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Abstract: The present study aimed to explore the combined effect of arbuscular mycorrhizal fungi (AMF) and citric acid (CA) chelating
agents on the phytoremediation of heavy metal contaminated soil with Medicago sativa. A greenhouse pot experiment was conducted to
investigate the effects of AMF inoculation on M. sativa growth, the concentration and accumulation of heavy metal V, Cd, Cr, Cu, Pb, and
As, and soil acid-extractable metal concentration under different levels (0, 5, and 10 mmol - kg™) of CA application in the soil
contaminated with complex heavy metals. Compared with the non—CA treatment, 5 and 10 mmol - kg CA treatments significantly
decreased the root mycorrhizal colonization, shoot and root dry weight of M. sativa by 15.1%—-19.2%(P<0.05), 17.0%-27.4% and 26.2%-
37.1%(P<0.01), respectively; while they significantly enhanced the concentration of heavy metals V, Cd, Cr, Cu, Pb, and As in the plant
and bioconcentration factor (P<0.001), with an increased heavy metal concentration of 71.0, 3.60, 12.4, 2.87, 14.7 times, and 5.09 times
for plant shoot and 1.87, 4.94, 2.68, 2.87, 9.66 times, and 4.12 times for plant root, respectively. AMF inoculation could alleviate the
inhibition effect of CA application, and AMF inoculation treatments significantly improved plant dry weight (P<0.001), and decreased the
concentrations of V, Cd, Cr, Pb, and As in the shoot and root when compared to non—~AMF inoculation. The combination treatment of AMF
inoculation and 10 mmol + kg™ CA could significantly increase the accumulation of V, Cd, Cr, Cu, Pb, and As in plant shoot and root (P<
0.001), showing the best heavy metals removal efficiency. The analysis of variance results showed that the concentrations of acid—
extractable metals V, Cd, Cr, Cu, Pb and As in the rhizosphere soil were significantly affected by CA factor (P<0.001). The univariate
linear regression equation of plant shoot V, Cd, Cr, Cu, Pb and As accumulation and rhizosphere soil acid—extractable metal concentration
were established, and the coefficients of determination (R*) for six heavy metals were above 0.60. Combination of 10 mmol - kg' CA and
AMF inoculation could accumulate heavy metals to the plant aboveground due to the increased soil available heavy metal concentration in
soil, and AMF inoculation could alleviate the growth inhibition effect of CA application, thus improving the phytoextraction efficiency of M.
sativa for remediation of heavy metal contaminated soil.

Keywords: arbuscular mycorrhizal fungi; chelator; phytoextraction; mycorrhizal colonization rate; acid—extractable metal
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Table 1 Soil chemical properties, texture, and total metal

concentration of the study site

oI e 4
B SE
WH ks BU{E  Background
Item Index Value concentrations
of soil elements
of China
I pH(H.0) 6.91
) VIFE\% A Bk Soil organic carbon/(g-kg™) 2.30
Soil chemical N 1
property S Total N/(g-kg™) 0.42
ST Total P/(g-kg™) 0.71
S Total K/(g-kg™) 6.62
Bk 7% & Available N/(mg-kg™) 54.6
AL Olsen—P/(mg-kg™) 5.63
F R Available K/(mg-kg™) 61.2
T IEHAR ki Sand (0.05~2 mm) 53
2H B \
AL HH Silt(0.002~0.05 mm) 25
Soil texture/% .
Fki Clay(<0.002 mm) 22
TEESE AL Total V 1705 82.0
Soil heavy A Total Cd 2.09 0.1
metal )
concentration/ BV Total Cr 169.7 61.0
(mg-kg™) S Total Cu 77.8 22.6
JELS Total Pb 100.5 26.0
S Total As 124.4 1.2
VRSN Acid—extractable V 94.4

B2 7R 2545 Acid—extractable Cd 0.15
BR R A5 Acid—extractable Cr 4.56

B2 7R 254 Acid—extractable Cu 1.64
B2 7R 2545 Acid—extractable Ph 3.75
BR RS Acid—extractable As 4.38
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BRI T R 58 4 UG B 35 AMF R 301 .
22 AEAENEREMERRE

J AN 5. 10 mmol - kg™ #7452 Sk 2 P AT S 4K B AE
Hhy bR ARE R i, 40 1) b AT TR it i Ak PR AT
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2 50 | AMFXCA ;NS I
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o= 30
W& E 10
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g Ab Ab
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CAO CAS CA10
KEFE Treatment

—AMF : AR AMF; + AMF : 50 AMF ; CAO: RHE AT AR s CAS : it i
5 mmol - kg™ F1 AR ; CAL0: Jifi il 10 mmol - kg™ FrAE R . IR 2
EbRER2E (n=4) . A[AIRE FREFRIR R — R0 Ak BEAE AR FT 2R
WePE K] 22 5 2.3 (P<0.05) s ANRl/INE T BE R ) —Fr TR e B2 7K
SRR A b BN 22 5 2.3 (P<0.05) . Al
—AMF : Non—AMF inoculation ; + AMF : AMF inoculation ; CAO: No citric
acid applied; CA5:5 mmol-kg™' citric acid applied ; CA10:10 mmol -kg™'
citric acid applied. Bars represent meanzstandard error(SE ). Different
uppercase letters indicated significant difference among citric acid
application levels under the same inoculation treatment at 0.05 level.
Different lowercase letters indicated significant difference between
inoculation treatments in the same citric acid application level at 0.05
level. The same below.
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Figure 1 Effects of AMF inoculation on root mycorrhizal
colonization rate of Medicago sativa under different levels of citric

acid application
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Figure 2 Effects of AMF inoculation on shoot and root dry weights of Medicago sativa under different levels of citric acid application
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Figure 3 Effects of AMF inoculation on shoot heavy metal concentrations of Medicago sativa under different levels of citric acid application
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Figure 4 Effects of AMF inoculation on root heavy metal concentrations of Medicago sativa under different levels of citric acid application
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Figure 5 Effects of AMF inoculation on shoot heavy metal accumulations of Medicago sativa under different levels of citric acid application
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Figure 6 Effects of AMF inoculation on root heavy metal accumulations of Medicago sativa under different levels of citric acid application
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Table 2 Effects of AMF inoculation on BF and TF of Medicago sativa on heavy metals under different levels of citric acid application

FPESERYEE Citric acid i v Cd Cr Cu Ph As
concentration/(mmol-kg™) BF F BF TF BF TF BF TF BF TF BF TF
0 SAMF 0.01£<0.01¢ 0.01<0.01d 0.050.01d 0.500.04ab 0.02:<0.01¢ 0.12:0.01h 0.04£0.01d 0.26:0.03d 0.02<0.01d 0.46:0.05¢ 0.01:<0.01d 0.22+0.03a

+AMF  0.012<0.01¢ 0.02£<0.01d 0.07£0.01d 0.59+0.06a 0.02<0.01¢ 0.12+0.01b 0.06:0.01d 0.30£0.04d 0.02£<0.01d 0.42+0.09¢ 0.01:<0.01d 0.36£0.07a

5 -AMF

0.52£0.05b 0.36+0.02¢ 0.24+0.01b 0.40+0.02be 0.28+0.02b

0.42:0.02a 0.14:0.01c  0.53£0.03¢c 0.320.03bc 0.6740.07a 0.04:0.01be 0.35:0.08a

+AMF  0.50£0.02b 0.550.04a 0.19:0.01c 0.38+0.02¢ 0.25:0.01b 0.43:0.05a 0.15£0.0lc 0.55:0.06bc 0.28+0.03¢ 0.62+0.09ab 0.03x<0.0lc 0.25:0.04a

10 -AMF - 0.83£0.03a 0.3620.03¢ 0.32+0.02a 0.44+0.03be 0.3620.03a 0.45:0.04a 0.20£0.02b 0.70£0.05ab 0.38+0.0la 0.63£0.05ab 0.05:<0.0la 0.33£0.02a
+AMF  0.75£0.04a 0.48+0.02b 0.25:0.02b 0.40+0.03be 0.30:0.01b 0.47:0.04a 0.25:0.02a 0.74£0.06a 0.37+0.02ab 0.62+0.05ab 0.048+<0.01a 0.32+0.02a
ANOVA AMF ns ik o ns s ns * s ns ns ns s
CA ik R ok # ok ik ik ok ik # ik s
AMFXCA ns * o ns ns ns ns ns ns ns ns ns

T #3278 P<0.05, 3R P<0.01, #3278 P<0.001. ns F/RAEE. TIE.

Note:*,** and *** indicate significance at P<0.05,P<0.01,and P<0.001,respectively. ns indicates no significance. The same below.

R3 AEITERBRERINKETEMAMF M EREEERFTEESRERATSAEM pHR M
Table 3 Effects of AMF inoculation on Medicago sativa rhizosphere soil acid—extractable heavy metal concentrations and pH under

different levels of citric acid application

FPRETR Uk B AME TRIA A48 & i Acid—extractable metal concentration/(mg-kg™) i
Citric acid concentration/(mmol +kg™) % cd Cr Cu Ph As

0 -AMF 96+4d 0.18+0.02¢ 4.6+0.3¢ 1.6+<0.1¢ 3.8+0.1d 4.6+0.3¢ 6.80+0.03a
+AMF 88+4d 0.20+0.03¢ 4.5+0.3¢ 1.5+<0.1¢ 3.5+0.1d 4.1£0.2¢ 6.77+0.08a
5 -AMF 136+6¢ 0.49+0.05b 12.0+0.9b 8.5+0.4b 16.8+1.4¢ 8.2+1.0b 6.70+0.06a
+AMF 166+16ab  0.56+0.08b 13.3+1.4h 8.4+0.7h 19.2+1.4¢ 10.5+1.3ab  6.70+0.03a
10 -AMF 145+5be 0.80+0.09a 16.6+1.5a 12.9+0.3a 22.3+0.9b 11.8+1.0a  6.42+0.08b
+AMF 176+8a 0.83+0.05a 17.3+1.2a 12.5+0.3a 24.9+0.7a 12.8+0.6a  6.40+0.10b

ANOVA AMF * ns ns ns * ns ns

CA sekok sdekok sekok sdekok sdekok sekok EE T

AMFXCA * ns ns ns ns ns ns

R4 ENEEH ENESERRESREIEESERETS
SEN—TEMEMEAE

Table 4 Univariate linear prediction equation for plant shoot

ZE RE B BRI HL -, 5 & R B T B A
ST AR RTRR E I 22 M 25 W, AT A5 1 4
P ER 4 AT R B R L A R A A L s {H
W B PR N 4R R IA LIRSS A B UL &R
FERE ) A0 ML AR ST A e [ A A A AR A —
& BEVE (A BN R % B PR SR T 8 - A8 4 JE XA
W FETEY . AW HE T S .10 mmol - kg FFEE R
B P = A B AR PR 1 42 )8 V. Cd . Cr.Cu.
Pb 5 As INIRIE A & im, TP E & | A JCE

i B AR AR SR AR B AR R B A i T R

heavy metal accumulations and rhizosphere soil acid—extractable
metal concentration

Flm —orA G R

Univariate linear n R’ F P RSS

metal  prediction equation

Vo y=24833c-19424 24
Cd  y=1.0169x+0.2236 24
Cr y=730520-17.758 24
Cu  y=2.0429x+5.8117 24

Heavy

0.6830 47.40 <0.0001 64.82
0.6158 34.76 <0.0001 0.403
0.8873 173.11 <0.000 1 4.807
0.6002 33.01 <0.0001 5.238

Pb  y=3.1883x-3.7702 24
As  y=0.972 1x-1.2800 24

0.8063 91.57 <0.0001 7.921
0.6798 46.69 <0.0001 3.982

Cd . CrFINi V5 4% -8 1.0 g- kg '8¢ 3.0 g- kg ' 47
B Rl H 25, SO G R o+ b
T 3N REE(—COOH) Fil—A#25E (—OH) B g A

P 1%) WHARTY

BEAR  AHIFSE i A 6 i b B 4= 358 pH (ELREAIR T
0.07~0.38 A FAA , — s Y Rl N AR 0 175 e - 1 ep
Z T4 I PH - (R I

5 T it A AGE B o A A K 1) S i AT SR A A
W, 7E— e 5% H LB 31 1 H A 9 A K B A R R
T3 AT R R R AR IR | R SR A M A AR R
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