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Abstract:

With the development of modern industry, heavy metal pollution of soil becomes more and more serious. Heavy

metals can cause serious health problems to humans and animals even at very low concentrations. Thus, it is urgent to
remediate the contaminated soils by effective methods. Different remediation strategies have been reported to remove heavy
metals from contaminated soil, among which phytoremediation is the most important one. Understanding the mechanisms
underlying heavy metal accumulation and detoxification in plants is one of the key points for phytoremediation. In this review,
we try to summarize the progresses and trends on phytoremediation and related molecular mechanisms, and discuss the

prospects for the future research.
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Fig. 1 The functions and subcellular localization of heavy metal transportersin plants.

&: 010-64807509

. cjb@im.ac.cn

429




430

ISSN 1000-3061 CN 11-1998/Q A T. #2244k  Chin JBiotech

BEIE A, i Fik OsHMAS B8 i1 1 7Kk R w4 Ao it
e, FORPRI PR A S iR T 94%-98%, HAY
RGF A B FA (%2 (18] 1), OsHMA4S 5E 7 15 1
TR L, K2R N 2 AR R R S O,
K g 2k 2 R BUKFIIA N E 2 15 5% iz 24 T
W, KRR A SR I Rt (| ). B
Z AN, HMA G5 7 Dt e e AR 22 ) 1 O B i
BEMO., UWMEBRZAEYHES =X Sedum
plumbizincicola A ], SoHMAL %& [H] it % ik & H H:
[vi] 5% K5 PR A R AR A ) AR e 5o K Sedum alfrediii
5 200 F5 DA B, S Al M P SRR 4R 9 41
HE e 7 a FR Y SpHMAS 0 3004 41 I 7 )4 X
B Ak i A, ds b HAE ML B R, R
AR R B A A g R K Z R T B R
IS AR R DR A A P T 5 4 R
B rER AR AT R T EYEE.
312 ABCHiEHRIE

ABC (ATP-binding cassette transporter) ¥%iz
HARG R EGEN, FIHKR ATP
WX Z R oy i T IS I IS, RAR YA N I
KIEAREZ P, I ABC #izEH
FWEH 4 8 s M G ) R B 2B AR
% (Pleiotropic drug resistance, PDR) F1J" i 424
PEF L E 1K % (Multidrug resistance-associ ated
protein, MRP), LT JLAS R IT N5 L
HEMFHZE I . AIMRPL, AtMRP2 J& Tl e
fnE s ER, AL SHEYEGIK (PCYLiGIE
WEAY, 5B, M. REESEE
TR FEAE AT, JLALGEGE AR A X AN [m] e B2 11 0 A
R EAT R 5 1) S e B0 (1] 1), AIMRP3 7]
Pliz iy Cd-PCs &G, b #3812k [K] i) i L DA A
Mo P Y (| 1),
313 HAMIIMHXEWRMIE (NRAMP) EH
K

NRAMP AWK N — K R iz E A X
W, s Mn?t, zZn® | CAP LR T BN

http://journals.im.ac.cn/cjbcn

Fl ) B RTZERIET R AEL BL T 6 1 NRAMP &%
oL, Hrh AINRAMPL GERL TR, S 58IRIF
AR AR W, T AINRAMP2 1] L4720 fifd #5.
Z A AR T = A TP R R A, iR
5 AINRAMP2 fiE HERRRZEAR AR R T A K4
AtNRAMP3 Fl AINRAMP4 #R5E (v T i I,
32 LG I AR 2 50 T 1 1 & D44 A
(K 1), 1EKREH, OSNRAMPL [ T/ S /KRR
TSN 8 RN O TR AL A, A T L e ke ot 4 A
T EY . OSNRAMPS 5 fi TR i |, 3%
KRBT SN FRFR B M| Cd™ | Fe*' &)@ &
TR, H AR AR P AR ) R BRI
T HE PR A AR KRR il R A 355 75 b LA R A S B
)5 PRS0 (1 1),
314 HOLASHEHEEA (YSL) RIE
WY e B A (Yellow stripe-like
transporter, YSL) W EE e EKize R S5 48)R
EEYNELY, GIEEsiMEERE (NA). PCs,
2-AZ MR (DMA), B H K (GSH) %4
i, BjYSL7 —FEizEH, 253k
Brassica juncea &N Cd F1 Ni M Hb T 33 3
B R i Az i, el R R o R ) T 2
AR et SnYSL3 Efu TR, 7eid Emat
M T REAEHE FR, F B2 Solanum
nigrum 3 X4 i vk 1 2 T VR A Bl oY
FE[H AtYSLA Fll AtYSLE 4351 72 037 T IR FE A 2
PRI b, 79 3 3 3 R A I S A R A
MES S gt ik s, osysLe
P F ) Fe(11)-NA Fl Fe(Ill)-DMA %12 &
1, RS T EE SRR EE™ (E 1.
OsYSL13 &M TR 2 E A, S 5Kk
PRI AT #2058, OsYSL16 HI LU%%iE Cu-NA
LI K Fe-DMA 54, 43 Be ok Fia 2 A [m] i /K
%%E—»KF[SG-SQ]O

32 tEYIFh BB ELIL IR ERAY Se R RN Th BER 3R
i R 5 Wi R R A A S P L R A A



IRz FIEERSROEMESERBXSFIE

R R N R YN e N A G PR L 7E N FN N
P, NI P 3 o AE AN TR A B v, AR R 8
JE T ] LA B R A 30 Sk WA R A, AT A
WEIX AP FER, I AT LIKE A S5 s — it Ay I At i
HE AR SMREART A ML A P45 . FEANTE T, G A
fiiz +5 8 JE B A 2L R O ArsC, T E B A I
ACR2! 58 SR A7 IF 5 %5 1 1ok [ R 0 4 5 21 41
T FUKFEN ACR2 (9 [RIJEFEN , I AE A SMIER]
HEA MR ARG, H2H—E k=K
RS . HEZER A R, HiEY ACR2
RN 2R FIF R MR R s R A, R
B ACR2 TEAH 1 1A N AT BB AN HAT B R e 1 D i
(T RECA T A A 2 1 5 4 i R 2 SE T AT
WF5Y . FEFLRE IF s T o L i ARk
Ay 4L R HACL (High Arsenic Content 1), #F—
RS 16 7% 1% 5 DR 4 T A A o T A g O3 o
ABFFE R, HACL A g ST AR 3R 40 iz J2 A1
B Rk, I AT LUK R 50 AR 38 240
PR P TR e U A T BRI A R 6 - HE HE AR A1, DA
B b B AR AL R O b b e g 5 1 S A v
(A BIF 9 38 Ao AN [ 400 P A 25 TR e s 52 1) 1 AR AR
SvibE T HACL a5, IF 4 Hiaw 248 ATQL,
[RIREIE ST 1 Hg it 2 1 1O B R £h 1 S o e84

KFEH, HACL MRIEIE OsHACL1 5
OsHACL;2 7EAR & iz 4t il A b it vh ik e,
MR IRFERR PR As(V) BT 25w, JF b b
A 2t B B AR OsHACA F: R 7E A
ik, WA E N5 OsHACL; 1 #il OsHACL;2 2K
8L, AT LA R AR A R A it g k2R 5 8 1K AarsC Xif
As(V) BN , Oshaca 78748 (A i 5 2 B g 2
OO BRIt Ab A X R SRR A B Pteris
vittata YA 5E FF & BL T PYGSTFL [R)#E EAT i iR £
WIREERIIRE, 5584 PYGAPCL Al
PvOCT4 Bp[a] 45 1 — 4> 55 4 T2 TR A 288 AL F) e AR
ZAFFHLHI,

&: 010-64807509

33 EYFMEREESREEZEANHAR

B AR W AR P JE AT DLGE B A5 AR LR
PCs. MTs, GSH X GWittrktiz, XUEE
Wi I R S R iR
FETHYh, FESH5EYHIEERN, [FRbGE
550 ) x4 JE T S A DG . R O ik T
PDF1s (Plant Defensin Type 1) % 5%8:7Eti ik
P 3 e R OO LU I 4 % 2 1 AtPDF2.5
ENL T ARE, FERB TR R,
et R E MmN AW . 7R
AtPDF2.5 7E 7K Fe AT LARS IR A Xo) 45 P i 52k
HG AR pdf2.5 AR T R s aeg Y kA
B2 28 11 OsCALL & L T4 BE I, w] LI
G U RN R A LA . B A KRR
ML Arep L MR RIS, R4 AR AR
TR E iz 2 B, EKE AR
RSk S A R T G (e 0] SR
W%z 2 Rz Ah, F A DR 4 4y
PR R KI T — A2 5 ia 0 F 2 ihi%
BHEHBFEIE (Maor facilitator superfamily, MFS)
b1 OsCdl, ‘B FLEAEMAELZE . gLl &
W E R, S EM BB, HRA K
oscdl X 4 Y MR SO 38 L KA AR Hh 4R 1Y) 5 R
W2 TR, OsCdL KA & A= 58 A8 J2 1o Jl Rl A FVRE
REATRE 4R 22 S0 325, OsCd1Y™ EBf7 1
FHIREH, 5 HE RS, &4 0sCd1"™ ik
P S R Bk rh A ) & i ) AR, 3B
FATF B BT KR it v 1 & 179 (1 2).

4 RE

Tl g R A [, SEPREE T H £
W2, ATy s AR R AT SRR X TR [
MR frg kR B G H B, AW e 1R
Bein Qe gt T — A RIFMfRI I 5. HEA
HiT 2 B AR SR ) R 3 A T AR M R /b
SEHME E M EA S, BENS AR D i T8 8 PRI 75

. cjb@im.ac.cn

431




432

ISSN 1000-3061 CN 11-1998/Q A T. #2244k  Chin JBiotech

RESA R SRR IE R ol LU RLR JLASJ5 1) 2
1 1) B NZRATE | TR T S PR A
BEIR, SEATOISE Al AT R IR O . 2) R
P LB Dl e 22 Ml 1 BB S EOR, g
EEREE VR R ES R R LIEB SR, 3)
BEIBUR IR . R L IR R S AT
(R R, B AR B AR &)
SRR . 4) MRS EOAR, B e U
FRRTE R R BUE YA Y) o L3RR 5 2R A
BB (HEARC T Eam s R TR B AN
WFFEREAE T AL BN SZBR IV A T AN 22, ] s 47 3K
5215 Y T HERR AT AR A i 2E

REFERENCES

[1] Schutzendubel A, Polle A. Plant responses to abiotic
stresses: heavy metal-induced oxidative stress and
protection by mycorrhization. J Exp Bot, 2002,
53(372): 1351-1365.

[2] Rizwan M, Ali S, Ibrahim M, et al. Mechanisms of
silicon-mediated alleviation of drought and salt
stress in plants: areview. Environ Sci Pollut Res Int,
2015, 22(20): 15416-15431.

[3] Shahid M, Dumat C, Khalid S, et al. Foliar heavy
metal uptake, toxicity and detoxification in plants:
A comparison of foliar and root metal uptake. J
Hazard Mater, 2017, 325: 36-58.

[4] sShi TR, Ma J, Wu X, et a. Inventories of heavy
metal inputs and outputs to and from agricultural
soils: a review. Ecotoxicol Environ Saf, 2018, 164:
118-124.

[5] Praveena SM, Omar NA. Heavy metal exposure
from cooked rice grain ingestion and its potential
health risks to humans from total and bioavailable
forms analysis. Food Chem, 2017, 235: 203-211.

[6] Jafari A, Kamarehie B, Ghaderpoori M, et a. The
concentration data of heavy metalsin Iranian grown
and imported rice and human health hazard
assessment. Data in Brief, 2018, 16: 453-459.

[7] Ma YK, Egodawatta P, McGree J, et al. Human
health risk assessment of heavy metals in urban

http://journals.im.ac.cn/cjbcn

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

stormwater. Sci
764-T772.
Tepanosyan G, Sahakyan L, Belyaeva O, et 4.

Total Environ, 2016, 557-558:

Continuous impact of mining activities on soil
heavy metals levels and human health. Sci Total
Environ, 2018, 639: 900—-909.

Wei XN, Guo SH, Wu B, et al. Effects of reducing
agent and approaching anodes on chromium
removal in electrokinetic soil remediation. Front
Environ Sci Eng, 2016, 10(2): 253-261.

Peng Z, Jin CJ, Sun ZF, et al. Assessment of acid
enhancement schemes for electrokinetic remediation
of Cd/Pb contaminated soil. Water, Air, Soil Pollut,
2016, 227(6): 217.

Saeedi M, Li LY, Grace JR. Simultaneous removal
of polycyclic aromatic hydrocarbons and heavy
metals from natural soil by combined non-ionic
surfactants and EDTA as extracting reagents:
laboratory column tests. J Environ Manage, 2019,
248: 109258.

Yu K, Xu J, Jiang XH, et al. Stabilization of heavy
metals in soil using two organo-bentonites.
Chemosphere, 2017, 184: 884-891.

Bolan N, Kunhikrishnan A, Thangargjan R, et al.
Remediation of heavy metal(loid)s contaminated
soils—to mobilize or to immobilize? J Hazard Mater,
2014, 266: 141-166.

Jan AT, Azam M, Ali A, et a. Prospects for
exploiting bacteria for bioremediation of metal
pollution. Crit Rev Env Sci Technol, 2014, 44(5):
519-560.

Ayangbenro AS, Babalola OO. A new strategy for
heavy metal polluted environments. a review of
microbial biosorbents. Int J Environ Res Public
Health, 2017, 14(1): 94.

Srivastava S, Agrawa SB, Mondal MK. A review
on progress of heavy metal removal using
adsorbents of microbial and plant origin. Environ
Sci Pollut Res Int, 2015, 22(20): 15386-15415.
Kang CH, Kwon YJ, So JS. Bioremediation of
heavy metals by using bacterial mixtures. Ecol Eng,

2016, 89: 64-69.



IRz FIEERSROEMESERBXSFIE

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Ojuederie OB, Babalola OO. Microbial and
plant-assisted bioremediation of heavy metal
polluted environments: a review. Int J Environ Res
Public Health, 2017, 14(12): 1504.

Jutsz AM, Gnida A. Mechanisms of stress avoidance
and tolerance by plants used in phytoremediation of
heavy metals. Arch Environ Prot, 2015, 41(4):
104-114.

Wang JX, Feng XB, Anderson CWN, et al.
Remediation of mercury contaminated sites-a
review. JHazard Mater, 2012, 221-222: 1-18.
Muszynska E, Hanus-Fgjerska E. Why are heavy
metal hyperaccumulating plants so amazing?
Biotechnologia, 2015, 96(4): 265-271.

Sharma SS, Dietz KJ,
compartmentalization as indispensable component
of heavy metal detoxification in plants. Plant Cell
Environ, 2016, 39(5): 1112-1126.

Rosenzweig AC, Argtiello JM. Chapter five-toward
a molecular understanding of metal transport by
Pig-Type ATPases. Curr Top Membr, 2012, 69:
113-136.

Chao DY, Silva A, Baxter I, et a. Genome-wide
association studies identify heavy metal ATPase3 as
the primary determinant of natural variation in leaf
cadmium in Arabidopsis thaliana. PLoS Genet,
2012, 8(9): €1002923.

Chen ZR, Kuang L, Gao YQ, et a. AtHMAA4 drives
natural variation in leaf Zn concentration of
Arabidopsis thaliana. Front Plant Sci, 2018, 9: 270.
Hanikenne M, Take IN, Haydon MJ, et al.
Evolution of metal hyperaccumulation required
cis-regulatory changes and triplication of HMAA4.
Nature, 2008, 453(7193): 391-395.

Sautron E, Mayerhofer H, Giustini C, et al. HMAG6
and HMAS8 are two chloroplast Cu*™-ATPases with
different enzymatic properties. Biosci Rep, 2015,
35(3): e00201.

Li WB, Lacey RF, Ye YJ, et a. Triplin, a small
molecule, reveals copper ion transport in ethylene
signaling from ATX1 to RAN1. PLoS Genet, 2017,
13(4): €1006703.

Mimura T. Vacuolar

&: 010-64807509

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

Liu PW, Qi M, Wang YQ, et al. Arabidopsis RAN1
mediates seed development through its parental ratio
by affecting the onset of endosperm cellularization.
Mol Plant, 2014, 7(8): 1316-1328.

Deng FL, Yamaji N, Xia JX, et al. A member of the
heavy metal P-type ATPase OsHMAS isinvolved in
xylem loading of copper in rice. Plant Physiol, 2013,
163(3): 1353-1362.

Sasaki A, Yamaji N, Ma JF. Overexpression of
OsHMAS enhances Cd tolerance and expression of
Zn transporter genesin rice. J Exp Bot, 2014, 65(20):
6013-6021.

Lu CN, Zhang LX, Tang Z, et a. Producing
cadmium-free Indica rice by overexpressing
OsHMAZ3. Environ Int, 2019, 126: 619-626.

Huang XY, Deng FL, Yamgi N, et a. A heavy
metal P-type ATPase OsHMAA4 prevents copper
accumulation in rice grain. Nat Commun, 2016, 7:
12138.

Zhao HX, Wang LS, Zhao FJ, et a. SpHMAL1l is a
chloroplast cadmium exporter protecting
photochemical reactions in the Cd hyperaccumulator
Sedum plumbizincicola. Plant Cell Environ, 2019,
42(4): 1112-1124.

Liu H, Zhao HX, Wu LH, et al. Heavy metal
ATPase 3 (HMA3) confers cadmium hypertolerance
Sedum

215(2):

on the cadmium/zinc hyperaccumulator
plumbizincicola. New Phytol, 2017,
687—698.

Hwang JU, Song WY, Hong D, et a. Plant ABC
transporters enable many unique aspects of a
terrestrial plant’s lifestyle. Mol Plant, 2016, 9(3):
338-355.

Raichaudhuri A. Arabidopsis thaliana MRP1
(AtABCC1) nucleotide binding domain contributes
to arsenic stress tolerance with serine triad
phosphorylation. Plant Physiol Biochem, 2016, 108:
109-120.

Raichaudhuri A, Peng MS, Naponelli V, et a. Plant
vacuolar ATP-binding cassette transporters that
translocate folates and antifolates in vitro and
contribute to antifolate tolerance in vivo. J Biol

. cjb@im.ac.cn

433




ISSN 1000-3061 CN 11-1998/Q =4 T.#%+4t  Chin J Biotech

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

Chem, 2009, 284(13): 8449-8460.

Burla B, Pfrunder S, Nagy R, et al. Vacuolar
transport of abscisic acid glucosyl ester is mediated
by ATP-binding cassette and proton-antiport
mechanisms in Arabidopsis. Plant Physiol, 2013,
163(3): 1446-1458.

Park J, Song WY, Ko D, et a. The phytochelatin
transporters AtABCC1 and AtABCC2 mediate
tolerance to cadmium and mercury. Plant J, 2012,
69(2): 278-288.

Brunetti P, Zanella L, De Paolis A, et a.
Cadmium-inducible expression of the ABC-type
transporter AtABCC3
mediated cadmium tolerance in Arabidopsis. J Exp
Bot, 2015, 66(13): 3815-3829.

Nevo Y, Nelson N. The NRAMP family of
metal-ion transporters. Biochim Biophys Acta, 2006,
1763(7): 609-620.

Algjandro S, Cailliatte R, Alcon C, et al.
Intracellular distribution of manganese by the
trans-golgi network transporter NRAMP?2 is critical
for photosynthesis and cellular redox homeostasis.
Plant Cell, 2017, 29(12): 3068-3084.

Gao HL, Xie WX, Yang CH, et a. NRAMP2, a
trans-Golgi network-localized
transporter, is required for Arabidopsis root growth
under manganese deficiency. New Phytol, 2018,
217(1): 179-193.

Bastow EL, Garcia de la Torre VS, Maclean AE, et
al. Vacuolar iron stores gated by NRAMP3 and
NRAMP4 are the primary source of iron in
germinating seeds. Plant Physiol, 2018, 177(3):
1267-1276.

Tiwari M, Sharma D, Dwivedi S, et al. Expression

increases phytochelatin-

manganese

in Arabidopsis and cellular localization reveal
rice NRAMP, OsNRAMP1, in
arsenic transport and tolerance. Plant Cell Environ,
2014, 37(1): 140-152.

Tang L, Mao BG, Li YK, et a. Knockout of
OsNramp5 using the CRISPR/Cas9 system produces
low Cd-accumulating indica rice without
compromising yield. Sci Rep, 2017, 7(1): 14438.

involvement of

http://journals.im.ac.cn/cjbcn

[48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]

(58]

Sasaki A, Yamgji N, Yokosho K, et al. Nramp5 is a
major transporter responsible for manganese and
cadmium uptake in rice. Plant Cell, 2012, 24(5):
2155-2167.

Ishikawa S, Ishimaru Y, Igura M, et al. lon-beam
irradiation, gene identification, and marker-assisted
breeding in the development of low-cadmium rice.
Proc Natl Acad Sci USA, 2012, 109(47):
19166-19171.

Yang M, Zhang YY, Zhang LJ, et al. OSNRAMP5
contributes to manganese translocation and
distribution in rice shoots. J Exp Bot, 2014, 65(17):
4849-4861.

Wang JW, Li Y, Zhang Y X, et al. Molecular cloning
and characterization of a Brassica juncea yellow
stripe-like gene, BjYSL7, whose overexpression
increases heavy metal tolerance of tobacco. Plant
Cell Rep, 2013, 32(5): 651-662.

Feng SS, Tan JJ, Zhang YX, et a. Isolation and
characterization of a novel cadmium-regulated
Yellow Stripe-Like transporter (SnYSL3) in
Solanum nigrum. Plant Cell Rep, 2017, 36(2):
281-296.

Divol F, Couch D, Conééro G, et a. The
Arabidopsis YELLOW STRIPE LIKE4 and 6
transporters control iron release from the chloroplast.
Plant Cell, 2013, 25(3): 1040-1055.

Senoura T, Sakashita E, Kobayashi T, et al. The
iron-chelate transporter OsY SL9 plays aroleiniron
distribution in developing rice grains. Plant Mol
Biol, 2017, 95(4/5): 375-387.

Zhang C, Shinwari KI, Luo L, et a. OsYSL13 is
involved in iron distribution in rice. Int J Mol Sci,
2018, 19(11): 3537.

Kakei Y, Ishimaru Y, Kobayashi T, et al. OsYSL16
plays arolein the allocation of iron. Plant Mol Biol,
2012, 79(6): 583-594.

Lee S, Ryoo N, Jeon JS, et a. Activation of rice
Yellow Stripel-Like 16 (OsYSL16) enhances iron
efficiency. Mol Cells, 2012, 33(2): 117-126.

Zheng LQ, Yamaji N, Yokosho K, et al. YSL16isa

phloem-localized transporter of the copper-



IRz FIEERSROEMESERBXSFIE

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

nicotianamine complex that is responsible for
copper distribution in rice. Plant Cell, 2012, 24(9):
3767-3782.

Zhang C, Lu WH, Yang Y, et al. OsYSL16 is
required for preferential Cu distribution to floral
organs in rice. Plant Cell Physiol, 2018, 59(10):
2039-2051.

Rosen BP. Biochemistry of arsenic detoxification.
FEBS Letters, 2002, 529(1): 86-92.

Mukhopadhyay R, Rosen BP. Arsenate reductasesin
prokaryotes and eukaryotes. Environ Health
Perspect, 2002, 110(S5): 745-748.

Liu WJ L, Schat H, Bliek M, et al. Knocking out
ACR2 does not affect arsenic redox status in
Arabidopsis
detoxification and accumulation in plants. PL0oS
ONE, 2012, 7(8): e42408.

Chao DY, Chen Y, Chen JG, et a. Genome-wide
association mapping identifies a new arsenate
reductase enzyme critical for limiting arsenic
accumulation in plants. PLoS Biol, 2014, 12(12):
€1002009.

Sanchez-Bermejo E, Castrillo G, del Llano B, et al.
Natural variation in arsenate tolerance identifies an

thaliana:  implications for as

arsenate reductase in Arabidopsis thaliana. Nat
Commun, 2014, 5: 4617.

Shi SL, Wang T, Chen ZR, et a. OsHAC1;1 and
OsHAC1;2 function as arsenate reductases and
regulate arsenic accumulation. Plant Physiol, 2016,
172(3): 1708-1719.

Xu JM, shi SL, Wang L, et al. OsHACA4 is critical

&: 010-64807509

[67]

[68]

[69]

[70]

[71]

[72]

[73]

for arsenate tolerance and regulates arsenic
accumulation in rice. New Phytol, 2017, 215(3):
1090-1101.

Cai C, Lanman NA, Withers KA, et a. Three genes
define a bacterial-like arsenic tolerance mechanism
in the arsenic hyperaccumulating fern Pteris vittata.
Curr Biol, 2019, 29(10): 1625-1633.€3.

Verbruggen N, Hermans C, Schat H. Mechanisms to
cope with arsenic or cadmium excess in plants. Curr
Opin Plant Biol, 2009, 12(3): 364-372.

Nguyen NNT, Ranwez V, Vile D, et a.
Evolutionary tinkering of the expression of PDF1s

suggests their joint effect on zinc tolerance and the

response to pathogen attack. Front Plant Sci, 2014, 5:

70.
Shahzad Z, Ranwez V, Fizames C, et a. Plant
Defensin type 1 (PDF1): protein promiscuity and
expression variation within the Arabidopsis genus
shed light on zinc tolerance acquisition in Arabidopsis
halleri. New Phytol, 2013, 200(3): 820-833.

Luo JS, Yang Y, Gu TY, et a. The Arabidopsis
gene AtPDF25 mediates cadmium
tolerance and accumulation. Plant Cell Environ,
2019, 42(9): 2681—-2695.

Luo JS, Huang J, Zeng DL, et a. A defensin-like
protein drives cadmium efflux and allocation in rice.
Nat Commun, 2018, 9(1): 645.

Yan HL, Xu WX, Xie JY, et al. Variation of a major
facilitator

defensin

superfamily gene contributes to

differential cadmium accumulation between rice
subspecies. Nat Commun, 2019, 10(1): 2562.

(R Teg AATFT)

. cjb@im.ac.cn

435




