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Characteristics and origins of methoxypolybrominated diphenyl ethers in tuna
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Abstract: Tuna, top predators in the marine food chain, are widely distributed in global oceans. It possess a
strong capability for pollutant accumulation. Thus, tuna is commonly used as a vital bioindicator of marine
pollution. In this study, 129 tuna samples were collected from the Pacific, Atlantic, and Indian Oceans.
MeO-BDEs were measured in their livers, in order to investigate the occurrence, distribution patterns,
influencing factors, and potential sources. The results revealed two categories of MeO-BDEs were
frequently detected in the samples, specifically 2°-MeO-BDE-68 and 6-MeO- BDE-47, which could be of
natural origin. Further single-factor and multi-factor correlation analysis revealed a correlation between
MeO-BDEs concentration in tuna and its habitat, with differences in sources among various habitats. A

positive correlation between concentrations and s°c (indicating food sources) was observed, suggesting
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MeO-BDEs associated with their respective habitats. Additionally, a weak negative correlation between §°N

and body length was due to the potential conversion of MeO-BDEs within larger tuna organisms at higher

trophic levels. The results are helpful to understand the distribution characteristics of MeO-BDEs in tuna

worldwide and the potential sources of these pollutants.
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1.1 FESCRAE
2018 4F 9 A —20194F 12 A, B4t “fRix

#h 7088”7 “HRILi 0187 “4xik 357 g
TR Ml A7 FR 2 B 00 4 M 0 S8 28 59 0, 47
S AE K PE ¥ (16°03 "W — 47°36'W, 06°45 'S —
09°46'S) . EJEE 7 (46°21'E— 62°25'E, 19°46'S —
09°54 'N) F K F ¥ ( 102°24 'W— 161°52 'W,
14°22 'S— 36°22 ' N fil 171°45 'E— 171°54 'E,
12°39'N—13°11'N) Mg R A . HRES
et FE A 112 2, W46 K IR & 48 ( Thunnus
obesus) . ¥ g 446 101 ( Thunnus albacores) J% % £f1
( Makaira mazara) 55 7 ¥ & ¥ i, Z R &4
0 RESEANE B L 1. S R
FRAARE T B R, YEv dF 3 AR 48 20 C
T RAE, H 2 LR E 5T .
1.2 G FR R

14 7 PBDEs 1R & 5 #fE i, B4 2,2°,4-—1R
T B (BDE-17) . 2,4,4°- =% — 2Kk (BDE-28) .
2,2°,4,4-DUIR — Kk (BDE-47) | 2,3°,4,4°-J0 R
K[ (BDE-66) | 2,3°,4”,6-DU i — 25 fi (BDE-
71) . 2,2°,4,4° 5-Ti % — 2K ik (BDE-85) ., 2,2°,
4,4 5-FL0 — 2Kk (BDE-99) | 2,2°.4,4°,5- T4 —
ZE ik ( BDE-100) . 2,2°,3,4,4°,5°-75 I = 7K ik
(BDE-138) . 2,2°.4,4°,5,5°-75 /R — % fi¥ ( BDE-
153) | 2,2°,4,4°,5,5°- /N IR — 7K fif (BDE-154) |
2,2°,3,4,4°,5°,6-L 5 — JK fik ( BDE-183) | 2,3,
3°,4,4°,5,6-L " — 28 fif (BDE-190) | 2,2°,3,3°,
4,4°,5,5°,6,6 -1 IR — 7K ik ( BDE-209) , 4 T
02si A A (USA) o MRS /") 3,3°,4,4 - PR
T 2K Bk (BDE-77) 1 2,2°,3,4,4°,5,6--1 15 1 25 fik
(BDE-181), KA KX #5 2,2°,3,3°,4,4’- 75 1R — 7K ik
(BDE-128), I4F 02si A H] (USA) .

1F & %€ [n-Hexane (HEX), K3k 2% 1. — &
F ¢ [Dichloromethane (DCM), 4 5% 2% 1 A1 H it
[Methanol (MET), 4 % 2% 1301 A & R & #t
FA A A Wi (o bral) i [ i E 2y
£EH,
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Tab.1 Basic information on tuna
Wb T4 P () T R HipE How HIER/(%)
Bigeye Tuna (BET)  KPHPE  46°03'W—16°7'W  06°75'S—09°18'N =32  6.4+2.6
KR EAE Thunnus obesus ENEEE 46°06'E—62°04E  19°78'S—06°5'N ;=5 4.9£0.2
K 160°4W—171°90'E  14°38'S—30°96'N ;=21  6.6+3.8
WAt Makaira mazara Blue marlin (BUM)  KRPUTE  33°25'W-20°51'W  05°08'S—07°09N  p=4  11.4+7.4
FOUSEIEE  Tetraprurus audax  Striped marlin (MLS) AT 155°33'W—160°01'W  07°76'S—32°85'N  p=2  5.7+2.9
RVGPEMESS  [stiophorus albicans  Atlantic Sailfish (SAI) KPE¥E  23°05'W—21°06'W  05°65'S—03°05'S =2  7.5+0.9
el Katsuwonus pelamis  Skipjack tuna (SKJ) ~ KPEiF 46°75'W 09°48'N n=1 4.7
Sl fh Xiphias gladius Swordfish (SWO)  KPUHE  47°58'W—18°18'W  06°68'S—08°06'N  1=9  14.4+4.84
Yellowfin tuna (YFT) KPFG¥E  43°95'W—21°03'W  04°03'S—08°04'N  p=16  7.746.2
WHESMM  Thunnus albacores EBEHE 46°04'E—60°53'E 07°09'S—09°09'N =3 3.9+0.2
KETE 148°38'W—171°86'E  12°79'S—09°21'N ;=17  9.4+55

1.3 FEA RT3
1.3.1 MeO-BDEs £4t&-# 7] &L 32

FRIL 0.5 g 3 R T1 5 1 A fa PRI RE i 55
18 e JCK BRI A 7T IR G IS ik, K 2 A
T4 S g 4Rt . FEHL 200 mL 5
Le s ¥ F 250 mL BB, A LGRS 7R
¥ BDE-77. BDE-181 £ 1 ng, T 55 C {HiR /K%
ARG 72 he JEFEZE R . RKHEAR G TE
o, HEEEREREER. HEEELER
T 1~2mL ECHET, /] GPC Mk bR LR
15 55 Ko 7T 4E 9, A 55 mL Al 120 mL /)
ECEE : ZEBE =1 DRSO GEH
WCAR IR PRI . RTE IR EZE . Ak 5, FIE
CEVE I BB, PR S 220 1 mL, W%
W H & SPE FE B4, 43 M4 10 mL HEX
(4 %+ —, PBDEs) . 7 mL DCM : HEX( V : V=
1: DIRA W M 3 mL DCM( 4H 43 =, MeO-
BDEs) M ¥l i, AWK, Jil 1ng BDE-128 N &
A 100 uL, T—4 °C FAF FAREAEEM
132 B, RAEE Rz FE AT ara

B4 A 0 EAE A T 2 52 19 DCM © MET
(V:y=2: DIREGHEW TR 24 h ZER i -
W TR T 00 E ¥ R TR T BIE S A, R R
(1.0+0.5) mg # i iU E 8 F P AL, TN /Mg rh
G S LRI
1.4 AR5 BT
1.4.1 MeO-BDEs £b4-4 M5

K A 1S —H 4 3R 1 B — T Tk

(GC-ECNI-MS, Agilent 7890A-5975C) | %& 4 46
4 i E th MeO-BDEs 54k & ¥, (1541 4 DB-
SMS( 15 mx250 um=0.1 um) . F| AW 5
BDE-47 (A i ) i [a] 8 Ak & P2 51, 24k
IF SRR C TAER . B i R 1 17 45
PR B TR /4 il 5 (SIM/Full Scan ), [ fif
e SIM A1 Full Scan £t#ig . 7E SIM Y, 4
DY) 85 F ey bk (m/z) 2 79, 81, 408.6. 473.7.
475.7. 486.7 Fl1 500.0, i} Full Scan £ 36 T
m/z ]\ 100 2 600 F A Vi Bl . DL S 3AE N 2R
o R
142 2. RAZERMLZ BB 9T

i F & 22 [A) 62 Z B % 1Y (1soPrime100) F1 7T
Z MY (vario ISOTOPE cube ) i 5E 4 46 f8 1T i
Tk . AR Z o (A E R aE A bR R
I LT A4 1k 4 (Pee Dee Belemnite, PDB) B4 ik
FMRABANIVERSHIRAE, B AR R4
AR 6°C 6N R, HHEARIN T

6X(%o0) = [(Rsample/Rstandara) — 11X 1000 (1)

:—CEEF‘ X ﬁ\jBC E‘ZISN; R ﬂ‘jISC/IZC ﬁISN/MNO
1.5 FEfOESEEET (QA/QC)

R T ARUE ST 5 5 A R T R, 1
PO RAE S 5 LI N R 12 /R i 15 )
2L BP A E L AT A BEE IR, T
SR ECR . # H R (limit of detection, LOD) LA
For U BARE G B 3 A5 A M LU A AR B 305, o i
FR (limit of quantitation, LOQ) LA I ZI F£ & e
10 1515 M8 Le e IRV BE T3 . S5 SR o, RS
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FFRR 3 25 FURE S A R B bR fe & el
5 DL Zw ST i 58 MeO-BDEs J& F
PBDEs fiT£E ¥, HA UM, S/ D bR, LA
1 i) PBDESs 1 & MeO-BDEs Ji 125 il 11 i £
TRIERZ 2%, f76 B IEINEOK . [BISCRTE R
(BDE-181 Al BDE-77) ¥ [a1 st % 43 51 h 82.3% ~
121.5% F180.6% ~119.0%, KiHiFR4 0.36 ~0.75ng/g
[ R, lipid weight (Iw)].
1.6 HdEabs

K H Excel 2019 Fl R i F (RIAS 4.0.2) #47
BIE G B o 5 A /0N A8 0 Wi R B
#: 1F [ 5 (least absolute shrinkage and selection
operator, LASSO) 7341 5 1 MeO-BDEs 7 4 4t f1
EHNRAAR R E . FIELHI7E Ocean data view,
R 1%+ (version 4.0.2) & Origin Pro 2023 H1 58 il
X T A DU BR I AEAS AN G N5 HT o

2 H#R5WHE

2.1 AN MeO-BDEs (1) I /745 1F
2.1.1 MeO-BDEs 1t.&# #) A 44 7 2.

FEAS ARG P AP IR PG ) (BRid
Jya filb), HoAaEE A TS E WA 1R, HRYE
AbA R FRAE R R 25 1 A ) (o7 24X 46 o A
fiE, e b s, (bEW a) mz=2747.
353.8 1 433.7, 43 % A [M-H,Br;] . [M-H,Br,]
1 [M-HBr] ; m/z=337.6 & [M-CH,Br,,] ", 4> F
TE R E SR R 7 A T m/z=248.6 B T,
m/z=187.7 5 265.6 AL B+ &/ T — X REIE 5,
FERAR TP S RIARR IS T B ™ . Be®) CH3Br
PR T BT B TR AR B 2R I X s, SR 5 A —A>
AR B S A TS ARIER B, BEANER A B
TR, AR T F AR DUV 2R kS5 4 . PR AL
BT RN R Cp3HBr, 0, ASHF5E
o A 04 B B3 IS 5 Marsh 2567 X i L i
MeO-BDEs & 145 21| (1) P& ¥ AH AL . 153145
F| W # MeO-BDEs X} T BDE-47 %) A X {4 &4 i}
[d] (relative retention time, RRT) 435l 4 1.016 5
1.053, ST B BFTE 45 AR, 2548 T sl
FRL & W1 E 9 2°-MeO-BDE-68([#] 1a) Fil 6-
MeO-BDE-47(# 1b)

2.12 44 &4k K MeO-BDEs IX 445 4E

] FH 26 [E PR 855 A% 97 58 EPI Suite F02F T 15
5981 2’-MeO-BDE-68 1 6-MeO-BDE-47 ] logK,,,
25 6.85, ULHAX FP LGP AR & AW
FAEWE N, BT R E RGE h B EE
i MeO-BDEs " AHIF5t Hh AR [a] H 4 4 4ty £11 T
U T P A A 0 A S 2350 R 48% ~ 83% il
40% ~ 83%. TERF-VE . R P T ED B2 VE I B,
4 My A0 K P9 2°-MeO-BDE-68 [ K 1 3% 43 571
50%. 48% Fl 83%, 1M 6-MeO-BDE-47 (1) K H} %
SR 40% ., 66% F1183%. MeO-BDEs J&T PBDEs
(75 AR, W& B AL T, 29 Cui 45
A5, Al BDE-47 R4 % 3C A th i MeO-
BDEs 17 T 2w 1PAl . 452, ik
N 2°-MeO-BDE-68 11 % & & nd ~ 569.6 ng/g 1w
[(41.0+£87.9)ng/glw],6-MeO-BDE-47 [& A nd ~
172.9 ng/g lw [(24.6+29.4) ng/g lw]. A faik )
MeO-BDEs [ %7 fit 5 Menezes-Sousa 25" 75 K
VG VE B 4 U 9 IAS 0 R, (R T
Jb ¥ BE 5 %9 (2°-MeO-BDE-68: 1 ~ 6 ng/g Iw; 6-
MeO-BDE-47: 2 ~ 38 ng/g Iw) ", v [ ¥y 7k 4=
H: ¥y (2°-MeO-BDE-68: nd ~ 0.409 ng/g dw; 6-
MeO-BDE-47: nd ~ 1.938 ng/g dw)™” Rl T KU
i 1 & 8 (2°-MeO-BDE-68: 1.4 ng/g lw; 6-
MeO-BDE-47: 29 ng/g Iw) ™", X F% &K K4
0 4h T B W B Y T, LA TSR Y AR RE T
i 7 BDE-47 I #EI (1) % 5 7T 58 A7 7E 8 530 22,
1 38 55 K P 2E MeO-BDEs f i Ji7 3= B Bkt 4%
PEAT 43 M AT LA G o W e b 5 A TR) b 3R ] ) 22
St KO R T A ER B VR B log(MeO-
BDEs) {H 43 51 & (12.08+1.24) . (11.60+0.80) F1
(11.46+0.66) o JUHJE KPP HF AR P VE S
] B SRR 5, HE log(MeO-BDEs) i 1 {8 f% 55 , M
(13.5+0.86), Lt HAth 5l &7 Hh A2 . ik —
%P5 Li 22PY F1 Melcher 2™ {1 1 5% 45 S —
B, R P R b X A B J& MeO-BDEs A9 T
B ONUR, N AZ B B OCTE . KAk, 2°-MeO-
BDE-68 il 6-MeO-BDE-47 {E A [a] 1 3 1t 0 17
JEAREZES . KVPIERMRTEh ik &9y
fm TEVEEE(E 2) o I H, KRR A 44
K N 6-MeO-BDE-47 i & i T ENEE v . 1FF
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[M-H,Br,)
160000 ¢ 353.8 OCH; Br
2 14000 | o
A 7 AN
140000 | 12000 I ]
160.7 o 7S ’\/Br
15}
120000 | 10000 | P
£000 | 2V SE-2, 3, 4, 5-DUTH KTk
100000 | -l B Br 2'-MeO-BDE-68
i 6000 - [w H,Br, ]
S 80000 //\0
4000 | [M-HBr]
265.6
60000 - 2000 | 1877 g 3376 4387
4 20892258 |l W dl, 28103099 . i | 37183886 4168 4634 491.9
0000 s 160 T80 200 220 240 260 280 300 320 340 360 380 400 420 440 460 480 500
20000 | J /\
12 14 16 18 20 22 24 26 28 30
s 1]
160000 (b) 160.7 OCH; Br
5000 | 0
A
140000 | = | S
4000 | - _ A \
120000 | 0 QEO Br
3000 | / s> Yo 6-HIEIED, 2/, 4, 4Lk
100000 | 2 6-MeO-BDE-47
/
il 2000 | i
h 80000 | - \ [M-HBr,]
BY [M -H,Bry] 3548 [M-Br]
60000 | 2 o0 K l 2655 4358
L1749 | 2107 2276 2B ‘ 20183059 32623403 H[ 372.3387.4 4p38 4196 Il 456
40000 | 160 180 200 220 240 260 280 300 320 340 360 380 400 420 440 460
B
20000 A
12 14 16 18 20 22 24 26 28 30
fisf i)
1 £#t% s MeO-BDEs HJ GC- ECNI-MS & i #FRikE
Fig. 1 GC-ECNI-MS chromatogram and mass spectra of MeO-BDEs in tuna
U= T o Pl e S - o o PN
0 25%-75%1LSIOR it sk - St + S 5 G T ML AR RN R K, TTRES A
*
A S O 2 . [32-33] 5
WA BE, R A AR BT
YL L A 3 PE TR L 3
, T A 0 R SCER I S B B R PR I A R B

log,,MeO-BDEs
[

w

e

KOG [ ERREE [ ROFE
log,,6-MeO-BDE-47

TE: I0R MG 25 A A A BB S 75 DA i 4k

2 TEIEE & & KRN MeO-BDEs #9Z5 [BIIR F4H(E
Fig. 2 The distribution variation of MeO-BDEs in different

RO [EREETE | KOFTE
log,2"-MeO-BDE-68

oc€an arcas

) (B 4E ) J& MeO-BDEs Y 5 2 [ 4K K U .
IRV IR PG A i v DX (e S e ) B

VI AL F 58 TR (IVE FREL), TR
AR Z IR, L, BN ) MeO-BDEs 5 H. i if
SAR HE AR AR,
22 4tk N MeO-BDEs 1) A] g 5

H X MeO-BDEs 4 IFA A7 AE 41, A1 AT
B J& th A\ U PBDEs #5415k, A5 ] B 2
WEVEAIRAL E AR AT AT R, 1E
Tl AR 7 FHECRT , P R AE MR N 2R
#] T MeO-BDEs"™ . Z#F45% i PBDEs [f] & 4/
fI& T4 B, K A4S S MeO-BDEs., 5 it 2%
{8, Rotander 25 2347 T 1986—2009 4L 4% X ¥
JK . 65 A g4 N Y MeO-PBDES, & FHL i LE I
L sh W 9 LB K E) 2°-MeO-BDE-68 il 6-
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MeO-BDE-47, H At [F] 28 £k & A5 T 45 00 FR
Malmvirn 25" % 14T 3 vh PBDEs 11 V& i {0 Ky
MeO-BDEs (1) 5%, Jf-$& i 4 it K A ¥k JiF 2% 55 3R
i PBDEs Jf:9F MeO-BDEs [#ii{4#). Teuten 2"
M A T R K A i e 3R BT 6-MeO-
BDE-47 Hl 2'-MeO-BDE-68 it 844, Jf3 i 43 1
R (HC) TS B AL S ATC (4
TR 4 103%0 Fll 4 119%o0, FE B T R R figi £ {4 P
) MeO-BDEs J& KA . BREFAIMSLZERAN, Fyift
— 5 #iA MeO-BDEs {45k I, McKinney 21" F|
FH 5 - T 20 i 0k 44 iF 47 BDE-15, BDE-
28 Fll BDE-47 1Y % 58 55 5, 45 R Jf oK f I 2]
MeO-BDEs. [RIFEZS Il BDE-47 MEFE 1Y H A i
i A PR T D H A G ST RO A 3 S ) 3]
i PBDEs %% 1L 1fij 3 i MeO-BDEs., #| H { N
1k, I ARA RN N ) PBDESs 5% 4% %% #2 5L 46
il ] MeO-BDEs /E WA ™= ¥y 8, T A
SEBGHHE 3BT, 25 TN A LI R 5 4 i S
B AT, A5 b A4 R P 1) MeO-BDEs
Tl KR R s A E i e R R
PE— 251 % MeO-BDEs 13k ™, A% T s
ANEERF AR EIEYE . AT 1A Y R R
KR K A& 4, 2'-MeO-BDE-68 Fil 6-MeO-
BDE-47 H. 25 fb 24 o g M, R 5 9 A= Wy AR o
fift o X P FR AL G 9t ] BB H 5 BUFE MeO-BDEs

PEAT A AR = A, IR AR AR ER o TR,
MeO-BDEs it A ¥ & & W 5E J7 1n 17 A= ) R
S P R, T e e AR R N B
i)

H /i #F 5% 2 B, 2°-MeO-BDE-68 A H 4 3
( Cladophora fascicularis) ">, 4T # ( Ceramium
tenuicorne) ") 5 1§ 45 ( Dysidea herbacea) "™ 4
J#., 6-MeO-BDE-47 [ L™ g™ = ak, —
H & MeO-PBDEs H' ity it 54k & %) o 6-MeO-
BDE-47/2'-MeO-BDE-68 1] LA ¥4 MeO-BDEs
ETR M. RO RGN BN PRI A A
1 /& P 6-MeO-BDE-47/2'-MeO-BDE-68 43 %
(0.63£0.53) . (2.10£1.29) i1 ( 0.48+0.28) , % M
3 AV ek P A MeO-BDEs Y4 10 & 12 7] BEA
o AMFREERSCHERWEBEEY T 6-
MeO-BDE-47 5 2'-MeO-BDE-68 14 [t {8 25 ol
(3£ 2). W Vetter ™ BK, KV EIRIR A4
4 B MeO-PBDEs AJ i >k [ ¥ 4wk HoAth A 4
A, T EQ B VR 5 R TE I S 4 A F 1AR N 1 MeO-
PBDEs A 8 3 2k B ¥ 2. B, A SCAr 2 5
(R K ST P PG 3 5 O K OF VI B R A A
MeO-PBDEs % fg it & T HAlh X 38, [ 58 5 4 p
STV Hh DX R RIS FR B 3 B S TR AL, DA
TS PN o 2 A B d S o T At b DX AR R 2R
A

#2 EFEYH MeO-BDEs B2 K 6-MeO-BDE-47/2'-MeO-BDE-68 Lt &
Tab.2 Concentrations of MeO-BDEs and 6-MeO-BDE-47/2'-MeO-BDE-68 ratio in marine organisms

RAERL kil MeO-BDEs 47/68" ER DN
W i TR UL (Mytilus edulis)” 43.0(0.63 ~220) 8.42 [5]
95 i 2" 96.0(18 ~ 490) 6.84 [45]
WFI T 28" 27(0.70 ~ 110) 0.83 [46]

HA F2% (Galeocerdo cuvier)" 200(60 ~ 2700) 0.62 [6]
e YK (Delphinus delphis)® 1167(52 ~ 2910) 0.65 [25]

5T s 97(2.98 ~ 881) 021 [32]

b A 12 0.51(0.09 ~ 1.70) 1.05 [47]
R s 5.97(4.25 ~9.96) 1.04 [32]
ANPGRS #%4(Phoca vitulina)" 394 3.94 [48]

7E: * 6-MeO-BDE-47/2'-MeO-BDE-68; ° ng/g Iw; © ng/g ww

2.3 MeO-BDEs A7 1520 [ 2%
2.3.1 LASSO % B & 547 i it K A2 % 0m B T
MeO-BDEs 7 4/ f{& N I K A7 22 72 2

Foft DR 2R 52 00, B 435 PR A 4 A £ 4 A ) 2 R
N T AT R E SR R R, AR SCR ] LASSO
BEASHEAT 5387 LASSO BEAY L) HAE AR 1 7 1



% 4 3 BB,

S EARA T A 5 IR ZORE KA 0 M AR A R R 597

Ao B Ak /INREAS KO D) K i e 22 B AR 1 1) R
ST T A BE T PR ™. LASSO B 4347
SRR, AR TAEEAR R SAE
FEAS, (AP %) MeO-BDEs A7 2% 5 1 5% i 1] LA
ZWE AT (& 3) o 3l & BT T A A 9 Y POPs
FRATRE S AR RS A 4. Kidd P W5
K IR, POPs(4n DDTs) B & 1 5 A= WA i ot 5 &
R EEAGE R, SR Verhaert 20" (UHF5Y
R IL, Bg ot 7 5 7F £ 25 5 48 PCBs fil PBDEs 4%
POPs HJf AN HA B 3 52, 3 55 AE 5% Hh 5
MeO-BDEs 7 4 #6 fi H 14 i 77 52 2] g I 7 5 5%
M A H /N 258 — B X R EE TR AR X K
i A7 43K, Hidk 2% F K, H MeO-BDEs 7E A< Bff
¢ H L R ORI 4 SRR AR e R, S [
STHA B X B WA TE 2. 6°CL 6N LK
K RE U 1 % B HY %) MeO-BDEs A ¥ & 45 1Y 5%
M), AR f0 7R A ) A 4 B B BT 4 £ (R W ol A %
IR I AETE 2 5, AT i MeO-BDEs & %22
So WL, RRFEAK MBI S0 aR KRB
R E

04 O VIR Ol
" | 6-MeO-BDE-47

PRI -0 IRt -0-8°C 0 8N
03}
02F T

o1t TR

ol e
0.1} »__ﬂ__a____ e
g2 | A=

70‘3 1 1 1 1 1 1 1
% -35 =30 -25 20 -15 -1.0 -05 0
=03

02t

0.1

&3 £t MeO-BDEs MEMNZMIEE
Fig. 3 Influencing factors of MeO-BDEs in tuna

232 #. fRfEE
07 C TR AE DS R G £ W BE A5 R A 7
F S bR, M 6°C Y5l —18.16 %0 ~

—14.58%o, 5 G FERL W) RN PR IF A Y A —
AR, XERH SR AN YRR IE TR EHEY)
FOIF UMY . 4 M f 0 0 N 3 Bl 7.85%0 ~
15.46%o, 22 I T B WsE h B S A &, 2R
BHMEHE . XEWE S A E 2L H A
A E N B YRR, DTS B 6 i 2 1 A HL
15 YLy 5 WAL 3 B FLAR Y, 5 RSOOSR IR GRS
— ., £MMmIKN log MeO-BDEs & & 5 PIe
HIFMXER, 50N RERAELER, H Fik
A AR BA BETE(p>0.05) (K 4), e
Yk 20 A= Wl e B B S AR RE T, RefE
AT A5 M B A 2k A, DT B AR LA Y
. A, log MeO-BDEs 5 6N 167 A )¢ )¢ £
AIRE R ML T A A a0 X Se 5 Je W i 3 AR AL
il MeO-BDEs ] gl it A= 41 1 AR l5E b Ky
55 HE i OH-PBDEs"", Wan %" % 31, 6-
MeO-BDE47 7T il £ 1A N 5% 4k >4 6-OH-BDE47,
T A\ B MeO-BDEs # £, #i A # £ ) OH-BDEs
7= H: . Dahlgren aEDVRE S T U i W B

=log2'-MeO-BDE-68
- elog,6-MeO-BDE-47 .

~ o0
T
[ ]

log,,MeO-BDEs
(=)}

| R=0.0794, p>0.05
R*=0.0569, p>0.05

~18.5 -18.0 ~17.5 —17.0 ~16.5 —16.0 —15.5 —15.0 —14.5
31°C/(%0)

R=0.0463, p>0.05

8+ u R?=0.0480, p>0.05
[
P ) n L]
o g -
[as] P s e ° ° - :
Q 6t o ® 9 =g = =
= Un on , = J%ioi
2 ° L § “ °
en } L} ° n® °
= 5t '. [ ] :I. ¢
4+ [
7 8 9 100 11 12 13 14 15 16
8"5N/(%o0)

4 &K °C 0 6°N X MeO-BDEs E &I
Fig.4 Influences of ¢°C and O N values on the

bioaccumulation of MeO-BDE:s in tuna



598 BOE R

SR

%43 K

MeO-BDEs 1) /4E #) 1 2, MeO-BDEs ifi 5 37 2 3%
IR BERG TN, H 2 FRYGR R, B G E SR
94k 2 Tt MeO-BDEs ¥k B 28 T %, 1 OH-
BDEs & # | A J2 , 3¢ W] 4= ¥ /& 1 OH-BDEs 5
MeO-BDEs 2 [0] &A= T ¥4k . 446 108 7 9%
e T, A AR P T BB R RR A AR L AR AR
& i, MeO-PBDEs ¥ i F [
233 4K K

5 6PN, 4 i R K 5 1R AR
MeO-BDEs (7K V-2 55 A K R, (HAHA
EME(p>0.05) (F 5) . XEWE, B/hHEitm
ARV BB 45 5 B SR X B WL A s 2
XA OCEE T AR S A0 Al TE SR ORIS A O .
TEOLT, BN A £0 T8 22 MRS 7 i A= Ay
o IR Y, T PTG A T R T 2 5 W R
£E MeO-BDEs, BfifF @Mt AK, BTG
BRI, X nl fEE 4 T H 275 %
Yy, 1B B T fa AR B LA KA R ) S e
&, ¥ MeO-BDEs i — > f{if & OH-BDEs %%
Yy, 1 B AR P AR R, TR I S R A
4K MeO-BDEs 7K,

R?=0.0336, p>0.05
R=0.0167, p>0.05

log,,MeO-BDEs
(=)}

= log,,2'-MeO-BDE-68
| log,6-MeO-BDE-47

100 120 140 160 180 200 220 240
&K /mm

Bl 5 €£i&MFKS MeO-BDEs X%
Fig. 5 Correlation of body length with MeO-BDEs in tuna

(1) NP R VG v FITER B e i R AR 1Y
G M A HF I 21 20 {SUKS: HS P B MeO-BDESs: 2'-
MeO-BDE-68 f1 6-MeO-BDE-47, X Fifhib&4)
T ASRRIE, A2 85I B4
TR PE A R

(2) Z2 A 43 Bt B R 28 43 B 245 SR L [R) 3%

B, 4xHf 442 P4 19 MeO-BDEs ¥ Jif 5% 31| A 71X 5,
(A5 M, SRV 3 ATV 1 1 4 4 £ A 1 MeO-
BDEs ) & f& & T ED V¥ . MeO-BDEs & it 5
0°C RIEAM KRR, Z R IEFM; 5 6°N Fk
KB MR, TR TED RS
£ MeO-BDEs 7 44 a1 14 PN 19 A= ) A7 7= AL
BAEH o ASE AT 3 — 25489 MeO-BDEs K i
I AL B X 4 4 A HA AR 25 R G A T
AR AR o BORE A Bl i T A RO PR AR
10 W AN B e, DAY X e e g v A
BRI RZm, B0 P O A AN

S SOk

[1] CHOO G, KIM D H, KIM U J, et al. PBDEs and their struc-
tural analogues in marine environments: Fate and expected
formation mechanisms compared with diverse
environments[J]. Journal of Hazardous Materials, 2018, 343:
116-124.

[2] FANY, HUH C A, LAN ], et al. Major sources of MeO/OH-
BDEs in the East China Sea elucidated fromtheir records and
phytoplankton biomarkers[J]. Environmental Pollution, 2014,
192: 1-8.

[3] FANY,LANJ, WANG J K, et al. Methoxylated and hydroxy-
lated polybrominated diphenyl ethers in surface sediments
from the southern Yellow Sea: spatial distribution and poten-
tial producers[J]. Environmental Chemistry, 2015, 12(3): 366-
373.

[4] CHOO G, LEEIS, OH J E. Species and habitat-dependent ac-
cumulation and biomagnification of brominated flame retar-
dants and PBDE metabolites[J]. Journal of Hazardous Materi-
als, 2019, 371: 175-182.

[5] DAHLBERG A K, CHEN V L, LARSSON K, et al. Hydroxy-
lated and methoxylated polybrominated diphenyl ethers in
long-tailed ducks (Clangula hyemalis) and their main food,
Baltic blue mussels (Mytilus trossulus > Mytilus edulis)[J].
Chemosphere, 2016, 144: 1475-1483.

[6] HARAGUCHI K, HISAMICHI Y, KOTAKI Y, et al. Halo-
genated bipyrroles and methoxylated tetrabromodiphenyl
ethers in tiger shark (Galeocerdo cuvier) from the Southern
Coast of Japan[J]. Environmental Science & Technology,
2009, 43(7): 2288-2294.

[7] KELLY B C, IKONOMOU M G, BLAIR ] D, et al. Hydroxy-
lated and methoxylated polybrominated diphenyl ethers in a
Canadian Arctic marine food web[J]. Environmental Science
& Technology, 2008, 42(19): 7069-7077.

[8] LUDS,JINY E, FENG C, et al. Multi-analyte method devel-


https://doi.org/10.1016/j.jhazmat.2017.09.026
https://doi.org/10.1016/j.envpol.2014.04.037
https://doi.org/10.1071/EN14243
https://doi.org/10.1016/j.jhazmat.2019.02.106
https://doi.org/10.1016/j.jhazmat.2019.02.106
https://doi.org/10.1016/j.jhazmat.2019.02.106
https://doi.org/10.1016/j.chemosphere.2015.10.012

BB, F

R
N
9

&9

S EARA T A 5 IR ZORE KA 0 M AR A R R 599

opment for analysis of brominated flame retardants (BFRs)
and PBDE metabolites in human serum[J]. Analytical and Bio-
analytical Chemistry, 2017, 409(22): 5307-5317.

[9] ROTANDER A, VAN BAVEL B, RIGET F, et al. Methoxy-
lated polybrominated diphenyl ethers (MeO-PBDEs) are ma-
jor contributors to the persistent organobromine load in sub-
Arctic and Arctic marine mammals, 1986-2009[J]. Science of
the Total Environment, 2012, 416: 482-489.

[10] HAGLUND P S, ZOOK D R, BUSER H R, et al. Identi-
fication and quantification of polybrominated diphenyl ethers
and methoxy-polybrominated diphenyl ethers in Baltic
biota[J]. Environmental Science & Technology, 1997, 31(11):
3281-3287.

[11] MARSH G, ATHANASIADOU M, ATHANASSIADIS L, et
al. Identification of hydroxylated metabolites in 2, 2°, 4, 4°-
tetrabromodiphenyl ether exposed rats[J]. Chemosphere, 2006,
63(4): 690-697.

[12] KUNIYOSHI M, YAMADA K, HIGA T. A biologically ac-
tive diphenyl ether from the green alga Cladophora fascicu-
laris[J]. Experientia, 1985, 41(4): 523-524.

[13] MALMVARN A, ZEBUHR Y, KAUTSKY L, et al. Hydroxy-
lated and methoxylated polybrominated diphenyl ethers and
polybrominated dibenzo-p-dioxins in red alga and cyano-
bacteria living in the Baltic Sea[J]. Chemosphere, 2008, 72(6):
910-916.

[14] UNGER M, ASPLUND L, HAGLUND P, et al. Polybromi-
nated and mixed brominated/chlorinated dibenzo-p-dioxins in
sponge (Ephydatia fluviatilis) from the Baltic Sea[J]. Environ-
mental Science & Technology, 2009, 43(21): 8245-8250.

(15]) &340, PRt BREs s (U PSR B SRR, W5
WRBE KB BCALET]. fk2E 2R, 2017, 29(9): 1093-1114.

[16] SONNE C, BUSTNES J O, HERZKE D, et al. Blood plasma
clinical —chemical parameters as biomarker endpoints for
organohalogen contaminant exposure in Norwegian raptor
nestlings[J]. Ecotoxicology and Environmental Safety, 2012,
80: 76-83.

(17] B3, AN, 47 A AR AR 7 2 57 5 BRI 5
D] L 225, 2005 (2): 51-54.

[18] FAO. Fisheries and Aquaculture[EB/OL]. (2023-03-20). https:
/Iwww.fao.org/fishery/en/global-search?q=statistics%20tuna-
catches%20en&lang=en.

[19] JOHNSON L L, ANULACION B F, ARKOOSH M R, et al. 2
- Effects of legacy persistent organic pollutants (POPs) in
fish—Current and future challenges[J]. Fish Physiology, 2013,
33: 53-140.

[20] GRAHAM J B, DICKSON K A. Tuna comparative phy-
siology[J]. Journal of Experimental Biology, 2004, 207(23):
4015-4024.

[21] XIE J Q, TAO L, WU Q, et al. Bioaccumulation of organo-

chlorine pesticides in Antarctic krill (Euphausia superba): Pro-
file, influencing factors, and mechanisms[J]. Journal of Haz-
ardous Materials, 2022, 426: 128115.

[22] CUIJ T, YU Z Q, MI M, et al. Occurrence of halogenated or-
ganic pollutants in hadal trenches of the Western Pacific
Ocean[J]. Environmental Science & Technology, 2020,
54(24): 15821-15828.

[23] MELCHER J, OLBRICH D, MARSH G, et al. Tetra- and tri-
bromophenoxyanisoles in marine samples from oceania[J]. En-
vironmental Science & Technology, 2005, 39(20): 7784-7789.

[24] HITES R A. Electron impact and electron capture negative
ionization mass spectra of polybrominated diphenyl ethers and
methoxylated polybrominated diphenyl ethers[J]. Environ-
mental Science & Technology, 2008, 42(7): 2243-2252.

[25] MARSH G, ATHANASIADOU M, ATHANASSIADIS I, et
al. Identification, quantification, and synthesis of a novel
dimethoxylated polybrominated biphenyl in marine mammals
caught off the coast of Japan[J]. Environmental Science &
Technology, 2005, 39(22): 8684-8690.

[26] TEUTEN E L, XU L, REDDY C M. Two abundant bioac-
cumulated halogenated compounds are natural products[J].
Science, 2005, 307(5711): 917-920.

[27] MENEZES-SOUSA D, ALONSO M B, PIZZOCHERO A C,
et al. Equatorial Atlantic pelagic predators reveal low content
of PBDEs in contrast to MeO-BDEs: An analysis of bromi-
nated diphenyl ethers in blue shark and yellowfin tuna[J]. Sci-
ence of the Total Environment, 2021, 788: 147820.

[28] WEIIS L, LOSADA S, DAS K, et al. Biomagnification of nat-
urally-produced methoxylated polybrominated diphenyl ethers
(MeO-PBDESs) in harbour seals and harbour porpoises from
the southern North Sea[J]. Environment International, 2009,
35(6): 893-899.

[29]SUN J T, LIU J Y, LIU Y W, et al. Hydroxylated and
methoxylated polybrominated diphenyl ethers in mollusks
from Chinese coastal areas[J]. Chemosphere, 2013, 92(3):
322-328.

[30]SUG Y, GAO Z S, YU Y J, et al. Polybrominated diphenyl
ethers and their methoxylated metabolites in anchovy (Coilia
sp. ) from the Yangtze River Delta, China[J]. Environmental
Science and Pollution Research, 2010, 17(3): 634-642.

[31] LI X M, DONG S J, ZHANG W, et al. Global occurrence of
polybrominated diphenyl ethers and their hydroxylated and
methoxylated structural analogues in an important animal feed
(fishmeal)[J]. Environmental Pollution, 2018, 234: 620-629.

[32] HESKETT M, TAKADA H, YAMASHITA R, et al. Measure-
ment of persistent organic pollutants (POPs) in plastic resin
pellets from remote islands: Toward establishment of back-
ground concentrations for International Pellet Watch[J]. Ma-

rine Pollution Bulletin, 2012, 64(2): 445-448.


https://doi.org/10.1007/s00216-017-0476-6
https://doi.org/10.1007/s00216-017-0476-6
https://doi.org/10.1007/s00216-017-0476-6
https://doi.org/10.1016/j.scitotenv.2011.12.010
https://doi.org/10.1016/j.scitotenv.2011.12.010
https://doi.org/10.1016/j.chemosphere.2005.07.072
https://doi.org/10.1007/BF01966182
https://doi.org/10.1016/j.chemosphere.2008.03.036
https://doi.org/10.7536/PC170563
https://doi.org/10.1016/j.ecoenv.2012.02.012
https://doi.org/10.3969/j.issn.1009-590X.2005.02.018
https://www.fao.org/fishery/en/global-search?q=statistics%20tuna-catches%20en&#38;lang=en
https://www.fao.org/fishery/en/global-search?q=statistics%20tuna-catches%20en&#38;lang=en
https://www.fao.org/fishery/en/global-search?q=statistics%20tuna-catches%20en&#38;lang=en
https://doi.org/10.1242/jeb.01267
https://doi.org/10.1016/j.jhazmat.2021.128115
https://doi.org/10.1016/j.jhazmat.2021.128115
https://doi.org/10.1016/j.jhazmat.2021.128115
https://doi.org/10.1126/science.1106882
https://doi.org/10.1016/j.scitotenv.2021.147820
https://doi.org/10.1016/j.scitotenv.2021.147820
https://doi.org/10.1016/j.envint.2009.03.006
https://doi.org/10.1016/j.chemosphere.2013.03.042
https://doi.org/10.1007/s11356-009-0236-z
https://doi.org/10.1007/s11356-009-0236-z
https://doi.org/10.1016/j.envpol.2017.11.059
https://doi.org/10.1016/j.marpolbul.2011.11.004
https://doi.org/10.1016/j.marpolbul.2011.11.004

600 PSR S S

oM F %43 %

[33] UENO D, KAJIWARA N, TANAKA H, et al. Global pollu-
tion monitoring of polybrominated diphenyl ethers using skip-
jack tuna as a bioindicator[J]. Environmental Science & Tech-
nology, 2004, 38(8): 2312-2316.

[34] THOMPSON P A, WILD-ALLEN K, LOUREY M, et al. Nu-
trients in an oligotrophic boundary current: evidence of a new
role for the Leeuwin Current[J]. Progress in Oceano-
graphy, 2011, 91(4): 345-359.

[35] JENA B, SAHU S, AVINASH K, et al. Observation of olig-
otrophic gyre variability in the South Indian Ocean: environ-
mental forcing and biological response[J]. Deep Sea Research
Part I:Oceanographic Research Papers, 2013, 80: 1-10.

(36] 7K i, XA, £ R PR RIS R 2 IR
ok (39 7775 A0 AIE ARG AT A1 T HE JRB (). A2 AR FR I 2441, 2011,
20(4): 773-778.

[37] MIOCHE D, CUET P. Métabolisme du carbone, des carbon-
ates et des sels nutritifs en saison chaude, sur un récif
frangeant soumis a une pression anthropique (ile de la
Réunion, océan Indien)[J]. Comptes Rendus de 1’Académie
des Sciences - Series IIA - Earth and Planetary Science, 1999,
329(1): 53-59.

[38] STRINGER R, JOHNSTON P. Chlorine and the environment:
An overview of the chlorine industry[J]. Environmental Sci-
ence and Pollution Research, 2001, 8(2): 146.

[39] MALMVARN A, MARSH G, KAUTSKY L, et al. Hydroxy-
lated and methoxylated brominated diphenyl ethers in the red
algae Ceramium tenuicorne and blue mussels from the Baltic
Sea[J]. Environmental Science & Technology, 2005, 39(9):
2990-2997.

[40] MCKINNEY M A, DE GUISE S, MARTINEAU D, et al. Bio-
transformation of polybrominated diphenyl ethers and poly-
chlorinated biphenyls in beluga whale (Delphinapterus leucas)
and rat mammalian model using an in vitro hepatic microso-
mal assay[J]. Aquatic Toxicology, 2006, 77(1): 87-97.

[41] WAN Y, LIU F Y, WISEMAN 8§, et al. Interconversion of hy-
droxylated and methoxylated polybrominated diphenyl ethers
in Japanese Medaka[J]. Environmental Science & Technology,
2010, 44(22): 8729-8735.

[42] VETTER W, SCHOLZ E, GAUS C, et al. Anthropogenic and
natural organohalogen compounds in blubber of dolphins and
dugongs (Dugong dugon) from Northeastern Australia[J].
Archives of Environmental Contamination and Toxicology,
2001, 41(2): 221-231.

[43] VETTER W. Marine halogenated natural products of environ-
mental relevance[M]//WARE G W, WHITACRE D M, AL-

BERT L A, et al. Reviews of Environmental Contamina-

tion and Toxicology. New York: Springer, 2006: 1-57.

[44] BUTLER A, WALKER J V. Marine haloperoxidases[J].
Chemical Reviews, 1993, 93(5): 1937-1944.

[45] DAHLBERG A K, BIGNERT A, LEGRADI J, et al. Anthro-
pogenic and naturally produced brominated substances in
Baltic herring (Clupea harengus membras) from two sites in
the Baltic Sea[J]. Chemosphere, 2016, 144: 2408-2414.

[46] LOSADA S, ROACH A, ROOSENS L, et al. Biomagnifi-
cation of anthropogenic and naturally-produced organobromi-
nated compounds in a marine food web from Sydney Harbour,
Australia[J]. Environment International, 2009, 35(8): 1142-
1149.

[47] WANG H 8, DU J, HO K L, et al. Exposure of Hong Kong
residents to PBDEs and their structural analogues through
market fish consumption[J]. Journal of Hazardous Materials,
2011, 192(1): 374-380.

[48] VETTER W, STOLL E, GARSON M J, et al. Sponge halo-
genated natural products found at parts-per-million levels in
marine mammals[J]. Environmental Toxicology and Chem-
istry, 2002, 21(10): 2014-2019.

[49] ZOU H. The adaptive LASSO and its oracle properties[J].
Journal of the American Statistical Association, 2006,
101(476): 1418-1429.

[50] KIDD K A, BOOTSMA H A, HESSLEIN R H, et al. Biomag-
nification of DDT through the benthic and pelagic food webs
of Lake Malawi, East Africa: importance of trophic level and
carbon source[J]. Environmental Science and Technology,
2001, 35(1): 14-20.

[51] VERHAERT V, COVACI A, BOUILLON S, et al. Baseline
levels and trophic transfer of persistent organic pollutants in
sediments and biota from the Congo River Basin (DR
Congo)[J]. Environment International, 2013, 59: 290-302.

[52] WAN Y, WISEMAN S, CHANG H, et al. Origin of hydroxy-
lated brominated diphenyl ethers: natural compounds or man-
made flame retardants?[J]. Environmental Science & Technol-
ogy, 2009, 43(19): 7536-7542.

[53] DAHLGREN E, LINDQVIST D, DAHLGREN H, et al.
Trophic transfer of naturally produced brominated aromatic
compounds in a Baltic sea food chain[J]. Chemosphere, 2016,
144: 1597-1604.

[54] LLOPIZ J K, HOBDAY A J. A global comparative analysis of
the feeding dynamics and environmental conditions of larval
tunas, mackerels, and billfishes[J]. Deep Sea Research Part I1:
Topical Studies in Oceanography, 2015, 113: 113-124.

(AXLpE:AEZR)


https://doi.org/10.1016/j.pocean.2011.02.011
https://doi.org/10.1016/j.pocean.2011.02.011
https://doi.org/10.1016/j.pocean.2011.02.011
https://doi.org/10.1016/j.dsr.2013.06.002
https://doi.org/10.1016/j.dsr.2013.06.002
https://doi.org/10.3969/j.issn.1674-5906.2011.04.033
https://doi.org/10.1007/BF02987309
https://doi.org/10.1007/BF02987309
https://doi.org/10.1007/BF02987309
https://doi.org/10.1016/j.aquatox.2005.08.016
https://doi.org/10.1007/s002440010241
https://doi.org/10.1021/cr00021a014
https://doi.org/10.1016/j.chemosphere.2015.10.134
https://doi.org/10.1016/j.envint.2009.07.008
https://doi.org/10.1198/016214506000000735
https://doi.org/10.1021/es001119a
https://doi.org/10.1016/j.envint.2013.05.015
https://doi.org/10.1016/j.chemosphere.2015.10.024
https://doi.org/10.1016/j.dsr2.2014.05.014
https://doi.org/10.1016/j.dsr2.2014.05.014

	1 材料与方法
	1.1 样品采集
	1.2 试剂和材料
	1.3 样品前处理
	1.3.1 MeO-BDEs类化合物前处理
	1.3.2 碳、氮稳定同位素分析前处理

	1.4 仪器分析
	1.4.1 MeO-BDEs类化合物测定
	1.4.2 碳、氮稳定同位素仪器分析

	1.5 质量保证与质量控制（QA/QC）
	1.6 数据处理

	2 结果与讨论
	2.1 金枪鱼体内MeO-BDEs的赋存特征
	2.1.1 MeO-BDEs化合物构型的确定
	2.1.2 金枪鱼体内MeO-BDEs赋存特征

	2.2 金枪鱼体内MeO-BDEs的可能来源
	2.3 MeO-BDEs赋存的影响因素
	2.3.1 LASSO 多因素分析筛选关键影响因子
	2.3.2 碳、氮同位素
	2.3.3 体　长


	3 结 论
	参考文献

