)
GS%DJ_\E_ 7 N VA B 40 B S 2021 4E 5

Eco-Environmental ENVIRONMENTAL CHEMISTRY Vol. 40, No. 5 May 2021
Knowledge Web

DOI:10.7524/j.issn.0254-6108.2021011304

TR, BRSO, T, 45 TR S Bk A LA i s AR A M) A 119 QS AR FIUINAEERY [J]. FREEAL~%, 2021, 40(5): 1295-1305.
DING Rui, CHEN lJingwen, YU Yang, et al. Using ensemble learning algorithms to develop QSAR models on bioconcentration factors of
organic chemicals in multispecies fish [J]. Environmental Chemistry, 2021, 40 (5): 1295-1305.

CIMEIL=E ) 81T 40 B ELSEM

ETERFIEELHEFSI U ERBEREMEERFR
QSAR Ty -

T OB KRR T O ok B IR BAR TR

(L TobAESSHE TRYHE W E SN E, KETT b5 KB % 25 P piiaBoR B S0 %, R T RS540,
K, 116024; 2. EEIETHRE AR E Y 5 02 A BB A H.G, dbat, 100029)

W OE AEYEENT BCF) M d Ay R R EE S5 iRk Ltk 5 %
REM T 35 TFh, R RA —T 2% 5 B4 BCF H. & BAMOCR (QSAR) HEM BN Ky & —Flf
AN B 25 Blert) 77 . HRTR Z2 8000 BCF 19 QSAR IR B — 500 | 1 £ AR Y A i 23 %t BCF 15
DRCRAT Fr e k. AP SE 7. T — A4 T A9t 2% BCF B 2, i35 1300 Z2 800 HLALF 5 19 BCF S
ST IUEIE R, iKY QSAR A AIA FE A SR S, 2 R LA 2% S STk EE S T W £ 2% BCF 19 5
P AFERURT 11 FhAE AR, G5 R RN, SR RIRIAR b, SRR AT AL RE T L Rtk .
YR DA SR )32 0 R 30— 25 (0 e e A A X P A TR 2E B B ) (IBCSC) Hhk2E 4 it
# BCF #EAT T 10, 255K RHIZE P 1066 Mib i BA AW BFUE, 86 Fifb i A MmAY
BB ARHIR ST BT R R T O k2 A ) R T PEAG SR A0 BEAE SRR XU A 4
TAE.

XA AVEERT, ERWECCR, PR, ERWAL, T

Using ensemble learning algorithms to develop QSAR models on
bioconcentration factors of organic chemicals in multispecies fish
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Abstract Bioconcentration factor (BCF) is a key parameter characterizing bioaccumulation of
chemicals in organisms. Nevertheless, only around one thousand chemicals have BCF values, in
contrast to over 350 000 chemicals that have been registered for production and application in the

global market. Quantitative structure-activity relationship (QSAR) models are regarded as an
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efficient method to fill the data gap. However, majority of QSAR models on BCF are individual
models, while ensemble models may have improved capabilities on BCF prediction. In this study, a
comprehensive fish BCF database was constructed, covering empirical BCF values of more than 1300
organic chemicals. Based on the database, 5 individual QSAR models and 11 ensemble models were
developed on BCF of organic compounds in fish using machine learning algorithms, following the
guidelines on development and validation of QSARs proposed by the OECD. Results show the
ensemble models have better goodness-of-fit, robustness, predictability and wider application domain
than the individual models. The optimum ensemble model was further employed to predict BCF for
chemicals in the inventory of existing chemical substances of China (IECSC), showing that 1066
chemicals in the inventory are bioaccumulative, and 86 chemicals are very bioaccumulative. The
models can provide necessary data for evaluating the bioaccumulation capacity of chemicals and
support sound chemicals management.

Keywords bioconcentration factor (BCF), quantitative structure-activity relationship (QSAR),

machine learning, ensemble model, applicability domain.
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SO M TSR A R Al AN ST RE 7, AT T R IR FRAE.



51 TEAF LT AR S BRI A A W) R SR TR TR QSAR RN AR A 1297

1 BBHS e (Materials and methods)

L1 B e

MSCHR [24 — 257 FIBCHE B (NITERS, CEFIC LRI, DSLE, ECOTOX EPAY, OECD Toolbox"” Fl
ECHAPY) v 38 8245 L AL 27 i 78 K [R) F 2 R 19 BCF I 22 . 2 LT 0000 X 52 4 250 e 28 4 7 Ak 329,
() BT IRE UL A BB A AE; (2) 4 BCFEALL L-kg ' 57, AN DL R 4 B I 5 Ay 5
il 5, A BT OECD HEXZ R R [ 8144 (Cyprinus carpio). W 85161 (Oncorhynchus mykiss). 23k %
it (Pimephales promelas). 75 s ff1 (Oryzias latipes). BE & i (Danio rerio). W 2% % &5 K FH 1 (Lepomis
macrochirus), fL#E fi (Poecilia reticulata), —F\ ffi (Gasterosteus aculeatus)] - ¥EA7 B, W HERR %18
3) B El— b AW A SR, BOPE, RS 1S016269-7 MLIL A 2102 (4) B A
P HRAT CAS 5 Hl SMILES # 5 Z X Ni . 2850 % B, e 445 3] 1384 Tl A7 AL A 25 it 76 A [) il 288 £ A 11
BCF SEUE (058 L-kg ). T4k A I BESC R Y QSAR JFLEE, ff BCF SEIME L 10 A i O £ fi
N 1gBCF, A R 5 £ 51,
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M PEAR AP AL 200, 5 — L R — MR, 7 SO — R R N T 45 SR A TR A, R OT
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2 R 51506 (Results and discussion)
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(B (074 L-kg "), A T 4TI (4 fa R BCF $iHis 12, H4n (s B L.
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ZoAI1 A U 0 R 3% A [ A 4347, e X 8% 8 N 4r F 45 IR AF (D, D, -+, Dg) FH T A HEEA Y, HAH
KA5 BANTHR 1.
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Table 1 Type and description of the molecular descriptors
%5 OLSHERL e ] Z 4L TIRFF A FR KRR A L
Index Coefficient in OLS model Descriptor name Type and description
D, -0.933 BLTF96 5IEE R/ K53 e B0 5 1 A H R
D, —0.438 SpPosA_Dz(m) AR 53 BT A B2 DR MR AR 1F
D, 0.342 Cl1-089 5 C(sp?)HHI%E I CURF PO i S IR AT
D, -0.325 SpMax1_Bh(s) 55 R i B D 2 DA A A A
Ds 0217 B07[C-C] R NI B TAR S A7 AR C—CA5 M 2D JE TS 4
Dg 0.317 F02[C-0] IR ME B 24 C—OZE ) t BUBAR B 2D LT X iR A
D, —0.130 B04[0-Cl] FRH NI B A4 B AFAEO—CIZS I 2D TS HE R 1
Dy -0.216 ATSC7m ARXF 43T F AT 42D [ AR SRR AT

22 A SR
R A SE ST S B R T3 2 . N 2 FoR, LRPERLARY (OLS BEAY) 78 7l A= 4 R X
P 24 B W) BRI R 22 AR, R PR A (SVM AL | RF A% | GBDT B, XGBoost £ 7Y) 14 Fil il 2%
R ERSETE. Horb, RE BRI Q3 B R, BT I B s SVML B RY Y R2, (R R, 003000 o 4 12
53 08
F2 HEAMXEITISEOLE

Table 2 Summary of statistical parameters of individual models

Model R ain R et Qo foia RMSE in RMSE e
OLS 0.596 0.615 0.573 0.916 0.933
SVM 0.732 0.758 0.684 0.746 0.741

RF 0.839 0.751 0.700 0.579 0.751

GBDT 0.845 0.732 0.694 0.568 0.779

XGBoost 0.859 0.754 0.697 0.541 0.747

B B RL AR DG TH SRR T8 3 . N3k 3 TR, 20 B s 28 11t e A e 00 o ity P 8 LL B —
BERIA ST, 1 R T A S R AR A | PO Fo 4 ) B — BB O3 s R fEL MAEL 1 AT IAL, 5
IR Stack-6 BLII) OF ., (ELFE I A7 48 RS B P i I, (HATS 55 RE RN A AR fE A B2 A 24 5 22 M0 2 (B
Stack-4, Stack-5, Stack-6, Stack-9 BLRISL) (Y R2,  MH 5 T SVM BER. 13 3 iz, fff FHAR [ 26 A 3k~ 5
for (RS T RICR AL T ok [ b 28 R 2 o B R AR RUACR

K SRS g e i SIS

Table 3 Summary of statistical parameters of ensemble models

Model Base-learner Ridj-(rain Rﬁdj_lesl Q%) o RMSE; i, RMSE
Stack-1 SVM, RF 0.800 0.766 0.706 0.644 0.728
Stack-2 SVM, XGBoost 0.808 0.769 0.707 0.632 0.723
Stack-3 SVM, GBDT 0.801 0.764 0.707 0.642 0.730
Stack-4 RF, XGBoost 0.855 0.756 0.703 0.548 0.744
Stack-5 RF, GBDT 0.849 0.745 0.702 0.559 0.760
Stack-6 XGBoost, GBDT 0.859 0.752 0.699 0.541 0.750
Stack-7 SVM, RF, XGBoost 0.821 0.770 0.708 0.610 0.723
Stack-8 SVM, RF, GBDT 0.815 0.764 0.708 0.620 0.731
Stack-9 RF, XGBoost, GBDT 0.856 0.755 0.703 0.547 0.745
Stack-10 SVM, XGBoost, GBDT 0.823 0.762 0.708 0.606 0.734
Stack-11 SVM, RF, XGBoost,GBDT 0.830 0.767 0.708 0.595 0.726
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Fig.1 Comparison of performances between ensemble models and individual models
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B FERTA 11 AR h R A AE. Stack-7 BORLHAT B i R2 A I RMSE . Roy 455 FIPTAl
QSAR FEHY R THTI BE 3 34 7% 1 LA T o 1

(1) & MAE <0.10 x TR 3f H. MAE + 35 < 0.20 x TR, /A5 R HLA R G5 T A8 175

(2) # MAE > 0.15 x TR 8{# MAE + 3¢ > 0.25 x TR, AR T30 6 F1 %5 22

(3) A AR E IR S5, AR TN BE ) vh 55

MAE 275 B e 5 V- X 248 0 1R 22 5 o (B 27 6 T A 50408 20 0 152 22 (B A AR O 22 5 TR S I ZRde i
Y. F5 M7 VA VAR Stack-7 BT B T E 7, Yl Zk4E  1gBCF {EYE 5 —1.22—6.60, TR = 7.82. 5 FR
BAFEAE T 5% BTN R 22 50U, 2L MAE = 0482, 6= 0.351, MAE + 30 = 1.535, 1 /& TR 55 — A5 hmife, %
Stack-7 BTN BE ) R 4, Ve R e UAAL, 258 1Y) 1gBCF SEl{E A FU(E 4215 81 AN 5] 2a F7R.

T @ o )| &4 Traning set o Jl| g4 Traning set
6 o JiE 4 Testing set e & o Bil- 4 Testing set
- o Sk L7 T
> T K z
E T o oY . = .
3 % oo 7
z 3F « 8 "5}" 2 °
> o codeimy 2 A 3 o
S L iR :
2 op s 5 g
b 1 }':‘ a" * . ¢ E
P - © P b
or :i. 22 A
P h7=0.0244
1k BEY R 7
Y R W TP T TR T Y - P R TP S S R
-2 -1 0 1 2 3 4 5 6 7 0 0.1 02 03 04 0.5 0.6
1gBCF(Experimental) Leverage(h,)
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Fig.2 Plot of predicted versus observed IgBCF values (the left one) and Williams plot of Stack-7 model for

applicability domain characterization (the right one)

2.3 mUERIERIE b

RO 5 S 2 [ ) 22 DA S0 5k 22, 2y B ML 15 2 AR R 8 0 2 P R 20 R AP, BE LA 22 ey B L
PR (Leanil ZRdis 9P sh) oS, BT BAHARER I ROTIR 22008 ¥ ok A LA B, 233 Uil 45 5% )
5 J7 i B3 57, Roy S50 A, SRS JE LR 264 2 —, WAR AT RE Y 3 R e i 22

(1) nPE/ nNE > 5 5 # nNE/ nPE > 5;

(2) ABS(MPE/MNE) > 2 5 # ABS(MNE/MPE) > 2;

(3) AAE — ABS(AE) < 0.5 x AAE;
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(4) R*(i" vs (i—1)" residuals) > 0.5;

(5) R*(Y vs residuals) > 0.5;

AE J~F-35% 22 AAE JJg-F- 348 0 5% 22 s MPE S~V X 1E 5% 225 MNE -2 1 5% 225 nPE N IEFR 254>
¥ nNE Ry 55% 22 DG R vs (i-1)" residuals) 67 $2 S2IE ) 328 48 X 5% 22 HEATHEIY, 55 i MR EH S
5 i1 A FR2ZE A Z A B AH CHE s RA(Y vs residuals) 75 T (B RN 5% 25 (H 22 6] A AH DGR . 25T R An iEXT
PSS FEAT TR, AHOCPEM R PR T B e 3R 4 rh. 2550581, bk 5 T Z R F0 15 22 B AR A2, 10
B B BB AR R G iR 22

® 4 BULE B ZE R PPN 4R bR

Table 4 Evaluation indices of prediction errors from testing set

Data set AE AAE MPE MNE nPE nNE

Testing set —0.010 0.551 0.575 —0.531 130 147

2.4 HLEST

— B R A AR R S PR R AT LA A A K AR AT AILAR () 43 B B, B KA ) e AR
HR () 2 B2 0K B B, DR AR R A S T D g e T A A AR SR I S K AT R B (Kow)
B T I BCE"? 4, Veith %502 84 7 57 #8125 1gBCF 5 1gK oy B PERRL, BR R? = 0.90, {HAL AL H 4y
TS5 BUK AL A . BLTF96 /& 5 B /K P S 50 Kow HH 56 19 L AR i 38 75 ARF 9% 24 30U T
BLTF96 $fi iR 77 X B4 5 v 1384 AN DL SRR AL, R? = 0.40, 1B {5 B /K 1 3 — 1 J5 e DA o
A 5 e h K b2 5 1Y) 1gBCF AL

P VIR T B MR 20 8 AN T A5 MR R 00 & X, FEH LU BB AT e AR A vk
I 1) 22 %5 BLTF96 114 3 B4fe X i B 2 K F A 845 . SpPosA_Dz(m) Fll ATSC7m #5525 A X} 40+ Jit
A G 2D #5845 . Lipinskit™ & 3, A X 43 F Bt /N T 500 (4 /N 43 F 245 ) 58 45 ) 1 A= AR WAL
Strempel A51 1 & BUAR X 43 F 5t LA K43 F BT AR ) BEWERS B . 25 1, 0 F RS K PEXT A
Yy SRR e Ry 2, A AR A3 BT iR RN,

2.5 N FHIEERAE

{8 F Williams [€] X%} Stack-7 #5275 (1% o 3t 47 26 4iF, DAB o 4 iR 7Y 1) 38 R AL & 07 . an &l 2b
JT7R, AR BRFRATATE (hy), DAAEFRFRIRFRUESR 22 (0). EATHTAE (h7) 7 0.0244, AR by < BB IAL S
Pris T AL > by > 10, DCHIZAGS P 0 I 2R i SRR IR AT 1], AR A A 1y 1o P B Ak
G R Ty ik B TN B8 7 v AR TS (%) 1N FH R, I AR P 18 Ak 4 S o e A e, TR T
AN 0 TN A7 A B AN G PR, AL G Y 6 (V& AE (3.0, +3.0) LLAMEF, A1 s B R
K> RS Y o [HARVEAE (3.0, +3.0) LAPY, T BAAS A HLAF — 3 (14 4iE e %), Stack-7 #5541 1 11 25
EMIEUEE DA 5 MEEY (CAS 543510 81-88-9, 112-27-6, 117-80-6, 14233-37-5, 4901-51-3) f4|d] >
3 H by <k, XSG W AR N PR A B

2,3,4,5-P0E KW (CAS 5 : 4901-51-3), 9-(2-¥R FE R FE)-3,6-W (. L&) i iy A L) (CAS %
81-88-9) 1 1gBCF Tl (B B = Ak . & B & A vl i g JE AT (M F 0k L RS, JLR M 2 5 %X (pKa) 435k
6.36 1 3.228° L AE pHAHZI N 7 — 9 W R /K IREE v, X P Fh ) ot 1 25 LI B IR S AE, il &1
A PO rp P J 7 SO S A A ) T B 2B e AR S, i LA S B I 5 1Y BCF 23 LU AN % 18 73 1 IR 28 1 73
DB K. 7E45 2R T BCF 19 QSAR FUill A AR vy, /1207 JE 43— A il B TR 25100~ 611,

2,3- 5 -1,4-Z5 1R (CAS 5: 117-80-6) Fll 1,4-— (1-57 A Bz &) BB (CAS 5: 14233-37-5) 1) 1gBCF
TIOE B A AS . B AE MR AW, 255 KA R, i 5 AR B o L A5 R0, 28l
G YIRS 5 AR W SR AR R AR O, 1T AR AR PR B R — A AR R SRR, W S S e B
— AR B ER R 1 28R AL G W R AR S A XY i AR, AMUSTERR T kA & 4, iR
Al Re 5 A A AR AR AR W 418Uk A e AR B, DI a8 o8 S 5 0 L v T T P I 2.

AN, £ 3 MEE Y (CAS 54351 K 2008-58-4, 13 560-89-9, 36065-30-2) f4|0| > 3, {H 1175 7E #5114
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I FHIRAT (g > 1), DRHO A PR o S 000 A9 AN PR AR P AR 9. 3% 5 9 T o B i A S el Ah
B WIH 705- 4548 | AR v i 2 25

R 5 Stack-7 MEEIBIRE S LIRSME A Y

Table 5 Outliers and out-of-domain compounds in Stack-7 model

CAS A4 FR PRk 22 Gy P
Chinese name Standardized residual Molecular structure
R0l
81-88-9 9-(Q-HHEHEIE)-3,6-XU( 2, I (i 4T A Ak -3.300 B
O on
a
4901-51-3 2,3,4,5-DUSE KB -3.118 Clj;/j[ﬂ
HO a
o}
cl
117-80-6 2,3- -1 42510 3.305 *
g X,
(0]
(0] HNJ\
14233-37-5 1,4-(1- S P e ) TR 3.493 O‘O
O HN\’/
112-27-6 =HmE 4.027 HO O~~~ 0H
c cl
Ny s — R, Evat C ¢l
13560-89-9 BN RIFIL—H)FF -3.228 o) 0
c al
a 1
Br Br
36065-30-2 2,4,6- =T HE(2,3- 1R -2- B N k)i 3.501 Br
Br Br
a o
2008-58-4 2,6- A H R 3.734 NH,
cl

2.6 BEAILLES

KT TP 4112 1gBCF Y A i U BIF 58 a8 95 /0 . Zhao 25199 fifi FH 3% 38 e/ 3 [a1 7 (OLS), 42 [f1] JE R
Bt 28 W 4% (RBF-NN) A1 2 £5 [0 FE AL (SVM) 73k, 2T 473 Rl MLAL 2% 50 (9 1gBCF S fE vy 7 £
A~ QSAR AL, FH WA FAS [ # 3A 4 19 RBF AR 4 B il — >4 A AL Gissi S50 44 A~ 5 FH 1
I BCF (1) QSAR #5144 fURe i BN HEAT T 4R 1, Hi—24 3R Zhao 55 87 A AR IREAY; ) — R T 43
T P AR RY , 225 ol ) S B 00 A5 T ) 1K oy VE S ME— B R AT, I 58 04 E S5 R R R A R
R IE P - A AL A T A T,

6 LA T A GE A AR AL b [ R AR AL DR AT LU S, AR 9 Al #2119 Stack-7 #E AL FE
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Table 6 Comparison of the current model with previous ensemble models
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Fig.3 Distribution of predicted IgBCF values for chemicals (21 174 molecules) included in the inventory of
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3 4512 (Conclusion)
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