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Mechanism of arbuscular mycorrhizal fungi reducing cadmium uptake
and cadmium accumulation in fruit of pepper
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(1 Pepper Research Institute of Guizhou Academy of Agricultural Sciences, Guiyang, Guizhou 550000, China;
2 Guizhou University, Guiyang, Guizhou 550000, China; 3 Southwest University, Chongqing 400700, China)

Abstract: [ Objectives ] The symbiotic relationship between arbuscular mycorrhizal fungi (AMF) and crops
bolstered their cadmium (Cd) tolerance. The impact of AMF inoculation on Cd uptake across different
accumulation types remained unclear. This study investigated the influence of AMF inoculation on Cd absorption
and accumulation in diverse pepper varieties under varying Cd concentrations, while elucidating the physiological
and biochemical mechanisms enhancing pepper tolerance to Cd stress. [ Methods ] A pot experiment was
conducted, there were total of 12 treatments which were comprised by two AMF inoculation (with AMF and
without AMF), three Cd addition levels (0, 5, 10 mg/kg, denoted as Cd0, Cd5, and Cd10), and two pepper
cultivars (high Cd accumulation type ‘Layan 101’ and low Cd accumulation type ‘Layan 201’). Growth
parameters, Cd content in various plant organs, and soil nutrient content were measured post-harvest. [ Results ]

Cd treatment hindered pepper growth, with plant height, above ground and root biomass decreasing significantly

with increasing Cd concentration. In a high Cd environment (Cd10), AMF inoculation notably increased above
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ground biomass, with ‘Layan 101’ and ‘Layan 201’ experiencing increases of 31.72% and 20.09%, respectively.
AMF inoculation exerted varied effects on root Cd content depending on the variety. Under Cd10 conditions,
inoculation significantly decreased root Cd content in ‘Layan 101 by 30.75%, whereas it increased by 41.93% in
‘Layan 201’; the transport coefficient (aboveground/root) of Cd in Layan 101 significantly increased by 48.96%,
while Layan 201 decreased by 24.04%. Inoculation reduced Cd enrichment coefficient in pepper fruits across Cd
concentrations. The inoculation of AMF changed the chemical composition and relative content of root exudates
in chili peppers, and there were differences among different varieties. Structural equation modeling revealed a
significant negative regulatory effect of inoculation and root Cd on Cd content in pepper fruits. [ Conclusion ]

Under Cd stress, AMF enhances root Cd content in low accumulation peppers (Layan 201), curbing Cd transport
to aboveground parts and reducing Cd content in edible portions. Conversely, AMF boosts aboveground Cd

content in high accumulation peppers (Layan 101), minimizing Cd transport to fruits and diminishing Cd content

in edible parts.

Key words: arbuscular mycorrhizal fungi; pepper; variety; cadmium
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HFT, 38 PR Cd BRI /K AR/ N2 AT B AR
R CdYREE, JE AR Cd BRI 3 AT BRI

RS 3 Cd e (Hil TAEYIXE Cd ot
FHHIA A2, HHECT Cd MAE R R DL &
Cd 7En] B & R HLHIAAE S, AMF 7R R1E
Pyt Cd 1y “H—il P, HXARIE Cd BRBAE
Yy Cd MR R 52 g ANTERE . I, ASBF9E LRI
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HHHE 10% [T it b (IR 0/ B 771 ) 148 0 11500 95 B i
TRAT, AR A AR K L i 5 VIR &
GER : mvb=2 1 1, B . AL A
FFEFR (172 W EE Y TOWE RS 22 TR, 7 AR B
4~5 F ELFE, BEERA ROIR DL — S RS A T
ok
1.2.2 A#ils W8T 2023 45 7—9 AFESMA
ML B B FARE 58 A A K= R I 12 S Ab B
M A EE AL (+FAMF ., —AMF), 3 4> Cd &
(0. 5. 10 mg/kg"™, Zr51ch CdO. Cd5. Cd10),
FIPHAS BB AP (Cd R AR B 1017, Cd fIRFR
SAUBBL BRAT 2017 ) M0, BEALER 4 S, it
A E S 121°C FKE 30 min, JP¥F 25 mL A
) P B A4 (CACLL, R 0, 5. 10 mg/kg) I TR M
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ME s AR HC10,—H,S0, ¥ W #, HF fEtRiX
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SR BMREET IR R 8. FRER 25.0 g 14
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K Amos 24.0 34 EEZE#E J7 AR A (structural
equation model, SEM). It KSR (maximum-
likelihood) X i A7 £ 4is ZE B AL P i AT HL 65 o AR AY
AR R A B (¢/DF<3.0), a0
%% (goodness-of-fit index: GFI>0.9) it {bliR %
¥J 77 # (rooted mean square error of approximation :
RMSEA<0.08) #4171t . &4 18 2534 Excel
2010 1 SPSS 19.0 #17, ZEIFHEAF: Origin 9.1,
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AMF: **; Cd: **; AMFxCd: NS @-AMF
101 - 1201 B +AMF

£ Stem diameter (mm)
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f<~)
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20 :
101 s 1 201 «
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1 FREILIE THRMAE KRR
Fig. 1 Growth indicators of peppers under different treatments
e 101— “BBF 1017 5 201— S 2017 ; AMF—4ER7KF; Cd—Cd /KT, # FRFEVNG FEEF R AR Cd ST A A1 B2 A0 33 7] 24 5
I3 (P<0.05); fEZk [x, **  *x+0p R F R A — S AR Cd AR3EEIFE 0.05. 0.01, 0.001 /KFZEREFE, **—P<0.01; ***—P<0.001;

NS—AREE), HFBEFR 4 KEHL,

Note: 101— ‘Layan 101” ; 201— ‘Layan 201" ; AMF—Inoculation; Cd—Cd levels. Different lowercase letters on the bars indicate significant

difference between +AMF and — AMF treatments under the same Cd level (P<0.05); *, **, *** above the horizontal lines indicates significant
difference among Cd levels of the same cultivar at 0.05., 0.01, 0.001 levels. ** —P<0.01; *** —P<0.001; NS—Not significant. The black dot on

the bars indicates four repetitions.
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H, FeillEe Cd 5T (Cd10), 5-AMF Ab#AH
b, +AMF AbPR G 25380 T o B A e, Hop s
i 101 89007 31.72%, BEAF 201 #0T 20.09%. 4%
1, AN [ it SRR 3508 T % 422 B 1 i) o 2 A [
. Cd10 £ F, BHF 201 7E+AMF 2B He2: R
W+ HEE-AMF A A 1.87 f5; Mi+AMF Ab3 5
—AMF b3 101 ARFRTE N JC % 25 5%

ANIF) Cd W EEEMET, +AMF b33 4% (i R sk bt
WARAFEREYRYET 60%, H Cd &R E 5 Rk
F 101 AR YL R 5 T Cd fIRFL 2 5 A Bt 201
(K2), HESAEE, Hri, Cd5 4 THMF 101
FRATE 201 R R AR GFRR BN, 73518 78.9%.
76.3%, 5 CdS AFRAHEL, 4 Cd AbFRHRETHE N
Cd10 mg/kg A, PR BRBUR 3 4= Y R 50 1l & 3 B AIK
T 15.84%. 20.41% (P<0.05).

2.2 ¥EFH AMF AR Cd IR E Cd RIS R
A

B Cd RN, BEBCRFISE D Cd & &
YA Frm (& 3). R AMF XHRES Cd & &F
FRW . H-AMF ZbBEAI L, +AMF b BB 101
RS Cd FHAE CdO, Cd5, Cd10 ZbFE R AR T
18.12% ., 27.43% . 30.75%, TiHMF 201 7£ CdO .
Cd5 A H T A A T 32.52% . 23.07%, {H1E
Cd10 AN T 41.93%. 7E CdO ¥R, +AMF b3
XA Rl 38 Cd & B A B3 7F CdS bR
T, +AMF ZbFRA: BB T 80F 101, BF 201 Mo I
#hCd & i 18.76%. 13.53%; 7E Cd10 43R, +AMF

100 1 3101 m201

a a
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40
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12 YL Infection rate (%)

Cdo Cds5 cdio Cdo Cd5 cdio
Kb P Treatment

2 [E CdRMTERMERRRER
Fig. 2 Infection rate of AMF on seedling roots under
different Cd addition levels
e 101— “BE 1017 5 201— “3HF 2017 o B EARRVNG FRER
7R Rl — M ARTR] Cd b PR 22 57 8 35 (P<0.05).
Note: 101— ‘Layan 101’ ; 201— ‘Layan 201 . Different lowercase
letters above the bars indicate significant difference among different Cd

treatments of the same cultivar (P<0.05).
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40 101 P201
1 a
2 | AMF:NS
22 30 cdiee ,
= = AMFxCd: NS :
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0 L L } )
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! Cd:
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Rk Cd i (mg/kg)
Fruit Cd content

0 . . . . .
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50 ;
101 .
S 40 [ AMEF: E
EX: Cd: !
E 2 50 L AMFxCd: * 5
i S |
<T‘:8 !
SET s
B~ :
B o1t :
0 H )

Cdo Cd5 Cd1o Cdo Cd5 Cdio
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3 FELETHMERE CAEE
Fig.3 Cd content in pepper organs under
different treatments

e 101— “BEEF 1017 5 201— “BRAF 2017 ; AMF—EEKF;
Cd—Cd Ko EHAR/NGFEREFIRAR Cd 4B R AR 3 FAL
JHH] 22 5 8 3 (P<0.05), *—P<0.05; **—P<0.01; ***—pP<
0.001; NS—AR3E,

Note: 101— ‘Layan 101’ ; 201— ‘Layan 201 " ; AMF—Inoculation;
Cd—Cd levels. Different lowercase letters indicate significant difference
between +AMF and - AMF treatments under the same Cd level
(P<0.05). *—P<0.05; **—pP<0.01; ***—pP<0.001; NS—Not

significant.

AP 101 o B Cd S aERm T 12.23%, BT
201 FRAE T 21.71%, CdO AbFEF+AMF Ab 3% 4
A FPEARCR SE Cd SR JC M, CdS. Cd10 ZbHE
TR ERALT B 101 R Cd I E R, Cd10 4B
T BERAR T B 201 FSch iy Cd S i
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s 24 r
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3z 06
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~ ! Cd: **
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0 1 I a 1 a 1 a
Cd0  Cd5 C€dl0 Cdo  Cd5  Cdl0
301 101 901 AME:*
a Cd: *
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4 TEIETHMAERN CdEE. BERY
Fig. 4 Cd transport and enrichment coefficients under
different treatments

TE: 101—HF 1017 5 201— “BEAF 2017 5 AMF—HEERUKFE; Cd—
AR B ARIRENG 8RR Rl — Cd AT A [ B 7 Ak 22 ]
ZF B F (P<0.05); *—P<0.05; **—P<0.01; ***—P<0.001;
NS— AR,

Note: 101— ‘Layan 101’ ; 201— ‘Layan 201 " ; AMF—Inoculation;
Cd—Cd levels. Different lowercase letters indicate significant
difference between +AMF and — AMF treatments under the same Cd
level (P<0.05). *—P<0.05; **—pP<0.01; ***—P<0.001; NS—Not

significant.

Cd £ BIE-HMR TR . & SR vl E ot 5%
i RO EERBGITRIE, CdHis RE0 1 (TF1)
FOR Cd MHABR S ) . B3R AGIT RS BE S, Cd 5z
FH2 (TF2) F/R Cd B 138 i) SR 52 13 B g
1o HE 405, AR S AR BRI Cd s F X

AMF B0 3 AN E ., 76 Cd10 kb PR, S5—AMF 43§
FIL, +AMF AbFEBEHT 101 Cd H AR H 1) M 1 3B R0 %
B ZBC(TFL) B EIN T 48.96%, [MiHMF 201 1)
TF1 B EFINT 24.04% ., JCigH Cd W anfr,
+AMF AbHLES AT RRAC P FPBORUY TF2, & 4 R BT 4
PRBRBUR SEXT 1 Cd WS SERE T . BE Cd ¥R EE Y3
T, PERPHBUR L Cd WA R ELE N RIAR b
EARERMIE, +AMF 2 FEE AT FEAHAR Cd (197 %
2.3 AEEMRFRLIE Cd 228 RIBLMEIKE
20

AR Cd kb FER, +AMF 4L B X BF 101
IR AR B A . HORCER DL O
WF 201 HIEAR . S TR A S B A R E
(Do

TE CdO 251FF, +AMF AbFRAE & T BG4S A sk
HUR PR+ pH {8, {HYE Cd10 144 F, +AMF Ab B
FEAR T -4 pH. B Cd Wit v BRI, 45 Ab 3+ 3
Cd Fa¥y R (5 5). 5-AMF 4b3AH L,
+AMF LB 5 HUF 201 14 Cd S AR LR B3 1
CdS Ab3ET, +AMF ZbBRAFHHF 101 +3 Cd & i i
AL 24.7% (P<0.05).
2.4 ARFEIEBITARE Cd 2R BFREAR R 595049
A

FE AR A B HBUR 2 40 W YR S AT GC-
MS 3 Hr s 2B 7 g E, R4 R MY ankE
£ MS i (NISTO08.L) Hriffi e PR AL 85% K LA LYy
Hirfb&® (5 2). Z5R%M, HOF 101, HHF 201
WREpWYHLAENmS T 11 MibEY, 2| T
K. B M. BERE. BE. MRILAW. AR Cd kB
FAETT A BRBS FRAR 2R W A i v 2 DA
P i 28 40 3 P ARG 5 s die i, FAMF A BEHCRR X 57
AN LT, CAS AT, BB 101 AR R 40 g
KB 2-(1-F A 228 H R FH R 7E+AMF Ab 3
FKEH LTS, M 201 W 2B TR, 1t
Hh, TE Cd5. Cd10 51T, HbF 101 R Ry
2,4-ZURUCT HEZR B (AR % i AE+AMF Ab3 R AT T
Jn, TERAE 201 WS R REEE S VR AMF fig
AR U 2R A M Al 2 4 A T AR i, R ]
Ffi eI BT 25 5%
2.5 CdETEMRE Cd RENIEARE

K G545 77 LAY (structural equation model,
SEM) 43 #f Cd JBhill FHEERALBE . AR5 AR -4



113 o, A DVBTRRAR LT IR RN SR SR AR R L 2145

x1 FEFHTIERSSE

Table 1 Soil nutrient contents under different conditions

o Calhn £ Pt o e el TRl L AR R AL
Cultivar  Cd treatment AMF pH Total N Total P Total K Available N Available P Available K Organic matter
treatment (g/kg) (g/kg) (g/kg) (mg/kg) (mg/kg) (mg/kg) (gkg)
BRHF 101 cdo “AMF  7.1940.03b 2.48£0.01b 1.14£0.03a 31.24025a 170+6a 42.1+22a 389+23a  39.75:2.65a
Layan 101 +AMF  7330.03a 2.5240.02a 1.11£0.01b 30.4+0.10a 165+5a 393+3.4a 418:22a 41.67+l.14a
cds “AMF  724+0.03a 2.50£0.02a 1.11£0.01b 314£049a 17135a 40.8:26a 471x17a 40.71=0.79
+AMF  724+0.05a 2.4840.03a 1.1740.02a 30.840.68a 173:8a  38.5:2.6a 472:24a 38.58£0.72a
Cdl0  -AMF  7.25£0.02a 247+0.02a 120+001a 32.140.53a 178+3a 41.7¢1.5a 483+30a 43.50+1.88a
+AMF  7.1650.02b 2.48+0.03a 1.16£0.01b 32.3+0.34a 17749a  402+1.6a 509+d44a  40.1140.97 b
BB 201 cdo “AMF  7.07£0.04b 2.5040.03a 1.13£0.01a 31.32028a 163x4a 409+0.6a 385:22a  38.99+0.86b
Layan 201 +AMF  724+0.03a 2.49+40.01a 1.1440.01a 30.84047a 167+8a 43.8+1.7a 415:20a 40.41<1.29a
cds ~AMF  724+0.03a 2.49+40.02a 1.15£0.01a 31.0:1.05a 171492  44.1+15a 411%12a  37.540.59a
+AMF  725£0.06a 2.5040.01a 1.07£0.03a 31.120.17a 17462  40.9:1.6b 419:21a  39.29+2.61a
Cdl0  -AMF  7.22+0.02a 2.47+0.02a 1.19+0.01a 322+0.86a 168:6a 40.040.7a 556+18a  43.42+2.08b
+AMF  7.14£0.03b 2.48£0.01a 1.11£0.03b 31.9+1.16a 172+6a 383+29a 475:9b  52.709.79 a

T B e A RN 5B R AR R B [ — 58K P T Rl 5 A TR AR M) 22 53 25 (P<0.05).

Note: Different lowercase letters after data indicate significant difference between +AMF and — AMF treatments of the same pepper cultivar under the

same Cd level (P<0.05).
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Note: Different lowercase letters above the bars indicate significant
difference between +AMF and — AMF treatments under the same Cd
level (P<0.05).
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Table 2 Components and their contents in root exudate of peppers under different treatments
=y BT 101 Layan 101 BT 201 Layan 201
251 BB
¥
- R Molecular  Cd0 cds Cd10 Cdo cds Cdlo
Type Compound name
formula _AnNE +AMF —~AMF +AMF —AMF +AMF —AMF +AMF —AMF +AMF —AMF +~AMF
JE2 1,10- 558 bt CoH,Cl, 228 1.54 254 - - .51 129 1.70 185 1.67 400 -
Hydrocarbons 1,10-Dichlorodecane
1585808 CoH,Cl - - - - - - 278 130 196 196 - -
Decane, 1-chloro
1-5-The CH,Cl - - 170 - - - - - 265 353 470 -
Nonane, 1-chloro
(S 2,4- "SI EE CH,,0 1.31 2.06 173 267 127 194 1.13  1.13 1.83 1.72 218 1.35
Aldehyde Benzaldehyde, 2,4-dimethyl
2,4- T HOR C,H,0 8.14 14.15 338 930 7.05 122 17.42 186 12,5 11.2 13.11 7.38
2 2,4-Di-tert-butylphenol
Phenols 2,5-T(L1-CHISE S0 KR CH0 - - - - 312 258 - - - - - -
Phenol, 2,5-bis (1,1-
dimethylethyl)
ik LTt C,HNO 40.73 49.18 33.14 35.15 49.2 50.18 59.82 60.37 4532 53.55 41.17 46.15
Amides Acetamide
’l‘%ﬂéﬂﬁé‘iﬁa@lﬁ C17H3402 - - - - - - - - 13.72 12.71 - 6.58
Hexadecanoic acid,
methyl ester
ES Al — F iR — WG C,H,,0, 7.15 460 11.83 1082 6.05 3.05 630 541 733 735 - 8.72
Esters Dimethyl phthalate
2-(1-4 P 3 )- 2 H R P C,H,0, 10.16 11.75 12.26 13.48 9.52 929 1126 11.49 1284 631 6.75 8.15
Benzoic acid, 2-(1-oxopropyl)-,
methyl ester
s TRIR I CH.N,O, 30.23 16.72 33.42 2858 23.79 1925 - - - - 28.09 21.67
Guanidines  Guanidine carbonate
7 TR B SE R,
Note: “~” Indicates that the substance has not been identified.
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T BRAY 1.87 4% ; BT 101 BYAREE T AL W4 4
BICRHE2ZES ., XU, CdMhbaF, AMF p9fe 5%
R5E R RMEDIME, —Jrf, B8 AMF flfE &
WP AFFAEL XS 1)L — 1, (BT R R
i, AR[EE R AMF MU, 2300 & iR
22500 5 —TJ5 T, AMF B4E R0 5 1m £
P JE R R DL R A S Ak DD AR DGR, BRI, AMF
B2 ;2 5 B AS R 0 b ke AR AR JEE 11 25 5
PARH R TAER, EREERT S AMF 17784 163t
Az R BB
3.2 Cd 8T AMF XA [E Cd FRRBFHE Cd
M Wir 3 i RO 22 M

KL Hh Y AR Cd YRR BRI Cd 1 i |

whorichin, Pk Cd R EAAPAR PR &0, JLHE
A AMF 5, RET Cd E B ETH . A5
i, AF Cd BT, PIAHBE AR R Cd LR
T HAER T, Ui Cd EERREEHR AR
AMF 5 AN [ S B AR 6 Cd it R T A
[ EmE . #E Cd10 &0 T, SRR,
AMF ffiBfifff 101 #F Cd & &AL T 30.75% (P<
0.05), BRHF 201 HEHE Cd FHEBEM T 41.93% (P<
0.05); AMF {fif533#F 101 o F¥ Ccd S BT E T
12.23%, BAfF 201 FEAK T 21.71%. [RIEF, 7 Cd10
WhEETR, 5-AMF 4 FEAHEL, +AMF AbERf BB 101
Cd #%532 2401 (TF1) BRI T 48.96%, [F%5 41+
T, AMF i 201 Cd %32 2450 1 (TF1) W35 AL
T 24.04%; AMF fli i FpBfiil Cd %42 241 2 (TF2).
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Fig. 6 Mechanism of Cd accumulation in pepper fruits based on structural equation modeling
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Note: A one-way arrow indicates the direction of the assumed causal relationship. Red and blue represent positive and negative correlations,

respectively. The solid line indicates significant correlation, while the dashed line indicates no significant correlation. The number next to the arrow
represents the standardized path coefficient. *—P<0.05, **—P<0.01, ***—P<0.001. GFI—Goodness-of-fit index; CFI—Comparative fit index;

RMSEA—Root mean square error of approximation.
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