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1,2 b (mitochondrial cytochrome b, Cyth) . 4 fif
02 c AALEF W EE 1 (cytochrome ¢ oxidase subunit
I, COI). 16SZHARNA (16S ribosomal RNA,
16S rRNA) 2 NADH Jit & i IV % 2 (NADH
dehydrogenase subunit 2, ND2) Z535E [ (9 Fp 45+
PEF VI RE RS 1Y, W8 (Bos taurus) . /)
U (Mus musculus) . K. (Canis lupus familiaris) .
K (Rattus norvegicus) . ¥ (Sus scrofa) .
6 B (Cricetulus griseus) . Wi (Felis catus) .
(Equus caballus) . M\
(Gallus gallus) . T (Anas platyrhynchos) . I
(Equus asinus) . ¥ (Ovis aries) %5 13 ML
PCR- E 4l % H Kk (capillary electrophoresis, CE)
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X gt ) LRI ZH SUREAS I TR AR AE R AR
Al R, E G B DNA FRIE S [ b a4 s
Al (A6 o NMFEASRAE 73R s i 2 R ik 28
IR, SRAE AR AR AL, SRR
AEBEYEEMENES. LRI YRhRE3
BIREAS . A T i PRI B PR A AR I 1 G e i >
Wiy, EEEPR.. FRE. FRT. KRG
(BRZEILAT AT BIRASIA XS FEA; A9 &,
AR KPR AR BER. BER. PE
A 307 . I S SR il il S 78 oK% 2510 R
(4°C) isHi, MK 70% £ BEFIILZE K whisk 2~3
W, WEERITERE RS, - 20°0C MR E 2
THEHUDNA, DL EFEACRAE TAREC i A i %
ETORHE R R SH A (b5 2023-002)
1.2 DNAZREL

{ifi Ff PureLink™ Genomic DNA Mini Kiti5|] &
(Thermo Fisher, J2[E) $&HUDNA, RZEHE S GTHL
e (<100 mg) HEATHRHEL, IMVEAE A F 5K i
WA R, B R TR Y 0.75 em’ 1Y [BE &8
oA R, BAREES AR & U .
Qubit™dsDNA HS Assay ik 7| & (Thermo Fisher,

(Homo sapiens) . X9

FEE) Il Qubit®4.0 ¢ E L (Thermo Fisher,
FE) X DNAB TER, ¥ DNARBEZE 1 mg/L,
HAET - 20°COKA 45

1.3 5|¥igit

M GenBank %7 45 &£ (www. ncbi. nlm. nih. gov)
R EAE (NC_006853.1) . /MRl (NC_005089.1) .
K (NC_002008.4) . K (NC_0016652) . ¥4
(NC_000845.1) . H[H £ B (NC_007936.1) . 7
(NC _001700.1) . & (NC 091244.1) . A (NC_
012920.1) . % (NC 053523.1) . M (NC_
009684.1) . " (NC_001788.1) . ¢ (NC_
001941.1) MWILRARIEH TS, XS 15 Jf. ThE
R KRR AN RETDHWAAEHZ%
[N TS T A 7/ B - N NN SN SR I
S5 6 AL Oligo7 23 e HAT W FRE S PE1Y
JEAN, K T BE A% R )T 51 92 48 % Primer3Plus
(https: //www. primer3plus.com) #1751 ¥ % i1,
i FH A JE 5B e X 48 2% T B (basic local alignment
search tool, BLAST) (https: //blast. ncbi.nlm. nih.
gov/Blast.cgi) K | A MG R EIF 21E.
] 53 14 1) 5" ol FH % 6 42 Bt 6-FAM 5% HEX #E 47 4T
i, SIYRAETAY TR (1) ROARAF
B LR TRIUE, BTk 5 15
B YA B R AR R AR &R rh B AR R
k1.

1.4 EBE—PCRIZEPCRI

i BT A 1 519 %t B — > B AR 4 Fh ()
mtDNA #4758 —PCR Y4 . PCR KN 7E 10 pl S A
R 47, Hod 2xMultiplex PCR Buffer (i1 H
Bl, dE) 5ul, 5142 ul, DNABAHRO0.1 ng, TG
1 12 Tl K 40 2 210 plo 3738 78 96 L #AE P Y
(Bio-Rad, L) iy, ¥ IFIF . 95°C 15
min; 94°C 30's, 58°C 60s, 72°C 60's, 30 MEH;
72°C 10 min. 438 =438 1 3500X L AU 4045 H 1k
1 (Applied Biosystems, FE[E) FHEF750H7,

B Xt 28 PCR, K 13 X% 4 10 pmol/L 5|
WIBIAIRA, IMA TR KRS, 52BN
0.02 umol/L [FIR & 51 s, 13 FPik N 5 mg/
L H¥5 DNATR G, o Bk R, 15304
DNA &£ 0.1 mg/L YIRS DNAER . 7£ 96 L
PG 1T L2 B PCRY Y . 7EPAH PCRIK R
B LA b, X2 5 PCR K INAK &R 19 45 51 9 ¥k
(0.005, 0.01, 0.02, 0.05. 0.1 umol/L) . iE K
(58. 60, 62, 64, 66°C) MATHEENLAL, FRUFS
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Table 1 Species—specific primer sequences and associated data of different species

Amplicon Target

Species Sequence (5—3") ) ¢/(umol-L™")  Reference
size/bp genes
TGCTTGGGCCGGTATAGTAGG
Cattle(Bos taurus) 115 Cytb 0.005 This study
6-FAM-GTGTGCGGTTACAACTGCGT
ACAGCCGTACTGCTCCTATTATCACTAC
Mice(Mus musculus) 147 Col 0.005 [15]
6-FAM-CCCAAAGAATCAGAACAGATGCTGGT
GAACTAGGTCAGCCCGGTACTTTACT
Dog(Canis lupus familiaris) 172 Co1 0.005 [15]
6-FAM-TTCGGGGGAATGCCATGTCC
CTTCGGCCACCCAGAAGTGTAC
Rat(Rattus norvegicus) 200 COl 0.005 [15]
6-FAM-AGGCTCGGGTGTCTACATCTAGG
TCCGTCGACAAAGCAACCCT
Pig(Sus scrofa) 294 Cytbh 0.1 This study
6-FAM-GGGTGGGGTGTTTAGTGGGT
ACTAACCCGCTTCTTCGCATTC
Chinese hamster(Cricetulus griseus) 315 Cytbh 0.02 [15]
6-FAM-GCGTAGGCGAACAGGAAGTATC
TATTGCCATTCCTACCGGGGTG
Cat(Felis catus) 355 Ccol 0.01 [15]
6-FAM-GTGCTGAGGGAAGAACGTTATATTGACTC
GGGGTGACCTCGGAGAACAA
Horse(Equus caballus) 414 16S rRNA 0.01 This study
6-FAM-CTGTTCTAGGGCGGTAGAAGTTA
GACGCCCTCGGCTTACTTCT
Human(Homo sapiens) 132 Cytb 0.01 This study
HEX-TTCGGGCTTGATGTGGGGAG
ACAGCAGACACATCCCTAGC
Chicken(Gallus gallus) 170 Cytb 0.01 [16]
HEX-GTTTCCTTGTAGAGGTAGGAGCC
TTCTTCATCTGCATCTACCTGCAC
Duck(Anas platyrhynchos) 225 Cytb 0.005 [16]
HEX-GGCTCATTCTACCAGGGTCTG
AGCCCTCGCCATAAAACTTGGA 4
Ass(Equus asinus) 295 ND2 0.005 This study
HEX-TGGGTTGTACACTAAGATGGCTGC
CACGCAAACGGGGCATCAAT
Sheep(Ovis aries) 343 Cytb 0.005 This study

HEX-GGTGAACTATGGCGAGGGCT
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UGUIE, S RGN 235 SR A VR

R 2 BN FR AR B A 56 T 38 FHE
AT T — L PRI, XTUEE )
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13 F BARFEA B 3 7 K 2 ) S Ehe K/ h—3.

PCRIK R ML, AV HIKRE &S pl 2%
Multiplex PCR Buffer, 2 pl iF . 5| ¥E S
(%51 B WL 1), 0.1 ng DNARM, ot
ﬁa’%ﬁﬁﬂ(%/@i 10 plo PEAbaR R B LURIES | 99

WROR AT [ AER e R A, AL EPCRY”
BFRF M. 95°C 15 min; 94°C 30's, 62°C 60 s,
72°C 60's, 30 ME¥H; 72°C 10 min, 255 (K1)
WBoR, ALJE 9228 PCR KA 22 BEAS MR X 43

TEMLIERY 1, o 13X RS YR 2 E 13T
[cATTLE] [MICE] [DOG]| [RAT]
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27000
18000
9000 A A
. X w
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@
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Fig.1 Multiplex PCR-CE electropherogram for 13-species identification

DNA template quantity is 0.1 ng per species.

22 TMEHRUMRER
i AR AL 11 22 B8 PCR AR 24351 % 13 B H A5
DNA K 4 FhdF HFr DNA gEAT8a i 18, 7 ds i

PCR Kl A& 22 BEAS MERR X 20 13 HAr®Fh, 4 H
FAsz o5 A AN, DNA SRR A W I, BT fs DNA B
R R B X BE TR R S %, R ke vk

PEFRAE R AR 2 R o 253K, ﬁEﬂ:F MWEE R,
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  Sheep

Cattle + - - - - - - -
Mice - + - - - - - -
Dog - - + - - - - -
Rat - - - + - - - -
Pig - - - - + - - - -
Hamster - - - - - + - - - -
Cat - - - - + - - -
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Target site

DNA template name

Cattle  Mice  Dog Rat Pig

Hamster

Cat  Horse Human Chicken  Duck Ass Sheep

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

- - + - - - -

- - . + - - -

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

23 RBEWHRER
RAPJEA I 25 U2 3 s, £ DNA AR &
90.05 ng i), ZWFIHREH, 7F DNA B

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

o N X, B8 Ip . 4 107 DNA, /bR DNA
FRIAG I B 4 0.05 ng, 4% DNA (46 R 5 0.01 ng,
I DNA [ #5IBRE >4 0.005 ng.

Table 3 Sensitivity analysis results

DNA tem- 4
plate quantity/ Species
ng Cattle Mice Dog Rat Pig Hamster Cat Horse Human Chicken Duck Ass Sheep
0.5 + + + + + + + + + + + N n
0.1 + el + + + + + + + + + + +
0.05 t + + + + + + + + + + + +
001 * - + G + + + + + + + + +
0.005 " ) é + - + + + + + + + +
0.001 - - A \ - + + + + + + + +

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

24 BEHUEEHARNLER

BHLR S REAR I ZS R nE 4R, FRIRG
FEARTERS NS0 10% ., 5%, 1%, 0.5% i BEAS M
YR A, AR B FEAR TR R i 10%.

5% 1%, 0.5% B RER HAEIRTE Y, D IRAH
AEDREEN10%. 5%. 1%. 0.5%. 0.1%Hf
AEAS SR LAY

Table 4 Detection results of simulated mixed samples

Detection results

Sample name
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)

+ o+ o+ o+

Sheep-duck mixed samples (0.1% duck)
Ass-horse mixed samples  (10% ass meat) -

Ass-horse mixed samples (5% ass meat) -

+ o+ o+
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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 MEREHEASRERNER

fifi FH 22 85 PCR A& & XFUCAE (1) 27 13 T 65 R S
ARPEATYERI, T REAR I ZE RN 5 R .
LR, FEAR 1~7. 10~18. 21~25. 27 SHp&dfir
PR R —3, SR, AEA SHR P S0
BEPERSY, HENEREAETRTBATHER; A6
AR T SRSy, HEDZRT LA S A E R
s FEAR 19K P 5 AR IR Ry, DN R K AE D

WA TR FEAR 200K A VR R 5), HE
Izl LU B SR A 5 FEAS 26 K AR S R
Yo, MR ZAEE AR A TR . 27 (ke
A S T REASK DN A B IR n] REdE, BB
Kt R 9 18.52% . 275 M & B AR B AT bR ik A T
B, Kplg RS IR INE R 2, IR TR
FN T B AR A I B4 v f e

Table 5 Detection results of commercially available meat samples

Test results  (positive/total)

Meat/Product name Sample ID  Processing method

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, &
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)

SEPRZEAMF RIS AT . 2025453 AFH,
PP kb e A — A P 22 B TR, $RIH3
Aib 37 N B DL s 43 35 A7 8 A IR AR R A A b
TF1. TF2. TF3. XJJT$E B KB4 TF1~3 #E47 4
W, AR ME 2 s . SR8, 3K K

I NS %0 1) DNA, SR T % S0 o B A
W52 FH N AR, LA, Kb 21K T b
JEEIDNA, I AT RE b TR A 7 5 52 3 LAl
HEE TR RARSC A il dh S EUB I DNA H B
TESERI 5L B AR -4k
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Fig. 2 Detection results of casework evidence

(a) TF1, (b)
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I ABESE MGG 550, 78 HARPIRh g it e fe v
AGERE T4 K G 15 I FAEE UL IR
Yifh, DAKN . R S WAL R E YD, R
PP () fF, dbatal X kbeis
ThPY e P 2023 4F “RUKMSRE” diF 2, AR T
SR BEFAVNR . KR P EE KRG
REH BRI TEIREE 5 el DItk Il P 2524k
KAEPHINT IR RS Gy, Rk -4, 4h
B v 5

B e W Bk (agarose gel electrophoresis,
AGE) S 093G il Jy vk, (HHAAAE

TF2, (¢) TF3.

SPHERAL . REUEARAEET P B Rk
T DNA F B AE = He v 37 v i i % o 38 1Y) 22 S S
DNA FBiy 5, oG A PO R id
) DNA J= A RS, R 884 3105 5 1 i Ak
S B BEHE R A UK R, SEE BT A
W, AR TAE GBI RE R B K , B HL Ik HL
AHAWEREE ., miEsE, AeEER. T4
SrHTETE AL E 2, G5 ZPORICIR R, RREE
W E RS 2 PCR ik i RAGUE S Fh e
ARG ARG 223K 13 Fp B, XA IR H A5 DNA (1
REENEREIN 0.001~0.05 ng, 53T EE i HL Ik Ao
SEARLY, ASBIFRAE R AR 55 B
e, N Igbal 55 12 FTEEST AY 6 PRSI 5 ik i RAR
JEEFE 2 0.03~0.05 ng, AR 2 R ST 6 1)
ARG 7 15 B9 R B R 0.062 5 ng. Yang 55 ¢ I
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FENT 0 8 WA T i R A R 0.01 ng. S RIER
BT BE BIKARFIEAH L, A v A 4 4 Fl
B B WA, RRYE A Y N R
PCR 7L REME AN O PR USRI R . eAh, S[h5
TR EE AR qPCR . ddPCRAH L, A5 e AE £ 40
BRI SR A b A e, A AYAE
SAIEE AR, £ 8 PCR-F 4045 v vkl ] T %
PLOCHE TR RS 2 5 % SR, AL, 0
P, qPCR. ddPCR i H T4 ¥ R A I PG MR
BB

Z B PCRIKZM NI 54, SCHEAE TR RE
SEMES W) 558 B s A RE I A K £ S| YIAT
TERF B BN THEPE 27 AREF5RE X B AR
it Zxt514, 3F /0 BLAST 25 %5551 4)
HEAT T VEAG , KL 5 AE B AR Y Fh DNA J7 51 i
TR, BOREEXT 514 5 E B AR Fh G W2 A5
Piglibup N UYL C L DAL 7/ e LU NI R
PEY SRR S 1, (HIRRS BT 225 | 9 R A7 7
B BB 5300, 2424 H s DNA R B 17
FER, DAEIY HRCRAR, BB T4y
PRI , ARSI 1~3 R AP, IR
2B, ARG L A IZ B AN R R 2R 6
PR R RN GE 1 o 3 Ah, TEAREA A1 T,
WL NE RIS el RRekS H B AR
DNA. X S6HL G Bk 2 I R4k s o — R & o
()% B PCRAR R 51 W %F, 2% 40 i 4 5 %
PRI I BRI NE 2%, JEH
FEAEREARRTIN R AL AT e, R, S5 SR o i
FRLR 38 b S0 ER R FE BT A kR n)
WERFHRCE AR, K425 5 934 5) i Pl AN
NARZR T, 75N —2gE, ATLARh e ) AR
YIRS e A BRI, DL IE PCR SV AT 5K
PR, THAREARN S BRI DNA, BNzt ssny
BleErk S5, Beah, @ nr DU 2R Hr
DNA AT MR85, DAtk — 2 BEiZ ik R Y Fh
FESEE

FESEBRRI T, FFat Xt R s . g 4
W RIRA R TR, IEH TR R AR A
AKGIBE ST . BFFTIAXT 27 43 T B P 2R A PR 4G
W, KBS M REARAFAEARZEAT BN SEIR, A 45 LA
SRNE RN, DAERE R RUSLET R TBA
RS RGO, K 2K 18.52%, k4
PP A OC bR B ATAR VAT T 9E, A
SER—F, XTREFR IR T H AT S e LIS

AR RN LY WG H AR, 7
IR, RE T ARSI AR R A SRR P AT
FEVERLENE . AL, AT RENS T M 22 it
AR T AR BE (FLdf ] . Kl T A
i) B P A BB By, X R IIZITIER T
TR b RRE A RAFAE E. [, B8
TN FLSE SRR BORGN , 2D RIE T A A
A ZEGMAES, Wia/R T EZ T HFHE,
HEMEERET ZYEEnEE, B T AR EY
UESE R BB E . BRABIETE BT R B 57 2 41
PRVRZR B L R A A 2 X A ] i 5 e A A
AN AR R BT, A2 AR L R AL A
5 AL ) 2 A U

4 42

AT IR EE T —FhREAS AE 548 B[R] e
YA AR R KRB TEER. .
B0 NS I SFSE 13RI £ 5 PCR-
BN RIS IIAR 2R . R R R L
o, BN B A0 H ORI - /5 A el e, B
SEPRO IR AT, i ELAE X IIR A REA . TN
R it B S PR ZE R A A T v s T R Y
SEHPE, A GRS R IE X BB
YRR T — P E I T %

2 % X
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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, this study 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 norvegicus), pig (Sus scrofa), Chinese hamster (Cricetulus griseus), cat (Felis catus), horse (Equus
caballus), human (Homo sapiens), chicken (Gallus gallus), duck (4Anas 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
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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.

Key words multiplex PCR, capillary electrophoresis, species identification, forensic evidence,food safety
DOI: 10.3724/j.pibb.2025.0299 CSTR: 32369.14.pibb.20250299

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

YANG Rui-Qin. Tel: 86-18611988837, E-mail: yangruiqin@ppsuc.edu.cn

SUN Qi-Fan. Tel: 86-15801616421, E-mail: sungifan@cifs.gov.cn

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





