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FR ST, I A ] 5% J T 0] 7T B2 £ JF A | 68 20 2 rb R A1k 4 35 A (superoxide dismutase, SOD) ., i) %A fk & i (catalase, CAT),
it S8 AL Y (peroxidase, POD)I P K 1 -1 (malondialdehyde, MDA) 4 bt H Ik (glutathione, GSH) & 1, 31z I % & 4= W1hr &9
il 7 5 %4 (integrated biomarker response, IBR)ZE A PEM IR T /K AT BE D) (I BEMERLN , 25 SRR I, fE B Ak T X B KAk 38
L BES R S804 SOD \CAT #1 POD i PERfRT [ AR b Yy R B FH s J5 AR py ke ¥, HLAESS 7 KB, BRI POD B
PEASMEAR B35 AN(P>0.05) , AL RS P35 K 1B (P<0.01) s AT 21 MDA \GSH & i £ B R, Hp MDA & 7e% 14
KA BB T X BRAKF(P<0.01); GSH & HE7ESR 21 KRBT 2R F X IR /K F-(P<0.01) ; 820 21 MDA \GSH & &2 0| = 5%
TR AR AR, BAEEE 7 R B35 5 T4 I 41K (P<0.05), i 5 2 22 E] B FE K| B8 4120 GSH & 7RSS 28 R B &K
TR HRZH AN (P<0.05) , HoA AT ] 25 6 2H 21 MDA \GSH % =28 L3448 i 2(P>0.05),, 32 A IBR A7 & B, B4k T IR 7
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Abstract: In order to assess the potential ecological risk of stream water in phosphorus chemical industrial area
and its toxicity effect on aquatic animals, zebrafish (Danio rerio) were exposed to stream water for 28 days. The ac-
tivities of superoxide dismutase (SOD), catalase (CAT), peroxidase (POD) were not only measured in the zebrafish

liver and gill in different exposure time, but also the content of malondialdehyde (MDA) and glutathione (GSH).
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The integrated biomarker response (IBR) method was then applied to evaluate the toxicity effect of stream water on
zebrafish. Results showed that: (1) under the stress of stream water in phosphorus chemical industrial area, the ac-
tivities of SOD, CAT and POD in zebrafish liver and gill increased first and then decreased with time; on day 7, the
activities of other enzymes reached the maximum values (P<0.01), except that there was no significant change in
liver POD enzyme activity (P>0.05); (2) the contents of both MDA and GSH in liver tissue decreased, and particu-
larly the MDA content was significantly lower compared to the control group on day 14 (P<0.01), while the GSH
level was significantly lower than that of the control group on day 21(P<0.01); (3) there presented a tendency of
increasing first and then decreasing in the MDA and GSH contents of gill tissue;on day 7, they were in a signifi-
cantly higher level than the control group (P<0.05); however, with the extension of exposure time, the content of
GSH in gill tissue on day 28 became lower than the control group (P<0.05); at other time points, the contents of
MDA and GSH in gill tissue did not change significantly (P>0.05). On another hand, the IBR index values revealed
that stream water had significant temporal toxicity effects on zebrafish liver and gill tissues, and the liver IBR value
was greater than that of gill. All of this indicated that the stream water in phosphorus chemical industrial area had
a certain biological toxicity. Therefore, particular attention should be paid to the aquatic ecological risk of phos-
phorus chemical pollution.

Keywords: phosphorus chemical industry; stream; zebrafish; antioxidant enzymes; integrated biomarker response
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AP B A 2205 i D S, AT ik T
an T oK H 25 3800, Bk T2 s 3K EREZ80 1)
RS, SR, B TAEA 7 i A 7 AR
(P) JEU(F) FHI(AS) IR (CA) 275 Ye ) 5y 26 RS UT I J
IKHER S b FAR TR AR AR A JH 3 7K AR, 3cfd X3,
TRIREE T S Ak, I X 7K AR A 0 4 s A S
I, AL T DX K FREE 0 A= e PR 50 DA X 1
BRI 75 G A S X B 8 X,

Byt (Danio rerio) J& T 45 i IV 24 (Actinoptery-
gii) JJE H (Cypriniformes) . # 7} (Cyprinidae) . 5 $H &
11 J& (Danio) , &= — /NI IROK B 1 2E . BA ™
ik N A CIE I Ok 7/ €3 e SRS PN T =1
[ 5 SR L 2 [ B b o 16 4H 2 (International Organi-
zation for Standardization, ISO)E7# HY A= A FR 5% I3
AW, 11z N P R E M A ST R,

W) 32 B PR TS G ) W 3a B AN R
A Z gk s R AL R A I, PR, A
YR N PURARER  BTE L/ or T RR B A A
W35 s WA ) A8 AR L T P b 25 0, A 28 T A
B oS YW i A O, K i B RRAES ) (B AN
[ 2B b i R IR I T e W ) U R B A 25 57
ELUXETS 5 3 e 1 AN [R5 ALk, SR B — A=
Yibs P 15 Y W B 1 RN A7 AE — 22 SRy BR
Fa L W) b 3 W e V7 48 %X (integrated biomarker re-
sponse, IBR) AR AE Wy bn ik W) i 41455 534, HE

AR K B R S, © Rz n
T Tl ¥ ek fa S BEERON A IR T E G T
K IBR 256 VAR B AL T X K A5 75 e Xf . 28 55
P50 (R B9 R WLARGE

BT ARG AR AL T JE & K AR
I 4, LA Ey f0 Ry 32 1A ) IR TR IR T KA
AN [R] 5 S sk (8] 56 1 £ I | 520 2 ol AR A I,
{L i (superoxide dismutase, SOD) . i1 % 1k Z iff (cata-
lase, CAT) . i %tk ¥y il (peroxidase, POD) 1% ' & A
" J#(malondialdehyde, MDA) . % It H ik (glutathione,
GSH) & &AL AE 0L, 3142 A IBR BERIZE G PPN % &
K AR BE £ 0 1 PR 0N, LA R XK A 355 15
e J2 RS DA PR AE LS AR

1 ##157 % (Materials and methods)
1.1 MRS
11 SEs A IR

BEE G TS FHAEAE ST (R K (2+1) om,
REA(03£0.1) g K BE D fa 35 38K A
YIFE 14 d, YIFRMRBED AIETRIKT 5% , YIF
5SS R AR — B, K e 4 i< A
Heok ,pH 1 7+0.5 R EE(23 1) °C, At E(DO) =4
mg-L7" RN (O6): (h5)=12 h :12 h; BRH
MEPRE 2 WK, ST BRI K B ik, YIFRES R
Je AP BE S AR {EOH: | B 0 R A R/ N —B TG
A 53505 RN T 1) B 5 0 FH T 50 56
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1.1.2 A8 5k

ZIIREBFRY (Multiskan GO, 35 [# Thermo Sci-
entific 23 Fl); Tl /& B 42 VR L B .0 HL(Z216 MK, 1
[l HERMLE Labortechnik GmbH 23 &]) ; #8 75 2 fifd i
WL (JXFSTPRP-64 , b i {5 92\ & B A FR S A
) % s i R (TP ) & i Bk Ak
fit(SODYi 7l & | i b Z il (CAT) I & L i A Ak
YIE(POD) I & . 5 — I (MDA )ik 7l & A4 e H
JR(GSHYIRFI &34 st il AR 4 T AR5
1.2 SEE 5k
1.2.1 JKEERFRIR

S 43 R A G B (F 4 MRS H R K) Ak
PR (4 CARTFERIBAL T X IR W IEKRE) , A2 BEHLIL
AYIFFIEBE S £ 60 B, Fdlis 3 - FAT, IR
910 L B3B8 (T, B S T OB R R 8 L,
RIGIIE] 24 h ELNES, KRN 22 ~24 C, 424
h FHGRIR I 1 R, BRI 2 1R,

1.2.2 FESIHI&

SCI TS, AT 7 14 21 F128 d 75454 b
HLTE BUES R £0. 04 U BRI i 2047 A 31, R B s A
FSEI F= SR F B B 45 4R 2020, 7F 4 °C AR R K
HEEYE T, IR AR TR K 4, FRERZ) 0.1 g 4
RN 5 19 R BUE (m - VI BI04 A= #L R
IKAVE R AT A T, TE VKK I 20T, AT 3R 45 ik
10% HE518 W, fE4 °C 2 500 r-min™' F &0 10
min, H_E 35 WO T B PR AE
1.2.3  AAbIRFRAIE

SOD il 1+ B M8 4 K ¢ M IV 4 b il 2 1o ™= 74
AT T A WAL SR SR TR USRS, 7E
CFIAVE R PR L5, 7F 450 nm Ak ] i) H
YEFEE . SOD [ iP5 A U-mg ™' protein,

CAT 4y-fif H,0, 5 1 7] 38 23 4H R 2% 1 o 1k
Pl H,0, 5HMEER T ERE AL EY,
A TE 405 nm b e HAE B, i BT H,0, iR
N, T CAT 7% M, CAT BEJG M8k U -
mg~' protein,

POD i@ 4k H,0, BYRN, I%E 420 nm ALK
JEIE YA A5 RS . POD S M BN U -
mg ' protein

MDA St EL b % R (TBA) 2 I A 12045 (1
FEY AR 532 nm A0 f R WO, T ot O K Ak
WOCRE(E , 115 MDA &, MDA &8 il

nmol - mg ' protein ,

GSH FH —#ift i K R S5 55D
JNE I B A — R e Ak G ), 76 420 nm AbidE T [
o B LR R, AR 1 GSH & . GSH
EH A mg- g protein,,

DD B ™ A e B A S BB a7, il
R B R PRI E % 3 M EE
1.3 IBR 850

P IE—FE bR A S — B[R] 5500 P M (x,) S K
—FRBRAE A B ] a5 A P S4B o) RIBR HE 25 (), T
Ja RN Y=(x,~X)/s XF 44~ BF 1] 5 A0 - 018 (x,)
AT —LAb B

HR AT Yl W38 5 12 b 22 400 00 A5 P T P 2 5
W e, 2 Z=Y, R2Z, % Z==Y, | Xy, | KR
AN [) A5 IZ bR AR ) 8 — T B B /M B 48 GHE
BRI ]S AE bR B A5 3 ()T A K S=2+
| Xonin | o

ol AR A T LR . UK B 45 R A e i
K EERIRBANEPRTY S, (8, T—41 5% IBR A firfy
R ER PR P TR AR B T v pl A SR 46 s 114 8 S 4 9T ) g
1) = FAIE (A )Z A, TR IL) ~ (3):

IBR= ﬁ;,A,. 1)
S, . .
A1-=7s1n B(S;cos B+S,, sin B) )
S..,sind )
=arctan| ———— 3
parc an(S,-—Sl.Hcosa ®)

% n o T FH 0 A 0Am 7 W BB, 0 R AH AR P AR
Frekmydesn, 0=2m/m, S, =S, .
1.4 BAEAb 5 5Hr

i SPSS 22.0 B4 Xt Eu i AT g it b, A
B AR E AR50, SRS AEAS T 46 50 % b 4
FO B R AT 22 508, 2 R AFES B 50 ik 17
4381, P<0.05 . P<0.01 #2257 i 3 R A Origin
8. 0 FRAFHEAT IR 2511,

2 Z53 (Results)
2.1 BRWKMOBE S T B8 SOD I 14 (1) 52 i
mE 1 FroR, B a5 EE 7 d i, 5 XA
L, AbFRZH HFAE SOD 7 i 25 75 (P<0.01) , IL st i
JIE SOD {iEPE A fe K, X BRAL 1Y 1.26 £, Fifi %5 %k 2
Bf ] B2, BFAE SOD & H: 1)_ WAE FH A BT 2 %
8 SOD i P45 Ak e 34 5 JIF AR ALL, 5 % BEZHLAH L
TE55 7 RIFALFRZH 6 SOD % M i 2 71 (P<0.01),
JEXTRRZH Y 1.72 4%, bl 5 2 8 1) R) 9 12 4 B SOD
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2.2 RFAKMAKTBE LD A0 FAE B8 CAT 76 M A 52
WK 2 Jron, St 258 7 d I, 5% B4

Fe  AbFRZH AFAE CAT % 1 B 2 TH 5 (P<0.01), LI

I CAT 3 PEIA RO, X IR 1Y 1.82 5 & 2 5%

B PRI A2, I CAT {6 14 A9 41 R0 A T BRI

A AR, (B4 5 T X B4 7K F-(P<0.05)

2.3 RV BE D P B8 POD 1 1 1 52
WE 3 iR, JE S EE 7 d 5, 5 X A

Lo AL FREA I E POD % PE T+ &1, H 25 5 A 1 3 (P>

0. 05) ; i 5 2 55 isf ] 1 422, JHHIE POD 1 4 1y i 2k

SRV A BT AR, 7256 28 KA Ab B4 AFAE POD 35 1

BN PR ZH i R AR (P<0.05) , I, POD 15 14 7K °F-
TR 26.92% , &1 POD Jh A8 fk a5
RIS A AR, 55 06 BRAL AR HE , 7E 5 7 KA Ak 3 2 fid
POD T i3 35 THE (P<0.01), J& X BRZH 1% 2.17 4%, bt
207 (b) [ X%/ #E2H Control group
b I ;- FR4 Treatment group
_ 200
52
E T
é, % 150 .
22
g s
B 8 100f
28
wn
50 +
0 7 14 21 28

TEEIN R/
Exposure time/d

1 BED&BTRE(a) BB (b) EEW Y LEE(SOD) F TR ER
T 5% B AR L (* P<0.05,* * P<0.01),

Changes of superoxide dismutase (SOD) activity in liver (a) and gill (b) of zebrafish

Note: Compare with the control (¥ P<0.05, * * P<0.01).

{BATy i T BRZH K F-(P<0.01), Bl CAT TG LA 4k
PGP AR, 5% AL AR EE 765 7 R Ab 2
ZH A CAT 5% B 2 TH 5 (P<0.01), &% FR4H 1) 2.67
i, Biti 5 7% e I [] 9 A4S B CAT ¥ P 1) {2 #5807
40T @ " [ %I H84H Control group
350 I 41304 Treatment group
=300
-
E.5 250+
S
& 200 *
a = 150 -
28
< 100 -
50 +
0 7 14 21 28
JEFEI )/
Exposure time/d
Fig. 1
400 - (a)
] X4 Control group
350 I /- FEZH Treatment group
~ 7 300
TbD %D
£S5 250t ok
=3
=S 200
¥
S z 150
O
100 |
50 F
0 7 14 21 28
ZEFE R/

Exposure time/d

45 r (b)
[[] *H#4H Control group

I 4k 3E4H Treatment group

P
(=]
T

*%

CATYEM/(U-mg™")
CAT activity/(U-mg™")
29 (9%
< S

—
(=]
T

wn
T

k%
*
0 7 14 21 28

SEFRINE]/d

Exposure time/d

2 HSERTHE(a) B8 (b) TR SE(CAT) EHELER
TE - 5% BRZAH L (* P<0.05,* * P<0.01),
Fig.2 Changes of catalase (CAT) activity in liver (a) and gill (b) of zebrafish
Note: Compare with the control (* P<0.05, * * P<0.01).
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S FR N (G5 K 6 POD T M AR 45 T

1% ABAT = F X BR A K (P<0.01),
2.4 BT B £ FE B MDA & &8 1520
WK 4 N, 255 7 d g, 5XT A A H, b3

ZHIFIE MDA &5 & H 80 g 2 PR R AIR (P<0.05) , LT,

MDA % 1 14 Wi S R 3

2.5 BRFUKMOBE D I B8 GSH 2 & (1) R
WP S B, 288 7 d Ja , S IR H, b B gl

JFHE GSH 4k 5.5 5 fl(P>0.05) B2 SR 85 W 1

FiE, GSH 7 5 B — i MR, E0%5 28 K A7 T fel

MDA & & KF TR X R 16.43% BE%E 2#Ee  Th EOHR TR IREKF(P<0.05), 2557 d 5, 5%
P A REZE, JIFIIE MDA & S 2 TR B B4k BRAIAR L Ab P B GSH & & 1 35 7455 (P<0.01), &
V-, BEET A, SXRAM L, A BAEE MDA & XTHRZLAY 193 1%, bl SR EE I A A SE K, GSH 7 %
P E TR (P<0.05), LR B - MDA & &k ik, R B, BB 28 KA i 2 A T 6 R4 K SF (P<
JEXTIRZH Y 1.26 1%, B & 2% 85 I A) A9 2E 4 6 0.05), L, GSH & K-F T B Z= 0 IR AY 23.62%
(a) [ ] %84 Control group 5T () [[] XHH41 Control group
I /- #4H Treatment group I 4t#2H Treatment group
4+ Hk
~T o To 101
i on on £
=] g
£5 52
o< * 2
8 £ 42
- w5
g 2 5 e
a s oQa Sk *
°8 =2 " -
=¥
0
0= 14 21 28 7 14 21 28
FFEmHa)/d ZFEmHA)/d
Exposure time/d Exposure time/d
B3 BHOERFAE(a) 88 (b) TELYWES(POD) F ML
T 5 X A L (* P<0.05,* * P<0.01),
Fig. 3 Changes of peroxidase (POD) activity in liver (a) and gill (b) of zebrafish
Note: Compare with the control (* P<0.05, * * P<0.01).
251
1al (@) [] %84 Control group ®) ] %+ H84H Control group
I 4bFH2H Treatment group [ /i 740 Treatment group
12F 20
~— N * = o
2 & 0 2 £
s g 5 g I5f
S £S
= = 5
Eﬂ £ 6f £ i]m S 10}
< 3 < 2
A< [a) 3
g 4f
= = = = sk
2 -
0 7 14 21 28 0 7 14 21 28
FFEma)/d FFEmHEl/d

Exposure time/d

Exposure time/d

B4 HDEMFA(a). 88 (b) W_E(MDA) ZEHNEL
1 5 XT A H(* P<0.05,* * P<0.01),
Fig. 4 Changes of malondialdehyde (MDA) content in liver (a) and gill (b) of zebrafish
Note: Compare with the control (* P<0.05, * * P<0.01).
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2.6 IBR $5%k o7 AR g ) SR P T AR R A IBR A, AR AR

TEREFKARERE T, AR REER RSB S 6 8K, RIS Y R IR SN R, fEAR
JHFIE BEY IBR 345 R aniE 6 Rl 7 fron, BAR [RIZREEEE] B FE SR8 5 A bRE
KIrh s A5 1 il o3 i ARER 5 P A bR i (SOD.,  Z RN ENH . 454 IBR B Al UL, 5 %) IR
CAT .,POD MDA F1 GSH), % 5 FiAtrE i AAH L, A B JF IR AE 7 d F 14 d if 2R EE

4r (a) 8r (b)
[ ]%IA&£H Control group [ %84 Control group
I 4 34 Treatment group I /b3 4H Treatment group
6 -
jm \zg ﬁtzl) g
e g & g H3k
Es, c 3 4
= - * = L
0 5 oE 8
T § &g
Q
% = Zz
o o Kk O 2_ %
0 7 14 21 28 0 7 14 21 28
FEFZ ] /d ZEatid

Exposure time/d Exposure time/d

BEl5 mDEMFAE(a) 88 (b) ABHMK(GSH) SEEN
E: ST IREAHLL(* P<0.05,* * P<0.01),
Fig. 5 Changes of glutathione (GSH) content in liver (a) and gill (b) of zebrafish
Note: Compare with the control (* P<0.05, * * P<0.01).

%_OD —— X841 Control group

]

.OD ~——— XHHE4L Control group %OD —— X}R41 Control group
— 4bI4] Treatment group A b ¥4 Treatment group

14d 21d

6 RiFKEERME THED BT AEE S £ WAR S Y IR 54 (IBR) 2AKE

Fig. 6 Integrated biomarker response (IBR) index of zebrafish liver under stream water stress

SOD sl Control group SOD il Control group
e ' LEFR4] Treatment group

CAT

4

MDA POD
28d

B7 ZEimkEHE THD &4 IBR 2KE
Fig. 7 IBR of zebrafish gill under stream water stress
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TR R SRZHZAE 7 d A28 d IR R s
TR, B 78 Y Y /K AN [i) i ] Jolp 0 X JH O | 8. 282
PR EAEE 22 S5, R WITE AL T X IR K 14
T8, AN [ S [R) A5 B 2 £ JFE I % 40 S0 38 = A B
T 35 ) BURR A AR TR

S [R] -4 53 B (] 8) R i1, 55 % HREHAH L, Ak
THZH BE D A0 T 41 40 IBR {E B 5 305 T I R
IR AR RS 78 7 d B IR RNE(E, N 14.76 5 Ab 4]
fHZH 20 IBR {ELEVAR 2 B BRI S TH s AR T 34,
167 d WA EIEAE , Ny 13.82, WA Yk T IX R

KM IE 2 7 d B B A0 ST AT 2 20 G 7 A
Mg, FAFHLORE (8 9), Btk TIX B TR A
XF 5 R A PIAR S 05 e LR 2 28R B R R, A
FRZHFAE IBR {E A 33.98 , fifl IBR {E -} 30.6, £ K
JHFIE > 3 W38 1 T X8R 0 K A4 X B U 7
A R SE R R T

3 138 ( Discussion)
A YR 32 3] 5 Y Wy Jilk3E B, ML I 5 A gt b
T A HIEROS) S A g F Tk, r= A K

201 (b)
[ %84 Control group
181 I i+ #84H Treatment group
16
14
2 12F
if S 10F
28 o
6 -
4 -
2 -
0 7 14 21 28
TR RRITE)/d

Exposure time/d

B RE THED SRR (a) #0188 (b) Y IBR FERS ERYEE 4L

Fig. 8 Changes of IBR with time in the liver (a) and gill (b) of zebrafish under stream water stress

0 @ [ #$H841 Control group
18 I /b ¥E4H Treatment group
161
141
121
g
% 5 10f
Bz of
6k
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0= 14 21 28
SFZI)/d
Exposure time/d
# 8
s0r
EHH7 a NN\\J14 d =214 /)28 d
451
401
351
9 30
&3
e~ > 25F
m
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20f
15F
10F
5 L
0
JHHE i
Liver Gill
B9 ZFEimAERERERETAEARD
fa AT A FN &2 49 IBR

Fig. 9 The IBR value in the liver and gill of zebrafish

under stream water stress after different time
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BRI BEAh , MDA 1E R g B it Ak 7= 4, M HLAR
P ROS i i LR, i & ROS 2 X 41 411 hii ik
it , MDA & 5t 25 b 2 FH i sl AR, I, X
SO AR R PR BT Y 1) RIS W A AR ™
SOD JEHUIAR N Z Bt A AL Bl , FLREHKE - O 1
fEH H,0, F1 O, , NI A 850 % - O , KA A H B XF
H RO DNA S84 9 K F 8, I s
BUAR P 3t it i o i 4810 0 1) o0 A, =LA B Uk &
G —TE R ARBIFGY B R 2
21 SOD & M S T i 5 Pk &2 3 1 5 7K, Ui B
BE I i B 7R T 0L T R KRS VR AL ST A
LR G55 — BT SOD He 3 i 37 , SOD 3% 7 i
T BEL L A9 R T AL R 4 ; (R Rt
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T RN B] A HE | B 5 £ 4T S TR B 18 2R 48 HoAth 43
AUV IR 2R G & FEAE AR LK 52 % 0E 8 K
T AT R R KRR IS S aUR AT B Y
gER—,

CAT " SOD 4k =1 H,0, i —4
fift Sk O, F1 H,0, BHL1IE - OH A= B, A2 1 A= W 1A o 44
Witz H,0, 5 F M —RPi A i . Ao,
AR FRZEBE T f0 AT BEZH Y CAT 36 ME 80 3k
TR AR A A S, 754 Stebbing"” 1 H A4« B4 2%
Ly AL PR ORI N ) STED =R 1 b IR E N )
PrEAL R G, M & ¥ D)k IS BRI N Y H,0,,
L 2 ol 36 B5F [ (99 B4, AR 4 P 35 BT e 34
% ARG Z 20, CAT 1 4 1 41 12 35 0 A
JITREAR RO,

POD il 7 LA [R) D il (1 % X 2 5 MUK i 5T A AL
B fE e, B AL H,0, 5 A Bt A 1Ak 2 A i & Ak
FNE, AT 43 A #:4) Jt H, O, , HA T CAT By
H,0, £ 17, 4 i AL 5 92 i 75 Ak ) i s 22 1
T ORISR BoR  IFE 654400 POD I 1
BRI ISR TR BRI AR fb ke 3, 5 1 AR
Y 4@ S =R ILE (TPT) , 1o &5 (PCP) X B 5 £
POD V&P ia s —3, ARV, EAEWIKZ
R EE TS Y haa i), 2575 POD & M T Rk AR 41
SRR, ARAE TS G i 36 A W AR HIRARI E ), POD
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