were downloaded from GenBank. A complete mtDNA
sequence of desert warthog (Phacochoerus africanus) was
also downloaded and used as an outgroup of the phylogenetic
analysis. Multiple sequence alignment and construction of
a neighbor-joining phylogenetic tree were carried out using
MAFFT online version 7 (https://mafft.cbrc.jp/alignment/
server/large.html) [44]. The generated tree was visualized
using iTOL v6.1.1 (https://itol.embl.de/) [45].

Results
Species specificity

The target mtDNA regions of 24 mammalian and four
poultry species were successfully amplified in all tested
samples using the designed primers. Some differences
were observed between the expected and observed size of
the products, most likely because of differences in electro-
phoretic mobility. Nevertheless, the PCR products of all
species were distinguished from each other through the
capillary electrophoresis, except for Japanese macaque and
rhesus macaque (Fig. 1). Although the sizes of the peaks
at the cyt b locus in the observed electropherograms were
the same between Bactrian camel and alpaca, or pig and
Japanese wild boar, each species was identifiable based on
the D-loop results. The source species of each PCR prod-
uct was confirmed by sequencing and subsequent NCBI
BLAST search (https://blast.ncbi.nlm.nih.gov/Blast.cgi).

Intraspecific length variation of the PCR product was
observed in several species. Three types of peak size at
the D-loop locus in the electropherograms were observed
in rhesus macaque, and the shortest peak was the same
size as the peak of Japanese macaque (Fig. 2). Asiatic
black bear had four types of peak size at the D-loop locus,
at most with 3 bp difference, although these peaks were
easily distinguished from those of other species. Some
individuals of masked palm civet had two peaks at the
D-loop locus with 1 bp difference. Sequencing analysis
indicated that the two peaks were caused by length het-
eroplasmy. The longer peak was the same size as Bactrian
camel. However, the two species were distinguishable by
the presence or absence of the camel peak at the cyt b
locus in the electropherogram. No intraspecific variation
was observed in the remaining species.

A low non-targeted peak was observed at the D-loop
locus in the electropherogram only when horse DNA was
amplified. Because the size of the peak differed from those
of the other species, it did not affect species identification.

Sensitivity

The sensitivity study showed successful identification
from 10,000 copies down to 100 copies of input mtDNA
for all the tested species except for chicken (from 10,000
copies down to 500 copies). No peak was observed from
100 copies of input chicken mtDNA. Based on a calcula-
tion using the human control DNA 9947A (0.1 ng/uL), 100
copies of mtDNA is equivalent to approximately 0.15 pg
of total DNA.
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(15) Siberian weasel, (16) red fox, (17) raccoon dog, (18) dog, (19)
masked palm civet, (20) Asiatic black bear, (21) brown rat, (22)
house mouse, (23) Japanese macaque, (24) Rhesus macaque, (25)
Japanese quail, (26) domestic turkey, (27) mallard, and (28) Chicken
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Repeatability

The accuracy of species identification based on the peak
size detected by capillary electrophoresis depends on the
precision of the peak size measurement as well as species
specificity of the peak size. To increase the precision, the
assay used a high-density internal size standard, 600 LIZ
Size Standard v2.0. The peak size data was collected five
times by injections of the constructed allelic ladder (Fig. 3)
for all 24 capillaries on the 3500xL Genetic Analyzer. The
sizing precision of the fragment analysis was assessed by
calculating the standard deviations (SDs) of the size meas-
urement for each peak of the allelic ladder among the 24
capillaries in a single run. The maximum SD of a peak was
0.09 bp (Fig. 4) and was lower than the threshold (0.15 bp)
of the sizing precision described in the performance check
section of the User Guide of the 3500xL Genetic Analyzer
[46]. To detect a 1-bp difference in the peak size between
species correctly, peak size measurements should lie within
a=+0.5 bp “window” around the size obtained for each peak
in the allelic ladder with a sufficiently high probability [47].
The observed SD in this study (<0.1 bp) indicates that the
probability is over 99.99% because the five SDs were still
less than 0.5 bp.

The repeatability was evaluated by testing one sample
from each species multiple times. The maximum SD of the
peak size among the target species was 0.06 bp. In addition,
testing all samples once showed that the SDs of the observed
peaks for each species were less than 0.5 bp (max 0.23 bp).
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Fig.4 Sizing precision of the allelic ladder across five runs on a
3500xL Genetic Analyzer. Each dot indicates the standard deviation
of the observed peak sizes on 24 capillaries within a single run

Mixture studies

It is important to identify species from mixtures of DNA
because casework samples are often contaminated with
human or environmental DNA. Three pairs (human with
cattle, human with dog, and human with chicken) of DNA
mixture with ratios ranging from 50:1 to 1: 50 (50:1, 20:1,
10:1, 5:1, 2:1, 1:1, 1:2, 1:5, 1:10, 1:20, and 1:50) were tested
to evaluate the assay’s ability to identify both major and
minor contributors correctly. All major contributors were
identifiable in all cases. The peak of each minor contributor
was detected and its source species was identified correctly
in the mixture ratios between 20:1 and 1:20 (2240 copies
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Fig.3 An electropherogram of the allelic ladder. The three panels correspond to 6-FAM, VIC, and NED dye-labeled peaks from top to bottom

@ Springer



International Journal of Legal Medicine (2022) 136:1-12

minor contributor) for the human—chicken DNA mixture,
and in the ratios between 50:1 and 1:20 for the human—cat-
tle and human—dog mixtures. Another two pairs (brown rat
with house mouse, and Japanese wild boar with pig) of DNA
mixture, which have 1 bp-adjacent peaks, were tested in a
similar way. The peak of each minor contributor was not
detected in any ratios for the brown rat and house mouse
DNA mixture because it was masked by the tail of the major
contributor peak. Similarly, the peak of each minor contribu-
tor was not detected in any ratios for the DNA mixture of
Japanese wild boar and pig, except for the case when pig
and Japanese wild boar were mixed in the mixture ratios of
1:1, 1:2, or 1:5.

The assay’s ability to identify multiple species in a sam-
ple was also demonstrated using the experimental DNA
mixture sample composed of ten species. Each species in
the sample was correctly identified (Fig. 5).

Case studies

In forensic casework, samples may be degraded by environ-
mental exposure and/or contaminated with human or other
environmental DNA. The utility of the developed assay was
evaluated using a total of 31 forensic casework samples. The
assay unambiguously identified the source of DNA in each
sample (Supplementary Table S2): 6 of them were derived
from sika deer; 5 from cat; 5 from common raccoon; 5 from
wild boar; 4 from chicken; 3 from red fox; 1 from cattle; 1
from macaque; and 1 from raccoon dog. The identification
results were consistent with the situations of the casework
from which the samples were obtained.

A 1 bp-InDel and phylogenetic relationship of wild
boars and domestic pigs

The assay distinguishes Japanese wild boar and pig based
on a 1-bp difference of the fragment length of the D-loop
region (Fig. 1). To evaluate the assay’s ability to identify
Japanese wild boar and pig correctly, the phylogenetic rela-
tionship of Eurasian wild boar and pig was analyzed. The
complete mtDNA sequences of the 307 Eurasian wild boars
and pigs were aligned with that of desert warthog (Phaco-
choerus africanus). The phylogenetic analysis showed that
they were mainly grouped into two lineage groups: the
European and Asian lineages (Supplementary Fig. S1). An
InDel was found in the part of the D-loop region ampli-
fied by the assay. The presence or absence of the 1-bp dele-
tion (NC_000845.1:m.137delC) corresponded well to the
two lineage groups. Almost all the East Asian wild boars
and indigenous pig breeds, as well as Japanese wild boars
tested in this study, had the 1-bp deletion. There were some
exceptions to this lineage—InDel relationship. Six individuals
(Yorkshire breed, Chinese Meishan breed, or native breed
of the Andaman and Nicobar Islands in India) were phylo-
genetically grouped into the Asian lineage although they
did not have the deletion. There were also some exceptional
individuals whose geographic origin did not match the phy-
logenetic position. Eight individuals of European pig breeds
(Berkshire, Yorkshire, or Large White) were grouped into
the Asian lineage, while a Chinese Northeast wild boar was
grouped into the European lineage. Besides, the multiple
sequence alignment showed that 11 individuals had other
InDels in the D-loop region amplified by the assay.
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Fig.5 Amplification of an experimental mixture sample consisting of 10 species (cattle, European rabbit, sheep, pig, horse, goat, sika deer,

domestic turkey, mallard, and chicken)
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Discussion

The developed multiplex PCR assay enables simultaneous
identification of 26 mammalian and poultry species from
biological samples recovered from crime scenes. The assay
is cost-effective because it does not require specific fluo-
rescently labeled primers for each species and only three
forward primers were labeled with fluorescent dyes. The
species specificity test and the repeatability test demon-
strated that the assay identifies species accurately based
on peak detection with 1 bp-precision using the internal
size standard and the allelic ladder. The sensitivity study
indicated that the assay was highly sensitive, with a detec-
tion limit of 100 copies of mtDNA. This is sufficient to
detect one mammalian cell because somatic cells have a
high copy number of mtDNA ranging from hundreds to
thousands of copies depending on tissue type [23-25]. The
sensitivity level was similar to that in a previous study
[32] but was achieved using fewer PCR cycles (27 cycles
compared with 30 cycles). It is important to note that
this fewer PCR cycles leave room for further sensitivity
improvement, because additional cycles might enable us
to identify species from ultra-low-level samples containing
less than 100 copies of mtDNA. The high sensitivity cou-
pled with any PCR product below ~ 500 bp in size made
the assay robust for degraded samples. The assay was able
to identify species even from degraded casework samples
such as partial bones, hairs, and feces. The assay also ena-
bles the analysis of DNA mixtures. The peaks of different
species contained in a DNA mixture were distinguishable
as long as they were separated by > 1 bp (Fig. 5). Although
species identification was difficult in the mixture test using
brown rat and house mouse DNA or Japanese wild boar
and pig DNA, forensic scientists rarely encounter mixtures
of these species in casework.

The assay requires careful consideration for some
species due to their intraspecific variation. The species
specificity tests in the present study showed that rhesus
macaque (Macaca mulatta) had intraspecific length vari-
ation in the amplified D-loop region. Some individuals
of rhesus macaque had the same PCR product size as
Japanese macaque (Macaca fuscata) (Fig. 2). According
to NCBI Primer-BLAST (https://www.ncbi.nlm.nih.gov/
tools/primer-blast/), there are intraspecific length vari-
ations in crab-eating macaque (Macaca fascicularis) as
well as rhesus macaque (data not shown) and some indi-
viduals from crab-eating macaque and rhesus macaque are
expected to show the same PCR product size as Japanese
macaque. Therefore, we cannot conclude firmly that a
sample is derived from Japanese macaque based on the
assay result. However, there were clear differences in the
PCR product size between these macaque species and the

other species tested in this study. This indicates that these
macaque species can be identified at least as one of the
Macaca species.

No intraspecific variation of the D-loop region was
observed in the human control DNA samples used in this
study. However, the targeted D-loop region contains the HV'1
in which intraspecific length variation called “C-Stretch” has
been reported in humans [48—50]. Therefore, some human
samples can be identified as Macaca species based on the
PCR product size of the D-loop. Even in this case, the assay
can correctly identify the sample as human by the presence
of the cyt b human-specific peak because no cross-amplifi-
cation of the cyt b region in Macaca species by the human
specific primer was observed.

The tested domestic pig (Sus scrofa domesticus) samples,
which were obtained from European breeds (Yorkshire and
Duroc) reared in Japan, were successfully distinguished
from Japanese wild boar (Sus scrofa leucomystax) samples
even though they are phylogenetically closely related to each
other. An InDel made the size of the D-loop peak derived
from Japanese wild boar 1 bp shorter than that of the pig
samples. However, identification of pig and Japanese wild
boar requires careful consideration. Firstly, the multiple
sequence alignment and the phylogenetic tree showed that
almost all the East Asian wild boars and pig breeds had
the 1 bp-deletion (Supplementary Fig. S1), and therefore
the D-loop peak derived from these East Asian breeds may
be the same size as that of Japanese wild boar. Secondly,
other InDels in the amplified region may affect the assign-
ment of samples to pig or Japanese wild boar although the
present analysis showed such InDels rarely occur. Thirdly,
crossbreeding between European pigs and East Asian pigs
complicates the interpretation of electrophoresis results.
These crossbred European pigs such as Berkshire [51] may
have the 1-bp deletion if they inherit mtDNA from the Asian
lineage. Therefore, even if the peak of Japanese wild boar is
detected by the assay, the possibility that the DNA sample
is derived from a pig cannot be excluded. Fourthly, genetic
introgression of European domestic pig breeds into Japanese
wild boars [52, 53] might also affect the conclusion from the
assay. The hybrid individuals, called “Inobuta” in Japanese,
will be identified as either of the two species, depending on
their maternal lineage. To avoid this misidentification, foren-
sic scientists should take the possibility that an analyzed
sample originates from a hybrid individual into considera-
tion, as proposed by Amorim et al. [54].

In this study a cost-effective, highly sensitive, and
straightforward assay for simultaneous species identifica-
tion was developed. The validation studies demonstrated the
efficacy, accuracy, and reliability of the assay. We mark-
edly reduced the species-specific primers in the multiplex
by using the D-loop universal primers while keeping the
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number of identifiable species high. In addition, we mini-
mized the number of fluorescent dyes used in the assay: the
multiplex reaction requires only three fluorescent dyes for
the peak detection on a 3500xL Genetic Analyzer. These
will facilitate further development of the assay, for example,
depending on the geographical origin of samples, by adding
new primers to identify species untested in this study. One of
the advantages of the assay is that it can identify numerous
species even from mixed biological samples for which the
analysis based on the conventional sequencing is inappropri-
ate. This advantage makes it easy for forensic laboratories
to conduct species identification tests on the evidence left
unanalyzed because it contains DNA mixture from multiple
source species. Although DNA metabarcoding using MPS
technologies is now an option for researchers handling
mixed DNA samples, the assay is much more cost-effective
than DNA metabarcoding. Furthermore, the procedure of
the assay is time-saving: the time required from multiplex
PCR to the interpretation of results is only 2 h. The assay is
therefore suitable for local forensic laboratories that have no
MPS platform. Previous methods based on real-time PCR
coupled with species-specific probes are indeed simple, cost-
effective, and timesaving, but the number of target species
is limited by the number of detection channels of the instru-
ments [38]. Another type of real-time PCR methods using
melting curve analysis [15, 35, 55] can increase the number
of target species compared with the probe-based methods.
However, this type of methods is not appropriate for DNA
mixture because the melting curve profile of a particular spe-
cies can change depending on mixing of another species and
its mixture ratios. In the case of forensic casework samples
that are suspected of DNA mixture, researchers may not con-
clude whether the profile was obtained from single source
or not. In comparison with such real-time PCR methods,
the developed assay can identify numerous species in any
mixture ratios as long as their peaks are detectable.

The results presented in this study also indicate that the
developed assay has a potential for application not only to
routine forensic investigations but to other fields such as
food authentication and textile authentication.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00414-021-02711-y.
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