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Joint toxicity of heavy metal Pb and antibiotics to photobacterium

LI Meng—han, HE Zi-qi, MIAO Jia—he, WANG Feng—he”

(School of Environment, Nanjing Normal University, Nanjing 210023, China)

Abstract: Heavy metals are typical inorganic pollutants in water environments. As the detection rate of antibiotics in water has increased,
the compound pollution of heavy metals and antibiotics and their effects have become the focus of environmental research. By studying the
luminescence inhibition effect of heavy metals and antibiotics on luminescent bacteria, the study tries to understand the toxic effects of
heavy metals and antibiotics and provide a theoretical basis for assessing the potential risk of complex pollution of heavy metals and
antibiotics in water environments. This article systematically studied the single and combined acute effects of heavy metal Pb and six
antibiotics (tetracycline, oxytetracycline, chlorotetracycline, sulfamethazine, sulfamethine, and sulfadiazine) on Vibrio fischeri toxicity,
obtaining the half effect concentration of a single pollutant. The combined effect of the binary and ternary compound pollution system
composed of heavy metal Pb and antibiotics was discussed. Studies had shown that when Pb coexists with antibiotics, the acute toxicity to
luminescent bacteria rised sharply. Therefore, when evaluating the ecological risk of Pb and antibiotic binary or multi-element compound
pollution system, the combined toxic effects should be considered.
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W4 R TG gL O 2 W A BRVE nY PR [n] R, —
IERIPNEL?/L AR 3 A PN N RS NS
(USEPA) 2% Pb . Cd %5 471 g AR BRI vh AL S 45 1 775 e
Py, Fie B3 (e /K PRI ot A ) (GB 3838—
2002) M 28K R ZESK , Ph e B 1 /N F 0.05 mg- L', I
A R 2y 50% 1) 3 22K B A B K T 2R A5 e, fi]
A ARG N Y IR AR A P YR JEE B 55 3K 0.165 mg -
L, Qiao S5 7E A VI R 5t BOAS I Y Ph ¥k J& 24 0.065~
0.107 mg- L™, #4y i /K 5t I 2645 1fE . Zhang S5 7E
2 [ 95 V5 7Y Ll KA R H Ph R EE O 5.2~6.85 g -
L' BRI, S5 4 )8 Ph O 28 iR [ P A1 b 3R K
WIS R 22—

(7] BN, 3 470 A 2 A 4 Rl R, T 246 R
Sr A R P A R R AU 10%~40% , KR53
DL FIE AR RS  FER ARG i ds s o VR Ry —Fil
BTG gy, PR R TE K R R AR R
609", Chen ZEMPE YT = A7 1 3L 32 7K A i ik iz
KPUE F UY1K 581.8 ng - L7, U IR E K Hi 4k K3k
97.4 ng- L7'; Liang ZF"IFE R VTAS H it e R AN DU IR R 28
B Z v B e M 273.6 ng- L H113.1 ng- L' Proia
S Kim SR P PR 5 [ b 2 K A H 43 G
HH T fre R e R D B 2R 2T A R AR Oy 213.7~
907.6 ng- L' F120.0~1 210.0 ng-L™'. A MITELY,
Bl JHE 28 | DU R 22 0 A R TE AR R A i G H e,
Xof K PR i 1™ Y A S AU, B 4 SR S P A Bk
A ASERIRE Be NS A FREAL A U A 75 2200

AR A B R W 2 R PR K IR R TS e R
JEMEE T B, ROCHEE N 2R, U H 7
PRIRED 15 Y WU S s R R G PR R
SEOK BT S EREE IO TR S F) 2 W Y. 1981 4F Bu-
lich %518 ¢ R H & Y6 1 (Photobacterium phosphore-
wm ) X K BEAT T B VA I FNVEAN , I 28 ke Sy
1SO HRUERY Microtox 6 5 Jy 150 Eh g S WF5E 1 Ph
Cd ZEXHR K &I (Vibrio ginghaiensis sp.—Q67) [
W RE V5 T ik SR80y I RO B A SR A 5
TP RN RO I R

1939 4F Bliss™ i 5T TR W15 751k, 1965
4 Sprague PV — KR HE I ST B ME L7 (Toxic
unit, TU) , E 2N IR R R 24K 08 . A
SCHRBF R R IR G W7 e I BRI AR TR A W rh i —
W J5 (R s IR AR E 4% 20 43 2 [A)ASA7AE AR B
YEF B HTHE T , & B AH A 7 ( Concentration addition
model, CA ) A7 37 7 AR %Y (Independent action mod-

el, TA) B2 TR A W R BP0, CA
PRI SR A 7R A Y , 254K 5 B 235 3800 T LA
HEOI, FH PP HAT AR ] AR L FAIL AR ) Al = Jo
TR W REPERT TA LG AR RO i AR, &4k
B BILES O AN AT ARIN 38 3 B A A AL
AL =Y SR A JE PR IE T AR, CA T TA A
BT 5E B B MR ST R A B2 B RS2 RSk
B CA T iy 00 2 1 0 kg ) A R TR AR, fi
I CARETY T AT B2 g Al P18 AU 5 (ELI DA XU B
A BEZ T8, CA AT ] RE SN 22 4 ST, BR G IR K
T H R CA BRI S 7 XU P
ARSCVAZK FR ARG H A< By 9 B 2 J P DU FR R
R RYUEZ MR R I RES R SPUER
G TR AEREVENTIE , RGO B G JR MIPUE R
TS YR 2EREME , T AR K PR 05 4 e
PUE BRI G 15 U AT e AU $ (IRt K

1 #R5FE

L1 X 55

fiF FR ' [Pb (NOs)2] S AL Bl (NaCl) | — Y 2 7 A1
(Dimethyl sulfoxide , DMSO) , W) F [#] 24 fk 241857 4 BR
25 ] 3 TUER E (Tetracycline, TC) | %8 U 35 2 (Oxytetra-
cycline, OTC) . & PUFH % (Chlorotetracycline , CTC) | fif
Jrig — FR L 038 E (Sulfamethazine , SMZ ) it Jiie B 3L mis g
(Sulfamethine, SMR ) 1 fif§ i "% B (Sulfadiazine, SD) ,
0¥ FEBT T A AR B2 Bl 5 B AR 24 5 2
Mrali, 2% I (Vibrio fischeri ) 3o #% 3 2 rE s E K
M4 (Dleta Tox ®I1) , 14 F3& [E Modern Water 23 ] .

o FH ) < i AN AR SR I AE 19% (V/V) DMSO Y
B RV A7 SR FH 3% (m/V) NaCl 7 80HG B2, 7351 10
mg - L7 ) P> i 29 . 500 mg - L' Y PUBR K 2B P &R
fitt 5 W 250 mg - L7 A I 0 AR AR A T 1R
i, FH 3% (m/ V) NaCl ¥ {00 B A (R e ERR JEE o
SR RAEA 15 YL )T 3 5 109%0~90% FFH R A 5
JE V5 WM B T R P 0.01~5 mg- L™, TC .CTC ,
OTC:5~50 mg-L",SD:10~100 mg-L™",SMZ SMR: 20~
250 mg- L, s ZHT , £-9AW P DMSO /Y & &
R F0.1%(VIV) , it DMSO X % S 1 14 5 1) ] 22,
WA,
12 2EHRKEIRE

SRR IR IR W 2 E F i Sks
M 8K ) (GB 15193.3—2014) FIC/K R KAEXT R
TR S S 49 ) 2 i ) 0 A (A G A0 B ) 5% 3 R
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A% g R T 40 ) (1SO 11348-3—2007) HEA 71491,
IS HT, e A% T 5 1 mL 2% (m/V) ) NaCl
VS W FE A TR A K AR, B 20 CE RIS fE
15 min, FEAE3 h N .
1.2.1 Fp— 2k Rk

B 100 WL 4 B B V7 A 900 wL— R G RS
BERE S {8 900 pl 3% (m/V) NaCl #1 100 pL
0.1%(V/V)DMSO % AE R BAPEXT B . 285 15 minJ5
1 1o Delta Tox 73 PSR I 9 FC A TR & G0 i 2%, 7F
TR RN R B (ECso) , BEAN ML B 3 A AT,
1.2.2 BeA stk

I, Ph I AR R A BE R LR A1, 2
W7 A4~ M BE BB (A ECs {111 0.2.0.4.0.6.,0.8
1.0.1.2.1.44%) , LAIE Ph FIHi A= E IR S a5k

56 5 FH 2 Pk B (Toxic unit, TU) 32859, Fo158
FdmAK (D PUR,

n C‘)‘i
TU =
25 (D

s Cxi 15 L W) X0 56 T i AE X & S5 B2 R 50
A (4 ¢ mg * L5 ECsoxi 15 W) X 1 ECsofH, mg *
L' 4 TU<0.8 I, B4 Z 18] Ry B[R] A T 5 24 0.8<TU<
120, B = 6] A T S AR AR 5 24 TU> 1.2 85, 8
Y Z A s He/E IR,

1.2.3 B Bt A F ]

YT Ph AL R B EAE A A AN 2
TG T TS G Z B A TR AR SO T G
Yy Z 181 JCAHEAE R 4 P vk B2 AR A A (CA) S50k 57
1 PRI (TA) S5l B 43 #7715 Ye ¥ 2 (B 6 5 1 AR
3, IR 95% A7 X 8] FRAE TR A9 (1) v B -39 1l
Jj {126 (CRCs) , DAY/ 43 A 1o 72 v B9 4 98 152 22 1T =
B VE R IRA

W BE AR IS AY (CA) 38 T 3PN 45 21 43 X 52 1 AR
YR ML B D IR A R R A F M,
P& WL

-1
A N
EC. i = (ZEC) (2)

i=1

K EC.. NIREY S B %W R R E , mg -
L EC, S258 i M S B % R A, mg - L'
PR | LA E TR A R T o R B A

7 A AR (TA) 38 FH T 3EA0 45 440 5t Z il A
Wy A AN A A R A e A VR, o st
Hgt,

Buw= 1= ][ 1-/i(p ¥ BC..)] (3)

A2 B FR T 380038 L5 EC. 255 i Fh 2 43 5
AN RS AR, mg - L5 p R 56 i PR AL A0 TETR
B I G R B RN i R L S X RO 1Y
e B 3R AN i 2 AP

H AL T 15 3] 1) ECso (B 5 105015 2 1 ECso fEL
PEATXE B, FUAE I R AH X 43 H 22 5% (Relative per-
cent difference, RPD) , ] LIl 1:f RPD {E R R 1iE B P il
DRI 2 i w2 L . RPDAE AR A (4) 315
ECS().mndel - ECS()
T ECa (4)
2 ECso, oo BB FTAHE , mg - L5 ECsoH
I AHE , mg- L.
1.2.4 et ot ik

i 3 Origin 9.0 #A4 L Logistic B EAT 44
75 3 He i - 5 5 2500 i 4k (Concentration — response
curve, CRC) , i1 (5) Rt

_ 100

Y= 1o ) (5)
Ky R A IEIEI R, % 50 15 G DL 10 R G EL Y
YR E , mg - L' p Al log xo A J7 B2 B9 P A5 %8
Yy BRSO B, o A BD Ry ECsof o 38 5 H16 RHL(RY)
AR Iy R LG B AH Sk

2 #ER5iTie

2.1 E£EPLHIS MM

4 J& Pb Xf 2% FC OB A ke B — 0] 1 30007 i 2
B FR, BLE BADCSEN R 1 s, mE 1R 1
AL VR =50 s ON R 2R e A S R B RE R T
0.99, KW 5 4 J& Pb ¥k B 5 FLxT 9% [QOIE (9 &0k

RPD =

801

1751 2 Inhibitor radio/%

e BT B N e N |

o O O ©O O o o ©
HH

-20 -15 -1.0 -05 0 0.5 1.0

X ECH B Log concentration/(mg-1.7")

B 1 E&E Pb X% RINE 8K E-F 280 i 2k
Figure 1 The fitted concentration—response curve of the single

toxicity of heavy metal to Vibrio fischeri
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R ORE-FERMHENUESH
Table 1 The fitted parameters of the CRCs of heavy metal

T4 )& Heavy metal ECs(95%CI)/(mg-1.")

A 7 FE Fitting equation R P

log x0

Pb 3.01(2.31~4.08) y=

- 1+ 100940x (0479-5)

100

0.991 0 0.940 0.479

1 :95%C1 %75 95% BAZEX . FAl,

Note: 95%CI indicates 95% confidence interral. The same below.

T A 3 RAF RO R SCE o ARAE I A L i B
K ICHF B T3 (Photobacterium phosphoreum T3) X} Ph {5
Qe T IERARM B E YRR IET TN E , RIS Y 1
HIAE P EErE S Ph & SR B R ARG
22 B—HAERNEERM

6 FT AR 20k B PRAICTRT Y ¥k B 1) s &0z i £ 2
B2 fr UG AR S BN R 2 B . i 2 A1 2
AT, Ve FE AR RO i £k RAME YR F 0.91, KB 6
PUA 3R R B O 2 ERICE 9 A il 5 TE ARG
PAETE I 0.799 51 1.498 , 3 B 9% [CIN B X 6 R4 2k
FAYBUBARE R . i ECs i DA T Je 751 K

100

80

1413 Inhibitor radio/%
) IS oy
S =) 1<)
>
\Q
waod
S

1.5
XTECH E Log concentration/(mg+1.7™")
B2 6 R 2 FOSINE By R B 77 8 %07 fh 2%
Figure 2 The fitted concentration—response curves of the single

toxicity of six antibiotics to Vibrio fischert

INGECso /)N FEBEPE B . AR R 2 19 ECsofE, 6 Fh
P AE 0 2 FOINTA 1 BRI Ol CTC(6.52 mg+ L) >
OTC(21.40 mg-L™")>TC(29.19 mg-L™")>SD(87.38 mg-
L")>SMR(169.56 mg-1."")>SMZ(263.74 mg-L™") .

KRG BEIEI T eSS oA 2 R0 3R R 25t
HEZT R TR A AE B, 45 SRR BT IR R 2 A
R ECsofH R NS B AR AR — N g, =k Y
WELPAE X HE S, Gonzalez—Pleiter Z57/F1
Wollenberger S5, & B IU 34 28 2540 A 2 X0 /N ER 8 Al
KIUIK IS B B3 PR3 LU M S i A o . AP 4%
REW, AR B AE RS IT & T
7,5 FRRM A —8 XM ATRRE R TR
ST 5 DU IR 2 SR e B A O ELAE R AL
[, Deng S5 WA 57 R B e S 028 R 2552 2% [T
TR A& e B Az AR B 11, B LuxR & 1. 1 DY IR 2R
HPiA: Z R o BT 2 SR FIRNA 25 5k I 5
B PO TAVRH SC 2 115 5 B8, a2 T 52 00 242 D i BE 1,
23 Ph-MEZEZTREYHEBES SR
23.1 ZIniRAYEEEN

Pb—Hi A R TR AW 0k B -5 00 i £k an
B3 PR, LG AR CS BN R 3 R . I3 IR 3
AR, A B REER T 0.96, £ W] Phb-Fit 4= R
TR AW v B O B ECOICER 9 & A
Ko KRBV ECso 5 % 457 1 ECso {5 Z FNiE AT

R2 KE-FIERNHLENUESH

Table 2 Fitting parameter values of concentration—dose effect curve

42 Antibiotics ECs0(95%CI1)/(mg-L™") A J7 i Fitting equation R P log %o

TC 29.19(24.26~35.32) _ 100 09721 1.036 1.465
1+ 101.036><(L4657\)

OTC 21.40(20.01~23.66) L 100 09123 0.975 1.330
1+ 100.975x (1.330-x)

CTC 6.52(6.51~10.11) o 100 0.976 1 1.463 0.814
Y= 1+ 104037 (0814-1)

SMZ 263.74(260.05~265.79) _ 100 0.998 4 1.498 2421
1+ 1O|v493x(242|—,)

SMR 169.56(121.55~176.23) _ 100 0.963 0 0.799 2.229
1+ 100.799>< (2229-x)

SD 87.38(83.23~88.01) o 100 0.990 9 1.298 1.941

14 101298x (1941-2)
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MK A S RESIER

Table 3 The observed joint toxicity and combined effect mode of binary mixtures of Pb—antibiotics

TICIR AW Binary mixture EC5(95%C1)/(mg-1.") TU R £ Joint action
Pb-TC 6.56(5.49~7.91) 0.408 0.976 1 LGl
Pb-0TC 3.89(3.09~4.82) 0.319 0.982 1 3[R
Pb-CTC 0.90(0.81~1.05) 0.189 0.987 3 317
Ph-SMZ 42.75(33.95~54.87) 0.321 0.967 3 {317
Pb-SMR 25.44(19.17~32.59) 0.295 0.992 4 37
Pb-SD 9.21(8.96~9.48) 0.204 0.979 7 ZAG

Fo, R BUR G ECo(H B & LT HnF{E , %9
IRE W o Z B A] ReAATE DM R0 . Ph—$itE R —
JCIR AW TU /N T 0.8, B & 22 8] HA
[ %00, B4 )@ Pb 5 6 Pt AR Z 1 —JCiR B W
[ 1 4% ¥k 2 Pb—CTC>Pb-SD>Ph-SMR>Ph-OTC>
Pb-SMZ>Pb-TC, 5 Broderius "W HF 5SS . R
B VUIR R B — TR 2 PR 52 2R 5 o 9 w2k
2 AR P Z LR AT R e B, B A
B FT RE A AEAE I N 22 7 3 80E A1 RO
PIATA
2.3.2 ZIuiRA WG HEVERT CA I TA BEAY SR
Ph—PiE FE ICIR AW CA FI A R AL T h 2%
W 4 PR U SN R 4R . I E 4
F4ATH1, Ph-FiAE KA A # £ 2 —OCIR SRk
JE =T 0N h 2R A A, T CA B RS FU #4345 o0
TR A W B 30T i 2 AR AL, L 70000 4% SR A 5 S Bl
TR AT O B S A %, SRR AL T IABAY , CA
BERITH Ph—Pi A= R — IR & WG 300 1 M1 %
B 5. Deneer™PEAL T 202 MR 25 1RG4, IFSE CA F
RUGHEA YIS B P 000 S A HERG o Faust 1
KB CA BRI IS G X R AW 0 s e T 3

100
801
60

40

713 Inhibitor radio/%

20

0 0.5 1.0 1.5 2.0 2.5
XHECHE Log concentration/ (mg- 1)
B3 Ph-Hi R IR &YX 28 FOSINE A K B - S 300 AL v 2%
Figure 3 The fitted concentration—response curves of the joint

toxicity of binary mixtures of Ph—antibiotics to Vibrio fischeri

R4 Ph-HAERZITIRGY CAREI 1A RE TR
ECs{EX RPD{E
Table 4 The predicted ECso values of binary of Pb and antibiotics
by the CA and IA models and the corresponding RPD values of
the model curves and the CRCs

iy e (mgre DOV (T Rt
Pb-TC 16.19 146.80 1.42 -78.38
Pb-0TC 12.23 68.19 0.45 -88.43
Pb-CTC 4.69 80.81 0.07 -92.22
Pb-SMZ 134.89 215.53 1461.25 3365.36
Pb-SMR 69.49 173.31 39.26 54.32
Pb-SD 39.85 332.68 7.43 -24.07

ASL 6 Fh Ph—Pi A R TR A 1 0 B - 7 A%
ot 2634057 F CA i £k i 42 b7, R —oniR A Pk
SHMEAEDEE T, 5 CA R BRI AT 53K 3
THE R TUEM A3 #F—2 508 RPD-CA A A1,
Pb—SMZ.Pb—SMR ., Pb-SD A RPD-CA kX F Pb-TC,
Pb-OTC #l Pb—CTC, 2 W] Pb 5 DU PR K 2K H1 4= K 2 |
H P FIAVE RN Ph SRS BT AE R R P 510
WREBP ARG M/ N T P SRS AERM
Gtk
24 Ph-MEZ=TREYHEE SN
2.4.1 ZJLIRBYEA R

Pb—Hi A R =TT A1 0k B - 55 00 i £k 4n
El5 PR BLE AR S BN R 5 R . HEIS RS
AL e B - R0 RN 2R Y R(EL K T 0.97, KB
Ph-PiE R — TR G YR 5 R OSGIR & G5 B 1
T RAETEL ML R . Pb-OTC-SD I TUME K T 0.8 /)
T 1.2, R =35 Z [ AT A IO ; oA Ph-HiA &
=ZICIRE Y TUMEY/NT 0.8, 6 B] =3 2 [a] AT P[]
BV, 5 Broderius S AIMF ST FLAE—E

Pb-OTC-SD R 3 R A0 in 7, 4600 AT 5 )2 OTC
55 SD #EPE R /NTE IR — B0 9%, 55 B LU TR & i ik
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the predicted joint toxicity by the CA and IA model
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Table 5 The observed joint toxicity and combined effect mode of ternary mixtures of Pb—antibiotics
= JLIRA W) Ternary mixture ECs5(95%C1)/(mg-1™") TU R 1561 H Joint action
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Pb-TC-SMZ 48.83(43.25~56.69) 0.464 0.989 3 31
Pb-TC-SMR 21.80(19.71~24.30) 0.324 0.989 3 31
Pb-TC-SD 20.52(17.56~24.30) 0.515 0.987 9 31
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Pb-0TC-SD 31.22(26.61~36.51) 0.839 0.990 1 AN
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Pb—-SMZ-SMR 70.17(61.70~80.30) 0.461 0.9827 G|
Pb-SMZ-SD 78.68(65.68~93.97) 0.631 0.996 3 G|
Pb-SMR-SD 26.34(14.76~42.52) 0.304 0.993 1 ZAE]
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. iglﬁ:¥€:ggR Table 6 The predicted ECso values of ternary of Pb and antibiotics
E 80 by the CA and IA models and the corresponding RPD values of
g oL 15&:8$8:g]&% the model curves and the CRCs

fg bl P OTGT IR SILRA ECs-CA/  RPD-  ECy-IA/  RPD-

= 40F ~@ Pb—-CTC-SMZ Ternary mixture (mg-L™") CA/% (mg-L™) 1A/%
% - Eﬁ:g%:gg i Pb-TC-OTC 17.86 43.32 3.89 -68.75
=2 B Pb-TC-CTC 12.90 5050 364 -5752
oL . . , > Pb-SMR-SD Pb-TC-SMZ 102.71 110.33 334 -93.16

0.5 1.0 1.5 20 25 3.0 Ph-TC-SMR 2547 16.81 6.18 -71.67

XS Log concentration/(me L") Ph-TC-SD 39.85 94.19 1436 -30.01
B 5 Ph-HiER = ITiR & WXt 2 FCSINE YR B 57 = 30 fh 2% Pb-OTC~CTC 10.04 64.01 3.75 ~38.70
Figure 5 The fitted concentration—response curves of the joint Pb-OTC-SMZ 62.32 70.59 5.89 -83.89
toxicity of ternary mixtures of Pb—antibiotics to Vibrio fischeri Pb-OTC-SMR 25.15 2.32 5.51 -78.61
Pb-OTC-SD 31.75 1.68 274 -91.22
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O FLAE A 2R SR R R IR CA B Ph-SMR-SD 86.76 22040 341 ~87.04
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