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Abstract The algal multiphase transient chlorophyll fluorescence kinetic curve (also known as the OJIP curve) is
employed to extract differences in distance, shape, and angle features, and curve differences are thereby measured. The K-
nearest neighbor (KNN) classification algorithm is used to evaluate those features and select the combination of features
with a better classification effect. Weights are assigned according to the contribution rates of different features to toxicity
intensity characterization for feature fusion, which is followed by the construction of the characterization parameter Pl of
the comprehensive toxicity of water. Moreover, Chlorella vulgaris is adopted as the test algae species to compare Pliq,
with the current characterization parameters Fv/Fm and PI,.s under the stress of toxic substances (DCMU, DBMIB,
MV, Malathion, and Carbofuran). The effectiveness and superiority of the proposed parameter Pl are verified {rom the

aspects of toxicity response, minimum detection limit, and maximum response concentration. The results show that Pl
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is sensitive to all the five toxic substances and can detect more kinds of pollutants than Fv/Fm. The minimum detection
limits of Pl.q, for the five toxic substances are respectively 90.34%, 41.66%, 81.91%, 95.43%, and 77.66% lower

than those of PI,,s. Plicp, also demonstrates a higher detection ability for high-concentration toxic substances.
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Table 1 Basic information of five tested toxic substances
Toxin . ) Stress
Mode of action Tested mass concentration /(pg*1.~") . .
(solvent) time /min
DCMU L 1, 2,5, 10, 20, 40;
) PS II inhibitor 80
(DMSO) 1, 10, 100, 1000, 10000, 100000
DBMIB Plastoquinone
R, 100, 250, 500, 1000, 2000, 5000, 10000, 20000, 40000, 80000 60
(DMSO) re-oxidation inhibitor
MV L
o PS T inhibitor 5000, 10000, 25000, 50000, 100000, 200000, 400000, 800000 150
(deionized water)
Malathion Cholinesterase 1, 2,5, 10, 20, 40; 30
(DMSO) inhibitor 10000, 25000, 50000, 100000, 200000, 400000
Carbofuran Cholinesterase 1, 2,5, 10, 20, 40; 30
(DMSO) inhibitor 10000, 25000, 50000, 100000, 200000, 400000,800000
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Fig. 1 OJIP curve of algae. (a) Linear time scale; (b) logarithmic time scale
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Fig. 2 OIJIP curve of algae under stress of blank control and
five toxic substances
3.1.1 &&=
BT A >R P G I B 8 S 3 35 M 4% OJTP

i 28 6 7 B i 5 0 1k X B 5 75 3 BE 8 F 9 (L (i =

1,2, -, n), W 3 FF 2% o 2R JH WK EG B 5 a7 20 1 0,
I3 FH RREG I B R A1 B 220 A DA B K AEL D, 38 b
Rz En 2R, —H N RELH

DSZZdH (1)

Dm::nmx<d0, i=1,2,,n, (2)
AP emax (o) 0 HUR KA A% .

IR Y5 2
Fig. 3 Distance sequence of curve

3.1.2 B4

K FH 5 5 BRCEE 25 48 3R OJIP il R FE Ik 22 0] i) 22 57
P 5 £, A CrP A ] Eiter 1 Mannila' ™ 42 0 SR i BE
45 %0 FEBS 0 O ROk T 5 W A% il 2k ) Y B RO R AR
EE%_‘O

I 3B &5 % R B vk 153 0 7 B A AR D i P
QP Z M2k, B o(P)={u, ws, -+, u,) 1 6(Q)=
(V1,00 e, v, o F T p R 20 B 2k PN Q b 1 5 1A
M EATEREE T L RE— 1 H o (P) X o ( Q) AL
%ﬁﬂlﬁf?ﬁﬂ,L:{(uu‘,m), (tta 0o, (uv/)}ﬁ
Ha=1,0=1,a,=p,b,= q,— D BEEXF 205G
PHIQ F sl HEST o 5 L A BE Sy il A7 TR 4
Xt R K HE RS L H L= _max (ttajs0s,) X T 45 56
Z NI & P.Q, B A1 | /Y & B g 5 #k e 2
S{P, Q)M E LA

S(P,Q)=min(|L]), (3)

2 min () by U /IME R

1801004-3



& 42 % 2 18 H3/2022 £ 9 A /FE2iR

discrete Fréchet distance

P4 e filh m sk ey
Fig.4 Discrete Fréchet distance

3.1.3 FEHIE

B % OJIP Wi 2k Co={(11. /1) (0 fo)son (00 S2) ]
Zil C,,Z{(z‘l,fl), (£ fo)s oo (z,,,ﬁ,)}ﬁﬁﬂ‘l‘ﬂf;’é[o, ALz
AR H C, R, o TR B0, 1 ]

‘ Co. [0.,] % Co 0.
it £k e £ 2 5% 08 LN cos 0, = : , )
‘Cu‘ w’ < ’C [0.1]
<k C, M C, 1 B A Fik= 0
AC(C(,,C,,):icosﬁo‘, . (4)

K5 R

Fig. 5 Cumulative angle

3.2 B—HRESAEGHAESERIEERAEN

KT oy AT A5 e B — 2 25 S MR REAE ROR W) 41 &
TF B A M, S SCa B KNN 40 2K 0 i 46 4 F P it i
BN OJIP Edi i 17 40 2500 B A — e s 2 45 i &l
SEah il 26, 43 0 KR 4 RF 43 25 1h 2k 55 i Al 4 1) 1 R
TE R Ay A 0F 20 W7 2 M 0 Jo ok 5 20, DA 43 M
R VA br X A R RRAE 19 8500 R AT VR4 -
3.2.1 KNN A%k B

KAE — M U B/ B o 2780, % KERI N 1, 4K
YR 38 N 28 f K AE R AR B, SR 28 S8 E 19 77 X AT 1
NP ORI 1 KB .
3.2.2 Y%L KA K 0 T

BE X 5 B0 B G EOHE B DL TR — B T
ARl BE R 432K 50, 43 LA D, D, S, A RHE FI 7] 45
TE B AT 55 4L A R AFAE R 4R AF ) 2 8 OJTP il 26 508 42
iz B850 1 Lo B Bl AL 20 1 U1 25 4R 5 K 4 L o il AT
YA 3L
3.2.3 EHARE

K AN TRVERAIE 4328 0 o B 2R A Sl 45 AN 4R 4E 19 £
FHPEA bR . MERR 8, DLW R e T 2 M o 28
IR A% LB A, VE R R ek Rk

MTI’+M’I‘.\I
MTI’+MF]’+MT\'+MF\' '
AP Moy & 48 1E FE 2R Bl 0 B U R 1E R AR S 8
My 52 48 TR AR 1 5 U500 8 67 R AR 1 S B M S 45
BRE A B 15 DR 1 R 1E R AR (B M2 38 IE FE AR
B R Ry R RE AR B4

A B — HRAE B 2 S E B R A0 K 6 B R, ] LK
M EDCMU SRS, D, D, S, A 4 FHE 43 2%
TERR R4y 0 R 75.0% .68.8% .56.2% 43.8% ; 4+4 5
FhEEPEYI BT oy R G5 Rk B A A — 4R 1R, D, 1Y
SRR R e o B 7O B —REAE S AL A R IR I 4 28
HER S, LUK I 5 B — R AR AH L A A R B T
P v 1 PR VR B 3 R E R E DCMU Sl % h LA D,
5 SRFEAL A 10 W R A R L 5 B REAE A E ) B
T 6.2% .12.4% .25.0% .37. 4% s 45 B SR EEHY
FEHY 245 R F, D, 5 SHIE A 8 T R

M/\ccuary - ( 5)

0.8
Q A ‘Dm
T OTF o a “« gs
>; v
5 06f v A,
E ¥ * >
g 051 ¥
o >
% 04f 5 .
£ 03f . v
2 02}
@)

0.1 1 1 L L L
DCMU DBMIB MV Malathion Carbofuran
Toxin

K6 H—ilh 222 s PR AE KNN R 73 2R HE i 5
Fig. 6 Classification accuracy rate of KNN with different

characteristics of single curve

0.9

® :g... % v S,
+4 5

§ 08F * op'iDas * DS
=4 & D 2t * D +S+A,
g 0.7k 3 o D +A, « A
g DU+D+A, D+A,
5 0.6} * v " D+SHA,
g v ® ® D +D,
Z o5} S+A, x
o > X ® D +D+S+A,
= 04
- i
5% 03} &
S 02} s

0.1

DCMU DBMIB MV Malathion Carbofuran
Toxin

7 Bt 25 20 45 1 4 22 S M e AE KININ 19 23 2R 5 1 38
Fig. 7  Classification accuracy rate of KNN with different

characteristics of single and combined curves

3.3 EESHERBIERGNEEGRIISHHME

HR A B — R AR 5 4 & FRIE KININ 23 2 o B 26 1 K
AN B PR A IR B SR ERAE 7 #E4T D, 5 S — 1k
b TR TTHE T L LA WA B AE X B M 9 B R AE AR Y BT
kR B RN EAT AR A3 B, A B K IR R A R AE S
B PLecpo

1801004-4



3.3.1 AR )2 AL
o TR OJIP i 26 49 D, 5 S it A [, DA itk
Xf W AT A — AR Ab B . PA D, ], 1 — A A

F42% F 18 H1/2022 &£ 9 B/RZFFR

Sin— (S
CS: N C( f.,\]) ’ (10)
o c(Sin)

R S WM SIH LR M C, .C 4

D = Pn T Do (6) M D SHTRE ;c(Dyn) 5 (S ) 53 510 55 PR
"~ Do ™ Do F ) D, 5 S — 1k S5 B

KM Dy e AR Z 0] D, B 35 KA Do i A A
[] fth £k Z [6] D, 19 fe /M
3.3.2 ATR#SERETNBRMY S IERL

D, 5 SHAETEA R B #EPEY BAE T, 3RAE 8
ANTR], A3 S AR I RE S OTTP il 28 B8 v i A R AE
XA 0 B 1 SR AE Y DTHR R AR T — AL AR L p ik
AT R 43 BC , 1 K AR 25 A B R AE S Py,
Plic, 20N

4 #iR51e

Ry i — 25 VA P, 75 52 B 7K A 35 P A6 DU g H rh
B AT 50T 3 P 2 A T R G R R S AL B &
BEV/Fm 5 Pl 23 50l DK AR 75 24 46 D0 o 9 57 14 i 1z
o AR I PR 5 s g 7 v B = T TR X AP S B0
B PR I 1 BB 5 AR SC BT R 1Y Py, X — S BT XS
L, AR 58 IT B0 E Plec, 2 800E B PE A DU 0 H Hh i M e .
4.1 %M

My, =AX Do+ (1—2) X S, (7) AT 5 ER 3R 7 22 23 7 05 1R 4 i R S 3 4L 0 TR
c 208 Fv/Fm Pl Pl = F R AE 28U 535 122
A= (8) S, HOBe A [ SOt 5l 2 I 1 0 O 6 7 , 45 5
e AR 2PN o Fo e AR A5 5 5 41 3R AR
Cp, = D = (D) (9y  BHAE0.05F0. 01K A %5, 32 fii ik
’ ¢(Dyx) N B/ BN AR
£2 SR G IR ] Fy/Fm  Pluy, Py 925 51 5317 45 5

Table 2 Difference analysis results of Fv/Fm, Pl.,, Pl,us between treatment group and control group

Tested mass

concentration of 0 1 2 5 10 20 40
DCMU /(pg+L7")
0.742°/ 0.731"/ 0.7207/ 0.680"/ 0.6537/ 0.612"/
Fv/Fm 0.751
0.217 0.408 0.855 0.956 0.972 0.992
, 6.694"/ 12.6637/ 28.1317/ 39. 2607/ 46. 4167/ 51. 9697/
Pl.o, /107 3.835
0.661 0.912 0.986 0.995 0.998 0.999
3.470"/ 2.9537/ 1.8537/ 0.8577/ 0.5437/ 0.270"/
PIABS 4.470
0.771 0.982 0.999 1. 000 1. 000 1. 000
Tested mass
concentration of 0 0.10 0.25 0. 50 1. 00 2.00 5.00
DBMIB /(mg-L ")
0.749°/ 0.731"/ 0.713"/ 0.666"/ 0.6167/ 0.6017/
Fv/Fm 0.758
0. 560 0.832 0.975 0.995 0.998 0.998
o, 7.871/ 9.237"/ 10. 293"/ 12.2217/ 16.156/ 16.8627/
Pl.o, /107 6.019
0.819 0. 856 0.984 0.991 0.998 0.998
3.9977/ 3.085"7/ 2.2687/ 1.2767/ 0.6937/ 0.5497/
PI, s 4.808 _
0.624 0.852 0.955 0.976 0.983 0.984
Tested mass
concentration of 0 5 10 25 50 100 200
MV /(mg-L ")
0.757"/ 0.754"/ 0.717"/ 0.638"/ 0.549"/ 0.412"/
Fv/Fm 0.764 ’ 7
0.957 0.959 0.989 0.998 1. 000 1. 000
. 3.506"/ 4.776"/ 7.985"/ 10. 0707/ 31.3027/ 43.313%/
Ply., /10 2 1.482
0.979 0.976 0.981 0.996 0.995 0.996
4.413"/ 4.497/ 2.4977/ 1.0937/ 0.5367/ 0.223"/
Pl 5.786
0.923 0.893 0.981 0.994 0.995 0.996
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Tested mass

concentration of

0 1 2 ) 10 20 40
Malathion /
(pg-L™")
0.758 0.757/ 0.758/ 0.758/ 0.758/ 0.759/
Fv/Fm 0.762
/0. 034 0 0.041 0.062 0.091 0.092
} 1.293°/ 1.526°/ 1.966°/ 2.1107/ 2.4427/ 2.511"/
Pl /107 1.130 7 7
0.151 0.523 0.878 0.894 0.839 0.964
4.724/ 4.593/ 4.3167/ 4,348/ 4.184"/ 4.0017/
P, 4.895 ‘
0.154 0.323 0.863 0.782 0.897 0.952
Tested mass
concentration of
0 1 2 5 10 20 40
Carbofuran /
(pg-L ™1
0.764/ 0.763/ 0.763/ 0.759/ 0.759/ 0.759/
Fv/Fm 0.763
0. 005 0 0.019 0.818 0.814 0. 858
, 1.627/ 2.087/ 2.790/ 4.0217/ 4.5417/ 5.018"/
Pl.., /10 * 1.375
0. 875 0. 883 0. 980 0.991 0.993 0.998
5.194/ 4.972/ 4.960/ 4.1477/ 4.0447/ 4.034"/
Pl 5.074
0. 246 0.230 0.121 0.906 0.927 0.900
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Table 3 Minimum detection limits of five toxic substances with

Fv/Fm, Pl.,and Pl,,s as response indexes

Minimum detection limit

Fv

Toxin T PIWL/ PL\HS,/
(pg-L ) (pg-L™YH (pg-L°H)
DCMU 2.70 0.34 3.52
DBMIB 213.50 463. 70 794. 80
MV 7720.00 3290. 00 18190. 00
Malathion — 2.96 64.71
Carbofuran — 3.57 15.98
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