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WE  eRRRETREYNEELENZ —, AP ELBEFEAARY, EEEHZ T2 WHE
ENBHERAETR, KAARKET) KA T 4 ANk oL E#HEAMIE R I (Perna viridis)#
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H KA AR R A K, FEAR 45 A & A AT 5 47 BL(integrated biomarker response, IBR)F8 £ % 4t F
FliBEL BT EKTHTEATN, EREW, BB IKALFTELESGEN N REAT,
BARELBEATEEHP)HE EMMA Ay Db >HEBE>K R EE>SE T BE, L TFEHK
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P2z, AWEESISS, EAEE . AWM. BT . Bk
FHA V5 G et K AR R U0, B0 AR S
5 Ak (Jahan et al, 2018; JLEAHE, 2018), 15 ] 5 45
(2008)MF 7% & BR, ¥t s LA 9 v o 4 8 o 3 ik 0 v
JEHJERBRTT = AN X H Cu A1 Zn 75 44K 7B &
o T E N LA T T VKT RS R EE, i
WS RN T Y s AR UK AR T Cu & I (E R
1.69 Al 1.01 pg/L (19555, 2022; FH245%, 2022),
TS M I KA Cu AL, YIE R
0.40 pg/L (KRPHEIE %, 2022), E4JRI5 Y A #H 1k
Ko ORI FeAME . BRSNS . BRPRESERR A,
C LA 42 BROCTE ) A BE [) (1 SO 48, 2020), 7K PR
Hrh Ry E & B POKAE S RIS TR TR AR R R
[i) i b 52 Wl K A S R IG A AR T R R
B, DT 7K AR B A g R s v XU (P R 2R
4 2016; Jaiswal et al, 2018), PRI, Mok AKAARAE Jy it
FEH K A EE 0 B A o1, o R s e R N |
A EE R OCTE AT . HHT, TR EDE AR Yy
S B TE YR DA 2R o 3, R A K L DT
TR A R b i o 4 B 5 i, AR S AH OC T i b
ATV o AR5 0 B 5 v EOAR RE 8 UE B I o g — Fif
HRYE SR, Bl TSR Z BB U E e B
YERE, 0 45 S 70 7 0 DLz e L A6 4 1R 1) B SE AR
N, DT BP0 45 Rk = 2 WM, AN RE G 2 T
AR A R G4 ORI T PR B AR 7 1 75 oK (Gl 1 5%,
2013), Ptk , I AT AU PR 0 o s AN HOR 43
WA

A WbR B G Y B R RUE Yy hE , AR
TV B A5 G M I v g P A 30 R A [ 2 2 A
AJ(El-Agri et al, 2022), A1, W T HREBHEAREES
Peid gk, FECEWIREY) R N BRI E A R
A M PE AN R PR B A, WU IX 2 T e R 8 A=
Wb WA 48 78 A TS Y /K (Broeg
et al, 2006; Beyer et al, 2017), HH, Zi-54Ykr b
el 7 6 012 BB 45 K 22 Fh A WA sk W 27 5 R AT
AT, LIS Y X A W A R e AR B (1T R A,
2023). Beliaeff %5(2002) 5 WK 2 H £5 A A4 Prhn 25 P
J¥/ (integrated biomarker response, IBR)¥5 57k , X7 [
e 25 (IR R 25 S 2 TR DL (Mytilus edulis) i b £ T
Wl fE B (acetylcholine esterase, AChE) ., 2Bt H RKHif%
#% i (glutathione-S-transferase, GST)5 HALAR Hid &
{1k A B (catalase, CAT) M GST BE&E AT E, &
UL IBR T8 ECE T AT HE P o X 534 b 2 1 75
PAREE. BT, IBR F880C o T LA (F

4, 2013) . RIS (H =148, 2023) . BN (Qi et al,
2022)F1Hl 8 Y AL B 4975 (Damiens et al, 2007)5%
VBT G VTl {HL D P R AT R IBR F8 805 N H T
YRS KIS YR B ST . R, ARAHESE LA R
SR AR A X D1 255 2015 1L (Perna viridis)fE 18 s
A9, H IBR $8H0E T A KSR R, B
T A IR R AE B 1T S st 2 48 s T 4 I V5 YL R B O
AT kA i B R 2 A

1 #FRE5FE
11 HEmXESrE

AT T 2020 4F 10 H 43 FITE) AR5 s Fn g
FIyfa g, T G T T s R T S R R S VK 5 35 R
DURESD , BN Hh N 2 20 BB 3 N ERE A, SRR
SUFEEAG B 1. MKAE SRS s 2 B (g
W HLE ) (GB 17378.3-2007)4H X H0 B #4E, FIA
PLBE B R S E R BB SR 20/ T 25~50 em)R
FEIKAEE 1y, BU 500 mL ZRERRH, KRR AR,
FHFig K o 4 B B A o A BORE A A IR 5 7
S5 Z0G DL UEA T AR U R AR AL 2L, R T A,
T a ee bt B AT AR AT A2 , T4 AR SURE i T T I
DU N E 4 A B AR A

x1 BEBERXESMGE

Tab.1 Location of sampling points for each fishing port

kit by E2Y5°S L
Fishing port Province Longitude Latitude
UL 3iiR7iS I % 116.749 2°E 23.250 6°N
Dahao Port  Guangdong 116,750 5°E  23.248 3°N

116.751 1°E 23.245 3°N
g 171 30 IR 113.924 5°E 22.484 9°N
Shekou Port ~ Guangdong 113922 [°E  22.485 0°N
113.915 0°E 22.484 6°N
(2Rt Bliikvis I 109.067 9°E  21.439 6°N
Nanwan Port  Guangxi 109.064 4°E  21.439 1°N
109.062 2°E 21.440 8°N
NIRRT il 108.345 6°E 21.624 2°N
Yuwan Port  Guangxi 108340 6°E  21.624 7°N
108.341 4°E 21.622 5°N

1.2 HmNE

121 Eek&EFNE MK FES ] 0.45 um
AL B I 0B FS I A G PR IR AL, 5 Tt DU R 20 20 il T
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80 “C A, FAVIE R B XU A8 N ML T AE T R R R A,
JA 2 mL R 5¢ 2 TH LG €4 2 20 mL. A FEM,
it sk 3 SR R B A 5 S R TR 4 (7900 ICP-
MS, Agilent /A 7] )y 2 g K FAE PR AL Cu, Zn,
Pb, Cd. As Ml Cr iy &(Yi et al, 2022), FH#4(Ge,
72). ®(In, 115), %4(Bi, 209). #(Li, 7)HIRSHr
HEE AT 1% VIV SR HOTE R TEL AR
122 AMirEHn e ) Difs DU JHF e g 2H 23 b
A 9 AR AR BEER K A T213 5 . T 4 °C .1 000 t/min
B0 15 min, BUL WS, RAET-80°C, AT
25 M —J (malondialdehyde, MDA) & & . # %1k
Yy 155 A i (superoxide dismutase, SOD). &b H kg
AL YT (glutathione peroxidase, GPx) 1 CAT Jif 14l
FE o B HM MDA F DL mg/mL 5 nmol/mg prot
FoR, SOD. GPx #il CAT (& 45 % H U/mg prot
Fono DL EAEbRIR ot i A ) TR S BT A
7R R G AT I A
13 HFMmAE
131 EF4EF KRN

()P R 75 Y e B0k

B DR V5 Yl 8 500 (P2 ) S0 {55 s v (i %o
PesEA 775 YA, A= (IME FHAE, 2022):

Ci
R_S (1

oy, C A s MK AT AR DLZH 2 o 4 g ok 3 S
{8, ¥7KkH SR ClEAOKETRRIE) (GB 3097-1997) 4 2516
IR bR T4 SRR B bR, PRG0S N
CHprEA= o ) (GB 18421-2001) P 5 3 2R & @ ik JE
MIFRIENE . KT, P<0.4 N ARAIIRE, 0.4<P,
<0.6 WIETHIRAS, 0.6<P;<0.8 HEIEIHIRA, 0.8<P;
<1.0 WREBIRE, 1.0<P<2.0 Ni5JURE,
P>2.0 MM E GRS . AR, Pi<0.2 HIEH T
FAHKF, 02<P<0.6 A#E{GYKF, 0.6<Pi<1.0
KRR, Pi=1.0 ETG YK,

Q)& AT YR B0k

P oMK E &R LR A R R, At
(1); P AWAE ZEA 15 Y85, 2 B E AT A9
RN E S BT LA T YA 8O B s N Tk 2
—(XIFAE, 2021), AWK (Q2):

1 n
R ZFZR @

2 2
- \/(maxe) 2+(aweF3) )

A, maxP; O BT QR R e R AEL, aveP; 4%

BRI FI5 YA I A Pi<0.2, BTER B IE S ;
02<P <04, FERMANILR; 04<P<0.6, Fiik
B RIF; 0.6<P<0.8, JialiRiolh—ilt; 0.8<P <
1.0, FEARBUNEZE; P>1.0, TRERICNIRE, Pn<I A&
TCIGHKN-, 1<Pa<2 MEGYOKT, 2<Po<3 K5
YK, P>3 HEIGYIKFE,
132 IBR ¥ #FH 7 = M4 Beliaeff %5(2002)
S B FEE , IF 5 I8 Devin £5(2014) F1 Xu %5(2023)
& 1E W 7 R AT TSR

() Y=(X=X)/S, YN EDAREE,
X Ry B A A (3508, X N I i
A IRREW BT, S bR IEZE

(2) S=Z+ |Xuin|, S=0. WHEZAYFREYIHTE
PFHT, W zZ=Y, RZMWZ =Y, X = B
YibrEY) Z 6 B/ IME R 4% HE

GV S Ll AR K, 38 2R A AT
IBR, R AAHERAE Wb 4 L ) = IR AR Z il
n §x§ +1xsin(27zj
BR =Y n

i=1

5 Q)

1.4 HIES

JIr A B0 A S 2 {E 445 1 2% (Mean+SD) R o
T E 4R A i AVE AR S K B, R L
E 25 (one-way ANOVA) K. Tukey's £ & LK
55 . Games-Howell K 3575 47 22 MR 55 5 A FH AU
i Pearson fHICHE T IR IE4- 1M IBR {H . HEE S
i SRR T AR R AR DG , P<0.05 320K A
*o MRG0T TE SPSS 19.0 8 AFH 5 Al o

2 HR5WR

21 BEBKESESHMEESTN

W5 11V 352 W38 5 SR R ANHE RS K 52
Wi, AR R PREE TS e K (i R4, 2023). H
FARGA IR G T EHEABEAES RS, T
ot AR T 4R S m N (Islam et al, 2015), A
WFFE 25 3 R | 45 o gk /K 3 4 Ja B 2 el R 3N
MRUR Ay g 1 et > T 8 i s >k B s > T s, HL
FEAE I #525 5(P<0.05) (% 2), e Hagsh Cu Ml Zn
Y B (2.37£0.56) F1(33.43+13.60) pg/L, & T
Hofth 3 A, H Zn & 3w Tk st iy
HHE(P<0.05). ikl CEKAKTARIE) 4 ZhpiETTH
P AP, S5 NIR, £ 6 P 48 LR 55 Y 48 4k
TR/INHE R S g 1 ¥ 4 (0.026)> 9 35 ¥ 75 (0.024)>35 15
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15 (0.017)> )7 a9 (0.012), V5P LI T F1R
AIRFEE (R 3). SR . BRI gL K
R T ML, IR  Cu M Zn FEA

THRGKT s A K T Cd 95 b TRR KT
it Pb & BEAL TRAKF, SO T A AT
(# 4.

x2 BEBEBKPELESE
Tab.2 Heavy metal contents in seawater of fishing ports/(ng/L)

?ﬁ% o . /é\i
o £l Cu 5 Zn #t Pb i Cd i As # Cr
Fishing port Total content
J5EMaYE Dahao Port  1.68+0.35 12.17+1.19°  0.21£0.06  0.03+0.01°  1.73+0.17*  1.20£0.07*°  17.02+1.01°
I E a3 Shekou Port  2.37+0.56  33.43%13.60°  0.14+0.01  0.05£0.00®®  1.71+0.07*  1.06+£0.04°  38.76+14.20"
FEJaYE Nanwan Port  1.13+0.68  24.00+1.73®®  0.32+0.22  0.32+0.22° 1.60+0.26°  0.80+£0.00°  28.18+9.46%
o T HE Yuwan Port  1.34+£0.13  6.67+0.23°  0.17£0.05  0.05+0.01°®  1.09+0.07°  0.84+0.01°  10.17+0.37°

T FSVEE EARA /NG FRERR 22 53 35 (P<0.05), FAl.
Notes: Data in the same column with different lowercase superscripts show significant differences (P<0.05), the same below.
*3 EBEEBKESETRIEH
Tab.3 Heavy metal pollution index in seawater of fishing ports

biiikre P

Fishing port Cu Zn Pb cd As Cr i
ik Dahao Port 0.034 0.024 0.004 0.003 0.035 0.002 0.017
i [T #a % Shekou Port 0.047 0.067 0.003 0.005 0.034 0.002 0.026
4 i HE Nanwan Port 0.023 0.048 0.006 0.032 0.032 0.002 0.024
i 7 s Yuwan Port 0.027 0.013 0.003 0.005 0.022 0.002 0.012

R4 TEEBEBEKHTESESERR ik 652 mg/kg, JETHEAY 20 %, RIS A

Tab.4 Comparison of heavy metal concentrations in
seawater of different fishing ports/(pg/L)

LR W77 G L DRTES Rl
Heavy Fangchenggang Xincun Lagoon Tieshan Port
metal (fTHEHE, 2014) CRLEMZE, 2018) (Hh K45, 2023)
#i Cu 2.73 1.90 1.53
Bt Zn 21.8 14.49 3.10
£t Pb 1.25 0.87 0.516
% Cd 0.137 0.073 —
fifl As 1.43 1.67 1.788
% Cr 1.08 — 0.782

T =" SRR

Notes: “—” indicates no analysis.

W E A B 5 Y 5 A KTE | SR X A Tolk 4k
FUR AL B A AT 2 i 11 a1 g % — 2 i
JEIRVL = A YN H X e K i 0 D s 2 —, 2
NG sl N ER = A b DX B2 Y Tl Ak R0 3k T Ak 5% i
O, PR A R T Y R M T (B A
2008). HHEHMESE(2010)%F & . TW . FHl, EIT
TRII, BRig, W), AR =Wt 9 MR )2 DT
Yy vb B A B TR A B, TR O ek ) 4R
R E T HA X s, b Cu RS R

o BN 25 W s — N LR A ME LRV VS s i R
DI MG, M AR 6 B 35ORT 5 b A 1 4 3 HE A
FHOW K TTE Y, IRB SR IS, TR
ARk IR B X o AT S AR R B s B R X
LR R BRI i M AR e A v T iz b E 5. M
WFERIL =N IX, 575 5 B s X il 28 5
K JRANTIE IS, PRI HoK R 5 4 1 Ak TG
IKF- o

22 HRMBNRARADESEKFESTEM

DURAEWE PR A AR T L B R , FLAR A A
XTFE e, X 4 JE S e W AR R ) B (1 1 HE A
2021), AHFGTAS i ARG VKA 81 6 FPE 4R
VIR, 34w e i el s BRI R Sy it T i
>R T T > I 1 >R, HLAE A Rl AT
16 B 3% 22 5(P<0.05), W gk D 4H4ih Cu &4
H(11.93£0.93) mg/kg, 23 i T HAh i (P<0.05),
Zn. As. Cr. Pb DL Cd & & W 7E 7 s i
H Zn, As. Pb il Cd &% & THAM 3 Ak
(P<0.05)(% 5)o Cu V54 EZRIE T Tl JE K FIA A
B 7598 o i 11 e A SR Bk = i DX A R 1) o 0 1 11
W, R Z . FREUEESE(2020)IN 0, WK Cu
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] e RE A AT B S B TR ARG, TS BOR TR
DI (Mytilus galloprovincialis)ik 4l 2 Cu & & 43y 14
o PMVERBHEE(2022)0F 58 K B, Zn 15 410 R BORIE R
PR IK . FRFETE KA TGS, As {54 F TR A
Wi Tl /K, P i5 e 8ok A . HES .
RHRBPE RIS DT o H o] HEWT, 67 M TR DL I
P 4 T Y n] RE SR R TR b X Tk Rl % R
FEHL

W R, WA NE SR &R a2 3Kk E
&8 AR, DR & 4 R & 5K ik
(4 R o B R IEAOC O R (FEE AR, 2018), P
Q017X AR AR T e SR A DK . DR AN DL 2 v
FIE 4 S b AT 0, KB As Al Cu A AR
KR, FEDLZEIR N & A s Cr Al Pb 1Y & i
AR s, (AR DR PN & AR AR, 3R
V7K R 4 R A N DL SRS I R K, AR T
B, g E S K Cu it LAl 3 AN, X
S s s A 4rh Cu & B T HA b s A
A3tk HAh 3 AN G VRN E 48 B EKT S

WK ES R G EHEF A —8, XU RN 4
B EEAEERR TP ESESE, 54
JE B FRALME R . DU TR A S KR EREE N (0
WREE . ERE L OBRRAE) LR A WA i A R 0 A 4
155 150 5 35 23 5 W B 4 R AE AR AR b ) B (R 1R AR
2023),

B S E R ) L AR A T o = s - NS e 7
PAGRU L LE A1 RN a5 R W2 6. AR P AR/,
AN TR) ¥ 8 Tl DL K 4l 20 rp o 4 8 T e R B AR R A it T
s> Wy 11 e >R A > IR s, SR AT R
BT IS5 YK, PESN As>Zn> Cr>Pb > Cd >
Cu, Hrp, W Zn, Pb. Cd il As 1 Py
{E e, 1 Cu Al Cr (1) Py 5 {35 H BUE e 11 s o
U G DU 2R As BRI TS 8 B KT 1,
REG YR . X TR DL 2EXTRE K As =ik 1.2
10°~1.9x10° /) BRARECA K, M BBREG#E 1000
i, B AT REELA VA 1) A ) RS T (T HL A,
2021), KM, As AJHR2 A58 S ny 4 4 i s
DRI R BN F, FoRE,

x5 FEWMNKALHELSESE
Tab.5 Heavy metal contents in P. viridis/(mg/kg)

Fm;ﬁiion # Cu % Zn g5 p i Cd il As B Cr ng%fiwm
IR Dahao Port 8.93£0.36° 67.92+2.57° 0.88+0.06°  0.80+0.06°  9.61+0.73° 2.54+£0.49°  90.68+3.68¢
I C19fa 3 Shekou Port  11.93£0.93*  71.19+0.89°  0.92+0.05°  1.48+0.06° 10.28+0.23°  4.75+0.40°  100.55+1.03°
BA VYA HE Nanwan Port  8.31+0.48°  84.32+0.98° 2.11+0.19°  0.92+0.06°  9.70£0.24°  4.30+0.29° 109.67+1.63°
WaJT¥EHE Yuwan Port  9.55+0.41° 103.17+1.68* 3.07+£0.11*°  2.33+0.25* 12.70£0.59* 4.70£0.73°  135.5242.03"

K6 FEMNKALHPELETRIER 2022; Cunha et al, 2023), H:H', SOD ZHLPr ROS Y
Tab.6 Heavy metal pollution index in P. viridis o SEBZ YA YA B AR LA I AT R A
e Pi p. KRB Hy0, A Oy, FiHH GPx Fil CAT
Fishing port Cu Zn Pb Cd As Cr S — AL H,0, 9 HyO Fi1 O, M 31 22 it 48

KA Dahao Port  0.18 0.68 0.15 0.16 1.20 0.42 0.41
i 1A%k Shekou Port  0.24 0.71 0.15 0.30 1.29 0.79 0.50
5 EOHE Nanwan Port 0.17 0.84 0.35 0.18 1.21 0.72 0.45
a7 Yawan Port  0.19 1.03 0.51 0.47 1.59 0.78 0.77

2.3 HEMRIRBREDIRESWAKTE

MR ESEREEAEY R ERE S —E
BEJG , 25 AU A K ATE PR B FE (reactive
oxygen species, ROS), #ffi 5| 41 i &AL 5 155500
(Boudjema et al, 2023), N4ERF H i 5 A& L 1
FZ s &, Wik A SIE s T —E50 A b
2 48 R S HLAR 32 2 1R S 0 (T IR 2% 4%,

A6 JE T EIVE I (i et al, 2010), 44 )@ 15 YW v LAk
AR5 B 2B T ANBE AR B T RE T, KER
TGS EAR AR R 25 H55 SOD. GPx Hl CAT
EHUAABE G ) (EHEESE, 2022), ABFR K,

I 1 9 s 35 SR DU AF AR 41 219 SOD . GPx fll CAT
WHHETE 4 AN RN AT, 43508 (230.86+
37.67). (122.16+27.45)F1(0.66+0.56) U/mg prot, H:rh
CAT 75 1 i K T J7 i s (P<0.05) (& 1), X Al A&
P Sy g 11 30 s v B 4 R R R R A T DL 400 i ) K 2
REJT, XS ARNG DL s T A Ak 5 - Ji 55 (2020) BP9 &
P, w5 X F4E (R H 2 (Cipangopal udina cahayensis)
AU P BT A AT TG PR B A R, A TR B F 5T T B £
(Carassiusauratus) (Ji et al, 2010) . FEAEERF-(Ruditapes
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philippinarum) (Ji et al, 2019)LL &2 4%/ (Achatina achatina)
(Abarikwu et al, 2017) W4 K I,

MDA &g it ik L pi =, HEEE
AT DL S W o A R (Xia et al, 2017,
TR S, 2020), Taylor 45(2012)8F58 & 8, MDA %
T A R AP SRR I R S H R B E fE
FIASJE ITH BRI I5 G 25 R s i ) SR A i 45 AR
WFFEEE R o, e s I DUF R R h MDA & 5
350
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A
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(=]
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Fig.1
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GPx activity/(U/mg prot)
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=, RS AR EE IR L, T AL, X5
AU K T A AL R HE Y — 2 e i i
JK P 4 SR B A, s S AR R DL A2 A Jm TS
Jelpin, AR ROS % i AT AEAHXT & T IAth 3 4~
W, Bk, H MDA &k FHiS (Lin et al, 2018).
A TE R 45 R FE BE R ORI AF JE £ (Acanthogobius
ommaturus) FHE KB, T4 JE R R A0 ok 47 HL A
) MDA # = 85 (Liu et al, 2023).

111
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iAnNNE
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(=]

AN [7 i 4 35 306 DU A s s ) 7K

Content of biomarkers in P. viridis from different fishing ports

AR FRACRALR 22 53 B3, Tukey's K140, P<0.05

Different letters represent significant differences among fishing ports, Tukey’s test, P<0.05

2.4 |BR EHZEEEN

ASTRV A 9 K A3 F b a0 X5 75 e i 7 009 0 7 A7 7E
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Abstract

Fishing ports play an essential role in fisheries development and supply chains, as all

catches are landed through fishing ports to enter the seafood market. Frequent and intensive fishing

activities inevitably affect the fishing port ecosystem by discharging sewage and waste oil from

sources such as fishing vessels, leaching ship paint, and operating wharves. However, fishing ports

are usually located in semi-enclosed seas, leading to the accumulation of land-based pollution in port

environments. Fishing ports are known potential sinks for land-sourced pollutants, such as heavy

metals, phthalates, polycyclic aromatic hydrocarbons, and petroleum hydrocarbons. Currently,

comprehensive research on the distribution and ecological risk of heavy metals in fishing ports is

very limited. With no environmental and scientific data available for reference, it is difficult to

formulate appropriate pollution control and prevention strategies for fishing ports. Environmental risk

assessment in aquatic ecosystems typically uses biomarkers to detect interactions between potential
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hazards and biological systems. Next to knowing environmental contaminant levels in tissues and the
environment, it is important to link to potentially deleterious effects at higher levels of biological
organization, such as biochemistry, physiology, and overall health status. Biochemical reactions are
frequently used as biomarkers in sentinel model species sampled from reference sites, for monitoring
xenobiotic pollution in coastal areas. However, multiple biomarkers were too complex and could not
directly reflect the toxic effects of pollutants on organisms, while the integrated biomarker response
(IBR) index could overcome this and comprehensively evaluate the aquatic ecosystem health status.

The primary purpose of this study was to evaluate the overall pollution level and risks in fishing
ports. Samples of green mussels (Perna viridis) and surface water were collected at 12 sampling
points in four fishing ports located in Guangdong and Guangxi provinces, China. Six types of heavy
metals were measured in the surface water and soft tissues of P. viridis by inductively coupled plasma
mass spectrometry. Moreover, biomarkers of the antioxidant defense system, such as superoxide
dismutase (SOD), glutathione peroxidase (GPx), catalase (CAT), and malondialdehyde (MDA), were
analyzed in the hepatopancreas of P. viridis to calculate the IBR index. The results showed that the
range of concentrations of Cu, Zn, Pb, Cd, As, and Cr in seawater was 1.13-2.37, 6.67-33.43,
0.14-0.32, 0.03-0.32, 1.09-1.73, and 0.80-1.20 pg/L, respectively, while in the soft tissues of
P. viridis, it was 8.31-11.93, 67.92-103.17, 0.88-3.07, 0.80-2.33, 9.61-12.70, and 2.54-4.75 mg/kg,
respectively. The mean concentrations of Cu, Zn, Pb, Cd, As, and Cr in each fishing port were lower
than the fourth grade of the National Seawater Quality Standard (GB 3097-1997). The concentrations
of heavy metals in the surface water and soft tissues of P. viridis were generally at a low level, the
comprehensive pollution indices (P;) of heavy metals in the surface water of all four fishing ports
were within the natural background range, and the comprehensive pollution indices (Pi,) of heavy
metals in the soft tissues of P. viridis were in the no pollution category. The P, of heavy metals in the
surface water was Shekou Port > Nanwan Port > Dahao Port > Yuwan Port, while the Pj, of heavy
metals in the soft tissues of P. viridis was Yuwan Port > Shekou Port > Nanwan Port > Dahao Port. In
addition, Cu concentrations in both the surface water and soft tissues of P. viridis from Shekou Port
were the highest among those from the four fishing ports. Furthermore, there was no significant
difference in MDA content or SOD, CAT, and GPx enzyme activities, in the hepatopancreas of
P. viridis from the four fishing ports. The IBR index of P. viridis was 4.50 in Shekou Port, 2.14 in
Yuwan Port, 1.91 in Dahao Port, and 1.50 in Nanwan Port, which showed a decreasing trend from
Shekou Port > Yuwan Port > Dahao Port > Nanwan Port. The highest IBR index was identified at
Shekou Port, which agreed with the profiles of the comprehensive pollution index of seawater.
According to the correlation analysis, the IBR index showed no significant correlation with the
comprehensive pollution index of seawater and marine mussels. It was noteworthy that the IBR index
displayed significant positive correlations with Cu concentrations in seawater and mussel tissues,
which indicated that Cu pollution may be an important factor to consider in pollution assessments of
fishing ports.

Overall, this study provides the first evidence of using the IBR index to evaluate the heavy metal
pollution status of fishing ports. The pollution level and potential risk of heavy metals in Shekou Port
were higher than those of the other three fishing ports. The IBR index coupled with chemical analysis is
useful to assess the environmental pollution status of fishing ports for pollution source control and
management policy formulation.

Key words Fishing port; Heavy metals; Perna viridis; Biomarker; Integrated biomarker response (IBR)
index
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