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Abstract Pesticides are crucial to enhance crop yields but pose a risk to aquatic ecosystems when they
diffuse into water bodies through runoff or drift and potentially impact primary producers like aquatic
plants. Due to their rapid growth rate and genetic uniformity, Duckweed (Lemnaceae) species are widely
accepted as standard test organisms in aquatic toxicity assessments. Our study compared the sensitivity of
two standard growth inhibition test methods, OECD TG 221 using Lemna minor and ISO 20227 using
Spirodela polyrhiza, to assess the toxicity of three herbicides with different modes of action: alachlor,
oxadiargyl, and pendimethalin. All test substances showed concentration-dependent responses in both test
methods, confirming the validity of the toxicity assessments. There was an approximate 1.0 to 2.7 difference
in value of the median effective concentration (ECs,) derived from the two methods, which is within the

acceptable range of interspecies variation and assay conditions.

Specifically, alachlor exhibited similar

sensitivity across both methods. In contrast, oxadiargyl and pendimethalin demonstrated greater sensitivity in
the OECD TG 221 method. These results suggest that although ISO 20227 is a valuable, rapid, and cost-
effective screening tool to assess herbicide toxicity, it carries the potential risk of underestimating the toxicity
of herbicides with delayed or slow mode of action, such as pendimethalin. To fully evaluate the two

standard growth inhibition test methods (OECD TG221,

ISO 20227) and to understand how they

complement each other in assessing herbicide toxicity, it is recommended to perform further research that

incorporates a broad spectrum of pesticides.
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A= B]Ak(drift), §2 (runoff) £ £ (leaching)S 53|
FAR olFstH, ole FAHOE FAA N S
UTHUeda and Nagai, 2021; EFSA, 2013). ©]#{st 9@

L‘r A2 %er 22 12 ARt A Fo] wskE
O]Oﬁ A A 71 SIAIZ &= ItH(Nagai, 2019). WehA
ok o5k §1—7ﬂ Hsﬁﬂﬁﬂ A A2 HEt EAS
H7rske A& a4 olth

725t 2H(Lemnaceae) 21&2 ©edh e 72, WE
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M= 3% (alachlor, oxadiargyl,

A S, £ dd8S 7THIAL ol A ARG
B AIFAER 9] AF-EAL Y oH(Wang and Williams,
1990; Kumar and Han, 2010). Lemnaceae= Spirodela, Lemna,
Wolffia 5 5% 36522 744 wdo] &o|g A&
A4 A ME]-(Fourounjlan et al., 2021). ©]&]g+ 7|72 ‘?}%
o]-&3 ZAANYL o] Frof WA B2 ARE

ANEEZ e 548 H7HE = At Ziegler et al., 2016). ©]<}+
e £ o2 20 RUEH(Ziegler, Sree, and Appenroth
2019), 574 A+ (Khellaf and Zerdaoui, 2009; Hou et al.,
2007), FF S54H7F 5 oA ool A AlFEE o] &
gt A A7h FEE L Sl

FANES SAS Hrielr] flel de] AREHE ¥E
AEHOZE= OECD test guideling(TG) 2213 1SO 20227
o] ITHOECD, 2006b; IS0, 2017). OECD TG 221 747}+¢]
APEE w5 F Yo o+ T W3 55 7IVCE Lemna
minor = Lemna gibba®) A& 788 Hrlsk= A8
olth, ¥WHH, ISO 202272 Spirodela polyrhiza®] turions:
ol g3te] 12A7F Bk @] Al —’Fﬁgﬂﬂr(Baudo et al,
2015). T AlEHE BT w2 AEAES HolA Rt AgAEe
Zpolob w=Z7|7, wgzR1e] Aol= 2l =4 W=
2ol 7F WA S 4= QL

AzAE 2] Jx WAE 8l AREARE 25 54
AediAt B2E Asfshr] miel 2Ry A2 Eel el
=2 545 UeRd 4 2th(Vonk and Kraak, 2020). Alachlor
(2-chloro-2’,6’-diethyl-N-(methoxymethyl)acetanilide)+=
chloracetamide”]] #|Z2A|Z |9} FF#=x WA AMEEH
S5, T, T AR A de] AR TH(Deal and Hess,
1980). ©]213t alachlor®] B¢ AHES $Hgo] B
g glom HAAR ws FAF AG9 Ao
AZH vk o] 734 Gl ik 7 A7 9
(Schwab et al., 2006). Pendimethalin(N-(1-ethylpropyl)-2,6-
dinitro-3,4-xylidine)> dinitroanilinel] A|ZA| 2 25 ot
ol A EgA 2 A= AR-Eth(Vighi et al., 2017). Pendi-
methalin2 European Food Safety Authority(EFSA)A
AF77F A= Jen, 4 i ARt 2/E £33
FAAE HeiM =& SA4Jo] HIE I THAuthority et al.,
2025). Oxadiargyl(3-[2,4-dichloro-5-(2-propynyloxy)phenyl]-
5-(1,1-dimethylethyl)-1,3,4-oxadiazol-2(3H)-one)>  oxadiazole
7%] AZAE W Al Al DA ShE R, At B AR
Z WAl ARE-EtHDickmann et al., 1997). OxadiargylS =

W A7) 2ol FAIE SRl BIEA AR Y

=

=
[¢]

% 04?‘01]/‘17: Lemna minor$} Spirodela polyrhizaS
o] gst] ME ThE 287 14ks 2k 3%9] A|ZA< alachlor,
pendimethalin, oxadiargyle]l t™$+ OECD TG 2213 1SO
20227 AER S 54 UUEE vl Frstaat g ol&

pendimethalin)|

£a) 5 A 1 Aolg BASL I SAAE AR
A ¥x3} 2 W 7 lsldmtel Bek

AMEEE

Alachlor(s=%: 99.3%, Sigma-Aldrich, USA), oxadiargyl
(&=%: 99.4%, Dr. Ehrenstorfer, Germany), pendimethalin
<5: 98.7%, Sigma-Aldrich, USAYS A EEAZ AL&-3}
Atk AlFEE acetone(s==: 99.8%, Merck, Germany)S

AT,

OECD A H(TG 2210 WHE 72| YEXSHYI}
=SS
E Aol AHS MY Lemna minors F=AEE
A1 AEAQAEANA A8t AFSIAT. Lemna
minors MEZTF(XF 120 x Eo] 20 mmpolA] st

QoW L= 2442°C, FEE 6,500~10,000 luxS A5}
%Ach. vl = Swedish Standard(SIS) BRI S ARE-SISAL pHE

6.5:02%2 AT oF 357 Wi F 2~57]9] S 7
73 NAE A sto] AlFel ARg-it

HT2lE SEXNGHAI
Lemna minorg ©]&3 772 AEAHAE-S OECD
TG 221(OECD, 2006b) ol F=3to] Fay3t3ict. Algol] A&
g A= SIS Wi E AREalsleH, AE87]e 125 mL
£9 4USZEAE 7 B0l 5 com)@ AHET, 7t 4
zole -5 92 7K1 T2UE FUsl] £ 9o 57}
9~127H7} HEE Stk A7 BRF REE 2442°C, B
= 6,500-10,000 lux 2L GA51T, WA pHE
6.5:1.52 stk NPT txad Aded A
© 2 A3} 3L, pendimethalin®] 79~ S-1)| 0] 2 (acetone
100 pL/L oshys F71= FAth 2t A2 3o s
NES Fa9om, AEF s alachlor®] 7% 0.0025,
0.0050, 0.0100, 0.0200, 0.0400 mg/L, oxadiargy:> 0.0010,
0.0025, 0.0063, 0.0156, 0.0391 mg/L, pendimethalin 0.031,
0.063, 0.125, 0.250, 0.500 mg/If-i ARt 7t A8
100 mLA 0 om, A2 7958 K sidinh. A1
39 B 5UAel AFEAE A ]O]‘)\}\———U:] 24M7F RS R
Aol ok T Yo WAL SN T Yo HAL
Imagine] 4232 E$]o](Version 1.54 g, National Institutes of
Health, USA)E °]-8-8lo] ZA eIt AdEE & 74719
Wit 4B e MBS MEFFEE(EC,) Ut
95% AB| - EEF

J[Nv

”ﬂ”
3 o>
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A=

2 SN ARSE el Duckweed  Toxkit
F(SPP030, Microbiotests, Belgium)olA] Alg-8H= Spirodela
polyrhizas AHE-319T). Spirodela polyrhiza®) turion2 72
AlZE FQE oAl & AJRlel] ARE-EF3IT}. Turion Wok=
HELHUFAF 120 x E°] 20 mm)olA T3l o, vl
YL £ 2542°C, B 6,000 luxE AT WA=
Steinberg HIA| S AFE-3}1T pHE 5.5+0.22 ZA ST
ol & 3 o] AU 743 A E st Aol

AHg-shsint.

JHTElEr AEKGHAI

Spirodela polyrhizas ©1&3t 77E]v AANAIE
1SO 20227(1S0, 2017)°] wWa} Duckweed Toxkit F(SPPO30,
Microbiotests, Belgium)& AME3le] 35t wix=
Steinberg WA S ARE-5110 ™, 48 well plate®] 2z} welloll
wolst Spirodela polyrhiza WA 1718 FY3IATH A1
Z270E 25 25+1°C, FE 6,000 lux, A A717H 7247k
Ko, WA e] pHE 5.5+02% FAsIAT AlE = oz
T AP EE AR ARSI 7 A gRHEo R
A8S SRt AlgE S alachlors 0.003, 0.010, 0.020,
0.040, 0.080 mg/L, oxadiargyk> 0.0025, 0.0050, 0.0100,
0.0200, 0.0400 mg/L, pendimethalin> 0.075, 0.150, 0.300,
0.600, 1.200 mg/L= A3} 7F AlF8-42 well T 1 mL
A B39 ou:] A& 717} =0t A|d gl wAEHA] o}o]—l;],
AR T 2407 AR F o) WA S SA4slen, &
2 e] H2L Imagine] AZE Y] (Version 1.54 g, Natlonal
Institutes of Health, USA)E ©]-&-3] 43130 th AldEHE &
N7 Wi AFES 78S At ECy, w3 95% 4l
7S EESI3iTh

Foll thstol AFAI AR
27149 it uvgxo%—g: o}a}u 4 olgsie] 423

P In(N,)-In(N;)
= t

— gy A2 AR A A AR E
=N, ATEAE A G)S] BEF
— N] :/\]z‘ﬂie ;\];G(]')g] A &2
—t i NTERE AR 9] & 717
AR 7+ Ao Bt vAES ] Bt A
&5 JJr H]?wk# Alfﬂ%é_“ﬂ ek s AsEs thadl

20 st Maliig

AFEE AR F Hlolemj oA AJFAIZE A5 €]
Hlo]| Quj A5 wh gho g AT ZF A gl ) 2]
TEE A& T AP EH0] vlolemji FTtol| wRl FEES
B7vel7] Qe & A& ok e A2 o]&ste] Altet
At

o (be=bp)

/oly = b—c x 100

= %I,: T& A& (%)

—be  ZF] HE &

Quf )
—by : AP Wt TEEHT
OuH/\)

AEE 7 sl AEE A ZEIHS o] 85l FE-

HAE EAS1AL ECy #he AFEshe dl ARt

@% vlol o2 — 27] wjo]

ujo 2ul22 — 27] vl

}‘] ;j%é_l?/] lo':ll:—oﬂ E}% H] O]HE H]’ o= ECs 41 7L#
2k AAEY. BA Z2a3 R
Ao Weibull 2de 48314
A2 THOECD, 2006a).

(Version 4.5.1)& AR&-3}H
ECso 33 95% 4127+

Z

MM M2l e JHFelEe sE-E2HE 2A Hl
OECD Al&®ioll me} 747k A e W83 A,

alachlor, oxadiargyl, pendimethalin®] =7} 57l w}

Lemna minors] *JVPO] 7HeslthFig. 1), 2 A8EA9)

ARE 2 58 A5E-S Table 191 YERNATH Alachlore] 7S
o] 5 7|07 3 AAE 2 8 Ase-L 00100 mg/Lol

A 22} 39 2 89%E Higkont HEES] 0.0400 mg/LolE
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Alachlor

Oxadiargyl

Pendimethalin

Control 0.031 mg/L 0.063 mg/L 0.125 mg/L 0.250 mg/L 0.500 mg/L ‘

Fig. 1. Growth inhibition test of Lemna minor conducted according to the OECD TG 221 method. Representative images showing
the growth responses of Lemmna minor after 7 days of exposure to increasing concentrations of alachlor, oxadiargyl, and
pendimethalin.

Table 1. Inhibition of Lemna minor growth parameters following exposure to different concentrations of three herbicides (alachlor,
oxadiargyl, and pendimethalin) as determined using the OECD TG 221 test method

Frond number Frond area
.. Concentration
Pesticide (mg/L) Inhibition growth ~ Inhibition yield ~ Inhibition growth  Inhibition yield
rate (%) (%) rate (%) (%)
Control 0.0 0.0 0.0 0.0
0.0025 3.6 83 5.5 13.7
0.0050 34 7.8 34 14.5
Alachlor 0.0100 3.9 8.9 5.0 13.7
0.0200 16.5 333 29.7 55.1
0.0400 52.5 76.0 64.0 84.4
Control 0.0 0.0 0.0 0.0
0.0010 1.5 4.4 0.9 2.7
. 0.0025 4.0 11.3 12.3 253
Oxadiargyl
0.0063 393 70.8 422 74.8
0.0156 100.0 100.0 81.0 96.2
0.0391 100.0 100.0 100.0 100.0
Control 0.0 0.0 0.0 0.0
0.031 7.8 21.1 5.6 17.4
S 0.063 9.5 252 117 249
Pendimethalin 0.125 25 503 23.1 503
0.250 33.9 65.8 36.9 69.3

0.500 58.2 85.9 535 85.0
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Fig. 2. Growth inhibition test of Spirodela polyrhiza conducted according to ISO 20227. Representative 96-well microplate images
show Spirodela polyrhiza responses after 3 days of exposure to increasing concentrations of alachlor, oxadiargyl, and pendimethalin.

Table 2. Inhibition of Spirodela polyrhiza frond area following
exposure to different concentrations of three herbicides (alachlor,
oxadiargyl, and pendimethalin) as determined using the ISO
20227 test method

Frond area
Pesticides  Concentration  ynhibition  Inhibition

(mg/L) growth rate yield

(%) (%)

Control 0.0 0.0

0.005 3.0 5.0

0.010 262 37.5

Alachlor 0.020 4.0 57.4
0.040 472 65.8

0.080 62.9 78.3

Control 0.0 0.0

0.0025 17 17

. 0.0050 153 227
Oxadiargyl 5100 39.0 53.7
0.0200 58.6 71.1

0.0400 73.4 83.9

Control 0.0 0.0

0.075 11.4 220

Pendime- 0.150 2.1 40.0
thalin 0.300 375 56.4
0.600 49.7 69.9

1.200 67.8 81.3

50% oldoz 23] S7IeIITh & o] WA TEeM e F
AR ol VFEREOT 00400 mgLellA] 60% oSl A7t

2=t} Oxadiargyle 0.0063 mg/LollA 2F 40% o4
A7} VrEREe ™, H %5541 0.0391 mg/LoAAE 100% A3l
£o] F29Jt}. Pendimethalin® 0.125 mg/LollA 20% ©]%32]
A7k BlHA L, HAAEE 0.500 mg/LAME 50%
ool Al &g HAth

ISO AlEHE W2 AFAXE 72417 5o A 3]
AE A, NFEE 330 diai BT w24 A%
A3 7F YERStHFig. 2). 4 AlE8EZ A& Table 290
YERHATE. Alachlors 5 9] W3 7122 0.020 mg/L
M AFE 9 O] 40% oY A=A, FHrEEsl
0.080 mg/LellX= 60% o2l Aa]&-2 B3t} Oxadiargyl®]
734 0.0100 mg/LolA 2F 40% o)A4ke] A7t Yepgar, J
AEE 0.0400 my/LAME 70% olAke] Asj&o] EelE )
t}. Pendimethalin® %% 0.300 mg/LolA 35% o4,
1.200 mg/LoA] 65% o172l A7 A8l 7F UretstTt.

NP2 WA

Table 39l 352 AzAlo tisl OECD Al@¥H2 1SO
Aol wet 2HEe ECy whs UERIATE ZF Al W)
AN AFEF 8L 7IFOR ECy #S AEIeH
OECD AW 919 o 3 9] HAS 7|22, 1SO
AEHS F do WA 7Eo R 5AE e

OECD Al&%o] w2 alachlorell theh A|AA Yo 5
718 A7E B 8 ECso w2 ZH7 0.0383 2 0.0249 mg/L
o1, F Ao W3 rFEo g 7H7F 00295 2 0.0182 mg/L
2 Yeit) 1S0 AlgHeME 5 9] 4 715 EC, 3ol
77+ 0.0373 2 0.0182 mg/LZ FRIFAT}E. Oxadiargyl®]
739 OECD Alg@WolM = 9] & 715e] ARE 2 789
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Table 3. Comparison of ECs, and EC,, values (95% CI) for alachlor, oxadiargyl and pendimethalin using the OECD TG 221 (Lemna

minor) and ISO 20227 (Spirodela polyrhiza) test methods

OECD TG 221 1SO
Pesticides Frond numbers Total fronds area Total fronds area
Growthrate Yield Growthrate Yield Growthrate Yield
EC 0.0383 0.0249 0.0295 0.0182 0.0373 0.0182
achl 0 (0.0322 — 0.0444) (0.0187 — 0.0310) (0.0251 —0.0339) (0.0117 — 0.0248) (0.0203 — 0.0542) (0.0123 — 0.0241)
Alachlor
EC 0.0165 0.0122 0.0125 0.0091 0.0048 0.0043
10°(0.0122 - 0.0208) (0.0052 —0.0192) (0.0092 — 0.0158) (0.0026 — 0.0155) (0.0014 — 0.0083) (0.0019 — 0.0068)
EC 0.0066 0.0044 0.0068 0.0037 0.0150 0.0100
Oxadi | 0 (0.0054 —0.0077) (0.0038 —0.0050) (0.0053 —0.0083) (0.0035 —0.0040) (0.0128 —0.0172) (0.0084 —0.0115)
xadiargy!
EC 0.0055 0.0025 0.0028 0.0019 0.0040 0.0034
10 (0.0027 — 0.0084) (0.0020 —0.0029) (0.0016 —0.0039) (0.0017 —0.0021) (0.0031 — 0.0050) (0.0026 — 0.0043)
EC 0.4131 0.1178 0.4480 0.1178 0.5353 0.2266
0 (0.2531 - 0.5732) (0.0789 — 0.1567) (0.3857 —0.5103) (0.0906 — 0.1450) (0.4583 —0.6123) (0.2199 — 0.2333)
Pendimethalin
0.0618 0.0247 0.0539 0.0280 0.0737 0.0411

ECy

(0.0258 — 0.0979) (0.0085 — 0.0408) (0.0441 — 0.0638) (0.0156 — 0.0405) (0.0553 — 0.0921) (0.0385 — 0.0437)

ECs, 72 ZH2F 0.0066 2 0.0044 mg/L, & Uo] W7 7%
o2& 7k} 00068 2 0.0037 mg/Lo]ATh. 1SO Al&oME
% o] WA 7]F ECs Aol 27 0.0150 ¥ 0.0010 mgLE
UERATE Pendimethalinol] tialAE OECD A|&HollA &9]
F 71E AFE 2 F89 ECy e 7 04131 ¥
0.1178 mg/L, ¥ °] WA 7IFo2= 77} 04480 %
0.1178 mg/LOITt}. I1SO AlgHIM = F <o) WA 7%
ECs %8 ZH2F 0.5353 2 0.2266 mg/LE LFERsTE,
OECD AW S o8¢k A7} 9o 42} F 9le] WA 7he]
AlFEZ wet Aoldlitt. Pendimethaline
FEH TEAM T LY ECs, wol AL 95%
215
™

e

P

oz g

N

3 =

F7ve] AR Wz xjolrt gle Aoz vl
HHH alachlor®} oxadiargyle & 19| HE 7]Fo] 9] &
BT} 917k A1o' Yelsit)

ArAME HE gE F71EE 7R 3% AlxA
(alachlor, oxadiargyl, pendimethalin}s 42 F 714 &
FAIEH OECD TG 22134 ISO 20227¢] AFE H]aLs}
Atk F A BF AIREE Fert SR uE v
S WES Hol Aldo] Ads| FEUES st
At

OECD A&H ol 9] =0} & <lo] Hae vwd
A3} pendimethalin® F A% 7+ ECy, 2] 95% A1 #7-7¢
o] AA frefnlgt 2to]7F gIltt. W alachlor®t oxadiargylell

AEzet 9 FEHE G20 FAER] very long-chain fatty
acids(VLCFA)®] & Asfisted Alx A4S oAt
(Batsale et al., 2021). ©]2 <l&f A=L& o] WAz}
T BAHoE Aol ofHi Yo WA o] THadhe da
sp7b ##E 4 AtH(Zheng et al, 2005). Oxadiargyl>
protoporphyrinogen oxidase(PPO) SAA = A2}t 13 gl
st ZEHA fg FaE o WA S Asise
E2do] 2th(Duke et al., 1991; Grossmann et al., 2010). I}2}A]
T 9 W3] o wizsAl vehd A& AR o] Ee
FAEGeE o] AEHASS n|gitt. ol A3}
£ Park et al.(2017)0] B3} vjo} 7ro] A xA ] 2H8-7]2¢
of w} 7t Wz Fe] g ¢ USRS AAKRIT
(Park et al., 2017).

& A7lM F AIRHE Bl AEE By f2 oF 1.0-27
Hje] Zpo]E Bl o, o= Baudo et al.(2015)0] HgH
< ZF HEHS0 o)l sHFETHBaudo et al, 2015).
Baudo 52 22%¢] sle=dS vwst A3 7 A 7F =2
FHAA(R=0.95F FAP o ol F A[@rHo] #nk
Ao g fARE VIS 7tk & AAFEHTE. Alachlor
oA 2] 5kt ECy 742} oxadiargyl 2 pendimethalinoll 4 2] =}
ol AFEZ #8717 Lo AFo) AME AEFC] A

4927 5 PHEH Aolod /1A% AL

REe)
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S

e oot

WA AR AEF] Apololth. F AIAHE 13
AEFol t=2H ole FA W= 4% 7 )
A QQl F dhelty. OECD TG 221 Lemna minor =
Lemna gibbas A-8-31=% A7, 1SO 202272 Spirodela
polyrhizas NE AEFOZ ARE-STHOECD, 2006b; 1SO,
2017). & ATollA A2E ECs, 7k kel di= olH T
AEF WZE Zold] 710% = Utk Cruz 52024y
A|ZA|  atrazine®] ™3 Lemna minon(BCs=101.0 pg/L)’t
Spirodela polyrhiza(ECs,=164.8 ug/L)2.t} o] T1781A kg
Sthal B VEATHCruz et al, 2024). 22y HUE A
o4 S-metolachlor®l WA= Spirodela polyrhiza(ECs,
=15.5 ng/LY’} Lemna minor(ECs=128.9 pg/L)2t} IA
T7SHA| Whg3IaiTh. 2 AellA alachlorol] T3l F A3
ZF AR ECsy te] HEE S E4o tisir= 7

Joe] 8%
WEF 7 ARE Aok 24 e nelET ole@

)
oy o
O

filo
X

Adks AEF 7 IRET AR ER Y Z—EOH w2} gt
T 9lom 3 AEA UrElet e R R =

AEEZ ] 28713 =277 7401% 3 ke
gaFe mA 4 9tk OECD TG 2218 797+ &S
‘“37}6@ SO 20227 397 =& Wrheitt, 7t Az

2

|o] 2871 2te] B4 W] 9tk Al7ke] T2 wiiEo]
=57 7&7‘3? RIZ= 2polo] A 2Rl 2lo] Hth. Alachlor=
VLCFA 35 AsfistH o= Alaute] fA19 A2 thrls
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