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FcFMMPFFE D (cytochrome ¢ oxidase subunitl, CO
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(Equus caballus) . N (Homo sapiens) . X%
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Table 1 Species—specific primer sequences and associated data of different species

Species Sequence (5'—3") Amplicon Target c¢/(umol-L™") Reference
size/bp genes
Cattle (Bos taurus) TGCTTGGGCCGGTATAGTAGG 115 Cyth 0.005 This study
6-FAM-GTGTGCGGTTACAACTGCGT
Mice (Mus musculus) ACAGCCGTACTGCTCCTATTATCACTAC 147 Cco1 0.005 [15]
6-FAM-CCCAAAGAATCAGAACAGATGCTGGT
Dog (Canis lupus familiaris) GAACTAGGTCAGCCCGGTACTTTACT 172 Co1 0.005 [15]
6-FAM-TTCGGGGGAATGCCATGTCC
Rat (Rattus norvegicus) CTTCGGCCACCCAGAAGTGTAC 200 col1 0.005 [15]
6-FAM-AGGCTCGGGTGTCTACATCTAGG
Pig (Sus scrofa) TCCGTCGACAAAGCAACCCT 294 Cyth 0.1 This study
6-FAM-GGGTGGGGTGTTTAGTGGGT
Chinese hamster (Cricetulus griseus) ACTAACCCGCTTCTTCGCATTC 315 Cytb 0.02 [15]
6-FAM-GCGTAGGCGAACAGGAAGTATC
Cat (Felis catus) TATTGCCATTCCTACCGGGGTG 355 col 0.01 [15]
6-FAM-GTGCTGAGGGAAGAACGTTATATTGACTC
Horse (Equus caballus) GGGGTGACCTCGGAGAACAA 414 16S rRNA 0.01 This study
6-FAM-CTGTTCTAGGGCGGTAGAAGTTA
Human (Homo sapiens) GACGCCCTCGGCTTACTTCT 132 Cytbh 0.01 This study
HEX-TTCGGGCTTGATGTGGGGAG
Chicken (Gallus gallus) ACAGCAGACACATCCCTAGC 170 Cytb 0.01 [16]
HEX-GTTTCCTTGTAGAGGTAGGAGCC
Duck (Anas platyrhynchos) TTCTTCATCTGCATCTACCTGCAC 225 Cyth 0.005 [16]
HEX-GGCTCATTCTACCAGGGTCTG
Ass (Equus asinus) AGCCCTCGCCATAAAACTTGGA 295 ND2 0.005 This study
HEX-TGGGTTGTACACTAAGATGGCTGC
Sheep (Ovis aries) CACGCAAACGGGGCATCAAT 343 Cytb 0.005 This study
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Fig. 1 Multiplex PCR-CE electropherogram for 13—species identification

DNA template quantity is 0.1 ng per species.
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Table 2 Detection results of different DNA templates at the target site

DNA template name

Target site

Cattle Mice Dog  Rat  Pig

Hamster

Cat  Horse Human Chicken Duck Ass

Cattle
Mice
Dog

Rat
Pig
Hamster
Cat

Horse
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Continued to Table 2

DNA template name

Target site

Cattle  Mice  Dog Rat Pig

Hamster

Cat  Horse Human Chicken  Duck Ass Sheep

Human - - - - -
Chicken - - - - -
Duck - - - - -
Ass - - - - -
Sheep - - - - -
Goose - - - - -
Rabbit - - -
Turkey - - - - -
Carp - - - - -

“+” indicates detected, and “-”" indicates not detected.

23 REEMRLER
RAPER I ZE T A9 3 s, 16 DNA B &

90.05 ngIif, WA IR, 7E DNA B &R

0.001 ng i}, BEEEAIH R . RE. FHEEE. M.

o NG g T SR 10M DNA, /NELDNA
(R B >4 0.05 ng, %% DNA B4 B 47 0.01 ng,
}- DNA [ BR 4 0.005 ng .

Table 3 Sensitivity analysis results

DNA template Species
quantity/ng Cattle Mice Dog Rat Pig Hamster Cat Horse Human  Chicken Duck Ass  Sheep

0.5 + + + + + + + + + + + + +

0.1 + + + + + + + + + + + + +
0.05 + + + + + + + + + + + + +
0.01 + - + + + + + + + + + + +
0.005 + - + + - + + + + + + + +
0.001 - - + + - + + + + + + + +

“+” indicates detected, and “-” indicates not detected.

24 EILREHAKRNER

BEHUR S AR S SR iR 4 FoR, FIIRE
FEARTERS N &0 10%. 5%, 1%, 0.5% B REk:
W R AT, AR G REARTE S R R 10%.

5%. 1%, 0.5% WFaeR RSy, D IR A kR
AIEDRERER10%. 5%. 1%. 0.5%. 0.1%H
AEAS H L MR )

Table 4 Detection results of simulated mixed samples

Sample name

Detection results

Sheep Duck Ass Horse Cattle Pig
Sheep-duck mixed samples (10% duck) + + - - - _
Sheep-duck mixed samples (5% duck) + + - - . _
Sheep-duck mixed samples (1% duck) + + - - _ _
Sheep-duck mixed samples (0.5% duck) + + - - - -
Sheep-duck mixed samples (0.1% duck) + - - - - _
Ass-horse mixed samples (10% ass meat) - - + + - _
Ass-horse mixed samples (5% ass meat) - - + + _ _
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Continued to Table 4
Sample name Detection results
Sheep Duck Ass Horse Cattle Pig
Ass-horse mixed samples (1% ass meat) - + + - _
Ass-horse mixed samples (0.5% ass meat) - + + - _
Ass-horse mixed samples (0.1% ass meat) - + + _ _
Cattle-pig mixed samples (10% pork) - - - + +
Cattle-pig mixed samples (5% pork) - - - + +
Cattle-pig mixed samples (1% pork) - - - + +
Cattle-pig mixed samples (0.5% pork) - - _ + +

Cattle-pig mixed samples (0.1% pork) -

“+” indicates detected, and “—” indicates not detected.
25 MERAEHEAESRGRNER

fifi FH 22 8 PCR A R XTUAR 1) 27 13 T 65 R 254
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REAAGIN B TR o

Table 5 Detection results of commercially available meat samples

Meat/product name  Sample ID  Processing method

Test results (positive/total)

Consistency with label claims

Chicken Pork Mutton Beef Ass  Horse

Mutton rolls 1-3 Raw 0/3 0/3 3/3 0/3 0/3 0/3 Yes
Raw ass meat 4-6 Raw 0/3 1/3 0/3 0/3 2/3 1/3 No (5, 6)

Sausage 7-9 Cooked 3/3 2/3 0/3 1/3 0/3 0/3 Yes

Beef jerky 10-12 Dried 0/3 0/3 0/3 3/3 0/3 0/3 Yes

Grilled mutton 13-15 Grilled 0/3 0/3 3/3 0/3 0/3 0/3 Yes

Grilled beef 16-18 Grilled 0/3 0/3 0/3 3/3 0/3 0/3 Yes

Braised ass meat 19-21 Braised 0/3 0/3 0/3 2/3 2/3 0/3 No (19, 20)

Stir-fried mutton 22-24 Stir-fried 0/3 0/3 3/3 0/3 0/3 0/3 Yes

Stir-fried beef 25-27 Stir-fried 0/3 1/3 0/3 3/3 0/3 0/3 No (26)

Results in bold indicate detected.

LR RENFWT . 20254E3 AKH,
B VG b e AE — R M A R T BB TR, $EE3
Jib 37 5k N AL 1 A3 5 AN 1) A AR AR A R K A
TF1. TF2. TF3. X4 Bk #4 TF1~3 #1745
W, RS RIE 2 BR . SR, 3R IR

IS F ) DNA, UER 1 7% S 1F b B A
W52 FH N AL, BeAh, Kbk 2 ib K T
JEHYDNA, I AT B i TR 7R 5 32 LAY,
PEE TR R ARSC A a0 ) DNA B
TESEAUMATT TS A IR Ak



2025; 52 (12

WiHE, %: ETSEPCR-EHERIKNE RYHERNERIAESIIE

+3181:

—~
)
=

[caie ] [Vice] [Dog] [Far]
o 100 150 200 250 300 350 bp
3 . . . . .

% 5 6900
2 g 4600F
2E 2300
ks 0
2
ES N
8 100 150 200 250 300 350 bp
2 12000 ' ' ' ' '
Sz
2 § 8 000
25 4000
5
& 0
b
® [Caitle ] [Mice] [Dog] [Fat]
3 100 150 200 250 300 350 bp
Q
S » 5100f
S G
25 3400f
25 1700} A
5 0
Q
=
e
3 100 150 200 250 300 350 bp
2 9000}
tz
E 2 6 000F
25 3000}
=
Q
&
© [Caille ] [Mice] [Dog] [Fal]
3 100 150 200 250 300 350 bp
8 . . .
% ».21000f
2 £ 140001
25 7000}
g N
Q
~ Dog
IS
2 100 150 200 250 300 350 bp
2 15000f
gz
2 z 10 000}
2E 5000t
: 0 =
2
Fig. 2 Detection results of casework evidence
(a) TF1, (b) TF2, (c) TF3.
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Abstract Objective To address the challenge of identifying unknown animal-derived components in the fields
of forensic evidence and food safety, we developed and validated a sensitive and efficient multiplex polymerase
chain reaction-capillary electrophoresis (PCR-CE) detection system capable of simultaneously identifying DNA

from 13 species—cattle (Bos taurus), mouse (Mus musculus), dog (Canis lupus familiaris), rat (Rattus

# This work was supported by a grant from National Key R&D Programme (2022YFC3341002).
## Corresponding author.

YANG Rui-Qin. Tel: 86-10-83903380, E-mail: yangruiqin@ppsuc.edu.cn

SUN Qi-Fan. Tel: 86-10-66269531, E-mail: sungifan@cifs.gov.cn

Received: June 25, 2025 Accepted: October 9, 2025



2025; 52 (12) PiEFE, £ ETZSEPCR-EASTHIXWE RYFEANEZNHESEIE 3185

norvegicus), pig (Sus scrofa), Chinese hamster (Cricetulus griseus), cat (Felis catus), horse (Equus caballus),
human (Homo sapiens), chicken (Gallus gallus), duck (Anas platyrhynchos), donkey (Equus asinus), and sheep
(Ovis aries) —within a single-tube reaction. Methods Species-specific primers were meticulously designed
targeting hypervariable regions of the mitochondrial DNA (including Cytb, COI, 16S rRNA, and ND2 genes), with
primer specificity rigorously verified in silico using BLAST analysis against non-target species. A multiplex PCR
system was constructed, and critical reaction parameters, including primer concentrations and annealing
temperature, were systematically optimized through gradient experiments to ensure balanced amplification of all
13 targets without non-specific products or primer-dimer formation. Amplification products were subsequently
separated and detected based on their characteristic fragment lengths and distinct fluorescent labels (6-FAM,
HEX) using a capillary electrophoresis platform. The established multiplex PCR-CE system was comprehensively
evaluated across several parameters: specificity was tested against 17 species (13 target species and 4 non-target
species); sensitivity was determined using serial dilutions of mixed DNA templates; the ability to detect
adulteration was assessed using simulated mixed meat samples with known adulteration percentages (10% to
0.1%); and practical applicability was investigated by analyzing 27 commercially available meat products and
authentic casework samples from a fatal dog attack incident. Results The optimized multiplex PCR-CE system
successfully demonstrated specific and simultaneous amplification for all 13 target species, with zero cross-
reactivity observed with 4 non-target species. The system exhibited high sensitivity, with detection limits ranging
from 0.05 ng to 0.001 ng of DNA template depending on the species; ten species were detectable at the 0.001 ng
level. In simulated adulteration studies, the system reliably detected duck DNA in sheep meat at 0.5%, pork in
beef at 0.5%, and horse meat in donkey meat at a remarkably low level of 0.1%. Analysis of commercial meat
products revealed an 18.52% (5/27) mislabeling rate. These findings were consistent with validation tests using
national and industry standard methods. Furthermore, the system effectively identified human and dog DNA from
real forensic case evidence (clothing fragments from bite marks), and even detected trace pig DNA, suggesting
the dog’s prior pork consumption. Conclusion This study successfully established a highly specific, sensitive,
and practical multiplex PCR-CE system for the simultaneous identification of 13 species. By combining the
power of multiplex PCR with capillary electrophoresis, our approach delivers a significant advantage in terms of
throughput, resolution, and automation over traditional gel-based methods. The system’s proven effectiveness in
detecting low-level adulteration in complex mixtures and processed food products, along with its successful
application to genuine forensic specimens, underscores its substantial value and broad potential for routine use in
forensic laboratories for evidence analysis and in regulatory settings for ensuring food authenticity and safety

monitoring.
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