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Research progress on arbuscular mycorrhizal fungi (AMF) in remediation of heavy metal contaminated soil

and enhancement of plant tolerance

MIAO Zhijia"***, MENG Xiangyuan', LI Shuyuan', MA Chao', LI Qing', AN Heluan', ZHAO Xin', ZHAO Zhirui">*

(1. College of Water Resources and Environment, Hebei GEO University, Shijiazhuang 050031, China; 2. Hebei Center for Ecological and
Environmental Geology Research, Hebei GEO University, Shijiazhuang 050031, China; 3. Hebei Province Collaborative Innovation Center
for Sustainable Utilization of Water Resources and Optimization of Industrial Structure, Hebei GEO University, Shijiazhuang 050031,
China; 4. Natural Resource Asset Capital Research Center, Hebei GEO University, Shijiazhuang 050031, China)

Abstract: Arbuscular mycorrhizal fungi (AMF) is beneficial soil fungi that coexist with most plants. The mycorrhizal system formed by
AMF and plants plays an important role in improving plant heavy metal tolerance and strengthening phytoremediation of heavy metal

pollution. To systematically examine the role of AMF in heavy metal—contaminated soil and its mechanism of enhancing plant tolerance, the
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application of AMF in plant growth and environmental management was reviewed and discussed, with emphasis on the effects of AMF on

heavy metal remediation. The mechanisms of enhanced plant tolerance to heavy metals (growth dilution and limited absorption, antioxidant

mechanism, chelating heavy metals mechanism, adsorption, and immobilization of heavy metals) were summarized to provide scientific and

theoretical support for the application of AMF in heavy metal-contaminated environment.

Keywords : soil; heavy metal; phytoremediation; arbuscular mycorrhizal fungi; tolerance mechanism
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5 AN LS YL AR, X BB AMF AT UGS R
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2002 4, Jamal 555 YR % IRAE Zn F1 Ni 15 Y 115 rp 43
Pl AMF R DA 5 R S AN i 50 B 4 8 W IRRICR
TG % T RHIF B XF T AMF 25 fife + 358 7 4 Ja 75 Yt
B SER

2 AMFXEERSHRLIENEES

AMF ZZfif - 3B & Jm 15 e ny iy N FE R
Wi 400 0) B 4 i A IR, {HL AMIF PP % 2 e &
MZ R4, BRI T AN [R5 A A S [F) H2 46 g 1Y)
YERZC R A —E, #1847 I4ER T AMF X}
4 BB K AT MBS RCR . — Ok,
AMF A] g 3 5 43 Ja 1 7 70 A ) AR 3 30 43, el 20 )
i EEA TR . E CAVEEE 400 mg- L7 5508 F 41
BFERD S T AMF , 25 4 PRI 8 42 T ) Skt Cd /Y
WS, AR Cd % L Cd WiiF BA 56 S B R A 2 3 Tt
(P<0.05) , Z2 i3 Cd % &t L iE B K B 2% B L (P<
0.05)"', Huang 2% 4 Ph/KF T (0,90.,900.3 000
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Table 1 Effects of AMF on remediation of heavy metal pollution

HEJR (EEREY) ki BB E= BTN
Heavy metal Host plant Culture Remediation effect Reference
Se ok Funneliformis mossea .Claroideoglomus — FERN2H 34T 3L Se 73T A 12.01% F1 11.30% , Se P\ 1 3E/4R [31]
etunicatum [ i i D s I v
Cd IKAE Rhizophagus intraradices ML 2 HRE R SR A S 2 (1) Cd 5 43 338 i 1.31 47540 1.24 [32]
5, b EF 4 Cd 75 A
Cd.Pb.Zn FAK(B73) Funneliformis mosseae it RRELE [33]
Cd S Glomus etunicatum .Glomus mosseae MR Cd 538 1 29%~30% , K 2% Cd 5 e 38 i 35% [34]
Cd EAL Glomus versiforme AN A R R BN 13.1% AR T & 45 R B [35]
18.7%
Pb.Cu.As Hg.Cr  JHEEME  Gigaspora margarita .Gigaspora gigantea . AR P4 )& ¥ 34 = , MRPR 1885 Pb .Cu  As Hg .Cri95R B8 [36]
Scutellospora calospora .Scutellospora I 11.32% .16.73% . 54.53% .52.33% .30.44%
pellucida Septoglomus deserticola .
Claroideoglomus claroideum {45 T8 77
Cd Fok Funneliformis mosseae oKl BB A HL R ER A Cd S A SRR 40% F45% , + [37]
A RS Cd 5 R 26%~43%
Pb.Cd.As BiE Glomus mosseae Pb HI CAEEAR AR Rt K, As E QISP L Rl K. AMF - [38]

X Pb Cd T As B RR 53318 20.73% .26.41% F12.64%
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(D-® are the five processes of AMF that enhance plant tolerance : (DHelping plants expand their root range ;@Promoting the process of plant nutrients ;3

Process of heavy metal adsorption by mycelium ; @The heavy metals are retained in the mycorrhizal symbiosis structure ; ®GRSP, organic acids , and other

substances change the morphology of heavy metals and reduced their bioavailability and toxicity

1 AMFIZEREEEYES BTG TEE (REFREEMEK)

Figure 1 Mechanism of AMF enhancing heavy metal resistance in host plants (revision after Chen et al®™)
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ZmNIP2; 1 ZmSultrl ; 3) B 23K , Se M\ 1 1 51| | K AR
RS R i8R SZ BI R o BR Se S, WA B K
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P 3 IR R0
3.2 EMHE
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b 58 pH, i 5 i b R R R AR o Cla-
roideoglomus etunicatum ¥ TR {7 Y& F K AT I 25 4E i AR
F oA LR , T RE AR pH K2 As 1R )47 3500 410
il KX As B, (EIZ R T Bk s B 25 75 B AH
S A5 R, ik B R A B R AMF BB (R R B AL
FROT A PLIR B S, AT 2 5 38 S AR Bs 3% pH, +
S b B A0S Ph % i B pH T e T e /b , B I8
T Pb A R REE FAE T . BRI R W], AMF
X HE IR AT LR 73 Wb ) 52 W ROCR I F A — 2, I e A
TR HSE i B D% % 8 AMF #2815 B 2R 1
A S AR 2 T A R

AMF i AT DL 53 P —Fomi gt K T 4 Ouie i) AR 2
F——Ek 2 45 2 A1 L 8 1 (Glomalina—related soil pro-
tein, GRSP) , &40 75 7 1] 22 FI 4 1 BE Hh ™), £ 7] 22 F
163 8 S ORI R I ATTRRYI . GRSP YA F
AL R LAY W TR 22 R TS Je 2, A B TR
o [ 7 A b - T 22 FE e ] 1 @R R ] AR OR
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Table 2 Results of AMF regulating gene expression of related transporters

= e . 5 AMF X 5L R ik
i CEURNNE 5 B e mEW 5%
Culture Host plant Heavy metal rafl?qu o HEEArERLE Function Effects of AMF on  Reference
Yy gene expression
Glomus W% b Ri-T DNA Zn M T s GintZnTI Hihth Zn ¥B E 11 (GiZnT1) K¢ (W] [96]
intraradices AR (CDF)F% BT PN 1) Zon B 5 s A HE
Funneliformis 5 -F2 (Festuca Ni ABCHHZTE T ABC Y518 TR LR 4t ABC L2 E T, T2 fER RS [97]
mosseae arundinacea) F MM R, e R b S A
W B HE R R < i 52
Gigaspora Y (Astragalus Zn ZIPKGEA AsZIP2 il Zn $5i8 5 T [98]
margarita sinicus)
Glomus Ly Cd A SRBTPEA S E Nramp5 it Cd 2 1, Wk s T T [99]
versiforme I 248 2 1 % Cd
(NRAMP) K%
Rhizophagus — BAA% (Populus Zn .Cd MT2 i 5% PtMT2b WISGEME N G — RS FERP R [100]
irregularis trichocarpa ) EEEET s
Rhizophagus IR Cd A ARPUPEACE Nramp5 11 5% Mn £l Cd NAMT G2 i3] 7EAR gk [95]
intraradices I 24 i A 1 AR A
(NRAMP) 5%
Rhizophagus KAE Cd HMA3 1 CdiFEs PIRAIEABoa T ERPR R [95]
intraradices AL
Rhizophagus M 1 (Sophora As SvPCS1 GHAEYEGR EGEEE, AR [101]
intraradices  viciifolia Hance.) IF¥e 4 RS B o eIk B
Funneliformis Y32 5 (Lolium Ni RIS AT B Lptipl 51 Lptipl ;2 #RES/KGEIEEE 1, KRNy ZERVRT 2R [102]
Jasciculatum perenne L..) (TIPs) W 5 % F AR R Y 1S e ik Bl
Glomus 8 F14% (Populus Cu.Zn ZIHEE  PaMTI PaMT2. S BHEN, I LIGEA E4 A [103]
mosseae alba) PaMT3 JB B A BT AR R R

BB . anfal fig o R Bl , 2 B R i
L FIHE A5

(2) AMF 3 568 45 ) 76 5 4 ) a8 T 1) it 2 AL 2
o2 2% HAZ 81 22 TR R AR, AR S0 S ) P 25
BT HAUAE LR R X F 07 T B AT 7 4k
S, WA, PRV R EA BT AMFIBE + 5
SEALFLEGE . AR H AT A — el 7
Y25 6 B 43 T AME BIAPE FAALED  (ER AMF & & H
PEVE TR 3R N bk A, SR ERRS S 4
WAHEES IR [ L AT AT RS A TR ST

(3) H T, AMF 19 2 448 35 DA B Tl Ak 17 5910 14 il
B AT 2 IR R A DR 14 AR X L, i DR 3K — i) R0 2 %o B
BB HARAE PR ) & AR Bl

S 3k

[1]LIU L W, LI W, SONG W P, et al. Remediation techniques for heavy
metal—contaminated soils: Principles and applicability|J]. Science of the
Total Environment, 2018, 633(15) :206-219.

[2] NIROUMAND H, NAZIR R, KASSIM K A. The performance of electro-
chemical remediation technologies in soil mechanics[J]. International

Journal of Electrochemical Science, 2012, 7(6) :5708-5715.

1% WHART]

(3] AREEMA, dafe, XUt 45 . FR A I H 5 4 Vs Y B iR S iR i i
AR R P R B B T, 2018, 33(2) £ 153-159. XU J M,
MENG J, LIU X M, et al. Control of heavy metal pollution in farmland
of China in terms of food security[J]. Bulletin of Chinese Academy of Sci-
ences, 2018, 33(2) :153-159.

[4] 57RO, ZEBRAE, TN, S RN L IX 52 H -3 RN R S E 4 )
15 YR ST D], AR ASFREEAR, 2016, 25(6) : 10321038, QTANG
C K, QIN'Y H, DING Y H, et al. Pollution characteristics of heavy met-
als in soils and wheat grains in Xuzhou arealJ]. Ecology and Environ-
mental Sciences, 2016, 25(6) : 1032-1038.

[5] i, BRI, SRV, 45 . - e 4 Vs Y B A H R BIF T i i
] A BB 54 K, 2014, 37(120) : 213-222.  CHUAN L M,
ZHAO T K, ZHENG H G, et al. Research advances in remediation of
heavy metal contaminated soils[J]. Environmental Science & Technolo-
gy, 2014,37(120) :213-222.

[6] AN Q, AAMIR M, MAO S, et al. Current pollution status, spatial fea-
tures, and health risks of legacy and emerging halogenated flame retar-
dants in agricultural soils across China[J]. Science of the Total Environ-
ment, 2021, 803 : 150043.

[7) AELHSRE, 5 2%, W, 5 BRI ITR e L3 G Jm s i 1B
SPGB AL BB S R (D). e AR B 4R, 2015, 51(10)
1538-1548. ZU Y Q, LU X, ZHAN F D, et al. A review on roles and

mechanisms of arbuscular mycorrhizal fungi in phytoremediation of



P, 26 MBI AR S 1 5 T 05 e S B B R T I S0 259

heavy metals—polluted soils[J]. Plant Physiology Journal,2015,51(10) :
1538-1548.

[8] KUALIF: . DAL AR T T X /A T 5 A 300 7 % LA 35 3 R 52 i
FEID]. MRS B R IEE Tl K%, 2015, LIU S Y. The research on
response to cadmium stress and transport process of rice under infec-
tion of arbuscular mycorrhizal fungi[D]. Harbin: Harbin Institute of
Technology, 2015.

[9] AT £T.75 . IS TR MR B BRI 3 ot Cd it s 2 G 2 B R 4Ry
AERFE ML) Adb 4Ol B, 2020, 45(3) :70-75. HE H J. Effects
of arbuscular mycorrhizal fungi inoculation on the growth, physiology
and accumulation characteristics of celery (Apium graveolens 1. ) un-
der cadmium stress[J]. Journal of Northeast Agricultural Sciences,
2020, 45(3) :70-75.

[10] FRANK A B. Ueber die auf wurzelsymbiose beruhende ernahrung
gewisser baume durch unterirdische pilze[J]. Berichte Der Deutschen
Botanischen Gesellschaft, 1885, 3:128-145.

[11] GANUGI P, MASONI A, PIETRAMELLARA G, et al. A review of
studies from the last twenty years on plant —arbuscular mycorrhizal
fungi associations and their uses for wheat crops[J]. Agronomy, 2019,
9(12):840.

[12] SBFEL, K B MR B B H D FHEOR M. JE 8t ARl i
#1, 1989.  GUO X Z, BI G C. Forest mycorrhiza and its application
technology[M]. Beijing: Chinese Forestry Publishing House, 1989.

(131 XU HE, BRI . TR (M. 60 B2 R, 2007, LIU R,
CHEN Y L. Mycorrhizology[M]. Beijing: Science Press, 2007.

[14] BAHRAMABADI E Z, NAZOORI F. Effects of mycorrhizal symbiosis
and drying methods on physiological traits of carthamus tinctorius
flowers[J]. Journal of Medicinal Plants and By—Products, 2022, 11: 1~
10.

[15] CHANDRA P, SINGH A, PRAJAPAT K, et al. Native arbuscular my-
corrhizal fungi improve growth, biomass yield, and phosphorus nutri-
tion of sorghum in saline and sodic soils of the semi—arid region[]J].
Environmental and Experimental Botany, 2022, 201:104982.

[16] SCHREINER R, TIAN T. Performance of taxonomically diverse na-
tive isolates of mycorrhizal fungi in symbiosis with young grapevine
[J]. HortScience, 2022, 57(9) : 1135-1144.

[17] JERBI M, LABIDI S, LARUELLE F, et al. Mycorrhizal biofertilization
improves grain yield and quality of hulless Barley ( Hordeum vulgare
ssp. nudum L.) under water stress conditions[J]. Journal of Cereal Sci-
ence, 2022, 104:103436.

[18]BOUTASKNIT A, BASLAM M, MEDDICH A, et al. Assemblage of in-
digenous arbuscular mycorrhizal fungi and green waste compost en-
hance drought stress tolerance in carob (Ceratonia siliqua L.) trees[]J].
Scientific Reports, 2021, 11(1):22835.

[19] F kb, #RAE 5t AR EAL Y18 52 o 4w 7 Y LI P A4
U] A &2, 2007, 27(2) : 793-801.  WANG F Y, LIN X G. Role
of abuscular mycorrhizae in phytoremediation of heavy metal-contam-
inated soils[]]. Acta Ecologica Sinica, 2007, 27(2):793-801.

[20] SELVAKUMAR G, SHAGOL C C, KIM K, et al. Spores associated
bacteria regulates maize root K’/Na" ion homeostasis to promote salini-

ty tolerance during arbuscular mycorrhizal symbiosis[J]. BMC Plant

Biology, 2018, 18(1):109.

[21] TIAN H, DRIJBER R, ZHANG J, et al. Impact of long—term nitrogen
fertilization and rotation with soybean on the diversity and phosphorus
metabolism of indigenous arbuscular mycorrhizal fungi within the
roots of maize (Zea mays L.)[J]. Agriculture, Ecosystems and Environ-
ment, 2013, 164:53-61.

[22] BRI, TR, Eb, 55 . S A0 B R M TR AR EL I AR AT
P A A B K A I R SRR AT S AL b e 4, 2022, 53
(4):890-896. BIY L, ZHANG J Y, WANG K, et al. Nitrogen con-
version rate of maize after inoculation with arbuscular mycorrhizal fun-
gi and dark septate endophytes[J]. Chinese Journal of Soil Science,
2022, 53(4) :890-896.

[23] S8, BRI, RACHE, % AMF 8RBT K A A4 K S50 8
Fr W B Rl 8 58 A (¥ 52 R (1], =l B, 2022, 39(3) $ 465-473.
WU H, CHEN B D, ZHU Y G, et al. Effects of arbuscular mycorrhizal
fungi on growth parameters, nutrient absorption, and Interspecific
competition of herbs on iron tailings[J]. Prataculiural Science, 2022,
39(3) :465-473.

[24] Wi, BOAE . ISR ZC IR AR 00 F AT SR 0 e (). Bk At
°#,2021,38(6):1097-1109. CHEN T, DUAN T Y. Research prog-
ress of arbuscular mycorrhizal fungi affecting plant diseases[J]. Prata-
cultural Science, 2021, 38(6):1097-1109.

[25] 5K IMI, FEBEME, B3O, T 5RE T AME X2 A 2
ARG S FEAE B E I 1], £ A5 2544H, 2016, 36(21) : 6850-6862.
ZHANG S S, KANG HM, YANG W Z, et al. Effects of arbuscular my-
corrhizal fungi on growth and photosynthetic characteristics of Nyssa
yunnanensis seedlings under drought stress[J]. Acta Ecologica Sinica,
2016, 36(21) :6850-6862.

[26] 2%, FLUA, ARAMS, 45 . B AR B &5 1 A BT A L
BT84 A2, 2012, 32(22) : 7169-7176.  LIT, DU J,
HAO Z P, et al. Molecular basis for enhancement of plant drought tol-
erance by arbuscular mycorrhizal symbiosis: A mini—review[J]. Acta
Ecologica Sinica, 2012, 32(22):7169-7176.

[27] Wi, SR, BOREAR, 45 . DA B AR I B AR A B0 M U
[J]. Bl RF22, 2021, 38(4) :640-653. YU Z, LIANG K N, HUANG
G H, et al. Research progress on the mechanisms of arbuscular mycor-
rhizal fungi on drought resistance in plants[J]. Pratacultural Science,
2021, 38(4) :640-653.

(28] TR, BEH, AT A8, 55 . SR FC X R A TR 2 AR A A
Je Tt 6 A R AR R W ()], AR AR5 A% AR, 2014, 33(12) : 3395
3402. XU Y,FANY, YU Y H, et al. Effects of arbuscular mycorrhi-
zal fungus on the growth and physiological salt tolerance parameters
of Carthamus tinctorius seedlings under salt stress[J]. Chinese Journal
of Ecology 2014, 33(12) :3395-3402.

[29] DERAM A, LANGUEREAU F, HALUWYN C V. Mycorrhizal and en-
dophytic fungal colonization in Arrhenatherum elatius L. roots accord-
ing to the soil contamination in heavy metals[]]. Soil and Sediment
Contamination : An International Journal, 2011,20(1):114-127.

[30] JAMAL A, AYUB N, USMAN M, et al. Arbuscular mycorrhizal fungi
enhance zinc and nickel uptake from contaminated soil by soybean

and lentil[J]. International Journal of Phytoremediation, 2002, 4(3) :

WWW.Qes.019.CN




NEG2°

VRETRR Rt Y F 2B 28

205-221.

[31] SUN C Y, YANG Y S, ZEESHAN M, et al. Arbuscular mycorrhizal
fungi reverse selenium stress in Zea mays seedlings by improving
plant and soil characteristics[]J]. Ecotoxicology and Environmental
Safety, 2021, 228 :113000.

[32] GAOM Y, CHEN X W, HUANG W X, et al. Cell wall modification in-
duced by an arbuscular mycorrhizal fungus enhanced cadmium fixa-
tion in rice root[J]. Journal of Hazardous Materials, 2021, 416:
125894.

[33]1 YIN Z P, ZHANG Y, HU N, et al. Differential responses of 23 maize
cultivar seedlings to an arbuscular mycorrhizal fungus when grown in
a metal—polluted soil[J]. Science of the Total Environment, 2021, 789:
148015.

[34] HAN Y, ZVEUSHE O K, DONG F, et al. Unraveling the effects of ar-
buscular mycorrhizal fungi on cadmium uptake and detoxification
mechanisms in perennial ryegrass (Lolium perenne)[J]. Science of the
Total Environment, 2021, 798 :149222.

[35S]LEI L L, ZHU Q Y, XU P X, et al. The intercropping and arbuscular
mycorrhizal fungus decrease Cd accumulation in upland rice and im-
prove phytoremediation of Cd—contaminated soil by Sphagneticola ca-
lendulacea (1.) Pruski[J]. Journal of Environmental Management,
2021,298:113516.

[36] BRAESL, XS, £ 1, 45 . L B L GO0 R B AR AR s L e J5TAR
AR ZE v o 4 Jm LA AYSE WA [T]. RARTWIE 58 5 01 %, 2022, 34
(8):1374-1384. LANG J Q, ZHAO S X, WANG D, et al. Effects of
arbuscular mycorrhizal fungi on heavy metals in rhizosphere soil, fi-
brous roots and rhizomes of Paris polyphylla var. yunnanensis|J]. Nat-
ural Product Research and Development, 2022, 34(8) : 1374—1384.

(371 575, JRHk, I, 45 . AL TRAR ST 15 Yt - Cd itk ok
B 25 AR 5% (0. A%l R 85 B 2 22 4L 2022, 41(9) & 1936-1943.
ZHANG J X, SU L, JIANG M, et al. Effect of AMF on Cd leaching
loss in contaminated soil and its preliminary mechanisml[J]. Journal of
Agro—Environment Science, 2022, 41(9) : 1936-1943.

[38] CHATURVEDI R, FAVAS P J C, PRATAS J, et al. Harnessing Pisum
sativum—Glomus mosseae symbiosis for phytoremediation of soil con-
taminated with lead, cadmium, and arsenic[J]. International Journal
of Phytoremediation, 2020, 23(3) :279-290.

[39] HUANG L, CHEN D, ZHANG H, et al. Funneliformis mosseae en-
hances root development and Pb phytostabilization in Robinia pseudo-
acacia in Pb—contaminated soil[]]. Frontiers in Microbiology, 2019,
10:2591.

[40] &, Vi it PMHE I, 55 . DA TR AR B TR 0 5848 T I L e e

Iu%qe 9 52 W (D). A<l PR 55 B2 274l 2012, 31(1) : 99-105.
HUANG J, LING W T, SUN Y D, et al. Impacts of arbuscular mycor-
rhizal fungi inoculation on the uptake of cadmium and zinc by alfalfa
in contaminated soil[J]. Journal of Agro—Environment Science, 2012,
31(1):99-105.

[41] DIETTERIC L H, GONNEAU C, CASPER B B. Arbuscular mycorrhi-
zal colonization has little consequence for plant heavy metal uptake in
contaminated field soils[J]. Ecological Application, 2017, 27 (6) :
1862-1875.

1% WHART]

[42] CITTERIO S, PRATO N, FUMAGALLI P, et al. The arbuscular my-
corrhizal fungus Glomus mosseae induces growth and metal accumula-
tion changes in Cannabis sativa 1..[]]. Chemosphere, 2005, 59(1) : 21—
29.

[43] CHEN L H, HU X W, YANG W Q, et al. The effects of arbuscular my-
corrhizal fungi on sex—specific responses to Pb pollution in Populus
cathayanallJ]. Ecotoxicology and Environmental Safety, 2015, 113:
460-468.

[44] Bt . ARG B AR (AM) X B 43
b K2, 2004,
lar mycorrhizae(AM) in heavy metals tolerance[D]. Chongqing : South-

& 15 Y Z AILEEESE (D] FHK : P

SHEN H. Studies on the mechanisms of arbuseu-

west Agricultural University, 2004.

[45] LEBEAU T, BRUAD A, JEZEQUEL K. Performance of bioaugmenta-
tion. Assisted phytoextraction applied to metal contaminated soils: A
review[J]. Environmental Pollution, 2008, 153 :497-522.

[46] YANG Y, HAN X, LIANG Y, et al. The combined effects of arbuscu-
lar mycorrhizal fungi (AMF) and lead (Ph)stress on Pb accumulation,
plant growth parameters, photosynthesis, and antioxidant enzymes in-
robinia Pseudoacacia L.[J]. PLoS One, 2015, 10(12) :e0145726.

[47] CHRISTIE P, LI X L, CHEN B D. Arbuscular mycorrhiza can depress
translocation of zinc to shoots of host plants in soils moderately pollut-
ed with zinc[J]. Plant and Soil, 2004, 261(1/2) :209-217.

[48] CHEN B D, LI X L, TAO H Q, et al. The role of arbuscular mycorrhi-
za in zinc uptake by red clover growing in a calcareous soil spiked
with various quantities of zinc[J]. Chemosphere, 2003, 50 (6) : 839-
846.

[49] TRIELT. . S T A L A 7 AN ] 1 3 PR 058 B - A3 B MR D],
FRE A4l K2, 2003, ZHANG X H. The adaptability of arbu-
seular myeorrhizal fungi to different soil environmental factors[D]. Ba-
oding: Hebei Agricultural University, 2003.

[50] 5K 25, Fo=F, Fh T, &5 BAE B AR PR DR AR P 5 L e AL
PR A SR 52 AL 7R 22, 2016(13) £ 172-177. ZHANG
X, PEI Z P, SUN G, et al. Correlation between physicochemical prop-
erties of rhizosphere soil and arbuscula mycorrhizae fungi in Medica-
go sativa L. grassland[J]. Northern Horticulture, 2016(13) :172-177.

[S1]ELAHFT, TG, ARG . AR (AM) B %07 Lm0t
[J1. ZRAEARAL R %244, 2009, 37(6) :92-96. WEN L L, LIANG S
J, SONG G. Advance of cultural methods for arbuscular mycorrhizal
fungi[J]. Journal ofNortheast Forestry University, 2009, 37(6):92-96.

[52] AR, BRAr, FEIWEHE, 55 . AL E R B A R4, A
YB3 5 IR RS 4, 2020, 26 (12) : 2127-2136.  LIANG L Z,
CHEN X, DONG X Y, et al. Analysis of patents on arbuscular mycor-
rhizal fungi[J]]. Journal of Plant Nutrition and Fertilizers, 2020, 26
(12):2127-2136.

[53] SELVAKUMAR G, SHAGOL C, KANG Y, et al. Arbuscular mycorrhi-
zal fungi spore propagation using single spore as starter inoculum and
a plant host[J]. Journal of Applied Microbiology, 2018, 124: 1556 —
1565.

[54] BRERA, T, RRAEME, 55 . MR B AR E0 0 N FHHOR B ST 0 0. B
JHAEA =41, 2019, 30(3) : 1035-1046.  CHEN B D, YU M, HAO Z

P, et al. Research progress in arbuscular mycorrhizal technology|J].



P, 26 MBI AR S 1 5 T 05 e S B B R T I S0 261

Chinese Journal of Applied Ecology, 2019, 30(3) : 1035-1046.

[55] NAKMEE P S, TECHAPINYAWAT S, NGAMPRASIT S. Compara-
tive potentials of native arbuscular mycorrhizal fungi to improve nutri-
ent uptake and biomass of Sorghum bicolor Linn.[J]. Agricultural and
Natural Resources, 2016, 50(3):173-178.

[56] BONA E, CANTAMESSA S, MASSA N, et al. Arbuscular mycorrhizal
fungi and plant growth—promoting pseudomonads improve yield, quali-
ty and nutritional value of tomato: A field study[J]. Mycorrhiza, 2016,
27:1-11.

[S7] SONG Z H, BI Y L, ZHANG ]J. Arbuscular mycorrhizal fungi promote
the growth of plants in the mining associated clay[J]. Scientific Re-
ports, 2020, 10(1):1-9.

[58] BRir4, TKR3E, (AR, 55 IR S LI - R R E 4
J T A e AL A0 R A AR A AL A A ZS N[, S, 2019,
38(1):1-25. CHEN B D, ZHANG X, WU S L, et al. The role of ar-
buscular mycorrhizal fungi in heavy metal translocation, transforma-
tion and accumulation in the soil-plant continuum : Underlying mech-
anisms and ecological implications[J]|. Rock and Mineral Analysis,
2019,38(1):1-25.

[59] SMITH S E, SMITH F A. Roles of arbuscular mycorrhizas in plant nu-
trition and growth: New paradigms from cellular to ecosystem scales
[J]. Annual Review of Plant Biology, 2011, 62(1) :227-250.

[60] ALLEN M F. Linking water and nutrients through the vadose zone: A
fungal interface between the soil and plant systems[]J]. Journal of Arid
Land, 2011, 3:155-163.

[61] ZHANG F G, LIU M H, LI Y, et al. Effects of arbuscular mycorrhizal
fungi, biochar and cadmium on the yield and element uptake of Medi-
cago satival]]. Science of the Total Environment, 2019, 655: 1150—
1158.

[62] SUDOVA R, VOSATKA M. Differences in the effects of three arbus-
cular mycorrhizal fungal strains on P and Pb accumulation by maize
plants[J]. Plant and Soil, 2007, 296(1/2) : 77-83.

[63] HOLFORD, CR L. Soil phosphorus: Its measurement, and its uptake
by plants[J]. Australian Journal of Soil Research, 1997, 35(2) : 227—
239.

[64] WIPF D, KRAJINSKI F, TUINEN D, et al. Trading on the arbuscular
mycorrhiza market: From arbuscules to common mycorrhizal networks
[J]. New Phytologist, 2019, 223(3) : 1127-1142.

[65] VAB DER HEIJDEN M G A, BARDGETT R D, VAN STRAALEN N
M. The unseen majority: Soil microbes as drivers of plant diversity
and productivity in terrestrial ecosystems|J]. Ecology Leiters, 2008,
11:296-310.

[66] RTIAZ M, KAMRAN M, FANG Y W, et al. Arbuscular mycorrhizal
fungi—induced mitigation of heavy metal phytotoxicity in metal con-
taminated soils: A critical review[]]. Journal of Hazardous Materials,
2021, 402:123919.

[67] GAO X P, GUO H H, ZHANG Q, et al. Arbuscular mycorrhizal fungi
(AMF) enhanced the growth, yield, fiber quality and phosphorus reg-
ulation in upland cotton( Gossypium hirsutum L.)[]]. Scientific Reports,
2020, 10(1) :2084.

[68] CHEN B D, ZHU Y G, DUAN J, et al. Effects of the arbuscular mycor-

rhizal fungus Glomus mosseae on growth and metal uptake by four
plant species in copper mine tailings[J]. Environmental Pollution,
2007, 147(2) :374-380.

[69] DONG Y, ZHU Y G, SMITH F A, et al. Arbuscular mycorrhiza en-
hanced arsenic resistance of both white clover (Trifolium repens
Linn.) and ryegrass( Lolium perenne 1..) plants in an arsenic—contami-
nated soil[J]. Environmental Pollution, 2008, 155(1):174-181.

[70] CHEN B D, XIAO X Y, ZHU Y G, et al. The arbuscular mycorrhizal
fungus Glomus mosseae gives contradictory effects on phosphorus and
arsenic acquisition by Medicago sativa Linn.[]J]. Science of the Total
Environment, 2007, 379(2/3) :226-234.

[71] AE A . AR DR AR T RO K R 2 A SR AR B 2R
ARAGFEMAD]. Jb st f E IR BRI TR, 2021 LEX R. Effects
of arbuscular mycorrhizal fungi on growth physiological characteris-
tics and mercury uptake and accumulation in rice under mercury
stress[D]. Beijing: Chinese Research Academy of Environmental Sci-
ences, 2021.

[72] JANSA J, GRYNDLLER M. Biotic environment of the arbuscular my-
corrhizal fungi in soil[M]//Arbuscular Mycorrhizas: Physiology and
Function. Dordrecht : Springer Netherlands, 2010:209-236.

[73] FEMPR, EVEESR . LR AL SRR 4 i A B 1 SR R )], A
YA A 25 4, 2010, 34(6) :678-686.  YUAN L H, YAN G Q. Rhizo-
spheric soil of seedlings of Elaeagnus mollis colonized by arbuscular
mycorrhizal fungi[J]. Chinese Journal of Plant Ecology, 2010, 34(6) :
678-686.

[74] TAMAYO E, GOMEZ-GALLEGO T, AZCON-AGUILAR C, et al.
Genome—wide analysis of copper, iron and zinc transporters in the ar-
buscular mycorrhizal fungus Rhizophagus irregularis|]|. Frontiers in
Plant Science, 2014, 5:547.

[75] HILDEBRANDT U, REGVAR M, BOTHE H. Arbuscular mycorrhiza
and heavy metal tolerance[J]. Phytochemistry, 2007, 68(1) : 139-146.

[76] CHEN X W, LI H, CHAN W F, et al. Arsenite transporters expression
in rice (Oryza sativa 1..) associated with arbuscular mycorrhizal fungi
(AMF) colonization under different levels of arsenite stress[J]. Che-
mosphere, 2012, 89:1248-1254.

[77] UENO D, YAMAJI N, KOMO 1, et al. Gene limiting cadmium accu-
mulation in rice[]]. National Academy of Sciences, 2010, 107 (38) :
16500-16505.

[78] GONG X, TIAN D Q. Study on the effect mechanism of Arbuscular
Mycorrhiza on the absorption of heavy metal elements in soil by plants
[J]. I0P Conference Series: Earth and Environmental Science, 2019,
267(5):52064.

[79] 4 Eo% . ML AR FLER (AME) 32 A P18 52+ 42 5 42 ) Ph 5
HYFEIBLIEID]. #  PALAMABHE ¥, 2015, YANG Y R. The
mechanisms of arbuscular mycorrhizal fungi (AMF) in improving phy-
toremediation efficiency of lead contiminated soil[D]. Yangling : North-
west A&F University, 2015.

[80] BRPRAS, KT, sk, 45 . BAR 008 o 4 i PEATL A F 5 kS [,
PR 45 Rl 27, 2015, 36 (3) : 1123-1132. CHEN B D, SUN Y Q,
ZHANG X, et al. Underlying mechanisms of the heavy metal toler-

ance of mycorrhizal fungi[J]. Environmental Science, 2015, 36 (3) :

WWW.Qes.019.CN




NEG2*2

VRETRR Rt Y F 2B 28

1123-1132.

[81] ik, #{d5E, 213, % PR A PR X LR & w417 0
AW RN R SE I OF SRR, AP 2%, 2022, 39(3) : 103~
106. ZHOU S, YANG J H, YAN S W, et al. Research progress on
the effects of rhizosphere organic acids on the chemical behavior and
bioavailability of heavy metals in soil[J]. Journal of Biology, 2022, 39
(3):103-106.

[82] T4 3, MRIZ, W07, 45 . s AbA W M8 52 T 43 ) 5 e L 301 S s %
HLA (). 4 4 H A8 4z, 2019, 25 (1) : 120-130.  YUAN J W,
CHEN ], CHEN F, et al. The augmentation strategies and mecha-
nisms in the phytoremediation of heavy metal — contaminated soil[J].
Biotechnology Bulletin, 2019, 25(1) : 120-130.

[83] X T°T7 . Ce FLTA YL T K MR A B As 1Y 22 S HE L IR 50
[D]. B35 . T P4 K2%,2019. ZHAO N N. Differential mechanisms of
As uptake by maize and Pteris vittata L. under Ce fungi colonization
[D]. Nanning: Guangxi University, 2019.

[84] 5K AR . AL B AR ZT R X Ph W38 R AR A KRR SR R A LR
SRR [D]. B0« PHALAMABHE R A%, 2020 ZHANG H J. Ef-
fects of arbuscular mycorrhizal fungi on the growth characteristics and
root organic acid secretion of Robinia pseudoacacia under Ph stress
[D]. Yangling: Northwest A&F University, 2020.

[85] PURIN S, RILLIG M C. The arbuscular mycorrhizal fungal protein
glomalin: Limitations, progress, and a new hypothesis for its function
[1]. Pedobiologia, 2007, 51(2) :123-130.

[86] BHANTANA P, RANA M S, SUN X C, et al. Arbuscular mycorrhizal
fungi and its major role in plant growth, zinc nutrition, phosphorous
regulation and phytoremediation[J]. Symbiosis, 2021, 84(1) : 19-37.

[87] GONZALEZ-CHAVEZ M C, CARRILLO-GONZALEZ R, WRIGHT
S F, et al. The role of glomalin, a protein produced by arbuscular my-
corrhizal fungi, in sequestering potentially toxic elements[J]. Environ-
mental Pollution, 2004, 130(3) :317-323.

[88] WANG Q, MEID G, CHEN ] Y, et al. Sequestration of heavy metal by
glomalin-related soil protein: Implication for water quality improve-
ment in mangrove wetlands[J]. Water Research, 2018, 148:142-152.

[89] AN . DAY A AL L 4 (AMF) Xt 0 B2 475 (Pb) BE 7 #9 52 [D]. 4%
P A R MRRFEE K 2%, 2017. HUANG L. Effects of arbuscular
mycorrhizal fungus on lead (Pb) tolerrance of Robinia pseudoacacia
[D]. Yangling: Northwest A&F University, 2017.

[90] FRARAC, ARIERR, ARAKCE . DA TR 0 TRT T 22 (R B 2 4 s A g
FeAHE] B #2741, 2005, 24(2) :283-291. CHEN B D, LIX L,
ZHU Y G. Characters of metal adsorption by AM fungi mycelium(J].
Mycosystema, 2005, 24(2) :293-291.

[91] 25, Kz AR, BRI, 5 ABTR IR IT -3 A R e R
150 LA R B rwE s ] BUAE T, 2020, 40(5) 1 14-18.
LIX R, MI'Y D, WEI Y, et al. Research progress on applications of
arbuscular mycorrhizal fungi—plant symbiotic system in remediation
of heavy metals contaminated soil[J]. Modern Chemical Industry,
2020, 40(5) : 14-18.

[92] GONZALEZ-GUERRERO M, BENABDELLAH K, VALDERAS A,
et al. GintABCI encodes a putative ABC transporter of the MRP sub-

1% WHART]

family induced by Cu, Cd, and oxidative stress in Glomus intraradices
[J]. Mycorrhiza, 2009, 20(2) : 137-146.

[93] MIYADATE H, ADACHI S, HIRAIZUMI A, et al. OsHMA3, a P1B-
type of ATPase affects root—to—shoot cadmium translocation in rice by
mediating efflux into vacuoles[J]. New Phytologist, 2011, 189 (1) :
190-199.

[94] MILNER M J, SEAMON J, CRAFT E, et al. Transport properties of
members of the ZIP family in plants and their role in Zn and Mn ho-
meostasis[]]. Journal of Experimental Botany, 2013, 64(1):369-381.

[95] CHEN X W, WU L, LUO N, et al. Arbuscular mycorrhizal fungi and
the associated bacterial community influence the uptake of cadmium
in rice[J]. Geoderma, 2019, 337:749-757.

[96] GONZALEZ-GUERRERO M, AZCON-AGUILAR C, MOOENY M,
et al. Characterization of a Glomus intraradices gene encoding a puta-
tive Zn transporter of the cation diffusion facilitator family[J]. Fungal
Genetics and Biology, 2005, 42(2) : 130-140.

[97] SHABANI L, SABZALIAN M R, MOSTAFAVI POUR S. Arbuscular
mycorrhiza affects nickel translocation and expression of ABC trans-
porter and metallothionein genes in Festuca arundinacealJ]. Mycorrhi-
za, 2015, 26(1) : 67-76.

(98] W, BT 22, JEIE T, 55 . B R AR I A B A s R Ak
B AsZIP2 Wy FE e 5 Feak AR (], JE B 20 2= 5 0 A2, 2016, 35
(3):610-621. HAN Y C, XIE X A, FAN X N, et al. Cloning and ex-
pression regulation of a ZIP family of transporter gene AsZIP2 in ar-
buscular mycorrhizal roots of Astragalus sinicus[J]. Genomics and Ap-
plied Biology, 2016, 35(3) :610-621.

[99]1 ZHU Q Y, XU P X, LEI L L, et al. Transcriptome analysis reveals de-
creased accumulation and toxicity of Cd in upland rice inoculated
with arbuscular mycorrhizal fungi[J]. Applied Soil Ecology, 2022, 177 :
104501.

[100] DE OLIVEIRA V H, ULLAH I, DUNWELL J M, et al. Mycorrhizal

symbiosis induces divergent patterns of transport and partitioning of
Cd and Zn in Populus trichocarpall]. Environmental and Experimen-
tal Botany, 2020, 171:103925.

[101] ZHANG Q M, GONG M G, XU S S, et al. Rhizophagus intraradices
improves arsenic tolerance in Sophora victifolia Hance[J]. Annals of
Microbiology, 2022, 72(1) : 1-14.

[102] BAHMANI-BABANARI L, MIRZAHOSSEINI Z, SHABANI L, et
al. Effect of arbuscular mycorrhizal fungus, Funneliformis fascicula-
tum, on detoxification of nickel and expression of TIP genes in Loli-
um perenne L.[]]. Biologia, 2021, 76(6) : 1675-1683.

[103] CICATELLI A, TORRIGIANI P, TODESCHINI V, et al. Arbuscular
mycorrhizal fungi as a tool to ameliorate the phytoremediation poten-
tial of poplar: Biochemical and molecular aspects[J]. IForest—Biogeo-
sciences and Forestry, 2014, 7(5):333-341.

[104] MOTAHARPOOR Z, TAHERI H, NADIAN H. Rhizophagus irregu-
laris modulates cadmium uptake, metal transporter, and chelator
gene expression in Medicago sativa[l]]. Mycorrhiza, 2019, 29 (4) :
389-395.

(TS - 2



