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Effects of different kinds of clay mineral soil amendment on bioaccumulation of
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Abstract: Bioaccumulation of microcystin in soils could pose a potential threat to human health. In order to investigate the effect of soil amendments on the
microcystin-LR ( MC-LR) bioaccumulation in crops, we conducted a lettuce ( Lactuca sativa L. var. ramosa Hort.) cultivation experiment by different
ratios of clay minerals (attapulgite, montmorillonite, and zeolite ) . After irrigation with 10 pg+L™" MC-LR solution for 50 d, the MC-LR concentrations in
the lettuce, as well as the total and bioavailable MC-LR concentrations in the soil were analyzed. The results showed that application of clay minerals could
effectively reduce MC-LR bioaccumulation in lettuce roots and leaves. The content of MC-LR in the lettuce leaves treated with 5% attapulgite and
montmorillonite decreased by 53.0% and 52.3%, compared with the controls, and the estimated daily intake values were much lower than the tolerable
daily intake limit proposed by the WHO. The bioavailable MC-LR concentrations significantly decreased. The correlation analysis result showed that there
was a positive correlation between the bioavailable MC-LR concentrations in the soil and the MC-LR content in the lettuce roots, as well as the leaves.
Results from the present study provide scientific guidance for reducing microcystins bioaccumulation in crops in cyanobacteria-polluted areas.

Keywords: microcystins; clay minerals; lettuce; bioaccumulation; bioavailability
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Bk HLIL-F- B84 MCs 1431 ( Preece et al.,2017).
MCs s&—ZHHIR-L KL 51, — etk 2 25 0 B
( D-NEPR-L-X-75-B-H H-D-57 KA & R-L-Z-Adda-
D-5 A ZR-N-T AL i SN2 R ) . HorP, Adda J2—
FRRFIR Y 2R, A5 Ry 3-3 E-9- 1P 4 k2,6, 8-
SHIE-10-%856-4 06 THRTR. XY D] AR Y L-
IR, 1T XY AR = A 2 R Al i, Horp
FEAE R i | R P A K B9 42 MC-LR \MC-RR F1 MC-
YR, L R FY 735 0 58 2 1R ( Leucine ) | 5 & TR
(Arginine ) FIi% Z 2 ( Tyrosine ) ( ZEHBMEE,2011).

H TR Z BT AL BT MCs X 7K A= A= W 0
M ALAETUKARY) 25 (Wu et al.,2017; Wang
et al.,2018) BRI, MCs i i — ek An th 20k A 3%
AR S AT B RE R A KR TH R | R T R AR
S HE kit FH A FH KT 5 95 8 45 5 it ( Chen et al.,
2006; #RIKAE, 2016) . BEA LI MCs AU B
A AR A 3 AN R R TR 3 T R o 2R ) AR
VEFH #E A& W 85, DA X A A il B 3 B gl B
(Machado et al., 2017) 52K, FH&A MCs 19 H
PROKAHEBAESE B N B s, el i
FF MCs 23068 NS {3 1 1 7 76 B ( Mohamed
et al., 2009; Cao et al., 2018a).Xiang 55 (2019) f
WF9E A L, Tl g W 3 7 T KR ] i 1 A FH 3 3
S2F| MCs 548, A1 L1 MCs A& 20 0.5 ~
186.3 g kg™, HAZT5 Yeqe HUFPAE 1 5E3E H MCs 1)
1 A 90.9% ~ 100% , % 3% H MCs 1975 4
0~381.4 wg-kg 1 W5 Yt DX S b PR e R
TGRS NS AR R i, 1 VTR U

HEA BRI MCs 239 138 00 W BT, - 39 ot
PE T IEMURIGT MCs 1Rt RE 7, — i L
HUBRFIDR, - 55 B o ) R BR MCs AR
( Morris et al.,2000;Miller et al.,2001).5¢F MCs 7%
I KRR IE ST B AT 2, — Al g
MCs YRR P 32 B2 2 S A W R A, JFC A fige 2 5 400

J& 6~18 d(Chen et al., 2006;Cao et al., 2018b).H
A, R HE PR AR Y MCs ZEUNf AR A A
RVER B = BF5E. 75 SN M R Ay | 52 A 3 R SRR
RV VR MCs A AR G 1 % B VE T ( Liu
et al.,2019) , HEg IoT5 s MM AR AR , 05 B 11k
1652 4 s R BILTS e i g 1) 35 i/ 15 e )
F A=A RO ( RIS, 20135 3k4H4, 2019).
PR, AR5 2R 1 A= B B8 0 88 T3 3 | R 5 A [a] L 44
[ 3 Tl R SRORG 4 WU SR %) 3 b MCs A=)
A WPTEER LU 3R R Ge b MCs /Y
TR TE XU 1) T D)7 S (AR 748 .

2 57 i%(Materials and methods)

2.1 AR

PEVEY o A 3R 71 T b st g AR 7 Rl 4%
N T I I = AN [ S 1 e
( Lactuca sativa L. var. ramosa Hort.) MC-LR FrHE
AT B BRI R ] (S0 >95%) , (A
F£F-40 CUKAE.

B 4 R HORIENEW R )Z (0~ 15 em)
T IETC MCs $fil 7 50 R 4R LIS ] 9280 2 2B
APEFEIYE R, S (2 mm) . — o AR
TN ARG 7005 1 s BA M BT, R Y+
BARAET 4 CURRE A 3o abie + ) FEA Ak 1
JEANE cpH 2k 7.05; AHL 58 9.26 g-kg ™ 5 BVA
THN0.74 g kg AT E R 61.8 mg-kg 3l
Rkl 18.3 mg - kg M ALHR T =N 118
mg-kg™' ; BHE F32 iz A ( Cation-exchange capacity ,
CEC) 112 mmol - kg™ ; B b7 & & 43.2% , ¥y ki 7 &
46.2% ,FRL T 1 10.6%.

PRl ) NEINLY - au( Attapulgite ) Ediva
( Montmorillonite ) | by ( Zeolite ) s el =RAiN iR
i AT B A5 BH AT VL 22 3, P B i3k 1 Fims.
PRS- W R 5 3 05 (100 H) 7 H.

®1 LT EAER

Table 1  physicochemical properties of three clay minerals

CEC/ ISy

et pH (k) (g ) Si0, Al O, Ca0 MgO Fe,0, K,0

U1 A 8.06 219 369.0 46.6% 8.85% 7.50% 16.70% 4.53% 1.47%
E3ia 7.42 527 69.7 58.5% 18.72% 0.57% 4.21% 5.62% 2.49%
W 8.16 161 512.0 62.4% 14.70% 3.05% 1.52% 2.06% 5.21%
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P kr S HL /N — B0 A= 28 R 1, HHIRE
FRENIA TR (0.5% , W/ V) XA FiE A7 2, Bl s H &
B R BOH B 5 IR PR S A e k£
FEAE, FEFN 7 d JE BRI 3 —20my AE S 4 i 4R S it
HAEY).

SEIG A ZE AR 7 AT, 43 DR Y 3 R
T WILL 2.5% F1 5% (J i 5350 W LB AE] 6
kg T SRR A G R AL, Bl I AGE fE A7k (H
B e KK 1Y 60% ) F- i, S50 M 8 A4S Aab B
(£2), 705025 AL (CK) , AIACKE L3
WIN 2.5%F1 5% ML 4 Ab B (AT 2.5% ,AT 5%) 5
WhN 2.5%F1 5% 5% i A1 AL BE (MO 2.5% ,MO 5%) ;
I 2.5%F 5% WA A FL(ZE 2.5% Fl ZE 5%) ; Ji
FELEE(QC) ,ANIAKS £, A HEME MC-LR %
W AF LB 3 AT, 3 24 B B AL A BEN LRI,
HTEER (25 C) B = e W E 4 3 d Rl
PRI — IR FE AR AL (AR SRR ARG S IR g 4
it A £ s — 3K, TR A R A — IR MR AU (N) 0.30
g-kg™! B (P,0,)0.18 g kg™ (K,0)0.24 g-kg™".

®2 ZWEE
Table 2 Experiment setup

Ab HiLw9 AL 3
CK AT 300 mL MC-LR & (10 pg-L7")
AT 2.5%  2.5% MMEEA 300 mL MC-LR ## (10 pg-L™")
AT 5% 5% MhEEA 300 mL MC-LR & (10 peg-L7")
MO 2.5%  2.5% Zhifi 300 mL MC-LR & (10 pg L")
MO 5% 5% A 300 mL MC-LR & (10 pg-L™")
ZE 2.5%  2.5% WA 300 mL MC-LR ¥ (10 pg-L™")
7E 5% 5% BhA 300 mL MC-LR & (10 pg-L7™")
QC AT 300 mL Tk

TP e 5 8 A S i R A B 4% b BEAY AE 2
o REAEAIIE 3 R TRAE R 20 d R TRIET R 2 BRAE R
WIS A 10 pg-L'MC-LR ()25 F/KBE AL 2
(AL PERE W 25 B L8 1K), 4 H R 300
mlL, 2% Ab B TR 7K B O AF — B0 B 7 300 18] 45 Ak B
Z 1] B HA P B0 A8 B PR ARy — B, SR R AT — IR BR
HESERIAE 50 d e ok, SRAE A SR I AR &,
ZE KM T SE TR E T -40 CHRAF IR
I, AR LR AR I 50 g YR, BT -40
CUKAA R AT
2.3 WiKE5HHAZE
231 HEHREWMENE LM LR N EHAEY)

LRI R R oK, BT R B T FE
PRI

2.3.2 E#¥H MC-LR B E K H Bittencourt-
Oliveira 55 (2016) A7 L4 HAE SR 211 ) MC-LR.
21 g g AR SR A 28U 70% W (V/V) TFES B
ZNMA 15 mL 70% W B LAY 3. ) SR AE S 5
min J&5 2.0 15 min(4 °C, 10000 r-min™") . 5 & 1
OB 2 O YA 3 WY T H G i HLB
ZEHUAE (200 mg, Oasis, Waters, USA), Ffi J5 F
100% FH 90 5 2 U, I R VT T & 78 AN 25 T
5 H 300 pL 709% ) PSSR 3=, IR A T -40 C
VKA 5. B¢ J5 SR ELISA {5 £ ( Beacon ) il 3 A
Y ey MC-LR & &2, B ARERAE L BRI & Ui
HEAT AR SC S 25 S i 48 A 38 MC-LR & =238
firf 7.

2.3.3 L iEd MC-LR WflE 14 MC-LR &
AR RCS S B Wu 55 (2012) B J7 A0 3L A %
A MC-LR P32, O ¥R R TIE 20 2 ¢ B3R,
FHRMRBERE , B FH 30 mL 30% HEEF1 0.1 mol - L™
EDTA-0.1 mol-L™' Na,P,0, iR &AW (pH=3) #H
10 min, > 10 min(4 °C,5000 r-min") J5 U 4E 3
WL, EE 2R, AIF B Q FISWGE T Sep-Pak
C4(500 mg) ZEHURE, FH 10 mL 20% F4 FF 2 35 i 2%
5, P 10 mL 1009% FF 06 00 & S, #0041 ok
W A RAL R T3 B 5% B8 Y 60% H B ffk , IR
FET—40 CUKAETHI. 5 MC-LR BYHEHL. O 5/ %%
A PRI w25 A ) Wi R AR 1 5% BE 5
QW T — 2 Eg .0 e i 58, I FBEAE 60 C 4t
T3 @ ¥ O 5k & W@ £ 55 5 50
mmol - ™" KMnO, 1 100 mmol - L™" NalO,(pH=~9) 7£
20 CHAL 1 h; @ F58AL)5 PGB T Sep-Pak C g
(500 mg) ZE B, FH 10 mL 20% fi4 HI s 5E Ji 22 5, 7
JH 10 mL 100% "By i B B AT R Wb e B vk B v ]
RIRALK ; ©5% BB 60% F B i , PR AT T - 40
°C VKFR AR 5% J5 % FH ELISA i3 £ ( Beacon ) 32
TR MC-LR & i, B AL BR300 & 30
FiEAT.

234 FHIHEBXRBEAENITE [T XEAER
(Estimated Daily Intake, EDI) = %204 FH) MC-
LR 5 (pg-kg™) x 43 HEPHLEA R (ke) + 1
AFHRE (kg) . Hrp B —4 60 kg B A BLAF A
HEEALEZE 40 g;—> 25 kg AL #E S HEAASE
10 g(Lee et al.,2017; Levizou et al.,2017 ) fH 5 XU
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TEAG N EDL BUE 5 WHO 04 H R AR
(Tolerable Daily Intake,TDI) BR{E (0.04 pg-kg'-d™")
(WHO,1998) # b4
24 SZitH

H Excel 2013 1 SPSS 22.0 %4 %t Fr #5- 5 4is vk
TT8et o0 A, 45 Rk FH B K 2 7 22 53 B ( One way
ANOVA) Fll Duncan £ & AT /0T AL BE.p <0.05
WA B P22 5.

3 #£R 51318 ( Results and discussion)

30 AE#HETTHRNGERREZNHFEYE
sEA|

S AL FEAR e, FEE 10 pg- L7 A9 MC-LR 1
25 AR H, DL MDY M 58 A RN A 7 2.5% N
5% AP AL B XA SEAR R AN 5 9 A 4 34 T
TR (K 1) X T MCs XS0 5200, A [ B BF
FEARAHZE AR 2 A5 (2009) AP R T & A1
8 gL MC-LR P 7K W 7 52 B 25 b 25 B AR L AR
KPR E. Zhu 55 (2018) B BF5T M0, FH 10 pg- L7
K UL BWRBERY MC-LR /KWL 5, B AR 8 i 10 A
R AEHRAR B R 5 Z AR, AT 22 Hi 1Y)
R E, S HWE 50 pg- L7 LR MC-LR
KRG FR AR, AR AR EE 34 R A7 21 f 2 52 1) ( Cao
et al.,2018¢) . Azevedo 45 (2013) BYMF 5Tt BH 78
we L7 B2 AR W B A MC-LR X 7K R bk B G b 35 5%
i AN [ RIS i 45 285 SR AS R — 7 T2 B T R A9
Yy, 55— R TR A SR AN R DAk, A
SEHAE TR FEA VRN 2.5% F1 5% kG LB il 2k 352
A=Yy JC R DRI TG T AL R IR T

B1 3FETH mRmESR A EMENZIT
Fig.1 Effects of application of three clay minerals on the biomass of

lettuce roots and leaves

A3 T 1 LR .
32 HTwRmx LS MC-LR IR ENE
HESENEME

SRS, 3T MC-LR B35 BRI R s
TR 2 s s AL B A S R ARSI MC-LR,,
BT AR .3 TRl 8™ WIAE 2.5% F1 5% ds It iy 1)
X 3R MC-LR (605 i T b 25 52 . S s iRy
2.5%F 3 Rkl a4 -3 MC-LR A R0GS & =3
XF BEAL BT BT RRAIG , (R RE AN S35 MR il 5%
B [T e 52 M5 Ak B AT 20 MC-LR 5 HE
O3B AS FRRAR T 49.1% 1 40.7% ; 75 Ik A1 kb B
AR MC-LR & A A PrRRAIR, RS IS 35

B2 ARMTTHHRMWNLEH MC-LR B2 &EMEHE
FENM
Fig.2 The effects of three kinds of clay minerals on the total MC-LR

concentration and bioavailable MC-LR concentration in soils

e N S N IR N i s U 7/ D Y (O
I T AN [R] iYW B BE. Liu 55 (2019) B BIF5T 36
B, e AR AOKS L M7 %) MC-LR R T8 Ky
W BFHPE , S A 6 MC-LR AW B PERE 2 28 3 T
WA VR I RV A IR 5 e T A Wl A 1 L 3 T
TR K (HAEXT MCs #9952 B [ 7 1 2008 B ey
PR RS X R EOE N pH A A ML & 55
HEA I R 52wkl £ % MCs 1 W
(Liu et al.,2019a;2019b) . 7¢ + A i okG 8574
X MCs FUZ R e AL RICR AU TR 07
A B W RFPE BE. 1 okt R LT A LY
M) - 35 FURE X MCs 19 W BfF P ( Morris et al.,2000).
Miller 45 (2001 ) FF5E K B, 5005t A0 Lb , A #LAK
DR 5 S e o 19 1 SR B MCs 2808 2 A
1o . MCs 7 - 58 v W BT 48 87 9 i DL EEA A fof
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RAMFE A FAL B P e s fE R B Z M 22 5 A
2 U B IR - A o o v A R A
A= W R A A FHL G S 2 5 M e A0, il a4 3 e
B MC-LR M9 A AR 2R K F i MC-LR 19
EHERMSER (K 3) A, M 35 A RS Me-
LR & &8, 4= ¢t MC-LR Y& S 5t S 3
XA P RS MC-LR & i 1 B AR
SRR R AN H i MC-LR & 45 2 AR il = 85

3 TEFBAHEMCLR EESEFRRER (a) WA H (b) H
MC-LR E&EMLIEEEAH

Fig.3 Linear regression analysis between bioavailable MC-LR
concentration in soils and MC-LR concentrations in lettuce

roots (a) and leaves (b)

33 AEMEIHFWRMITEFIRRZFM B MC-

LR E&EHFN

ARG HAR R A 5 MC-LR & =
SR ANE 4 Fros. BT 2 3 AR SEAR R A 3
KA MC-LR, B P AR . 45 AR HA: S AR 2 At
FH MC-LR 7 i AL R B 38 R 25 b B g i, i
1 MC-LR & 355 148 pg-kg™', M EHE N 7.03
pe; IRAH MC-LR & &35 5] 99.1 pg kg™, BB
WA LS e MY R A FE 2.5% WU Nt i i 35 1%
R T A ZEMR R MC-LR 5 &5 10 2.5% s it
S A A A ) G (2 355 ). XY 3 ROk 0 WA
TN 5%, = W EREAR T AE SR & MC-LR

M E IR T 48.1% 43.8% F1 16.1%. T 4 &b
FRAR R H MC-LR 14 8 B U 24 TG . 3% 22 5. &4
AR o MC-LR (9% & LG R E a4 — 2
2.5%UN N N, A MY AR A G S R AR T R
MC-LR W& 4, i 5% U mEaf 3 Fgh Lo P i
FREIR T MC-LR 7E4E M B i & 46.5% s i i
A TUT Y s A RN A AR B P | A 30 B H MC-LR 7%
T 43.6 wg-kg ' F147.3 pe kg, A BRE 01N
3.41 pg f13.43 pg, 525 HALFRAH LL S REAKGE 50%
Ll k.

B4 3T RN EFIREFM S MC-LR £8(a)
MERE(b) KR
Fig.4 The effects of three kinds of clay minerals on the content (a)

and total amount (b) of MC-LR in lettuce roots and leaves

A VEYIXT MCs 1 & 4E BE J1 A [, Peuthert
5 (2007) W5 R, R B /NAZ  EOKEE 11 Fb
VERTET 5 ng- L' MC-LR 24 h 5, HEZEmb g
B MC-LR S0 4~44 pg-kg ' (8 H) A% 5
A5 LGE RALHA]. Lee % (2017) FH 10 wg-L ™'Y
MC-LR VEME A= 3% 4 8 )5, AR R A b s 42 1Y
MC-LR % #4535 298 102 pg - kg™ (EEHE) F1 65
pe kg™ (BEEE ) BN TR S50 B 58 45 R MC-LR
TEREY s 5, — 7 52 25 68 1 MC-LR ¥ B2 (i
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[E] ()RR, —JBER UE , B EE A MC-LR ¥ B =y | A [i]
WK A B MC-LR & & 8 5 ( Machado
et al.,2017) ;55— 1, SZAEW KA B0, —
WA 2 F ALY h MC-LR AR E R Eam & T +
B Ak tF ik U R R A KA R T —
oyt A 13 1) MC-LR ( Morris et al., 2000 ; Miller
et al.,2001) SRR 22 (0T 55 T 4 56 1 4 -1
YIRS MCs B H R IEC Tl MCs A=Y
SEFEE AOARGE . DAL A RF T R, 1) 38 P s ikl
Yy o AR 4 R AE R A AR A s
TR P, DA T 82V B o 4 T8 R W M ( Usman
et al. 2005 {F#AE45E 2017) ARG (S % - 4
JRIEERIZT, FI IR L8 % MCs 0 W BfH , F
SR A HER A IR 0 W RE S D A SRR R
A MC-LR Y & 4E.
3.4 it #3 MC-LR § BEiHENERN N
ARG 8 B g it EDL B9 520 e 3 s,
if AR B BRI LEE (Y EDT #4852 T WHO ()4
H AR, A EDI &1k 0.066 pg-kg-d™'. 5
AT 45 B — 2, Lee 55 (2017) F1 Cordeiro-Araiijo
25(2016) W A L FH 10 pg-kg™' MC-LR K 4 4=
X, M NRULE A B AR A RS T WHO
B TDI 5 4. A PR T4 S A 58 22 BH ( Cao et al.,
2018a) , B I K 4R 1) 15 6 5 Y 0 /K W 8% , W3k e
A gt p B2 MCs B AT WHO 19 TDI
FRIE. MCs 75 G 7K AT I R 119 R B XU AN 25 200

£33 3FEEHFWF M MC-LR 8 BEiHENER 0

Table 3  Effects of application of three clay minerals on EDI values

pgkg-d”!
b3 ON JLE
CK 0.066+0.011° 0.041=0.006°
2.5% AT 0.042:+0.009" 0.022+0.003"
MO 0.0530.008"" 0.030+0.003
VAD 0.057+0.012" 0.032+0.005
5% AT 0.026+0.004° 0.016=0.002¢
MO 0.030+0.003" 0.018+0.002"™
ZE 0.041:x0.008" 0.023+0.003"

W B ERR BT WHO & H i 8 A R 0.04
pg-kg-d7l

A S XA RS A AL B ) EDT 4387 & B, U
TEEAE 2.5%0F 3 Fiokli -4 P Ab B8 EDI A7 — &
TR EE B B AR, (B4 7 TDI FR{E; JLZE EDI Ny
R 2 TDI FRAELLA T 91 A RS2 i A R I 7E 5%
B, A FTLEE %) EDL #R&AIK 2 TDI BRI LT 5 i

IIN 5%Bh A7 I JLZE ) EDI A% 2= TDI BRI AT,
BN EDI TSR3k 0.041 ng-kg - d ™ AR 45 R %
B TSN 5% M1 ™ A A R 5 i A b 38R 3 EDT # K%
fIR2] TDI BRAE AN, A R0H BR T8 FH MCs 15 47K {4
TR 1) A 38 DR BV TE U B T X - AR R
Girp MCs V5 Y4 [n]EUEE H T A 20000 42 il 4 e AS i A
] £ HE A RS 35 2510 F R 0 6 F MCs (14 [#]
SERCR R0 WS 5T e MCs I3REEAT A 55
] LA A R ABIAR.

4 Z5i2( Conclusions)

e AN S T 2.5% M 5% A kRS 8
PyBIXF A S AR i TG 0 3 e 5 TR IR B s
e MC-LR A B & TG b 5 5 ) (H g S5 A T A
B MC-LR & 1 ;5% i i 3 it iRl 0749
Ife i 2 B A% A 32 b MC-LR 195 42 5 5% 14 111
AR R SE I A N A PR RE 5 R BR MC-LR 7K
AT TR A R P it BRE XU . AR SC AR 9 ok - 3 AE ) &R
Hirh MCs 5 Jeda i S 4t T fig o JE s A ik (A2
S iz FH I A rp o T 2 B A (] . R 4 e
5% W AN I 23 R RIG I A 7= AR, R Lk — 7 T 75
FERR AR FH 4= HE 9 52 B 75 e 1 00 8 2 s m 50 =
FGITE I ; 55— 7 14 J5 18 5 B2 s XAl 94
DA R b R o 5] 7 o B B 9, PR R T3S T MCs
T5 ek A v AR - BT i ).

EEEEEN R (1963—), B i+ % L4 T
i, XA AT F 2 FEDF M EESE, KRB
X 300 & K.
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