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Influence of manganese on growth, nutrient uptake, and organic acid efflux by

ectomycorrhizal fungi and manganese distribution in hyphae
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Abstract: Acid soils are widespread in tropical and subtropical areas in the world and contain a high concentration of active
manganese ( Mn) at pH lower than 5.5. Ectomycorrhizal (ECM) fungi are important for artificial forestation in acid soils
and ecological restoration in Mn—polluted regions. A better understanding of resistance mechanisms to Mn and selection of
proper ECM fungi are vital prerequisites for producing ECM seedlings in nursery beds. Therefore, Russula delica Fr. (Rd
Fr) , Pisolithus tinctorius 715 (Pt 715) , Cenococcum geophilum ¥r. (Cg Fr) , and Suillus grevillei (Kl.) Sing (Sg KIS)
were grown in liquid culture media with various Mn®* concentrations, in order to study the growth, nutrient uptake
('nitrogen, phosphorus, and potassium) , organic acid efflux, and Mn distribution in fungal hyphae. The results showed no
significant influence of Mn® on the growth of Rd Fr at concentrations between 0 and 800 mg Mn® /L. Low Mn*

concentrations simulated the growth of Sg KIS and no growth inhibition was observed at high Mn>" concentrations. In
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contrast, the growth rate of Pt 715 and Cg Fr was significantly reduced by Mn>", and the biomass was decreased by 22.75%
for Pt 715 and 33.33% for Cg Fr at high Mn®> concentrations, compared to the control (0 mg Mn>/L). These results
suggested that Rd Fr and Sg KIS were highly resistant to Mn®*, probably because of their environmental adaptation and
biological evolution, as a result of their long—term habitation in acid soils with high concentrations of active Mn®*. A
significant decrease was observed in both the content and absorption of nitrogen and potassium by ECM fungi in liquid media
with Mn** added, which could be unbeneficial to host nutrient uptake after the formation of ectomycorrhizas under Mn stress.
The content and uptake of phosphorus and efflux of oxalate and citrate by ECM fungi showed diverse changes among fungi
grown in culture media with added Mn®". These results indicated that Mn®" fixation by phosphate or polyphosphates and Mn**
complexation by organic acids in the process of alleviating Mn®* toxicity varied among ECM fungal strains. Under Mn>*
stress, proton efflux rate, and Mn content in hyphae, particularly in protoplasm, of Rd Fr and Sg KIS were consistently
lower than those of Cg Fr and Pt 715, the sensitive fungi to Mn>*. The decreased availability and absorption of Mn®" could
thus be considered as an important mechanism of ECM fungi to alleviate Mn®* toxicity. In addition, most of Mn®" absorbed
by fungal hyphae located in apoplasts and only few entered into protoplasm. Mn®> in apoplast ranged between 5.23 and 9.21
folds of protoplasm. Therefore, plasma membrane could be considered as an important barrier of ECM fungi against Mn®*
entry into the cells. Since lab culture and field conditions are different, further studies are necessary on the influence of Mn

stress on tree roots and ECM fungi in the field.
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Fig.1 Influence of Mn>* on the hyphal biomass of ECM fungi
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P Mn™ %A1 B B A TR 22 2 P RIS 1) R i PR AR [R) T R B h 2R L RS SRR Y Mn®™
WEEHE R Rd Fr B P RCFIRISCRE IS N s Pe 715 A& P it o i & 78 Ak, (HIR ISR BE AR ; Cg Fr 95 P LRGN,
Wi TG . 3 A (IR BE Mn™ BRAM) 5 Sg KIS B F P RN C i 4 AR

K Mn™ i FEARSME AR B R 22 & K st A . 7E 800 mg Mn® /L 3532, Rd Fr Pt 715 Cg Fr
1 Sg KIS Ay K 43 91 Lb X FRIEAR T 57.57% . 23.32% 47.26% .40.91% , WS B K R I /0 T 61.90% 41.
67% .62.50% .50.00%

F1 Mo*3NEEREEEZ NP K S8 (mg/g) FARIE (mg/ i) BT
Table 1 Effects of Mn** on the concentration and absorption of N, P and K by ECM fungal hyphae

bk Mn® ¥ B/ (mg/L) 324> % Nutrient concentration F243 W Nutrient absorption
Fungal strains Mn?* concentrations N p K N P K
K% Rd Fr 0 1.08+0.06a 5.14+1.14b 4.69+0.53a 0.05+0.01a 0.23+0.04b 0.21+0.08a
200 0.88+0.02ab  6.88+0.18a 4.37+0.28a 0.03+0.00b 0.31£0.01a 0.19+0.06a
400 0.72+0.02bc¢  6.72+0.70a 4.48+0.73a 0.03+0.00b 0.30+0.02a 0.17+0.02a
800 0.44+0.05¢ 6.06+0.56a 1.99+0.56b 0.02+0.01b 0.25+0.04ab 0.08+0.01b
HAAT D8 Pe71S 0 8.13+1.74a  21.94£0.79a  18.36+1.92a 0.32+0.07a 0.83+0.06a 0.72+0.10a
200 6.68+1.99b  21.99+0.88a  16.68+0.64ab  0.29+0.06a 0.67+0.01b 0.53+0.06b
400 5.51£0.98¢  20.86+0.39a  15.50+0.28bc  0.18+0.09b 0.68+0.01b 0.50+0.00b
800 4.36+0.77d  20.52+0.43a  14.08+1.34c 0.14+0.04b 0.64+0.01b 0.42+0.03b
T EZS A Cg Fr 0 4.10£0.37a 3.57+0.46h 8.21£0.98a 0.02+0.01a 0.02+0.01b 0.04+0.01ab
200 3.95+0.56ab  5.98+0.64a 9.05+0.55a 0.02+0.01a 0.04£0.01a 0.06+0.01a
400 2.81+0.68b 4.64+0.54ab  6.56+1.31b 0.02+0.01a 0.02+0.01b 0.02+0.00bc
800 3.40+0.03b 4.83+0.01ab  4.33+0.84¢ 0.01+0.00b 0.02+0.00b 0.01£0.00¢
Z878 I ) 0 6.3120.41a  19.21+0.18a 7.04+0.45a 0.12+0.00a 0.54+0.01a 0.20+0.01a
Sg KIS 200 3.99+0.58b  17.66+0.64ab  6.63+0.16a 0.16+0.02a 0.51+0.01a 0.20+0.00a
400 4.42+1.21b  17.03£0.82b 7.72+0.21a 0.13+0.04a 0.50+0.06a 0.23+0.03a
800 1.27+0.28¢c  16.82+0.11b 4.16+0.61b 0.03+0.01b 0.43+0.01b 0.10+0.00b
Wt Fungal strain o o o o ® ok
Mn?* #J# Mn?* Concentrating *
W HRXMn? % ¥ Fungal strainxMn>* ns ns ns ns ns ns

R Fr, K% (Russula delica Fr.) ; Pt 715, % €5 %) ( Pisolithus tinctorius 715) 5 Cg Fr, 1425 H B ( Cenococcum geophilum Fr.) ; Sg KIS,
JELERRY 25 2F B ( Suillus grevillei (K1) Sing) . TEAH R BVEAS [F] Mn?* ¥R BEAL B Bt v, RIRI A REE RN Z R B (P < 0.05), * * FRERW
BE (P <0.01) ,ns TR &7 A ME

2.3 HHLERFN H 53 W
2.3.1 HHLER

B AE Mn® a0, S0 PR L D D 24 53 WA B T 1) o 2R DR BRI RRORS ) 7T 5 (3R 2) o v ARVR JE Mn™ {2
PE Rd Fr AW IR AH e P G S 3 R IR0 s Min™ YR BE S0, Pe 715 1 Cg Fr 43 WATRE IR 1A 5, S KIS D)
MR, HEAh, BRI Cg Fr > Pt 715 > Sg KIS > Rd Fr, P35 40l SR i ik 22 6.39 £i% .

FRAGEIR - Mn™ XA TRIAR L TR BAT 22 70 W7 A R 5 It PR BRI RR AN R TG 57 (35 2) o MIn®* 2 1 Rd Fr 73 047
R (HFRAK P 715 .Cg Fr F1 Sg KIS MM, AL SR R Cg Fr > Sg KIS > Rd Fr #l Pt 715,

LR A Rd Fr Pt 715 F Cg Fr IYSEFRM0TH  ARKC I R (% 2) . HR, Sg KIS 43 £ BRI 3 3R Bl Mn®*
WeEERGINMIFEAS . 7E 800 mg Mn®* /L ARG FRUE A WA A LT REFEAIR T 76.30% .,
232 ABT

262 ] UL BERE SR ) Mn® Wk BE SR S Rd Fr Pe 715 Fl Sg KIS 23 H (3 B3R 22 5K (1L Rd Fr 7575
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WeRE Mo B A1 (B4 8 B TR {H Cg Fr 433 H AR AR, 7€ 800 mg Mn™ /L (85 58, Rd
Fr Pt 715 Fl Sg KIS 43 H* B3 255 5] xS BRREAIK T 17.58% .65.91% 1 48.89% , Cg Fr ¥4HNT 38.39% .,

R2 Mn*BEEUST MEFREFHLSWDER ATRER.ZBE H HER ( pmol g d™')
Table 2 Efflux rate of oxalate, acetate, citrate and H* by ECM fungi under Mn?* stress
LS Mn?* ¥/ ( mg/L) FR PR M

Fungal strains MnZ* concentrations Oxalate Citrate Acetate H
K4 Rd Fr 0 6.24+0.27b 5.18+0.04b nd 1.65+0.08a
200 8.19+0.20a 7.13+1.49ab nd 1.43+0.14b
400 5.87+0.48b 7.51£1.99ab nd 1.15+0.01c¢
800 5.73+0.23b 7.86+0.39a nd 1.36+0.10b
AT D% P 715 0 26.34+3.74¢ 6.99+1.72a nd 5.66+0.44a
200 28.24+0.73bc 6.80+1.47a nd 3.45+0.25h
400 30.36+4.15b 5.30+0.40ab nd 1.81£0.16¢
800 37.05+7.54a 4.22+0.27b nd 1.93+0.28¢
T A HE Cg Fr 0 23.09+2.05¢ 1144.9+60.17a nd 5.12+0.39¢
200 42.28+1.21b 930.5+52.41b nd 5.58+1.97hc
400 46.52+5.66ab 959.3+94.74h nd 6.29+1.63ab
800 54.83+6.65a 835.4+67.16¢ nd 8.3120.31a
JE IR 2 T 0 14.59+0.28a 196.8+4.27a 72.28+0.93a 30.60+0.58a
Sg KIS 200 10.88+0.81b 136.8+16.19b 33.38+5.30b 22.20+0.52b
400 8.58+0.87¢ 135.6+24.11b 22.49+2.39¢ 17.48+1.48¢
800 5.67+0.85d 134.9+12.47h 17.13+3.68¢ 15.64+2.28¢
bk Fungal strain o
Mn? % J# Mn>* Concentrating = - = ok
BFEXMn* ¥ J¥ Fungal strainxMn?* ns ns ns ns
nd FR A H

2.4 W% Mn FE Wl KA
241 FEMARICE

AR, 22 5 Mn SRRSO A —FE P27 Mn & Cg Fr > Pt 715 > Rd Fr > Sg KIS;*FXWR I
Rd Fr 5w, Cg Fr Al BEES IR AY Mo MR BES2 5, B 22 Mn BRI S W &3, 7€ 800 mg Mn** /L
FEFRUED  TA 227 M di R ISCaE 43 ) LS RESE N T 6.57—96.67 15511 6.58%—112.42% (181 2) ,
2.4.2 Mn 4T

P 3 AL B 22 JFA A Mn BEAEET 0.53—2.01mg/g Z [a], RAMA S Mn &8 4.88—10.52mg/ g, J5 & &
HIE IR 5.23—11.2 %, Mehb, BAE BT BTAMA S Mn 5 Cg Fr Sy, 3 & B R AR Y 2.45—3.79 i (S5 4E
) 1 1.64—2.15 £ (BAMAE) o

#£3 Mn7EMNEFEREFHBEAIMNIDT
Table 3 Mn distributions in and out of ECM cells

Ak M Bt Mn concentraton / (me/e) B2 JR/ JROMA Protoplasm/ Apoplast
Fungal strains JFAEJR Protoplasm JRAMA Apoplast

K% Rd Fr 0.82+0.08¢ 6.41+0.08b 1:7.82

FALTT D) Py 715 1.05+0.13b 6.58+0.13b 1:6.27

TAEZHE Cg Fr 2.01+0.49a 10.52+0.56a 1:5.23
JEYORE 25 4R PR Sg KIS 0.53+0.11c 4.88+0.50¢ 1:9.21

e —Fh A RRI AR RN 2R B (P = 0.05)
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Fig.2 Mn** concentration (a) and absorption (b) by ECM hyphae grown in culture solution with variable Mn?* concentrations
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FESBESE T A A ROIR IS S W 1 fe B AR AR 25 Mn™ X} Rd Fr A2 K TG (i 35 5 i IRV
& Mn* il Sg KIS A=K, v m B ICM I, i Rd Fr Al Sg KIS FL (1) Mn BYRE J1 3058, 4kSLHF R
Rd Fr # Sg KIS A YIHT () Mn BIBFSE, A 26 T BN T SEBRI

Blaudez S\, AME BIIR B H 4@ HibE i 22 5 5 e R A Y, Uk Rd Fr A K T &
DT 2 1 B R AR T SRR E T3 (pH <4.0) , 3P Mo & &5, 0 T3l N AEFEEREE  W0os K8, Btk i
PL (i) Mn BB ESR I A Wi hitt . R, Sg KIS WK IR T N 587t K LLTMAA AR b4 + 38 (pH 6.8—7.1) ,
TP S IR MR Sg KIS Bt vl BE A [ AR = etk . FE S5 R 35 R A IR TR B A M, 35K
Pl Rd Fr A1 Sg KIS A4, HEMIFE Mn™ & S48 1) 3 Rd Fr F Sg KIS W] BRI AE K . BT S5H
ARABEBAMEFERZ )G, A K RAFAMERE 22T 12 R A 38,6 38 T8 KI5 Wl 2s (8], 4ER5 3% 0 i, Ff
FFor BRI ERR B P e o

G A AR LR 5 e Ak S SR SORN i B S 2 MR AL E 2R AL E YL POY 5 Mn™ B
JRAEAE R ER [ Mn,(PO,), - nH,0,Ksp = 6.13x107 ] A RO0EE Mn>, P, BRI A Z0T R L
o R RELE A 15 AR, WA RO B WU AR T Y . FE Mn™ A S E T, MR AR EL RN P IRl
AT REJR % Mn> #0952 — % . R4 Rd Fr F1 Sg KIS [6)J@ 5t (i) PEECHR (0 B bE (B 5 75 W 9 Mn®* {8 Rd
Fr & P RSN, Sg KIS WIAHS, S hn P T 682 Rd Fr 1fidE Sg KIS W85 Mn™ B SR MG, LA,
[Mn(C,0,) ;1% F1 Mn,( C,H;0,) , AR E H L (1B ) 4351 R 19.4 1 1.4, ik 1A= TR AR FL 04 1 0 5 7R FAT 5 R
ST ILREREAE Mn™ B ROR BE A 28 T8 Mn 35, {HJR , Mn™ X (I B PR 20 006 00 1R R AT A5 1 140 5% i 1, 2 1R
RN I3 A 20 A LR 45 A Min™ 1T VR 7 3 1 FH DR R RR AR TRD 1T 57

EAS T A BRI T ) Mn™ S35 AR Rd Fr 1 Sg KIS 43 &0 ES F 193803 76 14 pH 3—9 JE [ /Y,
REHE S — pH {ELBANL, Mn™ YR R I 100 %5, 50 pH XHEPE Mn S ESZRE R HIL 78 Mo B 504 T,
A A TR L TR 80 S B 40 AT AR Mn I35 P J2 B 1 Mn™ i AR 22 A U iR 12 22—, 7E Rd Fr fil Sg
KIS BB 22 FJs AR b, & Mn B B BT Co Fr A1 Pr 715, W50 () Mn B8 J7 558 1 B 1k R A 250 Hb BEL 1
M i A B 22 RN AR BT 08 Mn B, IAB A $EFPR A T S8 ( Pisolithus tinctorius ) Z )5 ,Mn EEAFAETAR
RAERMMEE T, UG /D B A R AEZ 5 -5, s Mo 8 EERY S A, TTiehi Ma™ P8
55, A AR B EIRIL Mn™ J5 , REAFLE T HAMA , U0 5 E AR 5, 250 Bidwell 2570 (UBFFT 450, Uil
Jer A I L2 B A Min™* 0 A 200 i ) B o
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