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Development of an SNP-based Multiplex PCR Assay for Rapid Discrimi-
nation of Commercial Hairtail (Trichiurus spp.) and Their Geographic
Lineages

Chun Mae Dong, Mi-Nan Lee, Hee Jeong Park, Eun Soo Noh, Eun-Mi Kim!, In Joon Hwang, Jung-Ha
Kang and Hyo Sun Jung*

Biotechnology Research Division, National Institute of Fisheries Science, Busan 46083, Republic of Korea
'Research Planning Division, National Institute of Fisheries Science, Busan 46083, Republic of Korea

Hairtail fishes (Trichiurus spp.) constitute economically important marine resources that are widely consumed in
Asian countries; however, species-level identification is often difficult because of their highly similar morphology
and frequent processing. This limitation increases the risk of species substitution and seafood mislabeling. In this
study, we developed an single nucleotide polymorphism (SNP)-based multiplex polymerase chain reaction (PCR)
assay for the rapid discrimination of commercially important Trichiurus groups and their geographic lineages based
on mitochondrial cytochrome ¢ oxidase subunit I (COI) sequences. Sequence analysis showed that samples from Ko-
rea, China, and Japan corresponded to Trichiurus japonicus, whereas those from Venezuela and Dubai corresponded
to Trichiurus lepturus. Samples from Oman and Pakistan and those from Senegal showed high similarity to Indian
Ocean and West African Trichiurus sp. lineages, respectively, indicating that these groups could not be confidently
assigned to a single described species based on COI data alone. Phylogenetic and haplotype analyses further revealed
clear genetic differentiation among groups and regional variation within species. Overall, we developed a lineage-
associated SNP-based multiplex PCR assay capable of generating distinct amplicons for each group in a single reac-
tion. This method provides a rapid and cost-effective tool for species authentication and traceability of commercial
hairtail products.

Keywords: Trichiurus, Multiplex PCR, SNP, Species identification, Traceability
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% A1 T O R, AT AEACA S EAAEA T8
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A AA deff 2 ofddh °H°j°ﬂ d ] Ez3tch(Nakamura and
Puin 1999, £ 155 5 ARS8 T S01500m & £e oA Sn i o1 A5, e ool
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3 % io] ojgit). 58] 713 i Ao FH 455
749 Feska $ol AU Bk se, o) qls) &
gl 2AHE @ FA|(seafood mislabeling) #A4|7} A|42 0.2

11E 37 QJti(Cawthorn et al., 2012; Galimberti et al., 2013;

Filonzi et al., 2023). T3t YA ofl= Trichiurus 2] U2 AlE

2 F R W] R E R kot Trichiurus sp.2 KL%

AL, A2 T2 FE9] Trichiurus lepturus= $35 0] 355

5 HRob Etol 4ulo] ghor], H HAAE} o7

£ Z3f o] 5o tigt AEF 7} o] F 0% 1L ltk(Lee and Kim,

2014; Yi et al., 2022). o]t A= FARE -89 A1=48E

A Ak ofu e, Aekgt F Al 2 e ol e A A
gk v = Sl

o] Yo7k, 23 fe= T F Wol A A2 2] &z whet &

A2 Ho 7k EAfsh= Aoz Al A gle, o] 2|3k AlE 1A}
ol= A whe] W YA ol Fag FHE AlFe 4 9L

(Xiao et al., 2014; Hsu et al., 2022). 234 7|= 9

B F 520 A US4 A9 W] 2HE T

™(Ward et al., 2005), 5 & W A JetS +EE = =

A8 B v o] A A oR ATHH O o] o]
A ghet. 58] =W Akl A= Trichiurus japonicus?} =8 A
AlFor Huwy glo, o1 s qollM = Fd & W thefst

o] B Ea glo] s s ol A &= 37H41Q1 Trichiurus 5-©]

H3L 754 wiAIsH7] o]fth(Lee and Kim, 2014; Yi et al.,

2022). e S 95 9% A4 ZAF F 7T §04 5
K30tk AAH R B4jo] @,

n]EZCZ]o} DNA (mtDNA)S] cytochrome ¢ oxidase sub-

unit I (COI) F - F1F Ho|& anpa] oz dhde o= Qlof o
&t Sl e F 5ol de] Z8H o] glth(Hebert et al.,

2003; Ward et al., 2005). 221} o]2]st A7|A <L 7|5 W

= A I of| Al ulgo] A8 HY, Thr ARt R

Fh Al sl o= SHA 7} Qlet ofof whet £ Tl 671k
A(single nucleotide polymorphism, SNP)E- 7|WFo 2 st 7+

> kLo
o;grlo
rlo & 0

ShaL ARt &A1 vh| o] 8%, 53] thE- multiplex
polymerase chain reaction (PCR) 7S 3}L}o] HE-3-0f| 4] o
2] 2412 SAlo AT 4 Qo] 74 agAS A A
T Ao g 20k ¢tk (Markoulatos et al., 2002). ©]
Sje e 4AHE 5 A W 9z W ATelNE &
VA o2 22 it

whebA] 2 ¢Eof| A= mtDNA COI g9 2] G7]4 & Hol S
J9ko 2 Svjslo] AL 45 U RIEE 2R of5 2
(T japonicus 2 T. lepturus)} Trichiurus sp.= A C.2 &
So]4] SNPZ W}, o] o] §5t0] F atintohel 5
U 5 W A AS7HA 1 7Fs e B PCR 7]4HE 24} w7
£ 7gstarat skt

Mz H L

A2 &2 2 Genomic DNA £&
E Ao A= = Lo MABIAY f-E- U H e 2R o

5 2(T. japonicus 2 T. lepturus)a} 1|57 AlS( Trichiurus
spye WALR 24 36k 25 24 Alge el
= Ak YIARE SR ateld sl E A3 (Marine
Biological Resource Bank)ol| A gh2 st o, 3k, =,
B wulsalel, Sotol, AUz, ot @ Thr)ABhS B3 8
7 7} 9 A oA 43 E) gk A Al R AR Table 1
ol A AT,

Genomic DNA+= DNeasy® 96 Blood & Tissue Kit (QIA-
GEN GmbH, Hilden, Germany)E °]-83slo] £2]- AA5%
oh Az ZRESS Fukow susgon, AR 2
© 1z A9 upo] et Hagtos zalolty 7k AR
20 mg= E-tubeo]] ©Z, ATL buffer (200 uL)2} Proteinase K
(20 uL)E H7HRE -, S6°Coll Al 18AI7F 59k WAl 2T o] %
AL buffer (150 uL)2} 99% ethanol (150 uLy2 H7}ste] &3

Table 1. Sampling information of Trichiurus spp. used in this study, including collection locations, dates, sample sizes, and specimen ac-

cession numbers

Genus Scientific name E)ac?t%ﬁ Co(l;zi:éion ?;g??g%ﬁ? (co;ot:ﬁ:e d) Specimen accession number
Korea April 2020 32 NIFS-FS-21002054-21002085
) ) China March 2020 20 NIFS-FS-21002034-21002053
T. japonicus 125
March 2020. 15 NIFS-FS-21002019-21002033
Japan March 2020 58 NIFS-FS-21001937-21001994
Trichiurus T lepturus Venezuela March 2020 18 18 NIFS-FS-21002104-21002121
Dubai March 2020 18 18 NIFS-FS-21002086-21002103
Senegal March 2020 6 6 NIFS-FS-21009238-21009243
Trichiurus sp. Oman March 2020 19 38 NIFS-FS-21009201-21009219
Pakistan March 2020 19 NIFS-FS-21009220-21009237




404 = 20

3t &, S-Blocko] A2 DNeasy 96 plate= 274 6,000 X gof|
A 1027F QARSI 1 3, column platesE WA}l
AWI1 buffer (400 uL)E 73t 5, 53 A4 3027t
AAlEZ 4t thA] column platesE WA E S, AW?2 buffer
(400 uL)E 3715k 14,000 x gofl A 727 A4 sh3ict.
Ethanols €+135] #7817 918l columng Ao A =gt
%, AE buffer (180 uL)E #7Fsto] DNAE &]4=5}9itt. 3]4=
%l DNAE 2.0% (w/v) agarose gel 217|950 =2 3holstglo
1, E-Graph Gel Documentation System (ATTO Corporation,
Tokyo, Japan)= ©]-83}0] AlZ+3}5}4 L), ©]% NanoPhotom-
eter N60 Touch (Implen GmbH, Munich, Germany)E A8-5}
N =

COl RTXte] PCR 5% & E7IME

3 Q1o A= X 59] 5 54 9 SNP B 913 mDNA
COL§7142] PCR 557} 4714 A 841 Sasteict. v
S glo} cytochrome ¢ oxidase subunit I (COI) A1) &
B 77k W2 DNA HRELE A(-650 bp) 2H1517] S
-8 Zefo]m VF2 t13} FishR2 t13 AR&sto] S35l
(Ivanova et al., 2007).

ESE ZAF COI 99 5Z2 §J3t Zeto|H TL COI-1F
¢t TL_COI-2RE o]-gsto] &% COl F4(-1,016 bp)y
&5l dld Zetolm= GenBankollA] &g 2|5
COI 7M1 EE v A8 AEsto] =58 HE g9 7]
Hko 2 AAs1¢ t(Table 2). Z2to]™ 2] melting temperature
(Tm)+= OligoAnalyzer (Integrated DNA Technologies, Inc.,
Coralville, 1A, USA)Z o]&-51o] AAksHSATh

PCR BF8-2 % 10 uL 9] 2 =33} t}. 10 x PCR buffer 1
uL (2% MgCly %% 2.0 mM), ANTP Z§-24(Z} 10 mM) 0.2
uL, ZF =Z2to] (10 pmol/uL; % 5= 0.5 uM) 0.5 uL, hot-
start Taq DNA polymerase (1 U) 0.15 pL, 5% DNA 1 uL (40
ng), TE|T W FRAE HF RS ol

PCR 522 Veriti™ 96-Well Fast Thermal Cycler (Applied
Biosystems, Thermo Fisher Scientific, Foster City, CA, USA)
2 Abgsto] Bkt Whe 27 27] B4 95CA] 10
H & 353 2o 95°ColA] 55% WA, 56°C (VF2 tl/

M

=~

i

oJulgt - 9B - w2 - glew] - g

=

- 73 - HEA

MN

R84

FishR2 t1) ®= 54°C (TL_COL-1F/TL_COL2R)*|A 55
2 A%, 70°COIN 552 AR AAson, HE e
72°Cofl A 523t 33T

PCR AFzE2 ethidium bromide= GA13F 1.8% (w/v) agarose
gelofl Al 21814 2., E-Graph Gel Documentation System(
ATTO Corporation)Z ©|-gsto] A|Ztaketgict. T 27]|= 1
kb Plus DNA ladder (Invitrogen, Carlsbad, CA, USA)E 7|5
o7 FHSH

ZZ AHE-S QIAquick PCR Purification Kit (QIAGEN
GmbH)E o]-&-3}0] #5159 2.1, BigDye™ Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems)E A5} ¢7]
A BAS =alslen) 242 ABI 3730XL DNA Analyzer
(Applied Biosystems)of| 4] 4=84 3} T}

¥71ME AZnutE TS SeqMan™ Pro 17 (DNASTAR
Inc., Madison, WI, USA)} BioEdit v7.2E o]-&35}o] sHZ] 4l
233t % 542 NCBI BLASTn 2} A1%-24], hap-
lotype £4 A7H8 Seste] st on, A% AAE 98%
oA & E-value <1 x 107 7]&0.& 12} B3R oH, %
& 5742 BLASTn 23}, AlE24] % haplotype 4] 23=
ZFlslo] =35} ch(Hebert et al., 2003; Ward et al., 2005).

714 thek/d Al 3 (haplotype < haplotype TH)e; tHE 4
#2] 4= 9 7] thok=)= DnaSP v5.10.01 (Librado and Rozas,
2009) o|&3sto] A 2™, median-joining haplotype
network+= NETWORK v5.0 (Bandelt et al., 1999)=- ©]-8-5}-]
g skoinh Al'g4== MEGA X 2 7195 0]-8-5}o] Kimura
2-parameter =& 7]HF2] neighbor-joining W o2 153519
© ), bootstrap =43 1,0003] ¥k 4284519}
SNP =0l 3l ma2to|H A

2E COI A7IMEe & 2 AS 7F §lolE #4517 ¢
3} GenBankol| 554 32 AL@EH 9 T H U, T ja-
ponicus (AP012507.1); wd|l=<det U o], T lepturus
(0Q365607.1; KU945006.1); 2.5+ 2 7] A€}, Q1 =0k Trichi-
urus sp. (LC269240.1); A4, Aotxe|7} Trichiurus sp.
(KF965501.1))2+ 4 &a}gic.

AEE AEE 7IRe g F 9 AlE Sold ddA7ItE A

Table 2. Primer sequences used for amplification of the mtDNA COI region of Trichiurus spp

Oligo name Sequence (5'—3’) Product size (bp) Tm (°C) Description
VF2_t1 ngmﬁgﬁgi ?TCgéCG/I gAA CCA 650 56 Universal COI primer
FishR2 t1 CAG GAAACA GCTATGACACTT CAG
- GGT GAC CGAAGAATC AGAA
TL_COI-1F AGCCCATGCCTTCGTAAT -1,016 54 Primers for extended COI amplification
TL_COI-2R ACGAAGGCTTCTCATAAGA

COlI, cytochrome ¢ oxidase subunit I; Tm, melting temperature.
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GACCAAATTTATAATGTCATCGT TACAGCCCATGOCTTCGTAATAATCTT
GATCAAATCTACAATGTTATTGT TACAGCCCATGOCTTCGTAATGATTTT
AGCCCATGCCTTCGTAAT

T. japonicus (AP012507.1)
T. lepturus (MK333401.1)
TL COT-1F

T. Jjaponicus (AP012507.1)
T. lepturus (MK333401.1)
TL COI-ZR

GTTCCTATTTATCTTATGAGAAGCCTTCGTCGCTAAACGAGAAGTACTTG
ATTCCTATTTATCT TATGAGAAGCCTTCGT TGCTAAGCGAGAAGTTCTTG
TCTTATGAGAAGCCTTCGT

Fig. 1. Schematic representation of primer binding sites on the mtDNA COI region used for amplification and marker development. COI,

cytochrome c oxidase subunit I.

T H QA& AEsGTh F 9 AlE Sol A AWk Zefo|m =
et A7171 37 ko] |5t g AA ST o= 3"
7] B = 5F Soldol AR dF nA= A
&4 ITHKwok et al., 1990; Morin et al., 2004).
sato|H AA Al GC g, melting temperature , 2 22} -
Z A 75 L5kl o H, agarose gel 17|50l A H<
St o] 7he st e s SE AREY] A7]E 24T Zato]
o] Eo0]A]L2 T+ PCR (singleplex PCR)¥} agarose gel 417]

FE= T3l Hrskaitt

CHS PCR (multiplex PCR) AJAH! Jfgt

LA oi59] W A AF THE Sl8 5 W AT 5
o]® zjo|u|(TJ 368F, TL 518F, TN 632F, TS2 887F,
TS 944F)} -5 i}k efo]m(TL COL2R)E o] §5to]
thEPCRE =3ya1ict. 2t =Zeto|m= 2+ T japonicus, T.
lepturus, 712]31 Trichiurus sp.2] & E= A9 A5 1Hg
T A== AA e

PCR ¥H-3-& % 10 uL 23] & 4=~3§5}3ith. 10 x PCR buffer 1
uL (2% MgCly %% 2.0 mM), dNTP Z3(z}H 10 mM) 0.2
uL, Z} forward primer (10 pmol/uL; %% &%= 0.1 uM) 0.1
uL, TL_COI-2R primer (10 pmol/uL) 0.3 uL, hot-start Taq
DNA polymerase (0.5 U) 0.1 uL, 5% DNA 1 uL (40 ng), ~1
O3 B SRR A RS P,

PCR ZZ& 27] WA 95CollA] 118 ¥, 358] WiHow
95°Col|l Al 55z WA, 54°Col| A 55% A, 72°Coll A 55% A%
o7 Sasiglon, 2% AR TICOIN ST Sasiodr

PCR Ah=2 1.8% (w/v) agarose gelol|l 4| 17|95 3 UV 3
ol Al BHolatgl om, THH =17]%= 1 kb Plus DNA ladder (Invit-
rogen)E 7|F2 2 4313 tt =3 % (mixed-template) A

= 7t IS DNAS 593 o= E3tato] 2451tk

I

=F

Zd3} 2 =

=
NER-TR RPN JEVE

Selel] MASAL S5 W 9L 2T ofF 2H(T.

japonicus 2 T. lepturus)¥} Trichiurus sp.-& AT S2 3 AR
£ 54510} H410] o] §3 ATk Table 1)

mtDNA COI H}ZE= 4 9(VF2 t1/FishR2 tl, -650 bp)< ©]
g3lel @71 2e sustgion], 271408 TL COLIF/
TL _COI-2R Zzfo|mE o] &ate] E4kE COI 99(-1,016
bp)2] ¥714H9-& 35 Th(Fig. 1, Table 2).

gHE 9714 g2 NCBI BLASTn H|o| B H|o] A9} Bl u gt
Ay}, gt S5 W AR A2 T japonicus (AP012507.1)
2} 99% ool A714E A= (E-value <1 X 10°)E LHERH
o}, |2t @ Supo] AR GA] T lepturus (JQ365607.1;
KU945006.1)2} 99% ©]4}9] FAIESE R o, = 3tk i =
Y o2 WA 12y COI G748 A Ak, v
et ok Fupo] Hekol A A= thE 2|9 §o] 4 SNP7t
FRIE|Glom, o] 7|9e & &2 AL| thEPCROY A= F A
o AFS TR 5 S 1A S At ont v wr] A
e} A2 Q1= 0F Trichiurus sp. (LC269240.1), AU 2 A 8=
Aot 7} Trichiurus sp. (KF965501.1)3} 212} 99% 0]4+9]
R L CEEL e EVEELE L
02 FAEA] &2 Trichiurus sp.2 5EE o] gloemz K o
Fo| A= o] 5 A RS ZH2} Q1A Trichiurus sp. & Ao}
2|7}A| Trichiurus sp.2 F-5-5}F0] %25}k

olg|gt Aik= COI HIZE 7|8 EA o] ZA|F2] & Lol
©-89-2 Aekel 7 Ful, 24 COI ot Bl A% Wt
oA & o2 ges] FYEA| b AFol AT AlA
gteh COI 7]9F 42 Ui AT F=3t Eolls= Al
oA & 4= 9121, incomplete lineage sorting = intro-
gression®] o] 91 4= itk webd s Akl chet g
skt ERoH HES oAl 7Sl Fefsh] 2 8 /-
Al 718 EA o] F @ sirt. o] 23t Ak 7]E At Y
% ol A et oz o] ofele AFol B uf o}
(Cawthorn et al., 2012; Galimberti et al., 2013).

ST Ciop U 7S 24

ok, S5t 9 9 E A 2= BLASTn 2404 5% T, japoni-
cus A S(AP012507.1)1} 99% 0|40 =& GAIES B g



406
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37 | TJ hap-03(3)
33 - TJ hap-11(3)
25 |- TJ hap-20(2)

TJ hap-04(2)
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59 - TJhap-21(1)
[TJ hap-09(3)
42 TJ hap-18(1)
99 |- TJ hap-17(3)
55| | TJ hap-19(2)
TJ hap-08(6)
- TJ hap-10(1)
24 Trichiurus japonicus (AP012507.1)
44| [ TJ hap-06(7)
134[- TJ hap-14(2)
22| Ty hap-07(3)
35| TJ hap-13(1)
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TJ hap-16(2)
16 | 14 hap-02(53)
9 |- TJ hap-12(1)
TJ hap-15(2)

TL(WT)_hap-06(1)
29 L TL(WT)_hap-09(1)

Trichiurus lepturus (JQ365607.1)
TL(WT)_hap-03(5)
TL(WT)_hap-02(1)

TL(WT)_hap-10(1)
TL(WT)_hap-11(1)
TL(WT)_hap-07(1)
TL(WT)_hap-05(1)
l__ Trichiurus lepturus (KU945006.1)

991 TL(TN)_hap-01(18)
52 [Tsp.(WA)_hap-01(2)
59 I-Tsp.(WA)_hap-04(1)
Trichiurus sp. (KF965501.1)
99 |Tsp.(WA)_hap-02(1)
38 [Tsp.(WA)_hap-03(1)
32 —Tsp.(WA)_hap-05(1)

[
99
51

2!

39

88

23

61
54

0.020

Trichiurus sp. (LC269240.1)

Assurger anzac (AP012508.1)

2o - golz - st - JEA
. T.japonicus - -

(Korea, China, Japan)

- 88%
| Tlepturus J
(Venezuela) L 85%
T.lepturus i o
 (ubai 94-95%
- 88%
Trichiurus sp.

I (Senegal)

Trichiurus sp.
(Oman, Pakistan)

Outgroup

Fig. 2. Neighbor-joining phylogenetic tree based on mtDNA COI sequences of Trichiurus samples analyzed in this study. The tree was
constructed using the Kimura 2-parameter model, and bootstrap values are shown at the nodes. Bootstrap values were calculated based on

1,000 replicates.

o, Al FEA A = F Ut
wba] B A Lol A= o] A|RE T japonicus=
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mtDNA COI ¢ 91 7|REC 2 S 9 FXF 7744 o]

z3}s)
7y

1y
R

T. japonicus clade®]|

A Bo|7h £418 7Hs o] Sl

et

St Aw} A A7) A D -G-AHE(pairwise sequence similarity)
A kg g 2ol et Hss Hylow, AA Ao s
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Table 3. Genetic diversity indices of Trichiurus spp. based on mtDNA COI sequences

Korea, China, Japan Venezuela Dubai Senegal Oman, Pakistan
Total number of individuals (N) 125 18 18 6 38
Number of polymorphic sites 42 0 6 7
Number of haplotypes (H) 41 1 5 7
Nucleotide diversity () 0.004 0.003 0.000 0.004 0.002
Haplotype diversity (Hd) 0.807 0.895 0.000 0.933 0.782

™, T. japonicus®}t T. lepturusi= 22 =342 clades B/d3}
AL, Trichiurus spA= VEGA (LN T} Aghe} Aofaze]
FHAI(AUIZ) Ao = A s = S B olch(Fig. 2).

COI ¥ ¢-2 7|4kS & 3t haplotype ¥-4] A3}, T. japonicus]|
A& % 41719 haplotypeo] Q1% 2., 71 5 Hap 29¢] 53
MAZ 7P =& s B0 3, S 2 g Aol A
&0 WHE QI o] ejgt Aub= gk, T Y2 ek
o] &Y3gt T. japonicus A&l 3HHA %, et W haplotype
TS HR5kaL 952 AlAREH Avise, 2000).

A2 tFoFA-S YEY &= haplotype diversity (Hd)2} nucle-
otide diversity (1):= g=rol A 22} 0.915 2 0.005, S=TollA]
0.763 @ 0.004, LEo|A4] 0.754 L 0.0042 LYEFOH, o=t
Ao A A o2 =2 314 tfAdS Elnt o]= g
o] S= 9 Y& HdH ) g2 © 2 thoFgt haplotypes
Sl S AlAFeHH, thit Bt yEksl s A4S flaliAl=
Q1 A1 W AT 223eE A7t E 251t Table 32
H AeS 7|Hre 2 AEE 444 ool A& Al
o, = 7P A Abs Eiol| HE R 7|sshqloh

S, Trichiurus sp.a= Q1= FA| (25 9 T}7] A%HQ} Aol
7HAAUZ) Ao &2 FFEste] A5k o, MR o2
12719] haplotype©] 2F1=| It} T. lepturus®] 75~ 4=
2} H kol A Hd2 ni= 212 0.895 € 0.003 2.2 Urehgon, &=
Hho] F ek Y haplotype & = -/ & $ith(Table 3). ©]+= #|
o 7F A G 2ol & AlAfehH, B ¢F o] Foll A mlEEEL]
o} DNAE 7|9t & & 219 ek 7F §-4 2 2371 2o vf
Q1tH(Grant and Bowen, 1998; Avise, 2000; Ward et al., 2005).

Trichiurus sp.2] 735~ AUl Ao Hd 0.933 2 7 0.004%
UEbst oL, &4 A7 670 A = AlRHA ol B g s g
ofH| & A= sfj A =]ofof girt. @t 9l a7 A kS Hd
0.782 @ 7 0.002% et om, o]t A= Trichiurus sp.
W A9 Al 7k COI Ho|7t £ 7Hs/dS AlAFRITH(Table
3).

SNP 7|8t Ct&E PCR Ot74 70

COI A7IM g 44 42 3l 227 T L A Ale=
TEE e TEAd 971 YA (polymorphic sites)E 22l
3% CHTable 4, Fig. 3). £41% SNP= % 57 $12](368, 518,
632, 887, 944 bp)oll A ERIE|Flom], 7} 9]2]= F Ei= A

Algol whet S0l Ql 67| 2| el UEpylich 531,518 bp
QA A= wluledet W] T lepturusoll AF AR 2|3k
Hol7F 2l glom, 632 bp Aol & Aol A 2%
fFHpo] Aehof|Auk C7F gl E o] s Hehs T = e
SNP 3 2 ZQ1E|9irt. T3k 944 bp JA|of| A& B ¢ltol| A
AR A o] Trichiurus sp.o| ARE C7F Q1= o] s
S T 4= Q= SNP T H 2 &l Qitt.

SQIE SNP A8 7|Rho 2 75 1 2o AEE T 4
Q1= forward primerS A A|5}3L, 3% reverse primers ©]-&
5ko] th5 PCR A28 5513 HH(Table 5). 2£410] AR&-E
AN &S o2 g thg PCROA = H|50] 4 FZo] e
A] ¢Skt Z) primer set:> SNP 912 & 36l AA =3l
o, 53] 3" weho] Xtk 17| E uijA|sto] v|EA FofA 2] H]
ol FF 78S Hasfeles A tHKwok et al.,
1990). o] & &5l 3hte] REg-oflA] of2] k& FAlol -8
% Q= sl

E3F th PCR 7|RF SNP nhA = of 2] 242 54| =
= Qlo] B4 A& A FA7IH, 714G 24 ¢l
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SHAI S HeFel o= QIth(Hebert et al., 2003; Morin et al., 2004;
Ward et al., 2005).
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Table 4. Species— and geographic lineage—specific polymorphic
sites identified in the mtDNA COI region of Trichiurus spp

. . Polymorphic sites (bp)

Species (Origin)
368 518 632 887 944

T. japonicus (Korea, China, Japan) A . . A
T. lepturus (Venezuela) . A . A
T. lepturus (Dubai) . . C A .
Trichiurus sp. (Oman, Pakistan) cC G A C T
Trichiurus sp. (Senegal) . A C

COlI, cytochrome ¢ oxidase subunit I. Dots (.) indicate nucleotides
identical to the reference sequence (7. japonicus), while different
letters represent nucleotide substitutions. Positions refer to nucleo-
tide positions in the aligned mtDNA COI sequence.
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T. japonicus (GJ) CAGCTGTCCTCCTACTTCTTTCCCTCCCAGTTCTTGCAGCTGGAAT TRCA]

T. lepturus (VE) CAGCTGTCCTTCTACTCCTTTCCCTACCAGTTCTTGCAGCTGGAATTACA
I. lepturus (DU) CAGCTGTCCTTCTACTTCTTTCCCTACCAGTTCTTGCAGCCGGAATTACA

sp. (OM PK) CAGCTGTTCTCCTACTTCTCTCCCTGCCAGTTCTTGCCGCTGGAATTACA
I. sp. (SN) CAGCTGTCCTCCTACTTCTTTCCCTACCAGTTCTTGCAGCTGGAATTACA

360 70

kL1 160 400
s bssmellaossnlosncs Fooms as awl

T. japonicus (KCJ) [ATACTCCTAACTGACCGAJAATCTTAACACTACCTTCTTTGACCCCGCAGG
T. lepturus (VE) ATACTTCTGACTGACCGCAATCTTAACACTACATTCTTTGACCCCGCAGG

T. lepturus (DU) ATGCTTCTAACTGACCGCAATCTTAACACTACATTCTTTGACCCCGCGGG
I. sp. (OM.PK) ATGCTCCTGACTGACCGCAACCTAAACACCACATTCTTTGACCCTGCAGG
sp. (SN) ATACTTCTGACTGACCGCAATCTTAACACTACATTCTTTGACCCCGCGGG

510 TJ_368F s20

530 540 550
sl sws sf«snsPasnaloseslsne u)

T. japonicus (KC.J) GTCGCGTATTACGCCGGGAAAAAAGAACCCTTTGGATACATAGGAATGGT

T. lepturus (VE)
T. lepturus (DU)
T. sp. (OMPK)

7. 5p. (SN)
TL_518F

610 - 620

%;%%%%;%%;%%%%%EEEPAGAAAGAACCTTTTGGATATATAGGAATAGT
AAAAAAGAACCTTTTGGATATATAGGAATAGT
GTTGCGTACTACGCCGGGAAAAAAGAACCTTTTGGGTATATAGGAATGGT
GTCGCCTACTACGCCGGGAAAAAAGAACCTTTTGGATATATAGGAATAGT

620 640 650
sl s wg uleseslssmal saanlswa nl

T. japonicus (CJ) ATATATTTACAGTAGGAATAGACGTTGACACACGAGCCTACTTCACATCT

T. lepturus (VE)

ACATGTTTACGGTGGGAATAGATGTGGACACACGAGCCTACTTTACATCT

T. lepturus (DU)

ACATATTTACGGTTGGGATAGATGTGGACACCICGAGCCTACTTTACATCT

T. sp. (OMPK)
T. sp. (SN)

ACATATTCACAGTGGGGATAGATGTTGATACACGAGCCTACTTTACATCT
ACATATTCACGGTTGGAATAGATGTGGATACACGAGCCTACTTTACATCT

TN_632F
280 #90 900
sl svalosaalsoailesaslanasal

T. japonicus (KCJ) AGCCCATTTCCACTACGTCCTATCAATGGGTGCCGTATTTGCTATTATAG

T. lepturus (VE)
T. lepturus (DU)
T. sp. (OM,PK)

AGCCCACTTCCACTACGTCCTATCAATAGGCGCCGTATTTGCTATTATAG
AGCCCACTTCCACTACGTICCTATCAATAGGCGCCGTATTTGCTATTATAG
AGCCCACTTCCACTACGITCCTGTCAATAGGAGCCGTCITTTGCTJ\TTATAG

1. 5. (SN)

"o 820

AGCCCATTTCCACTACGTCCTATCAATAGGCGCTGTATTTGCTATTATAG

TS2_887F
930 940 950
s B ol wow v will wmwns Bown wjw B wmil

T. Japonicus (KCJ) CAGGCTTCGTACACTGATTCCCCCTATTTACAGGGTATACTCTTCACCCA

T s
E’ffqg:wusm”lj)
T. sp. (OMPK)
T. sp. (SN}

CCGGCTTCGTACACTGATTTCCCCTATTCACAGGTTATACCCTTCACGCC
CCGCCTTCGTACACTGATTCCCCCTATTCACGGGTTATACCCTTCACGCC
CTGGCTTCGTACACTGATTCCCCTTATTTACGGGCTACACCCTTCACGCC
CCGGCTTCGTACACTGATTCCCC

TATTCACGGGCTACACCCTQCACGCC
TS_944F

Fig. 3. Nucleotide alignment of mtDNA COI sequences from Trichiurus spp. showing species- and geographic lineage—specific SNP sites
used for primer design. COI, cytochrome ¢ oxidase subunit I; SNP, single nucleotide polymorphism. Polymorphic sites are indicated at

specific nucleotide positions in the aligned sequences.

o] tjefel A7) 9] FF AHE-2 thE PCR 2710l 4] QP &9l &
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e vhA & A-85t Aat, 7F chof| whak A& o2 F7]9]
SHAEo] ERIEIT: T japonicus (R1=, T, Uib)= 845
bp, T. lepturus (H[Ul5=A 2= 692 bp, T. lepturus (FHFO])=
580 bp, Trichiurus sp. (.4 2 57| ~EF)= 325 bp, Trichiurus
sp. (AIUIZh)= 268 bp2] 53 Ak ettt o] & Fdl 2F
2 B FEE ¢ S5 HolETh(Fig. 4). 2 Aol A &
Aof] AMR-E tFE 9714 D& GenBank©l| accession numbers

PZ269095-PZ269098 4 PZ269100L.2 5= 5] ¢c}.

o3t k= &2 Aol A 7 SNP 7|9t k5 PCR 1A
7} T. japonicus, T. lepturus 2 Trichiurus sp. A1%5-2] 2} Fe+-&
ks LS 4 9le-S HojZt) B3| T lepturus®} Trichi-
urus sp.2] & A-Fo A EA4gH YR Ao ek 2FCOI 7]5F &
zﬂ Z x]_o] = ;g‘_q_xq oF _L]—tﬂ‘(ﬂ- 3 [e) }\]/\}-"6]—11]- q-u]-% 03_
FolA] BolEl SNP 559 HARE HZ51] SBIAL T
2 2o} 9 Al EeH 37149) 34 A7 Basi

B Aol B 74 S A 4, B0 A8 A
B G5 w7tolA S E A Aol %?SPEM Lo, o
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Table 5. Species- and lineage-specific primer sets developed for multiplex PCR-based discrimination of Trichiurus spp. and geographic
lineage

Primer Sequence (5'—3") Target group Country of origin ~ Product size (bp) Tm (°C)
TJ_368F ACAATACTCCTAACTGACCGA T. japonicus Korea, China, Japan 845

TL_518F GTCGCATATTACGCCGGA T. lepturus Venezuela 692

TN_632F TTGGGATAGATGTGGACACC T. lepturus Dubai 580 54
TS2_887F TCCTGTCAATAGGAGCCGTC Trichiurus sp. Oman, Pakistan 325

TS _944F TATTCACGGGCTACACCCTC Trichiurus sp. Senegal 268

TL_COI-2R ACGAAGGCTTCTCATAAGA Common reverse primer All groups -

PCR, multiplex polymerase chain reaction; Tm, melting temperature.

T. japonicus T. lepturus T. lepturus Trichiurus sp. Trichiurus sp.
M A (Korea, China, Japan)  (Venezuela) (Dubai) (Oman, Pakistan) (Senegal) A M
— ‘ —
| — s
| ——ly
BASHP —> o s — — —
692 bp —» S S - . Sm— e, S—
580bp— o S — e S —
— —
325Dbp —» SN B - & - = —-— e
]
268bp —> e em— -
e -

Fig. 4. Multiplex PCR amplification for species and geographic lineage discrimination of Trichiurus spp. using SNP-based primers. Lanes
M, 1 kb Plus DNA ladder (Invitrogen, Carlsbad, CA, USA); lanes A, mixed-template samples containing equal amounts of DNA from all
target groups; paired lanes 1-5, T. japonicus (845 bp), Venezuelan T. lepturus (692 bp), Dubai T. lepturus (580 bp), Omani and Pakistani
Trichiurus sp. (325 bp), and Senegalese Trichiurus sp. (268 bp), respectively. PCR, polymerase chain reaction; SNP, single nucleotide poly-
morphism.

TS TSI X2 A Wol S 58] whdslA| B 49l Al I Tiopet x| ekal v HA 9 w2719 7
o} wheba] 2 Ao AAE ATFE A A Trichiurus % o] Zo] o] Rojzchd ek AlMu} 2akabe TelE ojat g-agt
2 AAo] Lukstelr|ol A} Ik, Eak, B oM £ Bl s 288 4 9le Ao s s|H

25 SNP UL E4 10k 7]uho 2 47917 ujite], o}

okt A Lol A 2] B4 2 oy Aol it 27bel Hzo]  Ab AL

2 g 5}t}. B SNPE et S0 Hlo]el 4 glon], Wr} =

He 9 WS Be 4 Qv epEch B o] ¢ wEE 20060 HELALhE S

A B4 F(non-target species)ol| tHet 33} kg o] 42 (R2026018, b AARelS] By % F8)ef Aoz o)
WA PO DR, TR ofFofAe] v|Bold FE e HUETH:

gshH L 27h2el 7k Baste Ea 2 AselA] e
chE PCR 7|3 HAPH L 0] £74) o] 3-8 4145 2ok

dlelli= aatolu, ek AR Wl & 8 e AFA o= 2 Avise JC. 2000. Phylogeography: The history and formation of
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