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Symbiosis between hyperaccumulators and arbuscular
mycorrhizal fungi and their synergistic effect on the
absorption and accumulation of heavy metals: a review

Li Wang, Gen Wang, Fang Ma, and Yonggiang You

State Key Laboratory of Urban Water Resource and Environment, School of Environment, Harbin Institute of Technology, Harbin 150090,
Heilongjiang, China

Abstract: The remediation of heavy-metal (HM) contaminated soil using hyperaccumulators is one of the important
solutions to address the inorganic contamination widely occurred worldwide. Hyperaccumulators are able to hyperaccumulate
HMs, but their planting, growth, and extraction capacities are greatly affected by HM stress. The application of arbuscular
mycorrhizal fungi (AMF) enhances the function of hyperaccumulators by combining the functional advantages of both,
improving the efficiency of remediation, shortening the remediation cycle, and maintaining the stability and persistence of the
remediation. Thus, the combined use of AMF with hyperaccumulators has broad prospects for application in the management
of increasingly complex and severe HM pollution. This review starts by defining the concept of hyperaccumulators, followed
by describing the typical hyperaccumulators that were firstly reported in China as well as those known to form symbioses with
AMF. This review provides a systematic and in-depth discussion of the effects of AMF on the growth of hyperaccumulators, as
well as the absorption and accumulation of HMs, the effects and mechanism on the hyperaccumulator plus AMF symbiosis to
absorb and accumulate HMs. AMF enhances the function of hyperaccumulators on the absorption and accumulation of HMs by
regulating the physicochemical and biological conditions in the plant rhizosphere, the situation of elements homeostasis, the
physiological metabolism and gene expression. Moreover, the symbiotic systems established by hyperaccumulators plus AMF
have the potential to combine their abilities to remediate HMs-contaminated habitat. Finally, challenges for the combined use
of remediation technologies for hyperaccumulator plus AMF symbiosis and future directions were prospected.
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Table 1 Standards for defining hyperaccumulating plants and the firstly recorded species in China

Threshold

Species

China first records and shoot

Metal(loid)s (ma/ko) Families reported concentrations References

Ni > 1000 52 532 -

Cu > 300 20 53 Commelina communis (547 mg/kg) [16]

Co > 300 18 42 -

Mn > 10 000 16 42 Phytolacca americana L. [17]
(29 299 mg/kqg)

Se > 100 7 41 Cardamine hupingshanensis [18]
(1 965 mg/kg)

Zn > 3000 9 21 Sedum alfredii Hance (4 515 mg/kg) [19]

Cd > 100 7 10 Viola baoshanensis (1 168 mg/kg) [20]

Pb > 1000 6 9 Arabis paniculata (2 300 mg/kg) [21]

As > 1000 1 5 Pteris vittata L. (5 070 mg/kg) [22]

TI > 100 1 2 -

Rare earth elements > 1000 2 2 Dicranopteris dichotoma [23]
(7 000 mg/kg)

Cr > 1000 1 1 Leersia hexandra Swartz [24]

(2 978 mg/kg)

FE D) v AN G — M, 500 PR A S 1) AR R A
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AP, (AR PRI
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Table 2 The reported hyperaccumulators that could be colonized by AMF

Element(s) AMF strains Family Hyperaccumulator species References
Ni Gigaspora sp. Asteraceae Senecio anomalochrous [33]
Gigaspora sp. Asteraceae Senecio coronatus [33]
Gigaspora sp. Asteraceae Berkheya zeyheri [33]
Glomus intraradices Asteraceae Berkheya coddii [33]
Indigenous AMF Euphorbiaceae Phyllanthus favieri [34]
Glomus sp. Cunoniaceae Geissois pruinosa [35]
Glomus sp. Cunoniaceae Geissois hirsuta [35]
Glomus sp. Rubiaceae Psychotria douarrei [35]
Glomus sp. Flacourtiaceae Homalium kanaliense [35]
Glomus sp. Sapotaceae Sebertia acuminata [35]
Glomus sp. Violaceae Hybanthus austrocaledonicus [35]
Cd Glomus versiforme Solanaceae Solanum nigrum L. [36]
Glomus versiforme Solanaceae Solanum photeinocarpum [37]
Glomus versiforme Caprifoliaceae Lonicera japonica [38]
Indigenous AMF Violaceae Viola baoshanensis [39]
Glomus mosseae Asteraceae Bidens pilosa L. [40]
Funneliformis mosseae Asteraceae Sphagneticola calendulacea [41]
Cu Glomus sp. Lamiaceae Elsholtzia splendens [42]
Mn Glomus sp. Phytolaccaceae Phytolacca americana [43]
TI Native AMF Brassicaceae Biscutella laevigata [44]
Pb Native AMF Poaceae Dactyloctenium aegyptium [45]
Cr Rhizophagus fasciculatus Poaceae Leersia hexandra [46]
Zn Glomus mosseae Violaceae Viola calaminaria [47]
As Gigaspora margarita Pteridaceae Pteris vittata L. [48]
Glomus intraradices Pteridaceae Pityrogarmma calomelanos [49]
Zn, Cd Glomus mosseae Crassulaceae Sedum alfredii [50]
Zn, Cd Acaulospora mellea Crassulaceae Sedum plumbizincicola [51]
Zn, Cd, Pb Indigenous AMF Brassicaceae Thlaspi praecox Wulfen [52]

40, ks Sonchus asper L.7E [ Py 4k
ik Cd iR R, H AMF+ZE K45 3t
HARRAE Cd V5 LMD B L h BRI
FORBY, HARWII AL 2, ML Van der

3
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REBITEAR LWL AMF 1] DI =
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A bR B R B B (R 3)T. Jiang
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R HL 13 Cd W ¥ . Yang 2006 BUE TF 76, AMF
B R e 2eJm . AR R Cd WA T Mt
{H Cd 7EAE YR N (923 e SR W B0 A A8 4k . Hu 2607
K IFEFhIIAR 22 BR9EFF Glomus caledonium 1
V4 3 X 4 F 50K Sedum alfredii (9 Cd ¥4z
WO TC i 25  Leung 25 82 % IR R AMF i 3
HATIN As TE BRI FLUR N 55 RS R B

AHMER B, BEFR N “DIREZ R 1A ) AN
AMF 4G A Re B E A IR EER Y A K AT E
& B WU 5 T T AN R 25 R . AMF X R 24
WA . WAL i 4w r N AT LU A HE
RIS E R, WIS, B
Pl R S A +AMEF 2B IR R AR RV B 1 E 4
JEIE T, ARSI . B2, AMF
FEA RO SR | F R R EeE
R T g . HHEVER . AR EHE I,
I AMF X Jg 20 licd% 32 Zn A 350 E ZEHGhF B
AR Zn (975 4 ACET AMF XTI As
WS B 30N 5 As IIHREE . AMF TR Fh A 4338 2%
A B0l

4 BBEEY+AMF EABLRKFE
EABHMN S RN

41 BREHEY+AMF HEHEERIGRESE
£ BRI

HFHBA WY I E SRR R
(ELBWEXTE) MBS RSP,
SCH G 3 TR AR AN R B A Y AR
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FURm N, AMF L. (1) 155 AMF 2
XA RAEY T KRN, (YT R
AR), H 4 JE A R A N s D sl AR
R 245 058 1 Chen 25154 % B 45 Fi AMF
RN B A W5 B, As IIEARAE, S EE
As FERCRHIIN T 32%. (2) #7 AMF RILH {4
KA, R Z Y E 4R R R IR
Poo —JEARAE B AMF AR AR K K HE T
AMF 5|5 1 T 4 J v Ji 10 T 38581, — i
UE B R R B b bR 4w vk B AR Ak nT g 2
Imij]n[ﬁ,lll,SS,GZ]\ Z:/E[48,57,61]ﬁ%1&[37,51,58]o Eﬁﬁ
R B +AME A B E R RS, A
Yyarighn . E 4 vk R R AT >k i AR B a1
(FR T 2B i A 38 s 32 5 T R 4 )R vk B B IR
) WIRFSEIRIERZ , a0 Liu 2551 % B e 100 mg/kg
Cd 5y 3, AT BRIEEIRIR T Jp 25 I
#B Cd W BE 19%, 1A= fe 3 in 310% S b7
Cd FLE R 249%., Liu %% i 2 kit 06 %
BLALE 300 mg/kg As S K - HE Al EE P4 3|45 48 55 i
FRRAR T WA | As WEEE 38%, (HM F
YR 125% F 20 As A IR B 3G 43% .
PRSP RS PR & B AMF X R 2
K PE 55 K Sedum plumbizincicola 21 Cd AYRL
oy 2 BUAH AL AL A . oA BE ST R B AMF BE [A] B4
PRI AR SESBWRI, L £0%n
A AMF [R]BF 02 1 e 2% b 350 A= ) 5 i 4 )
W, EAeJRERHI 20%., 78 Ni {5 4% 11
h, AMF BX4 Berkheya coddii fiff Ni Wi 2 1
T 344%53, FEFRTE Y L HER, AMF SRRl
W74 L B Cd $RBURIG N T 212%-277%Y,
£ 100 mg/kg As V594K, AP+ 2% AMF ffilR
WA [ As BB T 5 50
42 BHEHEY+AMF BERKRNBEEESRE
B94E R HLH
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Fig. 1 Mechanism of AMF-assisted hyperaccumulator for combined remediation of HM-contaminated soil.

B, NOCER A PUA RS RPN R A
S PR 5 2T B E SR I 2, ek
A, I b R i v R A R R
IO AT BT RREAR , (EL AR W ) B R Rk 1R B R
Rk, B m R BOs g n . A R Y +AMF
T 4 Jm 5 Yo A 35 h R I Y ERSE =AU B &
5 1 i 2 RAR R Al LR 3500, AMF J i fie i
HPAR, HnEGRERRE, el mARR
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T4 1) M1 43 TE LA I Ok B sBE B 4 ) 7
E 578 salazar 2V H 42 S X SR POEHA
X; AMF 7 i) Pb 47 T e s b, RIMEE
17 R i Pb & R ik 0.06 ug/fl 1. AMF i& 1] LA
T LR PN B 22 W, A B R DA R A A L
TR, SRREESHERSEP™, REHER
Mk +HEHE A (Glomalin-related soil protein,
GRSP) J& AMF [& 2253 Wby A 1) — Tl % P bl 2R
o, BARE SR %G W e E W E R,
GRSP i 1 B A% 5 42 Ja 1) A= A A0tk 2 1 e 1
SR XA F A i ETY . Malekzadeh 279 % Bt
7E Pb ¥ & & 450 pmol/L i}, 45 1 g GRSP A] LI4%
4 665.72 mg Pb, H 13 GRSP % &Fifi Pb ik
BE b T

(2) dEFFn RS . WS

AR BT R MW S 2 AMF (1)
EpshgE > —B R EMEIR RN E R ITER
Wi, W Cd. Cu. Zn, Pb Z:fE 5 IE#ERREh & 4=
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RN, SRR P S E TR, SR P
WA T A A2 FM R B Leung 1% B
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AR ST RE Ol As R T R AT M i w4
W NL PRJEFRIRG, iR, #f 13 AMF
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K. Fe. P #il Ca MyWlir, $&% T HEMRTES Ni H1E
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53 WA 1) R Tl AN A AL IR S5 A By TR R MEVA 2 P i
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AN 229" KR53 B9, itk AMF fgek
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WHHY It E S B FN FEIRZ —. B
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B fo 5P Wang %1% B Cd X Jp SE I 7
AR R 5 U ICR Fe fl Ca e F FE M E R
g R, M AME XY B SA TR,
AR HI %52 Cd REE . Adeyemi Z:BU%
PLEERD AMFAZ HE T K & Glycine max L4~ % Cd
Mg I, Ca. Mg & & RIIE AT LLREAR Pb
XA A SR T, DRk Ca AT DA 45 40 B A 44
JRLRR ) 5 2 M, Mg % = 35 i el LG TE S & 4R
M IEH #H1T .

(3) VAT A H A A

HaREES A IR B R RS A A
3L (Reactive oxygen species, ROS), & i{tE 4
RN TG AR R, 5| & RS AN RURN g 15 R &
A AR RO, BN Z5 R S EhRe, 1 R
W, UERY I IE R A R R SR
—FPBEAEALE] XA A2 B4R B AR
I, B BR ROS MM PR 3 4 e 52 S Ak iaE

% : 010-64807509

8P AA AL B S Wl E AL P B AL (Superoxide
dismutase, SOD) . i kWil (Peroxidase, POD).
AL Al (Catalase, CAT). & BEH kit &1L
fiti . HUIR MR L A ALY (Ascorbate peroxidase,
APX) F14 e H KA )5 (Glutathione reductase,
GR), LI NAERsPTA LT IR M ER (Ascorbic
acid, AsA). &BEH L (Glutathione, GSH) LI
LW, BB Ry x4 R I aE AT A2
P Bl 2 0 48 A T 0 1 Tl T 4 1 98 o i g A B0
Wang S COEST, B AR A 96 1T B 3 B
JeEnt f# SOD., POD., £y, &H I GSH
Mo, BRI A A AN AT R
R, NI AR PR A2 4 o Cu kA T 8 AMF
AN 0 A GSH ., AsA & i 3,
ifii SOD . APX i P4 fnh 25 412 155 %) B AR T Bk e 2
fii Cd @ RAHY AL e et b CAT. POD,
APX TPk B R ET, Jiang PG BFTE ok
PEF AMF H8 51 GR. CAT . APX [35% 1k 2 2 &
fif % Cd M ELHHZ—. BEMHEYE Sk
(Phytochelatins, PCs) /K7 325 4 )8 (LR
s, R AMF 390 T 2444 PCs Y&
I TARER Cd MOUREE , Wi T % E A 0
X P8 A 7 T 4 R 1) A 7 o o 2 T A Y
Al fE 5 H A R Y A A A A A AL 2R TR AR G
AMF o 3G i 5 e 25 4 R 220 O R
AR EEXS Pb AL E , [R5 = 40 i BE N POD 1
P, R FAY %2 Ph =L A AMF
{E E R R R A I 4G b 3 Cd AFE S H 2
RN 25 B /K SR UGS I B FR AN FE Ak, Hm T 4l
Bevh Cd I3, i Cd I REERR AR,

(4) FHFHH KR

Leung 251 51, Hefh AMF 3 b 1 Ji i iR i
Jir it ) A TR H v MR A BT As 118 IR A Bt 2 2 1
FR 22 o BRI R J&, WHoR & & B E 4 & hia
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A2 )5 Bk AME FLR A s A AR R R4 T 4347
EUG WoRfAAE 37 A2 RaRBE N, Hif 21 4>
PRI Y E . As JiasE IR 14 A5 (12 4k
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BRI 17 Ak, Hrp 134 B, 44T,
UL AMF BSR4 25 11 5T (1) 5 A2 e 5t s e i
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Fl Cu/ZnSOD FE[H I FRIKKF-, FEAIL CAT2 LA
7K, SRR AP AL, B S AR P i 32
fe 1. &JE#MiEE (Metallothionein, MT) S5 #E 4
JB 45 G R/ Ui B A R R A L R A, A
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trichocarpa (2B R SE , RIPAHYI 2 Zn.
Cd i E), HE e R ha A K IR £ kKT
—ERE FUUE THEYRIL .. s r R i hE
J1 AR AR T B T R R 5 R R
MsIRTL #il MSNRAMP1 fj5&ik, FE( Cd [mHb I
MR e S T RO
(5) B3 MR R HRAL S A ) A
AMF 38 23 4 22 50 WP TR J S0 28 A FL pH

Fr 53 A RO FRCEE W 0 45 ) 46 TR A TR 1) A
%, SN E AR A LI IR L AR
PEANRS B9, Wang 2515 B AMF i) LI 3
MBI+ HEESEESHIEEES (TS
FIFRIER) TGS (mRIEIGE) ik, £va
A Cd HREEIEIN 26.2% , X FhE FA ML T GEJE 14
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WM Tl Cu AT REAFAERC RN . Hu 4507
BRI AMF BEN T 7R B s RAREE pH, S8+
BETHREUA Cd WU/ 21%-38%, A XA
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R pH A B R e B A A A As P
A AMF (IR A ROAR ] 38 Ca 25578 As K
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D, WA AR Fe A1 AL Z5 5 As
BERN, S As B ZECNH EER As B
S M, KY-AME $hA: BRI E IR R A
MLER B 43 W, AHLRRAEIG I MES S E AR, b
AMF ST R wa B A HLRR & i, st TR
BT As ST, B4 T As i AR BRME Y
HA A 4 JRm AR 71, AMF 38 2 35 AR
PR - O TR 1) F B R R AIR L3 Cd A At
PE T AR AR ) Cd ARy e FR R 2,

(6) AR AF 32 [y 78

RIS 5 A K A T I s e i) 32 2
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TESZH R IT R, A LRRRMG]. bRt st BF
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AT LR Al WA W B T G S T AR R BRI i 2 1
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H AMF {2 YL B0 68 3 4F A7 6 A A= 4, gk
TR R,

6 RELERZ
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