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Effects of arsenic on wheat seedling growth and corresponding agronomic measures for toxicity mitigation

MA Rui', WANG Haifang', LU Jing", LU Pu?, LI Jinhui?

(1.School of Environment and Safety Engineering, North University of China, Taiyuan 030051, China; 2.School of Environment, Tsinghua
University, Beijing 100084, China)

Abstract: In this study, the absorption and accumulation abilities of roots and shoots and the toxic effects of arsenic (As) on wheat
seedlings ( Triticum aestivum L.) were explored to evaluate the influence of As pollution. In addition, related toxicity mitigation agronomic
measures were proposed. Two varieties of wheat(Jinmai No.1 and Jinmai No.2) were selected as test plants, and the hydroponic method was
used in a part of the experiment. Silicate(Si) and phosphate (P) fertilizers were applied separately to study the differences in root and shoot
biomass and As accumulation. The semi—inhibitory concentration of As(Ill ) in the root biomass for Jinmai No.1 and No.2 were 1.2 wmol -
L™ and 2.2 pmol - L™, respectively. The physiological oxidative stress caused by As(Ill ) was more significant in Jinmai No.1 than in Jinmai
No.2. As( Il ) showed no obvious toxicity. Compared to that in Jinmai No.1, more As was absorbed in the roots and shoots and transported
to the aboveground foliage of Jinmai No.2, which indicates a higher human health risk. In addition, the application of Si and P effectively
increased the biomass of roots and shoots and led to a significant reduction in As accumulation in the roots and shoots. Accumulated
concentrations of As in the roots and shoots of wheat seedlings decreased by 77.4% and 60.5%, and 67.6% and 49.2% for the 200 mg- kg™
Si and 100 mg - kg™ P addition groups, respectively. Therefore, the absorption, transportation, and accumulation abilities of As and the
oxidative stress caused by As differ between the two wheat varieties, and there are differences in the arsenic tolerance between the two
wheat seedlings. The application of Si and P is an effective agronomic practice for reducing As concentration in various tissues of wheat.

Keywords : wheat; arsenic; absorption; accumulation; toxicity; fertilizer application
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Table 1 Basic properties of the test soil

pHAi S LK MR
pH value  Total organic carbon/(g-kg™")  Total nitrogen/(g-kg™)

Total phosphorus/(g-kg™)

S psgel S
Total potassium/(g-kg™') Total arsenic/(mg-kg™)

7.5 20.0 1.2

0.5 20.0 5.17
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Table 2 Design of the hydroponic experiments (pmol - L™)

b3 As (D) Wi 56 As(ID W 5 Ty 271 AsCID) S ALFRAE AT 1K B
Treatment As( Il ) absorption experiment As(1ll) absorption kinetics experiment  As( Il ) oxidation characteristic analysis experiment
EEARE 0 0 0

Jinmai No.1 5 5 5
10 10 25
25 25
50
100
HE2% 0 0 0
Jinmai No.2 5 5 5
10 10 25
25 25
50
100
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varieties, different lowercase letters indicate significant differences among
treatments (<0.05). Data are represented with mean + SE(n=3).
The same below
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Figure 1 The change of root biomass and shoot biomass and
relative root elongation of two wheat varieties under different

AS( I[[ ) concentration treatments
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** indicates significant difference at P<0.01 level between two wheat

varieties. The same below
B2 AEKEAs(IDABFENERR EHASsZENTUR
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Figure 2 The change of root As concentration and shoot As
concentration of two wheat varieties and the correlation between
root As concentration and shoot As concentration under different

As(Il) concentration treatments

THYAMER BT FEZ2 WA AT RHY
A, 25 As 7 5 25 AR i B S A e Ak ok
FLUHIE L 2 9 R As 1 R RE R BUR K2 LY
TR, ZE M As i R ERZ R EEE A ER

A TSR/ B FRAE As IR I, AR R 23

1% WHART]

200 )
L0
15t
§ (] }’3%2’}:0-7?(‘*‘0.05196
2 ola R=0.472 3+
£ 00
. Se) o)
W sl @
]
& i y#15=0.01+0.31x
oof OOB @ @ gy (e
-~
—0.5 L , ) ) .
0 100 200 300 400
& As %1 Root As concentration/(mg-kg™)
3T 1)
30 [

¥ 125=26.63-0.03x

220,918 [##*
’s| R=0.918

LN
20t \\\\\‘._~
156 yiei5=28.42-0.14x+0.000 5x*
R*=0.915 2%

H Root length/cm

e . . . . . . .
0 50 100 150 200 250 300 350
HR & As 12 Root As concentration/(mg-kg™")
4r
(c)
K
i
E 310 ¥ i25=2.05-0.06x
= ' R*=0.952 7
g
@2
i)
e
#o40
+ [Ce_____ D o
it 219 Q
oL F=0.927 5755 e .

0 10 20 30
2 As 1 Shoot As concentration/( mg- kg™ )

5% 15 Jinmai No.1 O &7 25 Jinmai No.2
B3 AREREAs(IDABENERRASFESREENE .
RRKHBEXKXEREASRESEHENENHEIXR
Figure 3 The correlation between root As concentration and root
biomass and root length, and the correlation between shoot As

concentration and shoot biomass under As( Il ) treatments

A SHBURAT 22 57 2006 1k 5 R AIC, 20 20 R4 5 A
Z I T A0 14 A A2 B AN 5 ke B
As PREGH, /N A2 AR 32 AN [) A E A o 5 LT
AT RN B ER LR As PRET P /N LA A 4UER Ao
APy AR, AT TE UL /N R R As (9 2]
JE 1t R R AR W a0 B R B AR As (D)
AbBRE R AR RIRGE AR . PRI R AR
AHBORE As FeIfE ), 25 P As 19 R 20E
R As 3 EE O Iz Mk



L Fi, S5 < OGE /N2 v S AR RS R AR AR R T ) 1 1665

As(ID ARS8 1SR A As i i 3
KFEE 25, HAY R B E R, U & 152
As (I AR X HUR SR, 52 As (D) S m R Br A e, o
Ko Z#E EEE 25 M AsCI) S Fp
2.4 As(ID) M HR &

ARG B AR /INEE X As CI ) 9 TiRp 1 22 5, A
WFFEAHE As (D WG ETF T T As (I XNz
AR (ECs) o3BT, 25 R LR 3. B 19 &
A2 295 W FR AR Wi S P E B Y As CIL ) e B2 43531
J91.2.2.2 wmol - L™, X AR A TR B2 19 As (T ) b 34
J& N AR R A P e R PR A A B 2 iR 2 R 5 24
HRKEEPL T /NEZ As B H G ECs AL, H# 1
52 2 SR SRR I Y As CID) ¥R B2 23 301
2.9.5.0 wmol - L™, AT RE IR A FREE i - 7E A A2 HE AR A fif
KA (4N Ca™ ), AR ZE 1 AsCID) X MR A 41 i
YEH . #3215 522 25250 A i 2 2 B0 o B
B AsCI) ¥R 43514 3.6 7.2 umol - L', f T 250 As
By 2R FE LRI TR R AV, AR R As K
T3 1 5E AEMR TR AN 10% iz 2 b b 384, fHi 1525
A= e 2 2B ROl As (D W T . 215
MEZR RN As CID) 24 il v B2 13 B 5 T8 42 2
S DU A 15 R As CHL ) AR G R0t il 385
7 255 As (1) AHXT IR 52 i A
2.5 RUEh W2 EREXSH

W 2l 77 27 il 2 AN AL REAR 47 1l s it /N 22 AR 22 Wi

RT3 AEREA(ID R EBERMNEZREZEYE.
RERENEYE R FMERE
Table 3 The ECs of As concentration in root and shoot

respectively of two wheat varieties under As(Ill ) treatments
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Table 4 As(Ill) uptake kinetic equations and parameters of two wheat varieties
b Variety W 5l 32 )7 #E Absorption kinetic equation R Vo (pmol =g +h ™) K./(pmol - L)
B 15 Jinmai No.1 y=—0.01x"+1.34x+0.15 0.999 9% 46.08+0.6 10.04+0.8
B 25 Jinmai No.2 y=-0.03x"+2.93x-0.64 0.995 5% 71.43+1.6 7.43+0.4

T+ RRTE P<0.0S /KT M
Note: *Significantly correlated at P<0.05 level.

WWW.QEs.0r9.CN




URETR Rt Y £ 4155 81

m@g 1666

SEONTE L 52 As WE IR 2 7 A 2R TE R AR
(ROS) , WA %A LY (03+) \H,0, 723 A 3£ (OH)
RAEMY(NO) . A1 215 T 2 AR DT R
w2 AL A2 i B BT ARk RN i MDA 1) %
P MDA H A N WAL R T AR bRt Y,
AT O B e JoT B A7 i R FERY . SAEED S8 iF 9 5=
B, TG R AE As (DB J& As( VOIS NE Y
ROS(H,0,) #1 MDA 7 & ¥ 25 B, B, /N2 &2
As JH8 77 A B AR D s AR KR B R
FHEH, AsHHATER T, As SAPEH K (GSH) A
Wk G 3 (PCs) Z5 6 R B As #E5™, KHAN %0
IR, GSH FEi FE 8 1 7E As A s ol FE rpole %5
FEOCE IR TE As T VEYIAR P e 2 e
G, 1755 GSH A1 PCs 195 %, i GSH &b F Al /K
SR T 4 A2 4 JE T R BENS B B 7E GSH 135
SLAL R 0k GSH AL B ™, DT 58 X As 1)
EEERICR s YANG S BF5E 32 1 PCs XTAE P H As 1Y
SRR P SC VR . GSH M PCs LRI F T4
Yy v i 4 B MR EE s GSH R PCs X /N A2 T IIHE &R As

ok

257 (a)
20
151

10

concentration/( pmol - g™ )

& H,0, 7 & Root H,0,

0 5 25
As(IDHeE As(IT) concentration/( wmol - L")
357 (e)

301 B

25 EE

20+

concentration/( pmol + g" )

# % MDA 1 Root MDA

0 5 25
As(ID#E As(I) concentration/(pmol - L")

® %7 15 Jinmai No.1

) RN as ik A B VR N R &
B in GSH 1 PCs 1445 B AT RE 23 A7 R IR/ 22 257 v
As 1 28, N INZZXT As (R TRFPE

27 BFRWPP SINEE2SRAE ZEHEYEMN
AsEEHMm

AHIF GBI () P45, 8 3 AR R I 10 BH P IE A1
Si JEXT/NAZ As W I 22 VE T . H E] 6a FHIAL 6b ]
AL, 5 CKAIEL , B P Si AR5 MR 2R AR 4 o S 3
H. P2 Si2 AbFAR R AW B3 5 T P1LUSil 4b L, 25
A S S BN, BE YR R P2>Si2>P1>Sil .
5 CKAHEL, P Si U I3 RE i 2 R AIRAR 3R 25t As
B B (] 6c fTE 6d) , H P2 . Si2 ZbBEAR & 2510 As
B R AR T P SiLACRE, P2 Kb FEAR 22 220t rp
As B3 CK BRI T 67.6% F149.2% , Si2 Ab FRAR
F R A TR HIEAR T 77.4% F160.5%

AsCID) B /K B3I 25 R FE AT IESE T2 152
As(CID AU A, — BIREE A As(IDAFLE
% 15 G RN B TR B 5 PR I RE A S il
IREE I As TOE 1 42 25502 AsCID ) AH X i

251 (b)
20 -

15F

10F

251 H,0, % 1 Shoot H,0,
concentration/(wmol«g™")

0 5 25
As(ID e As(I) concentration/( wmol - 1L™")
3B

ok
30

25t o

20

ZEH MDA 5 4 Shoot MDA
concentration/( wmol - g™")

15 0 5 25
As(TD#E As(I) concentration/(pmol - L")
O 7 25 Jinmai No.2

#FRIRTE P<0.05 /KPR INAZ it Rl 0] A7 25 22 S

* indicates significant difference at P<0.05 level between two wheat varieties

Bl 5 ARIRE As(ID) AR FRAFNZM FE H0.FIMDA 28

Figure 5 Root and shoot H>0, concentration under As( Il ) treatments and root and shoot MDA concentration under

As(1I) treatments of two wheat varieties

1% WHART]



202248 A i, S < A /INZZ B I A K A i % AR R P i 1667
- a 151
6 (a) T -?; (b) a
—F—
=57 ! T ~= nf
T & 2 b
@ a ar b b tn 0 9 c
e T T =3 £ d
m\}HT@ 3t c + - ﬂg é e i
: T |
M2 =il N
= | 2
0 0 - -
Kb Treatment AEH Treatment
100 10r
=~ (¢) a - (d) a
‘o == =0 =
-~ 4 b
i 80 o 81 T
g b E Es fl_
s T i g T
S 60 s 6
T2 - e g d
< = T < = T
S 4ot - =5 4l T e
g d i =
g . S
< 20t F < 2f
= 0 7 0
CK P1 P2 Sil Si2 CK P1 P2 Sil Si2

Kb FH Treatment

Kb FH Treatment

Elo FRAEZFHTRR EMEYEMRE M A SENEL

Figure 6 The change of root and shoot biomass, root and shoot As concentration of wheat

Xt As B IR M B a2 A R ARBE T B0 L 52 As B R
AR RE AR WL o A B )2 R A /N2
Filr, 22 25 M R R As 0] 28-3R 53 2, 25 R
FRAY As BET ] /NS R R B 02, O TR TE G 3 o
1, /N A R S 0D /N e As RABIA AR
AN, A As ) /N B ERAIEAS AR

P SiIERI A RERS /N AR R 2R A4 4
i, HAE B E AR As i, PHEESIIS , 2502 As
B AR I G AT LLHE b B A e A R
0 b A A i v T A AR S e e S
BB TSR], /NS KPRE As 95 B0 5 2R R PO
L TMIR AR , PREA RO A /NZZE XS As BRI Fe ia
12 FH; NORTON SE R /KRG AT 5E -t 3 31 1 25 Bl Y
Z5iE . AU R P T R B I A AL
W JE R (ER) BT, As (D B4 AL As(V) BEIR
5 AsCV )AL A 450, DT A2 5 4 W FS
WP ER I /N2 X As OV ) BB SORI e a3k Tt i 20
T Asla/NEH BRIV S o A0 AT RIETE R BN
FERL & — 2 LBl As (V) T /N ZEFF R 4 3
M P2 oy S EURFRL P R As B 1A, DRI L T A
o PR L 5 R B CER , I HLAER A N 7 2l
PEFSE . HE T P A IR SORIIN ] Als F IR SR 1 /s

Fe4i As B T TR  As (V) FELE FAF R 1L
SRS, JEAT BLB S 0 B T B AL A
LIRS AE TR FFEE T, As(V ) 2B LR
W6 17 D B0 A 01 P B AT As( V)
(ORI E As R /NAE 9T A5, 52 2 T I 1
HET P 0 0 B R AR R AIZE N o A
Pt PRALEA A T HERUVE BT R As (9 FIT.
P HI AL P A 405 4 WY P N 05 000
ST As RO S T P R ST A
0B (5, 00 T 4 As 0 B R
WU S e - 0y — S AR
THRIE G P-AS SR FIXT RS As 0554 I
B BT 0 CHE AP, P ORI T As U1 25
T As BRI BRCE AL T Al s P
MRS 0 AR S 6 7 2 P L P HE
HER Gt As B0 AR

i ML 24 4 B ) A KRS Y 65
B, S RERA IR A RTRPRIN As BB T 42
6% (1 C, Ph i Cr) 918, 46 R K 107
O, DAS NI AR U Si IR A9 I AEK
5L BCE I IIRE AU R TR IR K I R
Bl As PRI RCHE W AS 0 HE9F . GAO %6

WWW.Qes.019.CN




URETR Rt Y £ 4155 81

m@g 1668

b FH TE) 56 26 B T Si BB X A FH - 458 v st A 4 10 8
HLA , Si BE 5. 25 52 i K AR B S PN P = 338 p B A= P i
ZFEMERIE R R As 18] 7EAR 2 FIAR PR 2R 18T , AT B2
TR AEXT As B9 0. DYKES 28595 fF 5t 2 B, Si
A SRy - HE A R 7R e A 68 R FE S A W BRI LA Y
s 0 R B L IR arsM B TR DALY, D2 As X
YEYIR B3 o TR ARG T B FEA/NZZ 3R 1Y
S0 T Si MR, BB 2 FRAR /N AR As 1 5
i, Si U I REAT AR/ N A 25 ) As. Sixf/hAZ
W As BRI/ AT REE R St AR K B 26
JLERAMEA I SifE#E T /NZ ARG N R R A
HEB% , DTG5 7 H AP &SR (U RE S . SIL ZE1f
FE I Si (141G I RE A EE ™A% A 40 A3 , DL B ZEAR
FTAMA Y As By 5% ia , AL RE A A8 AR/ N2 1 AR
FRFZENF R As O, T HLIESR T H AL R TS
W T AR TE R A 2, DT AT AR ST As XF /N2 11
S, PRI /INZ I OE R AR

BH 1 75 4 Jm MAE PR 2R 1) it 1 () 32 1T g2 Al
Yyt B 4 A i 2 vk A B ALET L, JE D As A
A AR 2R ) ZE I () 3 2 IR As X /INZZ B3 1k o 22
WAR . AW TR PSR RIE IE > TN AR
FNT As B I, AR 2R As B9 BRI D [ 250
BEBRE IR G T As M/NEEROEEPE . Bl LA
15t P Si B AU IRl /N2 A As T A T2 A AL
A it

3 #ie

(DEZ1VSHEE2GRER ZEMXFAs (I Y
Wl s M RBUFAEZE 5 . IR/ ZZ 25 As 1Y 3R
R BRI TR As )3 B Aoz o MRAR 2B
AR AR S As 19 R UIARSG .

(2)FZE 150 As (D) B, 5 % As B, 7™
Az B S AL A AR BRARAE B 25 5 5 22 2 5% As (D) i
Pefam , R Z AsJa A S B i AR, R
As Al figfi] ] A R is  AF R E G

(3) WAL A AL f8 78 AN AL RE /A2 45 2L 40
R AP, I REA AR AR As 53, 2080 % As /N
T E T AR Lt

S 3k

(1] 4R, SEFN, TTTF, 28 Ry Rl o e B G S R B AR Sk
SR AL, 2013, 32(2) :267-274. JIN Y, YUAN C G, JI-
ANG W P, et al. Arsenic leaching characteristics and correlations with

iron, manganese in fly ash from coal—fired power plants[J|. Environmen-

1% WHART]

tal Chemistry, 2013, 32(2) :267-274.

[2] KUBOE, 25285, SE R, 55 (NP A O JCR M RIE S 4R
U] WEHEEOR, 2017, 23(3):20-23. LIU H B, LI M, GUO Y
X, et al. Distribution characteristics and enrichment regularity of harm-
ful trace elements in Shanxi coal[]]. Clean Coal Technology, 2017, 23
(3):20-23.

[3] S el FHEAE Bt FROKME, 55 . R BRGRAK A IR 1 A F -3 4 A1 e L
BRI SE A RRAEL)]. A8 4R, 2018, 34(25) :82-89. SHI X
K, FU Y H, CHENG Y M, et al. Farmland surrounding high arsenic py-
rite : Distribution of soil arsenic and characteristics of fungi community
structure[J]. Chinese Agricultural Science Bulletin, 2018, 34(25) : 82—
89.

[4] B2z, BEAAMH, KoK, A5 . NIRRT I3 X e N 7
B ey G TR 38 B REIR (], Al FRETR 72447, 2012, 31(3) :455-463.
NIE S W, HUANG S M, ZHANG S Q, et al. Effects of varieties heavy
metals stress on wheat grain yields of two genotypes and the main ingre-
dients[J]. Journal of Agro—Environment Science, 2012, 31(3) :455-463.

[5] CLEMENS S, MA J F. Toxic heavy metal and metalloid accumulation
in crop plants and foods[J]. Annual Review of Plant Biology, 2016, 67 :
489-512.

[6] T HEAE, T S, B SO, 45 L BREE T As CHD) X /N2 1 2% 1 5 el 2
B DI IR P ARAT 274, 2002, 22(1) :123-128. HAN
7ZX,FENG G Y, LUW Z, et al. Study on effects of As(lll ) in environ-
ment on wheat sprout and the original researcher of prevention and
treatment of arsenic toxicant[J]. Acta Botanica Boreali—Occidentalia Si-
nica, 2002, 22(1) : 123-128.

[7] CARBONELL-BARRACHINA A A, AARABI M A, DELAUNE R D.
The influence of arsenic chemical from and concentration on Spartina
patens and Spartina alternflora growth and tissue arsenic concentration
[J]. Plant and Soil, 1998, 198(1) :33-43.

[8] CARBONELL A A, AARABI M A, DELAUNE R D, et al. Arsenic in
wetland vegetation: Availability, phytotoxicity, uptake and effects on
plant growth and nutrition[J]. Science of the Total Environment, 1998,
217(3):189-199.

[91 BRI . 3 —Am 4 2R 58 b (0 o 3 5 e (M. b BT AL RUREE W
#, 1996:32-69. CHEN H M. Heavy metal pollution in soil-plant
systems[M]. Beijing: Beijing Science Press, 1996:32-69.

[10] SUMAN S, SHARMA P K, SIDDIQUE A B, et al. Wheat is an emerg-
ing exposure route for arsenic in Bihar, India[]]. Science of the Total
Environment, 2020, 703 :134774.

[11] RASHEED H, SLACK R, KAY P, et al. Refinement of arsenic attrib-
utable health risks in rural Pakistan using population specific dietary
intake values[J]. Environment International, 2017, 99 :331-342.

[12] ZHAO F J, STROUD J, EAGLING T, et al. Accumulation, distribu-
tion, and speciation of arsenic in wheat grain[J|. Environmental Sci-
ence & Technology, 2010, 44 :5464-5468.

[13] CHEN P, ZHANG H M, YAO B M, et al. Bioavailable arsenic and
amorphous iron oxides provide reliable predictions for arsenic transfer
in soil-wheat system[J]. Journal of Hazardous Materials, 2020, 383:
121160.

[14] MEHARG A A, ZHAO F J. Arsenic & rice[M]. Berlin: Springer Sci-



L Fi, S5 < OGE /N2 v S AR RS R AR AR R T ) 1 1669

ence & Business Media, 2012.

[15] MA J F, YAMAJI N, MITANI N, et al. Transporters of arsenite in rice
and their role in arsenic accumulation in rice grain[J|. Proceedings of
the National Academy of Sciences, 2008, 105(29) :9931-9935.

[16] LIU W J, MCGRATH S P, ZHAO F ]. Silicon has opposite effects on
the accumulation of inorganic and methylated arsenic species in rice
[J]. Plant and Soil, 2013, 376(1/2) :423-431.

[17] 2SN, AR B, MRORHA . A T 43 e 1 e s 7 Bl A A8 S A o e
[J]. LSBT, 2014, 23(4):721-728. LIJR.XU Y M, LIN D
S. In situ immobilization remediation of heavy metals in contaminated
soils: A review[J]. Ecology and Environmental Sciences, 2014, 23(4) :
721-728.

[18] MEHARG A A, HARTLEY W J. Arsenic uptake and metabolism in
arsenic resistant and nonresistant plant species[J]. New Phytologist,
2002, 154:29-43.

[19] WANG J R, ZHAO F J, MEHAGE A A, et al. Mechanisms of arsenic
hyperaccumulation in Pteris vittata. uptake kinetics, interactions with
phosphate, and arsenic speciation[]]. Plant Physiology, 2002, 130
(3):1552-1561.

[20] PICKERING I J, GUMAELIUS L, HARRIS H H, et al. Localizing the
biochemical transformations of arsenate in a hyperaccumulating fern
[J]. Environmental Science & Technology, 2006, 40( 16):5010-5014.

[21] HSU S 'Y, KAO C H. Differential effect of sorbitol and polyethylene
glycol on antioxidant enzymes in rice leaves|J]. Plant Growth Regula-
tion, 2003, 39:83-90.

[22] HEATH R L, PACKER L. Photoperoxidation in isolated chloroplasts.
I . Kinetics and stoichiometry of fatty acid peroxidation[J]. Archives of
Biochemistry and Biophysics, 1968, 125:189-198.

[23] AGNIHOTRI A, SETH C S. Exogenously applied nitrate improves the
photosynthetic performance and nitrogen metabolism in tomato (So-
lanumlycopersicum L. ¢v Pusa Rohini) under arsenic ( V') toxicity[J].
Physiology and Molecular Biology of Plants, 2016, 22(3) :341-349.

[24] FAROOQ M A, LI L, ALI B, et al. Oxidative injury and antioxidant
enzymes regulation in arsenic—exposed seedlings of four Brassica na-
pus L. cultivars|J]. Environmental Science and Pollution Research,
2015,22(14):10699-10712.

[25] SIL P, DAS P, BISWAS A K. Silicon induced mitigation of TCA cycle
and GABA synthesis in arsenic stressed wheat ( Triticum aestivum 1..)
seedlings|J]. South African Journal of Botany, 2018, 119:340-352.

[26] KUNDU R, BHATTACHARYYA K, MAJUMDER A, et al. Response
of wheat cultivars to arsenic contamination in polluted soils of West
Bengal, India[J]. Cereal Research Communications, 2013, 41(1) : 66—
77.

[27] TONG J T, GUO H M, WEI C. Arsenic contamination of the soil -
wheat system irrigated with high arsenic groundwater in the Hetao Ba-
sin, Inner Mongolia, Chinal[J]. Science of the Total Environment, 2014,
496:479-487.

[28] SAEED M, MASOOD Q U, NASEEM M R. Arsenic uptake and toxici-
ty in wheat( Triticum aestivum 1..) : A review of multi—omics approach-
es to identify tolerance mechanisms[J]. Food Chemistry, 2021, 355:
129607.

[20] 2Rk, SRUK, 22715, 45 . A Mol 0 Xk /N 22 R A 500 A TN A Y A
G Al AR 222 4], 2020, 39(2) :239-246.  L1J Q, GONG
B, J1], et al. Development of predictive models for quantifying the tox-
icological responses of wheat to arsenic, selenium, and their binary
mixtures[]J]. Journal of Agro—Environment Science, 2020, 39(2) :239—
246.

[30] DEMIDCHIK V. Mechanisms of oxidative stress in plants : From clas-
sical chemistry to cell biology[]]. Environmental and Experimental
Botany, 2015, 109:212-228.

[31]DUBEY A K, KUMAR N, RANJAN R, et al. Application of glycine re-
duces arsenic accumulation and toxicity in Oryza sativa L. by reduc-
ing the expression of silicon transporter genes|J]. Ecotoxicology and
Environment Safety, 2018, 148:410-417.

[32] TALUKDAR D. Arsenic—induced changes in growth and antioxidant
metabolism of fenugreek[J]. Russian Journal of Plant Physiology,
2013, 60(5) :652-660.

[33] SINGH S, SOUNDERAJAN S, KUMAR K, et al. Investigation of arse-
nic accumulation and biochemical response of in vitro developed veti-
veria zizanoides plants[]]. Ecotoxicology and Environment Safety,
2017, 145:50-56.

[34] HARTLEY W J, AINSWORTH G, MEHARG A. Copper and arsenate
induced oxidative stress in Holcus lanatus L. clones with differential
sensitivity[J]. Plant, Cell & Environment, 2001, 24:713-722.

[35] KHAN E, GUPTA M. Arsenic—silicon priming of rice (Oryza sativa
L.) seeds influence mineral nutrient uptake and biochemical respons-
es through modulation of Lsi—1, Lsi—2, Lsi—6 and nutrient transporter
genes|J|. Scientific Reports, 2018, 8:10301.

[36] SINGH A P, DIXIT G, KUMAR A, et al. Nitric oxide alleviated arse-
nic toxicity by modulation of antioxidants and thiol metabolism in rice
(Oryza sativa 1..)[]]. Frontiers in Plant Science, 2015, 6:1272.

[37] SIL P, BISWAS A K. Silicon nutrition modulates arsenic—inflicted ox-
idative overload and thiol metabolism in wheat ( Triticum aestivum 1..)
seedlings|J]|. Environmental Science and Pollution Research, 2020, 27 :
45209-45224.

[38] BAIG M A, AHMAD J, ALL A A, et al. Chapter13: Role of sulfur me-
tabolism in cadmium tolerance[M]//Cadmium tolerance in plants, Aca-
demic Press, 2019:335-365.

[39] YANG J, GAO M X, HU H, et al. OsCLT1, a CRT-like transporter 1,
is required for glutathione homeostasis and arsenic tolerance in rice
[J]. New Phytologist, 2016, 211(2) :658-670.

[40] KAYA C, UGURLAR F, ASHRAF M, et al. Methyl jasmonate and so-
dium nitroprusside jointly alleviate cadmium toxicity in wheat ( Triti-
cum aestivum L.) plants by modifying nitrogen metabolism, cadmium
detoxification, and AsA — GSH cycle[J]. Frontiers in Plant Science,
2021, 12:654780.

[41]SHI G L, LOU L Q, LI D J , et al. Phytochelatins play key roles for the
difference in root arsenic accumulation of different Triticum aestivum
cultivars in comparison with arsenate uptake kinetics and reduction
[J]. Chemosphere, 2017, 175:192-199.

[42] S FY, EHUB AR, ORI, G5 . /NA B R ZERT S [ AR L B
e PRI AR B e 1 DG R[], AL IR 3R, 2017, 36(1)

WWW.Qes.019.CN




m@g 1670

URETR Rt Y £ 4155 81

8-15. SHIG L, MA H X, LOU L Q, et al. Relationship between ar-
senic, cadmium and phosphorous concentrations in different parts of
wheat straw, wheat plant height and grain arsenic, cadmium and phos-
phorous concentrations[J]. Journal of Agro — Environment Science,
2017,36(1):8-15.

[43] NORTON G J, ISLAM M R, DUAN G L, et al. Arsenic shoot—grain re-
lationships in field grown rice cultivars[J]. Environmental Science &
Technology, 2010, 44(4):1471-1477.

[44] MESTROT A, UROIC M K, PLANTEVIN T, et al. Quantitative and
qualitative trapping of arsines deployed to assess loss of volatile arse-
nic from paddy soil[J]. Environmental Science & Technology, 2009,
43:8270-8275.

[45] BAKHAT H F, ZIA Z, FAHAD S, et al. Arsenic uptake, accumulation
and toxicity in rice plants: Possible remedies for its detoxification: A
review[J]. Environmental Science and Pollution Research, 2017, 24
(10):9142-9158.

[46] ZVOBGO G, LWALABAWALWALABA J, SAGONDA T, et al. Phos-
phate alleviates arsenate toxicity by altering expression of phosphate
transporters in the tolerant barley genotypes|J]. Ecotoxicology and En-
vironment Safety, 2018, 147:832-839.

[47] ANAWAR H M, RENGEL Z, DAMON P, et al. Arsenic—phosphorus
interactions in the soil-plant-microbe system: Dynamics of uptake,
suppression and toxicity to plants[J]. Environmental Pollution, 2018,
233:1003-1012.

[48] STRAWN D G. Review of interactions between phosphorus and arse-
nic in soils from four case studies[J]. Geochemical Transactions, 2018,
19:1-13.

[49] WU J W, LIANG J L, BJORN L O, et al. Phosphorus—arsenic interac-
tion in the ‘soil-plant—microbe’ system and its influence on arsenic
pollution[]J]. Science of the Total Environment, 2022, 802 :149796.

[507 X 5 2% . 7K e £ 0 SO ATL 3H R BEL 9 % 3€ ). AP0 26 B 24, 2014,

1% WHART]

50(5):569-576. ZHAO F J. Mechanisms of arsenic uptake by rice
and mitigation strategies[J]. Plant Physiology Communications, 2014,
50(5) :569-576.

[51] COSKUN D, DESHMUKH R, SONAH H, et al. The controversies of
silicon’s role in plant biology[J]. New Phytologist, 2019, 221 :67-85.

[52] TEASLEY W A, LIMMER M A, SEYFFERTH A L. How rice (Oryza
sativa L.) responds to elevated as under different Si-rich soil amend-
ments|J]. Environmental Science & Technology, 2017, 51: 10335 -
10343.

[S3]1 DAS S, KIM G W, LEE J G, et al. Silicate fertilization improves micro-
bial functional potentials for stress tolerance in arsenic—enriched rice
cropping systems|J]|. Journal of Hazardous Materials, 2021, 417:
125953.

[54] GAO Z X, JIANG Y S, YIN C, et al. Silicon fertilization influences mi-
crobial assemblages in rice roots and decreases arsenic concentration
in grain: A five—season in—situ remediation field study[J]. Journal of
Hazardous Materials, 2022, 423:127180.

[55] DYKES G E, LIMMER M A, SEYFFERTH A L. Silicon—rich soil
amendments impact microbial community composition and the compo-
sition of arsM bearing microbes[J]. Plant and Soil, 2021, 468 (1/2) :
147-164.

[56] SRS, PNHEJIR, FRE D&, 45 . v 100 ik el S0 0 48 /N 22 i i AR
PR BEL 428 000 BF 5 0], T0 b Al I 2 27 i, 2018, 41(3) : 1-6.
ZHANG S ], SUN H X, XUE P Y, et al. Study on the effect of foliar
application of silicon fertilizer on lead cadmium and arsenic accumu-
lation in winter wheat( Triticum aesticum L)[J]. Journal of Hebei Agri-
cultural University, 2018, 41(3) : 1-6.

[57] JIA W T, MIAO F F, LU S, et al. Identification for the capability of
Cd-tolerance, accumulation and translocation of 96 sorghum geno-
types[J]. Ecotoxicology and Environmental Safety, 2017, 145: 391~
397.

(BTG4 )



