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Abstract A series of resistance systems against heavy metals has evolved in many organisms because of
the extensive pollution of heavy metals by anthropogenic disturbance, which may have applications for the
remediation of heavy metal contamination. Compared with traditional and physicochemical remediation, plant
and microbial remediations are more suitable for ecological remediation as they are more environmentally
friendly and less expensive. We reviewed the gene resources and molecular mechanisms of heavy
metal resistance in plants and microorganisms, and summarized the technology and application of plant-
microorganism remediation. The resistance process of heavy metals within plants and microorganisms
is encoded by multiple genes. The in-situ plants and microorganisms in polluted areas present greater
environmental adaptability and higher applicable potential, and are ideal materials for developing resistance
resources. Genomics has become an excellent tool for mining resistant gene resources. It is promising to find
that horizontal gene transfer and gene editing technology enriches the heavy metal resistant resources, and
also increases the expression of resistance. Moreover, higher repair feasibility and efficiency can be possibly
achieved by plant-microorganism combined systems. Microorganisms enhance the remediation capacity of
plants by promoting growth, secreting acidic substances to dissolve heavy metals, and amplifying the genetic
expression of heavy metal transport, chelation, antioxidants, and other resistance processes in plants. However,
the mechanism of endophyte-assisted phytoremediation remains unclear. To date, composite microbial
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agents, such as multiple plant growth-promoting rhizobacteria, bacterial-fungal combinations, and rhizosphere
microorganism-endophyte combinations, are commonly used, but their application is affected by the inoculation
methods and application conditions. In general, diverse and complex pollution environments require the
development of cross-species and multi-gene editing techniques, and future remediation should focus on the
resistance mechanism of compound plant-microorganism synergistic remediation.

Keywords heavy metal pollution; resistance gene; gene mining; horizontal gene transfer; compound plant-

microorganism remediation
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Table 1 Genes and mechanisms of plant resistance to heavy metals

HE A He R P e 7 L/ S5 R
Gene Heavy metal Mechanism or resistant process Species Reference
. o Arabidopsis thaliana [22]
VA 7o cq  PRIATPRESEE SR /55 45 £ Rice (OSHMA3) 23]
’ P-type ATPase transports metals into the vacuole for sequestration
Soybean (GmHMAS3) [24]
Atcys-3A Cd G RCERER Synthesis of cysteine Arabidopsis thaliana [25]
GSH1 — y-2 @ M D= R &k y-glutamylcysteine synthetase Arabidopsis thaliana
GSH2 — A e H k& B Glutathione synthetase Arabidopsis thaliana
GR — AW H L 5 E Glutathione reductase Arabidopsis thaliana
APS — ATPHiEZ {L/i; ATP sulfurylase Arabidopsis thaliana [20, 26]
CTS — fini lif &5 i Cystathionine synthase Arabidopsis thaliana
SAT — 2R R T % 2 Serine acetyltransferase Arabidopsis thaliana
PCS Cd, As, Zn YA R A Phytochelatin synthase Arabidopsis thaliana (AtPCS1)
As(V )it J5 A As(TIL), I F I A As TR H ; ; ;
arsC As As(V) is reduced to As(Ill) and pumped out by membrane potential Arabidopsis thaliana (20]
ACR3 As 4RI 2 W0 Metal is sequestrated into the vacuole Fern Pteris vittata [27]
TaVP1 Cd Wt I H - £ FR Bl H'-pyrophosphatase in vacuole Wheat [28]
AICAX cd. Mn HE N 0 K 4 o ) e 43 3 o PR AN i R Arabidopsis thaliana, Nicotiana [29]
’ Increasing selective permeability and transport of metals tabacum
: PUALEE S R G A AL BE . il B ALY 23 B H KIS I L 45 Bt
Cu/Zn-50D, RN U . .
g,ojfg ’ 55;1 Cd Synthesis of antioxidant enzymes (e.g. superoxide dismutase, Miscabthus saccharifiorus (30]
! peroxidase, glutathione reductase, glutathione peroxidase etc.)
FR2 AESEENRECEERRENS
Table 2 Genes and mechanisms of bacteria and fungi resistance to heavy metals
B HEJE ML BT i A W Z LR
Gene  Heavy metal Mechanism or resistant process Species Reference
ﬁ%%@D%E JRTAEFHESIBE B T 3h 1 HE R Gt b b 5 R AE
AP Pseudomonas aeruginosa
E Encoding RND proteins, and mediating proton driven efflux to  (czcD, czcA, czcB, czcC) e e
avoid the accumulation of heavy metals in cells
N y . . Pseudomonas aeruginosa
P
czr Zn,Cd 4ifiRND 1 Encoding RND proteins (czrSRCBA) [33]
nce Ni, Cd, Co 4 RNDZ 4 Encoding RND proteins R. metallidurans [18, 34-35]
cnr  Ni, Zn, Co i RND% 1 Encoding RND proteins R. metallidurans [18]
IS PRIATPRG, 2 5 5 4 & MAH L 5 1] J& 5T E.coli (EcpcoA)
cop Cu Encoding P-type ATPase and participating in the transport of N g [15]
heavy metal from cytoplasm to periplasm PR S (Pt
#fiHME-RNDH ) Cus i A %K%, 47 A %11~ 5 CopA. CueO
il A At il ;
Bacteria SCC I Encoding Cus protein family of the HME-RND, whose detoxifi- E. coli (CusCFBA) (36]
cation together with CopA and CueO under aerobic condition
rbgR Cr 4w {5 CDF#5 1 Encoding CDF proteins E. coli [18]
nreB Ni 4 fihNreB# [ Encoding NreB proteins Achromobacter xylosoxidans [37]
cnrT  Ni it CnrT& [ Encoding CnrT proteins Ralstonia sp. [37]
As(V)i& J5 yAs(110), I 5 Rz fg AsTE th ; ;
ars As As(V) is reduced to As(I1l) and pumped out by membrane Ehermop/asma acidophilum [38-39]
. . coli
potential
it 13 PR ATPEE 13 4hECd
cadd Cd Active efflux of Cd through P-type ATPase Staphylococcus aureus [40]
EHgW AR 5% 5 FIMerP R [, 38 K& :
mer  Hg MerP protein and flavoprotein related to Hg absorption Pseudomonas aeruginosa (39, 41]
sodA — A B A % Synthesis of superoxide dismutase Pseudomonas aeruginosa [42]
CUP1 Cu — Yeast [43]
crpA Cu & PAIATPRES Synthesis of P-type ATPase Aspergillus nidulans [44]
B HMA Cd CdfE e B Y iz 4 Transporting Cd in yeast vacuole Yeast [24]
Fungi | ACR3 As # 5 4 J& [5 %5 7E Vi Metal into the vacuole for fixation Yeast [27]
ZRC1 Zn 4 JR AR 2 Metal into the vacuole for sequestration Saccharomyces cerevisiae [45]
GSH1 Zn, Cd A A I H K Synthesis of glutathione Saccharomyces cerevisiae [46]
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Table 3 Plant and microbial remediation technologies
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() 470 B <5 JaR ik R 2 A7 1 AL e P B ), R R 2 S Y
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L2 SN BRI AR E [y -Renis ERPYS
Remediation mode Type of soil conditioner Remediation process Reference
ey AHUIL. =5 pHESCR A 5 0 e AL R 3 A O T A AR I
Seﬁgﬁfﬁgr?t:%s%ﬁﬂendment Organic fertilizer, biochar, pH Increasing heavy metals absorption and making soil environment  [61-62]
P ameliorant more suitable for the growth of highly resistant plants
LR + B 7 EDTA. DTPA. {5 & SRR A B <5 o T [63]
Resistant plant + chelating agent  EDTA, DTPA, citrate Increasing the absorption of heavy metals by plants
UPETR AR + B e R 7 AR AHUIE. Bk, BEvERE SR Rl [ e 5 8 2ok
Resistant microorganism + soil Biochar, organic fertilizer, Increasing the absorption and fixation efficiency of heavy metals [64]

amendment ceramsite, abscisic acid

by microorganisms

EDTA: Z %I Z . DTPA: —Z M=k h L.

EDTA: Ethylene diamine tetraacetic acid.DTPA: Diethylenetriamine pentaacetic acid.
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Fig. 1 Process of plant-microbial remediation of heavy metal pollution.
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Table 4 Microbial-assisted phytoremediation of heavy metal pollution

BHAR

(=K HEIR R Ik 2 - %
Inoculated Heavy . ; ’ Inoculation
Plant microorganism metal Differences in gene expression mode Reference
S ] . EIABLE YR, 2 R RTE R E R A kAR 3 R
ﬁ;!éze B73 Glo'quul\SA lgjtharua;;lces Cd Up-regulated genes: plant hormones, mitogen activated protein Inoculation in [75]
9 kinase, glutathione metabolism soil
75 PRI P, 3 INWG| Ve 2008 23k PR AR VA R S22 R R AR
REHR IR IE R R A
Sedum P. fluorescens Cd Inducing formation of lateral root, increasing secretion of indoleacetic Inoculation in [76]
alfredii acid and decreasing concentrations of abscisic acid, brassinolide root
and jasmonic acid etc.
e I o RS . SR L g
7 ) Cd, Zn, A#E4EEEKIE. iR LR N
’t‘,\’;algzgp SIS e Pb Transport of toxic metals and up-regulation of detoxification genes Isr::ialculatlon in (77l
RS 3 _ . ) 2 4 3
Wi . Campylobacter v RN RS A2, (R B 5% R 5 et L——
thalianap Jejuni y-glutamyl cyclotransferase 2 protects plants from heavy metals plant tissue
SAE T o HNFE O RIRAE R, T KRB 3 L3 2 HRBEA
Medicago e~ Cd Increasing nutrient acquisition capacity and biomass, and heavy Inoculation in [80]
sativa metals transferred from the roots to the aboveground parts root
— Burkholderia sp. S I B PR Y b1 - R R T =B L Wk LR L R, (i ik G SR R -
Sﬁjoy;\ hum strain S6-1, Cu. Zn Increasing 1-aminocyclopropane-1-carboxylic acid deaminase, Inoiéulation in 81]
bicoglor L Pseudomonas sp. ’ indoleacetic acid, and siderophores to promote the absorption of soil
’ strain S2-3 heavy metals
AR R . SRR, BRI ARSI L BB
Sedum T Cd Increasing the net photosynthetic rate and up-regulating carbon Inoculation in [82]
alfredii fixation related genes whole plant
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Table 5 Plant-microbial remediation technologies and applications
B [EFBuR:: IS EERIN ZH R
Remediation mode Process Application status Reference
T+ IR AOMA PR SCEISE A B AR Y R G R R 7 AL %, HLEIBIE T8N B
Plant + soil amendment + Improving environmental conditions and Wide applications; the mechanism research is [62, 85]
resistant microorganism increasing plant absorption of heavy metals more mature
B TR A AIRPRE A E IS A KRS MK, WU TCRON R, (it & A2
T+ AR B A A 4 1 90 = 4 B WU & D 4 R B EAE A Wide applications; the mechanism researches (86]
Plants + PGPR Promoting plant growth, increasing heavy metals  are more mature, but the application conditions
absorption and reducing heavy metal toxicity are insufficiently studied
A AR B AL 20 T+ AR L S AR B R AR | (R A K RS A, B
| ¢ 2k ) W >, WL BT S
Plant + PGPR + mycorrhiza Increasing the efficiency of plant absorption of = — VLl . [63]
fungi heavy metals and promoting plant growth Less application, and less mechanism research
T+ 5345 LTI B 71 TR AR A R 4 e o R, b S g
JUIL I TR - 2 . LD, HLEIE T >
gglgzg:t; composite microbial Lnec;\?;snl]rg;ge efficiency of plant absorption of Less application, and less mechanism research [87]
W+ PR A TR AN G B G RIR/AD T MELSEIURL T, 22 Fh B B 42 ST i AN A
Promoting plant growth and helping plant Hard to achieve application; the repair mechanism [72]

Plant + endophyte

chelate heavy metals to reduce toxicity

of multiple microorganisms is not clear

PUIE B AR T RE.

Tl A= 8 A U 2 DR 42 40 W A B

3 HZRS5RE

HY AEYERES RGP E N g, RAA
AT B R P A A A AR S, D H T R R T, T
H AT (K 0t 2R 0 e A i A L RS 224 i A A 7 1 i
B AR IE ) N EE S S e )R g A S A AL ) B RAIE
i, PR RR AR EZ N E S RE RN~ E
ZEA. REEERAEMBRAEL R LHE G it E,
EEERE I 23 WL ) B AN B AN A 2 2 G T I S A
W46 AR SR AT FE M 2% B ORI BAR J7 1

(1D INT5 G385 b F2 30 52 2 1 SR Az HT 1k B A 2 S K
175 G DXSARL ) 5 Al A 00 ) 00 i P A A A b 6 A A SR B
AEPME R I SEERR T, Bk, A JRA TS Be3p e (B [X, B
W Ema R A B R FE ) AR BRI R T R B
IR - AR & B R HE S =,

(2) 7873 M 22 W FEPBOR FPLE IR, 7 12210
WA R R, 13 AEPIDNAL RNA, A5 (i R 77 9 - 3R L
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