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Effects of Arbuscular Mycorrhizal Fungi on the Growth and Ce Uptake of Maize

Grown in Ce-contaminated Soils
WANG Fang', GUO Wei' ", MA Peng-kun', PAN Liang', ZHANG Jun®

(1. College of Environment and Resources, Inner Mongolia University, Hohhot 010021, China; 2. College of Chemistry and Chemical
Engineering, Inner Mongolia University, Hohhot 010021, China)

Abstract: A greenhouse pot experiment was conducted to investigate the effects of arbuscular mycorrhizal ( AM) fungi Glomus
aggregatum (GA) and Funneliformis mosseae (FM) on AM colonization rate, biomass, nutrient uptake, C: N: P stoichiometric and Ce
uptake and transport by maize ( Zea mays L. ) grown in soils with different levels of Ce-contaminated (100, 500 and 1 000 mg-kg™").
The aim was to provide basic data and technical support for the treatment of soils contaminated by rare earth elements. The results
indicated that symbiotic associations were successfully established between the two isolates and maize, and the average AM colonization
rate ranged from 7. 12% to 74.47% . The increasing concentration of Ce in soils significantly decreased the mycorrhizal colonization
rate, biomass, nutrition contents and transport rate of Ce from root to shoot of maize, and significantly increased C: P and N: P ratios
and Ce contents in shoot and root of maize. Both AM fungi inoculations promoted the growth of maize, but the promoting role of FM was
more significant than that of GA in severe Ce-contaminated soils. There were no significant differences in the growth of maize between
two AM fungi in mild and moderate Ce-contaminated soils. Inoculation with AM fungi significantly improved nutritional status of maize
by increasing nutrient uptake and decreasing C: N: P ratios. GA was more efficient than FM in enhancing nutrient uptake in mild and
moderate Ce-contaminated soils, while FM was more efficient in severe Ce-contaminated soils. Moreover, inoculation with AM fungi
significantly increased Ce contents of shoot and root in mild Ce-contaminated soils, but had no significant effect on Ce contents of maize
in moderate and severe Ce-contaminated soils, and promoted the transport of Ce from root to shoot. The experiment demonstrates that
AM fungi can alleviate toxic effects of Ce on plants and have a potential role in the phytoremediation of soils contaminated by rare earth
elements.

Key words : arbuscular mycorrhizal fungi; Ce-contaminated soils; maize; plant growth; Ce uptake
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PRI AR T 2. NP TE AR K R e 2R 15
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Table 1  Basic physico-chemical properties of the test soils

Wi BBl Ce " BT £ &P 2K BN A P AL K
: /mg-kg ™! P /% /% /% /% /mg-kg ! /mg-kg ™! /mg-kg ™!
T4 54. 06 7.44 1.39 0.079 95 0.0735 1. 825 40.5 3.925 76.0
1) R R 3 MR E AR IIME

1.3 Rkt
ISR AW 2F Ak, BB 3 PR Y Ce

15+ (100, 500, 1000 mg-kg ') Fl 3 Ffr 42z
SRR (ANHEMAL B CK | 7 GA | FM) , &> 4k 3
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W6 ANER Tt 54 4 BENLHES. 4%k KA A
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INEER 50 g, 5 - HER T RS 5 R, AR
b 3R FH AR R 77 A S5 K B R RLIRDE
SRR ( F 42 16.5 em x FIH4210.5 em X &
JE 13 em) fE MR IR 40, N RS YR B B4, B8
TORLARLTHG I EOKFP 7 AR A 8 i, B 7 d R
(BT, AR 3 MR BT . IR AE NS
wrRERE NI T. AR B SRR, R R E
PR E W AR AN K, 4R R R A KRN
M A e KR K B 80% . [ i = H B4 K
9 J&JE K.
1.4 KR R o il

WA E AR i Lo A 25BN R IR K
PR T0CHET  FREE. e A SR /K UE £ OK IR R b
B4 SRS FZRIE K vk 3 Yk, 70°C LT FRE.
FEYSIR IR BEAILBEER 0. 7 ¢ Bt AR BLORATE T 50% 1 Z,
P T TR AR G R, B AR R
0.05% B W iE TR MR H MmEw o, RE.
F U R AR BT R T S B AR AR e R Y

TR ST FRE S R, B R SR FREL 2 ~ 3
mg F|FHICE A1 ( Vario ELII, CHNOS Elemental
Analyzer , Elemental Co Germany ) X #E %) F£ it Hb [ 1
HREBI C AN TR F =TI E. FRELO0.5 ¢ 24
HIAEHIRE S IIA 5 mL BV-T14% HNO, F 120°C 41
TIFRCETE A, A R . A R A
TR & B % i {% ( ICP-OES, Optima 7000DV,
PerkinElmer USA) Il % {H Z W P A1 K MR EE, F1
FH HL B A 45 8 TR 354X (ICP-MS, ELAN DRC-

e, PerkinElmer USA) Ml & M ¥ i th i LT & Ce
Ao S
L5 Bt

Ce MHE T 3 ) by b ¥ 10 5% 12 52 45 T b B Ik
WeE) Ce B BR LUZ A E KRR DO Ce BY B
(MR EB + b )

A RIS F ] Excel 2003 P47 (EFIAR
WEBR 2 THE SPSS 17. 0 B A AT Ge it 43 i, X
FOHT &2 M 25 K6 55 75 ( Duncan’s multiple range test,
DMRT) #8545 A0 B P {0 2 0] B4 2 5 B 5 4, 225
BEIKFA P <0.05, 15 AR E /06 B9 & (i
MR YA ) 22 0d I X e e w1 DA R RE O 125 AT
ST

2 HREHMW

2.1 4EFP AM EIEA Ce 157 13 TR R Z YL
FMAE Y LY 5

ANEE A B R AR FR b A VLS 3] TR AR LA 1Y
{2, MR GA A1 FM 35 T KR Zh a7 7 HAR
AR (F2). MiHETIE Ce 15 YRR HYIE N, 42
FlGA FI FM E KR R AR Y R i F AL (P <
0.001) , 5420 Ce V5 Y LM L, I Ce 55+
BERRR AR R YRR TET 90%. ERE
Ce 15 Y% + 38 FERD FM AL BEAY F R AR YR 3%
fm THERN GA(P <0.05) 5 7EH EEFE L Ce 1544 1
HE HERP GA FIFM Ab 3 2 JA] B AR AR YL R 0 B M
£S5, HET Ce VoYL AR DL R 32 Fh A B4 %) B
AR Y5 B FE M (P <0.001) ,fH —FE3Z HAEH
AR E K

F2 EMAMEEHN Ce THRIBFLERBFRBLEMEYENZ M

Table 2 Effects of inoculation with AM fungi on mycorrhizal colonization and biomass of maize grown in Ce-contaminated soils

Ce V5 Y/ mg-kg ™! R Ak 3 WRZ I/ % M T /g pot 7! T/ g pot ™!
CK 0.00 £0.00 ¢ 4.84+0.30 b 1.18 £0.09 a
100 GA 70.16 £7.36 b 7.27 £0.26 a 1.50 £0.08 a
FM 78.79 £1.95 a 6.33+£0.61 a 1.33+£0.13 a
CK 0.00+0.00 b 2.15+0.14 b 0.67 £0.10 a
500 GA 31.41 +3.31 a 2.92+0.21 a 0.71 £0.12 a
FM 42.19+£9.83 a 2.39 £0.24 ab 0.69 £0.09 a
CK 0.00 +0.00 b 1.75+0.04 b 0.51£0.05 b
1 000 GA 5.29 +£1.40 ab 1.85+0.17 b 0.40 +£0.05 b
FM 8.94+3.19 a 2.67+0.12 a 0.82+0.05 a
Ce i (Ce) I S % %
B E ST A (1) * x ok * ok ok NS
Ce x1 * K ® o

1) RPEHE N 6 WEEMFHE « bk 7 -3 o TR —SEFRR TR RN 2R B F, BE KT R P<0.05; « K4 P<0.05, KRR
W o« P <0.01,FRERIEFRE; » = + K P<0.001, F/REFWEE; NS TR REEER, TR
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2 Al B T3 Ce T YL RRBE RO N, K
Kb FR AR A A 4 2 S 2 PR AIR (P < 0..001).
FERRIE Ce V5 Y3 2P GA A FM AL B 2538
TEXM EFTE(P <0.05); fEFSE Ce j54 +
HE PR GA BERIN T E KM FHTE (P <
0.05) , &R FM T2 F 520 ; 7EH B Ce 154 1
B PR FM SN T oK B AN R T
(P<0.05), MR GA TR EF-MW. 7EEE Ce i3
YK N EEFR FM M b3RR3 1 5 3 v e Rh
GA ZbH(P <0.05) , MiFERE R BE Ce V5 YK
T 2 PR b B R AR R E R AR E. &
e Ce Vo YRR BE B3 0t 35 PR A 1 T KA MR M I
HB R ARER AW (P <0.001) , AP AM BN
FORAB MR M LA AE Y AT AR (P <0.001).
SR RAIHr R, L3 Ce 15 YLFLRE 5EF AM &
BRI P9 58 LA FH G T KRR 13 LA B AR A 4 i 3
HEBERW(P<0.01).

2.2 PEFRAM EBE X Ce V54 3 F TOKAERR N
P K RS 11 B )

Bl 1 Ce 5 YL AR B AU IN, T oK 356 AN
R ES N, P AN K I i 2 REAIR (P < 0. 001, 3
3). TR Ce V5% T3, 55X BOAH LL , #2Fh GA Al

FM 5T E KM 13 N, P ALK AR (P
<0.05) ,F GA TEHIN T HF 3 N AP A9
Wik (P <0.05) , #80 FM i 2300 7 b R P Ay
Wi (P <0.05). FEHE Ce 154 L4 280 GA
A BN T F KM B3 P AR (P <0.05) ,
AP FPM O RRAC T b BN R IR (P <
0.05). FEEJE Ce {54« 3 H:Hp FM B &1 T
FoAH EF P LK AR AR N K B I
H(P<0.05). 7ERRFE Ce 5+ 1, $:8h GA X &
KPR A A A T FMOAR B (P <
0.05). FETPJE Ce 154 38 H:Fh GA X £ K I
N AP IR AR SRR B R R = T FM(P <
0.05). fEEE Ce i5 YL LI HFh GA X E Kk P Al
K W2 W A1 a2 4 FH 22 30 25 B9 (IR T FM(P < 0.05).
BAG NI RI (R 3), 1 Ce V5 YL 72 B2 (14 3% fin
R T B OK M AR N, PR K Bk
FH(P<0.001) 88 AM HH B &AL T EK
My B3B8 N PR K I DA AR N PRI
H(P<0.01). BHEZRSHRY], 1P Ce I5 5
FERE 53R AM H M2 BAEH B E g T &
Kb BN, P AT K MR DL SRR N Py
Wi (P <0.01).

F3 OETAM EEX Ce 5T R KM EAFRE N, P K RKEH I

Table 3  Effects of inoculation with AM fungi on shoot and root N, P and K contents of maize grown in Ce-contaminated soils

Ce Y*i%:’éﬁifg S g _ IﬁU:%K, _ _ FRFR _ _
/mg-kg N/mg-pot ~! P/mg-pot ! K/mg-pot ~! N/mg-pot ™! P/mg-pot ! K/mg-pot ™!
CK 149.99 +10.54 b 3.38+0.19 ¢ 43.00+2.88 b 33.91+2.17b 0.63+0.03 ¢ 9.56+1.10 a
100 GA 225.27+1.83 a 11.30+0.09 a 58.84+0.77a 50.53+2.29a 2.11x0.13 a 9.57+0.36 a
FM 204.67 +13.87a 8.14+0.55b 53.66+3.32a 41.70+4.97 ab 1.41+0.09 b 8.32+£0.58 a
CK 93.48 +4.74a 1.40+0.09b 17.24+1.64a 20.81+3.91a 0.35x0.05a 3.15+0.78 a
500 GA 106.69 £5.73 a 2.25+0.12a 22.63+3.16a 23.78+4.12a 0.44+0.07 a 3.11 £0.63 a
FM 77.53+4.31b  1.73+0.16 b 20.78+2.70a 20.72+2.00a 0.43+0.06 a 2.53+0.28 a
CK 78.03 +1.51a 1.11+0.06 b 12.73+1.14b 13.53+1.65b 0.33+£0.05 a 1.48 £0.30 b
1 000 GA 76.04 +6.27a 1.12+0.08b 12.79+1.85b 11.71+1.88b 0.24+0.03 a 1.60+£0.25 b
FM 84.58 £2.86a 1.46+0.07a 23.23x1.23a 23.20x1.36a 0.36+0.04 a 2.66£0.17 a
Ceﬁg\ﬁ(ce) * % % ® % % ® % % * % % ® % % * % %
=T R (D) % ok % ERE % ok % % % * ok % NS
Ce x1 ® %k * ok % * % % % % % NS
2.3 BEFDAM ELTAXT Ce 54+ K CoNe P Yeh 3 HERh GA R FM SN T FOK M E3 C:

AR RS

AP AM H X Ce 15 44 - 18 I FOKAH R b L
BERAARAR C: N: P HL A SE R4 . Prpal T,
BiE% Ce V5 YLFERE 34 N, FRAEARIY C: P Al N: P
BEWIN(P <0.001). FERRFE Ce {54 135, 55Xt
WEALFRAH 4250 GA A1 FM BB FRK T E kM |
FRFARERAY C: P HI N: P(P <0.05) ; fEHJE Ce 15

N(P <0.05), &AL T E KM B3 C: P RIN: P
(P <0.05); fEHEE Ce y54e + 3 00 FM 3%
W T BB C: N, C: P LASARER C: P, N: P, B &
R T3 E3EN: P(P <0.05). $dsrbre], 11
T Ce V5 YL PR BE B 520 T T oK b 13 AR 1
C:N:P(P <0.01), MR ab 38 252 0 1 oK Hb
ER C:N: P HIMRFES C: N, C:P(P<0.01). MAE
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Table 4  Effects of inoculation with AM fungi on shoot and root C: N: P ratios of maize grown in Ce-contaminated soils
e YL T E
Ce ﬁim%l&h S b 1 75 R
/mg-kg C:N C:p N:P C:N C: P N: P
CK 12.90 £0.26 a 570.68 £10.17 a 44.24+0.62 a 12.98+0.37 a 692.70 £29.69 a 53.35+1.50 a
100 GA 13.09 £0.62 a 260.77 £10.55 ¢ 19.94+0.24 ¢ 11.28 +0.31 a 271.20+£6.49 ¢ 24.07 +0.69 ¢
FM 12.45+0.42 a 313.22+£13.96 b 25.15+0.48 b 12.23 +0.76 a 354.90 +11.52 b 29.40+2.21 b
CK 8.97+0.24 b 600.15+26.84 a 66.94 +2.77 a 12.60£0.95 a 733.77 +48.8a 59.73 +£6.94 a
500 GA 10.68 +0.63 a 505.14 +14.64 b 47.61 £1.86b 11.13+0.34 a 589.31 £26.11 a 52.91+1.48 a
FM 12.07 £0.62 a 545.81 £30.67 b 45.37+2.39 b 12.49+0.94 a 618.39 +84.52 a 49.85+6.47 a
CK 8.41+0.43 b 592.02+18.39 b 70.90 +3.99 a 14.87 +0.65 a 617.25+73.67 b 42.04 +6.03 b
1 000 GA 9.28£0.25b 631.28 +43.14 b 67.79£3.0ab 13.32+0.64 a 657.17 £78.51 b 50.43 £8.16 ab
FM 12.41 £0.10 a 722.89 +31.95 a 58.23 £2.21 b 13.53 +1.12 a 885.27 £39.38 a 66.97 +6.83 a
Ce &H: (Ce) EE S H sk ok EE # ok * ok k ® ok
EMSHT PR (1) * %k P ® ok % .- % % NS
Ce x1 EREES ok % ® ok NS * % % % %

TR, R Ce V5 REEE SR AM H Y AE
HAEH B R T FOKH 3R C: N: P RIARES C: P,
N:P (P <0.01).
2.4 RN AM EEX Ce 157 145 | KL FFE
B IR Ce RN

M2 5 T BEE T3 Ce 15 YRR B3N, &
KAB MR LB FIAR S Ce YW SR 0 52 1 2 1 it
F(P<0.001),Ce MARF I [y % iz R (g 5 FRAK (P
<0.001). 7EHRPE Ce 75 Y 13, 5 X B Ab B A
b, P GA BN T oK BB AIAR S Ce 1Y
WL TR MR 250G 0 T Hl B Ce £ IR UK
A Ce MYH4IE (P <0.05). TEHEEMEFE Ce

WA WE . EEE Ce 154 3 BN GA
WBEWINT Ce M5z (P <0.05). 2 Ff AM K
BRERP AL HL 2 6] FERRE Ce V5 Y 1358 32 FP GA AR
#B Ce B ML B 35 5 T4 R FM, T3 FR FM Ab 2
Ce MIRBI A2 R W E T GA; LEHE Ce 5
Yy 4 R FM AR TS Ce ML B S E = T GA,
AP GA Kb 3 Ce Mk iz R W E H T FM(P <
0.05). Bdlisr AR, L3 Ce ¥ BE (13 i i
FHOINT KM A FNAR XS Ce B ML, B3 R
ik Ce MAR B 1512 2 (P <0.001). WK ZE 4
BraRil, 21 Ce V5 e 2 5P AM B A95C
HAEHXT E KRR Ce MY F Ce M FE 12 R A

TG e R GA A FM X oK RE#R Ce AWK

HLEM (P <0.05).

F5 M AM EEXY Ce i5H 13 R KE#k Ce IR EMFIZ RN
Table 5 Effects of inoculation with AM fungi on Ce contents and transport rate of maize grown in Ce-contaminated soils
Ce 15 Y FEJE/mg kg ™' R4k i EB Ce B/ pg-pot =1 HEB Ce WU/ g - pot = Ce MYHIB 2/ %
CK 2.01+0.15b 23.82+3.77 b 8.06+1.37 b
100 GA 3.74+0.59 a 39.84 £5.68 a 8.68+1.64b
FM 3.33+0.19 a 25.26 £3.29 b 11.93+1.72 a
CK 4.81 +£0.56 a 108 +£24.36 a 4.99+2.62 a
500 GA 5.61 £0.65 a 122 £12.71 a 4.54+1.53 a
FM 4.04£0.50 a 75+£7.53 a 5.18+1.24 a
CK 9.39+£0.72 a 407 £45.45 ab 2.31+0.49 b
1000 GA 10.05 +1.59 a 278 +44.90 b 3.65+1.02 a
FM 10. 10 £0.40 a 433 £46.74 a 2.35+0.49 b
Ce & (Ce) * ok % % % ® %k
BEVE T 2R (D NS NS NS
Cex1 NS * ok *

3 it

B bR, g AR A YT PR AS B oR T
AFIFERE R Ce V54 -3 42 Fh AM E B GA F1 FM
RYCREF/R AM EF S5 E2Z MO E S5 FRME S T H B LR R YR N
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7.12% ~74.47% . KT, BEAE LI Ce ¥5 YR Y
B, AR GeR B E FRAIL, I Ce T9 QB EK
WAV E ARG RN R Ce 755 LM
9.6%. Chen %5 (5T & B M SME RN La ¥
E/NT 10 mg-kg_1 HTJ', B Gigaspora margarita i
Glomus intraradices X155 =~ I R ARAR Y WA i 3
SCIR 5 T 2480 La 24 20 mg-kg ™' 0,2 Fh AM FL
BB YRR T 45% . A28 R, 1
TR BEOC R T AR B A N2 W E S AM B Y
TEPERITAR R ARG S AN, FER AR BE 1Y Ce
15O - FM AEFP I AR G RIS T GA,
W] FM X Ce 75 4% - HE (Y38 B AR, BFE ik
f)@,,?’j—: La irif T 25 Gigaspora margarita 28 2 e
WREABRRE Z 5 TEM Glomus intraradices"'’ .
Bedini 45" IA R AN [F] i AML LT T8 0 0 18 2 5 1
22 {AR BEJR | o3 SRR IR 8 28 A E TR
24 [ 2% 1) R 3 R AR PR A B R AR G e
R HEAR A IS [A] 3X A5 2 A 3 B D AN [m] A A 20
.

AWFFREER W, B 15 Ce 15 YL FJE 04
T, KRR bR Y AR W R R . £
SFUY IR R B ARG SRS Ce RUMRBEIN S mg- L7
FEF 100 mg-L_l HTJ', Fl%(Bmssica campesiris L. )
W R REAR T 76% . MRS FERFIE Ce X2
N (Raphanus sativus L. ) #7 AK &F #9570 5
B TR S, Ce TERBEH IR B SXTHEY)
AR A A B T ol A P, G D PR T R A L
2 Ce REWIAEYIM I R ST, WUL A0 L Aoz, 55
R 7 A DR B3 1 2R T, ) 1 g e SR A R
YR A R G T, S B AN A T
AR ARG ™ . BRI, 76 H 48 b &0
T, AM LB A] LU i 22 R il ek A i 4 AR )
(35 H R SRR A I A K RIS & B, AM
EFEXS AT Ce B T EKRMERYAA —&
IFEEVER. BT, O R TE La V54 - 58 FHERD
AM FLIHAE W E PR E 5 o g A G, 3 vy i ok
5 Glomus intraradices M1t , &l Gigaspora margarita
(58 2 A R i A R G, AM B L RE
IR IR XY R E  BGE Y AK. TE
I Ce V543, A0 FM X Bk A K AL 2R
WE T CA MR 1 Ce 50 HHE, —H 2
[ R 2 ). Gaur 257 A N ASTR] AM T2 Ff % A1
[) 4 Jm T R R I R [R] A BT RE 7, W RESZ H A
AP AT AR [ B 2R 12 5 1 Y A [) 52 v

I, AM B TR o R i5 4 1 DY A KRR
;A2 AT i R B AR | B s R RS AR i A
I[P .

TP N, P, K JTEREA ) o i E B
BT JEA A K R T T KRR | L FIE
XS 5 HE KR E RSN R A 38 A4 fad
T2 WS RR, R Ce M Y 38 0 2 2 00 o
TEARXE N, P, K MW, X AT RESE R S 2 4 e
(AR £ e 2R oL s, B T R R TEA Y A0
(R T, DT 5070 L I8 Rt #1385 1 |, B ZE
DRAT M, 208 T 400 05 % B i > e Rh AML BT
AERS B B 0GR AR K AE Ce V5 Y 3 | R ORE IR
M. FEHFFE I, AM H A B E {29 La A
TEZYX P, K, Ca Fll Mg 50 B8 F5 L £ K
We, B Epa e B AM B ] L E R A
XN, P, K SEEFEITTRE MW, I E P K
e R B AR B A YK T
FEL R 2 3 PRI A TR WA T L, 1 o T A ) %o o
AR 117 FEARTIRREE ) Ce Y54t 398, 1R 2
Fit AM BB 0 RIS FR 0 2 AL F 4 At 2R 30
WT —EMES. 76 La WHE T 2R FE AM H B
FEUCGE R FRRG T TR B T I S [R] (4 TR AR
R AM B X A K DL B R W B R
AT X 5 B R R DA Ll 22 % B R iAok,
AM HEMYIREZ B A S | 15 EAEY RO 1%
SIS 2 R N R I R e

Ak R R R AR AT R AN AR S AR
rhZ F b 2% o0 R MR T 1Rk B R EARR 3
FoGE €, N R P ZE SR, A KRB
A Ak R A A O B AR A BE R A KO R
IR FEPIR N N R P BRI, i P 3
T, C: P S NP H Bl Z BRI 9T 45
IR BEE Ce 15 YL FREE A 3G, S35 38 i T 1 KA
PRAY C: P A1 N: P U] 3 Ce V5 L Xt 2K PRI
PRI RE B . RIS, 3 2 Bl AM EL B 34 7 —
FERRRE b RRAR T FOKAERRIY C: P A N: PR
AM BT LA Ce V54 3 I FORMRAY C: N:
P AR, AR KRR, RSN
W5 T L B L3R Glomus versiforme Xt K &
( Glycine max) C: N: P W52 | A5 3] T 400 A A8 4k
HAH

ARFGREE R BN, £ Ce & &5 4
Ce Pt S W IR ARG, WA A0 KRB K. BEE
FAgEP La KT, B n e F AR La M
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fff[%]ﬁﬁ FYUESE Glomus intraradices F1 Glomus mosseae
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