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Abstract: Halogenated cinnamic acids (HCAs) are widely used in pharmaceuticals, cosmetics and herbicides. With
their increasing utilization, the eco-environmental risk of HCAs becomes of considerable concern. 14 HCAs were
selected as targets, and their acute toxicity to the microalga Selenastrum capricornutum was tested. The contribution
of related substituents was achieved using three-dimension quantitative structure-activity relationship (3D-QSAR).
The results revealed that the 72 h-EC,, values of 14 HCAs ranged from 45.88 to 83.72 mg-L", and the toxicity of
4-chloro/bromo cinnamic acid was high. 3D-QSAR results indicated that steric, electrostatic and hydrophobic
effects were determinants for the acute toxicity of the HCAs. Introducing groups with large volumes, positive char-

ges and hydrophobic properties would lead to an increase of acute toxicity. The present results provide support for
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evaluation of potential environmental risks of HCAs.

Keywords: halogenated cinnamic acids; Selenastrum capricornutum; acute toxicity; quantitative structure-activity

relationship

KT REEAEGYH TE S C—F.C—Cl #l
C—Br %5 [ BB LA 5 K — R I7 &35, 7 454
FasE e 38 KARSEA P ARXEAR SR AR A i e
R 22 B 5 I A RZ A B TR T )2 40 A F
ARETE JFEAWTE M D e Ve XU ks DR T E
RO R UREERR 2 — R OF IR R &,
JZ R T A BE 2 At i AR B A 1 AR 7
Bt (o B 3G, L A PR iy R i T AR S
IR A R XU AN 28 20, (HJR, H R PR EE R 2 Sl
XoF A R R 25 Ak 0 1 PR 800, A0 436 P45 5% B
KV FREEAE R AAT Ay A ST AN A A= ) R A
PERB ARG 8 T3 [ =, iR AR,

- FI5 R RS L X — eGP R S
90 F Bt A ap e a2 e DA SE Y, 1 45 -1
AR A 5T (quantitative structure-activity relationship,
QSAR) NI [B] B (1) i e 4 fit  — A RGR AR, H
B EXTR A ML S P A Y s RO 5 45 S8
EATGE T AR S T 0 Al 45 4 S Ak B i AR
WIBEIE ISR 45 S AT Ry BB v AT BILTS e 1) XU F
B R BEELE R AL 2 BT R 425 )
2z FREE AL 27 Kot AL Ak A A SR — AT
PRAE

£ H 7 ¥ (Selenastrum capricornutum)Je: iR 7K
KA B DL XS G an -+ BUER WAE 4
MK B A2 A W TS Gy R A7 S i 25
FIORFRM R AR SO LE UL 14 Rl AR AR L
G FE A B A KIS AE N, IF I 3D-
QSAR ' I8 53+ 33 53 M 1 (comparative molecular
field analysis, CoMFA ) Fl b % 43 F 4 {0l ¥ 48 £k
(comparative molecular similarity index analysis, CoM-
SIA), $8/R %A G W) 53 F 4510 5 FLFE PR 22 1]
INTERFR, R A AR AL & W) A A PR 5 A e
JRUBSE DA B A L At 50 S 4

1 ##57% (Materials and methods)
1.1 SEgphel

FAAH AW rh EREBERDUK AE A YT
IR /K BEFR2E | — H JE VA (dimethyl sulfoxide, DM-
SO). 14 P pa R HERRISAL A5 W) (PP 28 W3R 1)1 H BT
EAN 711 2l B O w123 W 9 8 R B o VT2 [

1.2 PRGBSI

PEFP RS SR L E £E BG11 (Blue-Green Medium) A
THFRW . FAA T BB H) BG11 AN TR R
Jo EATRE Q25 +1) °C JEREEE 12 h = 12 h O
84 2 000 lux 5 4 150 r-min™ (957 2% B3R IR
B hy K5 M 96 h R —Wk, & 3 ~5
W R B R0 A K B, LA E S S50 A

HERR PRI R A EERR L 54 100 mg(0.10 g, i
I 0095 ~0.105 g), Jl DMSO &t E 45 % 10
mL ZEi, K15 10 mg-mL” Sk E AR, BUbE
X5 A S 1 ol P 055 5 A R I, AR AR ) 4 R
WIEA N 1004 - mL IR, BOR K 50
mL T 250 mL #EIEHE, 43 3 A — & A 10 mg-
mL ! AR R R SV RV, R BB I AE 0 ~ 100
mg - L VBTSN e — MR A 5 ~7 DU
JiZ ; IRl i 5 37 DMSO %57 %) BR4H, B4 Ab 3 3 A~F
170 KRk SEEm Y REE R A0 —8 R
TR N MR B SO ST 2 A A A
JEA - mL") 5 EBOGE B ODg, Z ALK R,
S351F0.24 48 F1 72 h U £A4E i ODg, fH, 55
PR A 235 B S, AR A 2R () TS B ] 2T

M #(%) = (1-NIN,)*x100% (1)

A N O FE AL B AL AN B, N, R A R R A

FEARAGAN )M B o AR R R XT3 A A 2 1
FEhtb b SR AR AT B 2B A A Y5 2
H F ¥ 72 h-EC,, 1H.,
1.3 =4 BEROC R B

E R RIOC R HEAR AT v, AR 0 PEBUE R
DLBE JR U B B 3 1 EC,, (umol - LB {i, HAK L
%21, FIH CoMFA Fil CoMSIA J5#17 3D-QSAR
IIHT T BRVER R F SYBYL7.0 #1445 M5 5¢ A
AW FE5F AR FH Tripos 713, 43 F HL far 2R
H Gasteiger-Huckel Hifif, B8 & fe/METHRE SRR,
B Max. Iterations 1% JilT ] 1 000, Gradient i 1%
41 0.005 , Color Option %4 Force, >KH 4-F& WM
AR M, ffi FH Align Database J5 26 B A5 43 F £ 4T
Bt , HBAMBWME 1R, G200 % i
He/N_Fe(partial least squares analysis, PLS) 5237 5
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I R 2s—k(leave-one-out, LOO)WHF T3S IKHIE

2 ZR543#7(Results and analysis)
2.1 RACRIFERRXT = ] A gt R Ak

14 Fhpxi A PIEERRZISAL B0 F M A e A K 8
PEVEIEZE RN 1 s 250 /R, 76 0 ~ 100 mg -
LR I LR A % E M 0 2 e A= B e Y
BN, FLR BERR, B bk, o 4-50 4-IR AN
FERRXT A A s dEtEsm , H 72 h-ECy, [H551h
4588 F149.79 mg-L" ,24- S RERR X M A FHeny
FMERE

ARG RAERIE A, AR B 254, 2R
I EANTRIEA AL s FIAS R B RS A (1 2 A28
FRL T 53 F A Z R &AL S A A A 0
AR BRI —E 22 5 Bk, R A CoMFA
S CoMSIA J7 %t i f R i = £ H A A K
BRIV 500 FE5H Z [ N E G T R G R 2211
38T,

2.2 ARPEERRAT A A S B R RO R
2.2.1 CoMFA K CoMSIA #5454 Hr

LR AR WA CoMFA BERISE 2428
W% 2 ii7s, CoMFA ARBI{AE I G R AL @
0804, FefEF s8R 3, R ASAF IR AL AT R 4FAY
B — 75 95% BAREEAKEH TAE A AT , 1551
BORIRAC RS R 0942, brififw 2= SEE Jy 1854, F
B0 5454, L) ZHERVI T im B RIF093LG6e
FIFNTFIRE S5 RIS 14 Tk A 9 B S0 R0 T30
EAICR UL 2(a), RMAUGHHIE R K 09692, 744
Y5 0 STk E 350 633% 1 36.7% , A i
PRERRAL AW 0 TS E AR A B SRR X Bt AN
FEA R, Horp ST AR BTERE R,

ZIER TR SRR S L sUK R R % 1)
Hia AR & Y as i i AR b RS 2R A
FROMARISZ AR REA, 70 TSR AUA RN 32 A4 f5 1 X A=
PraE O 1 2 e (E A5 ¥R 58 . BRItk A wiF 5 3 —
2K CoMSIA J7 ¥ A7 5 1 30 ¢ &R B
M. 345 CoMSIA [ K CoMSIA I # RIS i
SHNFE 2 Fis,

CoMSIA T #7 f) 22 B iE M1 5% R ¥ @
h 0,668 , e fE LA HOCN 55 AR 38 BB IEAS 1) AR A
MIFISEREL R M 0.969 , brifif 2 SEE A 15.25, F
H°4 49.74 , § L) K ) SR SRR N 32
R34 STk, FErh R A R E R R R,

A R L T K 5, #5719 CoMSIA T A% 7Y
Q I FAEMA T W, 23510 0,655 F130.07 ,{H R* 4
= 2 0990, i 7 5 i K 7 1Y STER A 23 518 62.2%
F137.8% , CoMSIA T 5% 7 512 56 15 A1 F I AEL (1) 5 2R
ULIE 2(b), RAEHAEAHOC R BN 09685,
2.2.2 CoMFA K CoMSIA =4E%: 2 K43 Hr

CoMFA 5 = A 55 5 R an ] 3 i, HAEH H
b 58 7 5348 S AR R L P SR R
NS, o FEST R G0 SRR BRI AT R
MEREFEEN R, HORRB/NEAERR SR
AT R S 4 SRR B A £ e 3
PH 25 S S008Iy 1F o S 1A &
SRR,

1£ CoMFA B [ 5 (kg v, KA | 3 4 54
SUBRHT B TR ) o fa b AR R AE R B AT
FERAR TR I 25 13 o AR RV EE R Ak & 0T = A7
FHEFEVERON . X b 3-58 AR R A1 3-8 PR A iR
72 h-EC,, AR, B 3 v B i 2 AR R A 3
i, HE 2 8 e 0 S EAE G 4-56 45
4-TRPARERR 3 AL A W6 A H A i i s RN
R RE B 2 P 28 57242 A 38 I 38 5 5 A0, 2- 50
FERR S 4-TH-2-F AR 4-S IR 5 4- =4 TP 3L
PIFERR X 2 LA W R B B 5 4 7 B3 i
B, BRI s a3, FRSLg s RS
CoMFA ST RIS BRI A SR 58 4 — 3,

£ CoMFA B Fy L 3 b R A BE A I o
TR P AR RN F U IR f vk
(VN Y/ POE SN DEIZ R iU Es 2 ¥ iy N =
TG M HET I F>CI>Br, 4-98  4-5 A 478 R #E
1% 3 A& st 1 F BE A 1 R fL 6 PR R A
MG 2- 5 2-E AR 3-3 5 3-TR AR 2
HAE YRR G Bk LA,

CoMSIA I ## = 4 45 5 F AN &l 4 s, Kl 4
(a) 518 3(b) 25 A LE, T A S AR IR 2 3 H v f K
FRIEHL T B /IN, fb B W B PR RN B3 . CoMSIA
I BERY g K S e 4(b) TR, TEB /K, Bk
eI w e Ll S A by N = R ) | B
IKPEIE R R, R 3 4 F1 6 S
SMHEE TR A RHE LR
SR B A T O 3 2 5 300 AR A A R B P B
SR, KRR LR K SR A SE IR o R, FE A
HERR ATl A 28, J0HR S sl 3 IR B 1 ik
G B REE
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Table 1 The experimental and model-predicted values of halogenated cinnamic
acids on the growth of Selenastrum capricornutum
72 h-EC, of COMFA 72 h-ECs, of CoMSIA 1l
e SRR 24l 72 h-ECy, A(pmol-L™) Apmol L)
CAS
-1 e N e s
No. Names Structures fmg-L) sl ORGSRk BURMN %
Exp. Pred. Res. Pred. Res.
PR HOOC._-
140-10-3 V\© 5570+172 37594 35309 22.85 34927 26.67
Cinnamic acid (CA)
- " F
2- R AR HOOC.__
2 451-69-4 6741335 405.72 416.75 -11.03 419.73 -14.01
2-FluoroCA
4-TRA LR HOOC
3 459-32-5 V\Q 6201232 37322 38514  -1192  380.19 -697
4-FluoroCA F
PR, cl
2SN EERR HOOC._-
4 3752-25-8 5837+125 31966 32345 -379 31993 -027
2-ChloroCA
3 AR HOOC Cl
5 1866-38-2 v\<j/ 5504243 30142 32143  -2001  317.60 -16.18
3-ChloroCA
4-FAFERR HOOC
6 1615-02-7 \/\©\ 45.88+4.08 25126 27424 -2298 27333 -22.07
4-ChloroCA Cl
3-TR AR HOOC Br
7 32826-978 V\@ 66942099 29482 28481 10.01 28735 747
3-BromoCA
4-TR A LR HOOC
8 1200-07-3 \/\Q 4979+193 21929 22667 -738 21494 435
4-BromoCA Br
e " F
24-Z IR AR HOOC.__
9 94977-52-3 83.72%3.11 45465  448.12 653 45054 411
2 4-DifluoroCA F
F
2.5-H P kR HOOC. -
10 112898-33-6 69.02+0.99 374 .82 372.07 2.75 37531 -049
2.,5-DifluoroCA
F
3A- T AR HOOC F
11 112897-97-9 V\G[ 7342333 39872 39297 5.5 39436 436
3,4-DifluoroCA F
Y04 AT 3
4-L-2-FH AR HOOC.__
12 149947-19-3 71712013 29263 28948 3.15 286.55 6.08
4-Bromo-2-fluoroCA
Br
. L Cl
2,6- "R AHER HOOC
13 5345-89-1 8320+0.68 38332 38397 -065 37866 466
2,6-DichloroCA
Cl
-SRI AL PR HOOCe#
16642-92-5 5839209  270.12 27141 -129 26682 33

4-TrifluoromethylCA

8%

F
F

1:: CoMFA R/R WAL SFF 3531, CoMSIA oo Lo F A PSR 81
Note: CoMFA stands for comparative molecular field analysis; CoMSIA stands for comparative molecular similarity index analysis; Exp. stands for exper-

imental values; Pred. stands for predicted values; Res. stands for residual values.
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1 4MIRAERRULENSTERE
Fig. 1 Molecular overlap diagram of 14

halogenated cinnamic acids

3 112 ( Discussion)

AR | AR RS S W 5 AR AR RR A
SEA T EA— R, A W5 B, 2K R A
b AR FH R X 2 A1 H 2 BRI 48-h ECy, 4351k 8329
1348 ~83.11mg - L™, RIFE AR FREE #4134 i i 2% Jie
g X ST e s/ DOE Sy DRI A e
s Ry — SRR N 2 EARIE B X2 A A
() 72 h-ECy, 4350 197 115 ~51.8 F12.10 ~16.1 mg
L RWIREE A4 R FECE S 2 22 e
BRI S A 2 R A SO AR SR 45 R

500 500
~ (a) COMFA = (b) CoMSIA 1I
O 2
~5  450F - ~3 3
o 1=0.9325x+24.729 2% 450 =096776+10.795
2—{ _ =
3 2 R*=0.9692 N 5 2 R—0.9685 *
55 do0r £ & 4oof
@ m £
23 3501 23 3501
- 2
o 2 U e
2 &£ 300f 2 & 300f
= 8 & 2
Q3 Qg
£ 250F £ 250f
I8 Q
¢
200 . . . . . 200 . . ; . .
200 250 300 350 400 450 500 200 250 300 350 400 450 500

72 h-EC, S5 {i/(umol-L™)

72 h-EC,, Experimental values/(umol-L™")

AYFUTNESIREXRE

&2

72 h-EC, 925/ (umol L)
72 h-EC,, Experimental values/(umol-L™")

Fig. 2 The relation schema of biological toxicity between predicted values and experimental values

Color Legend
20.000

(a)>2 144
(a) Steric fields

[OEER7
(b) Electrostatic fields

B3 CoMFA #&2 = &R E
Fig. 3 Contour maps of CoOMFA model

()L
(a) Electrostatic fields

1 cge
20.000

(b)&i K
(b) Hydrostatic fields

B4 CoMSIA IIEEI=%EHE
Fig. 4 Contour maps of CoMSIA Il model
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Table 2 Partial least squares (PLS) results of the models in this study
2% TiMk{E/% Contribution/%
in dex Q R SEE F N SiikY iR Bk ARy ARy
Steric Electrostatic Hydrostatic Donor Acceptor

CoMFA 0.804 0.942 18.54 54.54 3 633 36.7
CoMSIA 1 0.668 0.969 15.25 49.74 5 2.1 49.6 472 0.1 10
CoMSIA 1T 0.655 0.990 14.02 30.07 5 622 378

7N, IREERR A0 pa A AR 6 3 A H 2F 3G 72 h-EC,
J35h 55.70 45.88 ~83.72 mg- L™ #EE K/ G
o175 G Wy B A O AE (] — 7K P H R BR b 390 1 2R Ji
FHUCIG IR v g . S IREAR SR
Az R AR v A 25 % B T M SR G A A e
IRAEERRZEAL G WX -4 H A e 2R TR EE
JEFEI(72 h-EC,>3.0 mg- L"), HET, & BA ML
Tk pa A EERR AL S W TE B AR BRI Hh Y 20 A 1
DLRBR B A AH XS 2 A H 2 B AR s RO,
RF  HXP KIS e e AR K e HaE0h, 2
SERERALR T 72 h 19 SL e a5 R, AR L

50 HABTE LRI B RS PPl 30 185 E— 2 58 F 58
%

= o

AHFFE K FH 3D-QSAR T2 1 40 M i 48 P e
Fat 2 f A S (SR PR, 345 CoMFA #E AL @F
=0.804,R*=0.942; CoMSIA Il #HIf) @ =0.655, R’
=0990, Hr ATty by SR iKY
XFREPERON (M 38R, FIFH CoMFA F1 CoMSIA
TR ) 45 v I T DA fE— AR B BT B B
HLRITEY a3k SRR AL — 5 R 5
RUFEE R 5 AR Horp R R G o T 45
P HAEAE SN PR A R S P, 25 5 IR Wl 2 1 s 2520
W32 AR5 A AR A2 SO 5 i A AR S B ATL i 4
SRS 3 F RS F AR MR 2R AR RO, HL
SN 3 R X R B A 2 5 M) ) MO 5 59 , LA
2 ARy TR AR W R R K AR B 23 E L4, B 431
MBS — T &, 4 F s KM 5 51 1k
FEAER KB ER , AHF5E CoMFA 5 CoMSIA I A5 %
N7 AR 3 R K S BT kR 4 B 7 L 63.3%
F137.8% , $&/m kAR N AE IR b & Wy B AR AR
eSOV AR L . AR NG A PIxT i H
AW AT ER) QSAR AFIT R, 4 F AU A 45 1
R A W EHE RN SR A 5Y 45
RE5Z—8, AT 220 H CoMSIA J7 %4
I3 TR S AL ACRN 52 (A T 9 A% SRV, B L

W 2 FpSEOSFRE R oT B EE & /N, E— 2 iR
Jge S B BN (7 LUK . SR, RN IR J& CoMFA i
& CoMSIA T #5507 ¥4 B R sk, 40 51 o5
[t 36.7% Fl1 62.2% , I L HE I 7E 2 5 L B b Ak 5
KR IR 73 F Z B W] BEAFFE L FHERS . LAh, K
RAERRZAL A PIPRIE 1 547 b HAT L] A B Gt
IR , XA P st i VE AN 2 200 5 th A
FEHELIN 14 FLAPIFERIR 1 S0 FJe2E 5], ik
P R JE AV FH JCIRR 5T, A itk — 207

ZE LT  im X 14 Rl AR R EERR 2L S Y
F A T R SER R AN E A ROC RV, &
MZIA AW EA — & M2 MEFE RN, 72 h-ECy,
EAE L+ mg- LK A R W HE il sl R Stk 7 )
A RE S AR Rz XA
A F i3 515 CoMFA il CoMSIA {HiE47
PLS 74T, 345 T Ffil v] 5 19 3D-QSAR 7Y ; i
PR R B 53T S5 ST AR 37 i oK 3 A e g Pk
OO E d IR AT s b S 2 (9l W AN N
TSR HL AR R38N B K P 5 A B 3R - 530

T

Bt B P BA R R ASKEMR T T B AR
AR BN T SYBYL 34 469  H A £ 4t 42
e 3 5 Bl

BREEB N ZEE0972-), B A AL P 3 Hax,
T BHR I A AR B IR e K R Rk 20
B

£ Z 3Lk ( References) :

(1] ZRA, Bk, Thtt, 5. s 005 Bk 2 kOG5
BORE A3 TR K HS D). Ak 2430, 2017, 29(9): 32-
44
Zhu B Z, Xie L N, Shen C, et al. Chemiluminescence
generation from haloaromatic pollutants: Structure-activity

relationship, molecular mechanism and potential applica-



4 4

A AR ARERR X £ A H 2 B0 2R I 3D-QSAR 5 181

[2]

[31]

[6]

[7]

[8]

(9]

tion [J]. Progress in Chemistry, 2017, 29(9): 32-44 (in
Chinese)

JEA B B s A BILTS e B 22 34 07 S AR ) 1 v
FL I PRSI AT D). Jbat: s EREBE R, 2016: 1-6
Tang C M. Quasi-targeted qualitative analysis of novel
halogenated organic pollutants and hydroxylation-related
metabolites of polycyclic aromatic hydrocarbons [D]. Bei-
jing: University of Chinese Academy of Sciences, 2016:
1-6 (in Chinese)

Hasan S A, Ferreira M I M, Koetsier M J, et al. Complete
biodegradation of 4-fluorocinnamic acid by a consortium
comprising Arthrobacter sp. strain Gl and Ralstonia sp.
strain H1 [J]. Applied & Environmental Microbiology,
2012, 23(1): 117-125

Amorim C L, Ferreira A C S, Carvalho M F, et al. Miner-
alization of 4-fluorocinnamic acid by a Rhodococcus
strain [J]. Applied Microbiology and Biotechnology, 2014,
98(4):1893-1905

Bz, RAL K, BRIETE, 5 XTI AERR PR Tk HZW-
3 53 18 S E PRI R T T 0], Wi VL Tk R 223k,
2013, 41(5): 478-481

Ma Y, Wu L F, Chen L S, et al. Isolation and characteriza-
tion of a 4-fluorocinnamic acid-degrading bacterial strain
HZW-3 [J]. Journal of Zhejiang University of Technology,
2013, 41(5): 478-481 (in Chinese)

ST A 2 TR R e P K b o SRR EE R A BIF5E (D). Bt
M BT T K7, 2015 15-16

Wu Y. Study on degradation of containing 4-fluorocin-
namic acid wasterwater by photosynthetic bacteria [D].
Hangzhou: Zhejiang University of Technology, 2015: 15-
16(in Chinese)

Li M, Wei D, Zhao H, et al. Genotoxicity of quinolones:
Substituents contribution and transformation products
QSAR evaluation using 2D and 3D models [J]. Chemo-
sphere, 2014, 95: 220-226

BRAOR, B, AT IR R SR SR R O
B A MEREVE S QSAR BFSE[T]. A W HA R, 2017, 12
(3): 234-242

Wei D B, Zhao H M, Du Y G. Acute toxicity and QSAR
studies on benzophenone-type UV-filters to photobacteri-
um [J]. Asian Journal of Ecotoxicology, 2017, 12(3): 234-
242 (in Chinese)

BAEZE. AR 37 R RA LTS M9 QSPR/QSRR
WFFE[D]. W IR AL R, 2007: 10-14

Yang Z J. Study the QSPR/QSRR for the organic pollu-
tants halogenated polycyclic aromatic hydrocarbons [D].
Xiangtan: Hunan University of Science and Technology,
2007: 10-14 (in Chinese)

(10]

(1]

[12]

[13]

[14]

[15]

[16]

(7]

PR AL 2 A PEA 19 QSAR/QSPR fiF5E[D].
SN ZEHIREE, 2015 13415

Ma S Y. Studies of QSAR/QSPR for the risk assessment
of chemicals [D]. Lanzhou: Lanzhou University, 2015: 13-
15 (in Chinese)

FEEEE, T, B R, AR TR 25 R K
PEVE R I J]. SREERIETSE, 2014, 27(12): 1525-
1531

Du L N, Cao Y, Mu Y F, et al. Application of Selenastrum
capricornutum in a pharmaceutical wastewater toxicity as-
sessment [J]. Research of Environmental Sciences, 2014,
27(12): 1525-1531 (in Chinese)

LT, BRELAL, PR AR, 45, T il A2 42010 B0 91 K 0RE
X /NER#E(Chlorella vulgaris) ) A= 9 3 14 [T]. WG HE A3
Bl 2011, 30(4): 457-460

Gong N, Shao K S, Liang C H, et al. Biotoxicity of two
size nickel oxide nanoparticles on Chlorella vulgaris [J].
Marine Environmental Science, 2011, 30(4): 457-460 (in
Chinese)

XUEEH, 71, BRI, 45 9K S AR E A H 2P
BEERERON KA BN N AN 3 A (D). RS F B
2, 2016, 11(5): 103-110

Liu J X, Du Q P, Chen Z M, et al. Toxicities of ZnO nan-
oparticles on Selenastrum capricornutum and its distribu-
tions in intra and extra cells [J]. Asian Journal of Ecotoxi-
cology, 2016, 11(5): 103-110 (in Chinese)

Kitcheil J F. Consumer regulation of nutrient cycling [J].
Bioscience, 1979, 29: 28-34

Lee P Y, Chen C Y. Toxicity and quantitative structure-ac-
tivity relationships of benzoic acids to Pseudokirchneriella
sucapitata [J]. Journal of Hazardous Materials, 2009, 165:
156-161

Aruoja V, Sihtmie M, Dubourguier H C, et al. Toxicity of
58 substituted anilines and phenols to algae Pseudokirch-
neriella subcapitata and bacteria Vibrio fischeri: Compari-
son with published data and QSARs [J]. Chemosphere,
2011, 84: 1310-1320

ke N RN B B A S A B R, AR N R
] AR AL B 25 D1 23, GBIT 31270.14. A2 R
IR L VPN, 25 14 B 53 BRI
IRER[S]. Abat: e AR A o e A 6 A
Jai, PR N R LA [ G AL A Bl 2 D1 23, 2014
General Administration of Quality Supervision, Inspection
and Quarantine of the People’ s Republic of China, Stand-
ardization Administration of the People’ s Republic of
China. GB/T 31270.14. Test guidelines on environmental
safety assessment for chemical pesticides—Part 14: Alga

growth inhibition test [S]. Beijing: General Administration



182 Ao #F O OH ¥ Mt F14 &
of Quality Supervision, Inspection and Quarantine of the 22] FEEZR, =E. AR RS PUE RSN BT B
People’ s Republic of China, Standardization Administra- AEYIE TR, BREERL, 1999, 24(2): 68-70
tion of the People’ s Republic of China, 2014 (in Chinese) Ji G D, Yuan X. Thestudy on biological activities of ni-

[18] Fan D, Liu J, Wang L, et al. Development of quantitative troaromatic compound using quantum chemistry descrip-
structure-activity relationship models for predicting chron- tor of next lowest unoccupied molecular orbital [J]. Envri-
ic toxicity of substituted benzenes to Daphnia magna [J]. onmental Science, 1999, 24(2): 68-70 (in Chinese)
Bulletin of Environmental Contamination & Toxicology, [23] i, 52T, MBS, & BUREE RS SR 3D-
2016, 96(5): 664-670 QSAR WFFE[T]. Bl2fiE 4R, 2001, 46(19): 1614-1618

[19] Salahinejad M, Ghasemi J B. 3D-QSAR studies on the Xu M, Zhang A Q, Han S K, et al. Study of 3D-QSAR on
toxicity of substituted benzenes to Tetrahymena pyrifor- the substituted nitrobenzene compounds [J]. Chinese Sci-
mis: CoOMFA, CoMSIA and VolSurf approaches [J]. Eco- ence Bulletin, 2001, 46(19): 1614-1618 (in Chinese)
toxicology and Environmental Safety, 2014, 105: 128-134 [24] Fu L, LiJ J, Wang Y, et al. Evaluation of toxicity data to

[20] Blum D J W, Speece R E. Determining chemical toxicity green algae and relationship with hydrophobicity [J].
to aquatic species [J]. Environmental Science & Technolo- Chemosphere, 2015, 120: 16-22
gy, 1990, 24(3): 284-293 [25] LiJJ, Tai HW, Yu, et al. Comparison of toxicity of

(21]

Jaworska J S, Schultz T W. Mechanism-based compari-
sons of acute toxicities elicited by industrial organic
chemicals in procaryotic and eucaryotic systems [J]. Eco-
toxicology and Environmental Safety, 1994, 29(2): 200-
213

class-based organic chemicals to algae and fish based on
discrimination of excess toxicity from baseline level [J].
Environmental Toxicology and Pharmacology, 2015, 40
(1): 292-299 2



