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Effects of zinc stress on the antioxidant system and the
distribution and form of zinc of Pisolithus tinctorius

LIU Ziyi, HU Wentao, CHEN Hui, TANG Ming*

Guangdong Laboratory for Lingnan Modern Agriculture, College of Forestry and Landscape Architecture, South
China Agricultural University, Guangzhou 510640, Guangdong, China

Abstract: Pisolithus tinctorius can extensively establish ectomycorrhizas with forest trees, and
the symbiosis can promote plant growth and improve plant tolerance to heavy metals. However,
the physiological response of P. tinctorius to heavy metal zinc (Zn) stress is not completely clear.
In this study, the effects of Zn stress on the biomass of P. tinctorius, the active form and
subcellular distribution of Zn, superoxide dismutase (SOD), catalase (CAT), and peroxidase
(POD) activity, glutathione (GSH), ascorbic acid (AsA) and melanin content under pure culture
were analyzed. The results showed that Zn stress inhibited the growth of P. tinctorius, reaching
the half maximum inhibitory concentration (ICsp) at a concentration of 563 pmol/L, and when the
concentration was 600 umol/L, the biomass decreased by 42.6%. Zn in P. tinctorius is mainly in
the form of low-activity oxalate, insoluble phosphate and pectinate, and the form of binding or
sorption with protein. Zn stress significantly increased the activity of CAT, POD and SOD in P.
tinctorius hyphae, increased the content of GSH and melanin, but had no significant effect on the
content of AsA. This study shows that P. tinctorius mainly regulates the distribution of Zn and the
antioxidant system to enhance the tolerance to Zn, and it provides theoretical support for
remediation of heavy metal contaminated soil with the help of ectomycorrhizal fungi.

Keywords: ectomycorrhizal fungi; heavy metals; melanin; absorption and retention; anti-oxidative
stress

BEZn)im g tiEhE W ESE, bi
Zn XA LB EA AR, WeEE L T
HyrA s FEN, SERERWR AL BEER
55, AERKZH . IEEAROS)HEME . BrE LG
PERk A5 (Broadley er al. 2007)F1 Tt HAth i oo
2 (ISR T2 Ui (Hall 2002). 7 [RIAE 938 52
T 4 Ja B U F% iz 4R 1 e Ak L BT EHE
PEREAES . KRG — AL B Z T
B B S5 HL I T 52 3 42 J& W38 (Bano & Ashfaq
2013) 177 P AR A 9 3 3 5 TR AR L D R i AR
R ——TRAR  TER A ) 4 e fa A i R e
HEAEH(Luo et al. 2014),

Khullar & Reddy (2019, 2020)#F55 &, 4
FE v FE AW A 2K 4 JR i (As) I, AR TR AR

1124 EYER

HE (ectomycorrhizal fungi , ECMEF) g 4k
Hebeloma cylindrosporum TEAIINFL R As, 5
SABEHIR(GSH)AEYIE R, B y-4 2L
I 2 W2 A A B (Lby-GCS) Fl 4% It H RK & B
(LbGS)ifith; #t— kB, %ifh GSH Y&
B2 As A B F B, S GSH 5 As 454
HICAFAERE D  Zn WA RO 5 Aspergillus
aculeatus W22 N GSH 195 & W EHm, AL
e 1 E A R OR A (X = A 2009)
YLV 25(2019) & B, WA FL4E Lactarius deliciosus
B EAN SRS I PN ST
(A, BELIE APTHEASL AR LI ALIE . T
WMEFEAMPREREY ] SHESRE S
(Galli et al. 1994), SALH Pisolithus arhizus T %%
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A N B 4 J 3 5 T 240 R SR TR ) €8 2R R T
AN 375 B ik A (Gruhn & Miller 1991). R R
PN 4= FL i (dark septate endophytes, DSEs)4H il &%
B ORAER, YAV PR, BaR
rm N (Ban et al. 2012; Hou et al. 2020),
P& O X E 4 8 W 8 1Y I A2 M (Likar &
Regvar 2013),

¥ 0, 5 @) Pisolithus  tinctorius (Pers.)
Coker & Couch J&H 2 /MERM IR, XTHE4
J& i 35 B — i B 2 (RO A 55 2015). 4
(Cwla ™, BT Dn BERE BN Pinus
thunbergii 1T A, FEAL T IE AT AZHAS Cu
B i, I8GE Cu XY (RAOUEE S 2017),
A0, 1y gy 2ok 38 0 B R 00 3R A W I R R
(He)Whil (Z 81755 2010); 897 Kb rER, ™
e —SEALR, TR (Cr)is SR AL B (Shi et
al. 2020); SHIBAHLIR, 4w X PR R BT
I SFIH, fEiExdsE Al 2 QTS %
2019); HEHR Py Ak S (CAT) FI A B H ik
S-EERL B IS , PRI ELIE A AR K S 32 B (Mn) I 52
i (Canton ef al. 2016). {H2H 24 )& Zn 1Y
AEFAEAHLRIIEA S 2TEE . I, A SGHE B
5% Zn WA XA T D) Zn VA0 M5 A A Ak
EA VARG B AR TR, #HRE
O D) Zn RN AL, k2B R HAb
A AR FL GG 52 T 4 S v e T SRR LA

1 RS

1.1 IR
1.1.1 #ilEH
A0 G F) Pisolithus tinctorius 21118 1k

H HP L AROLL B2 0 5 B 24 Ml AT 5 T I 2P A
FEORAE, ST ARBER VU HER Betula sp.
MF . Tk 2 MMN 53383 (Marx 1969)H17% 1k,
TERVE NI THUAYH(EAR 0.8 cm), R TG
2 MMN B3R A2 9 em #55R M H, 25 °C
WP A B, /.

1.1.2 HiliErE

K MMN K53836. CaCl, 0.05 g/L. NaCl
0.025 g/L. KH,PO, 0.5 g/L. (NH,),HPO, 0.25 g/L .
MgS0, 0.15 g/L, ¥R 0.2 g/L, FeCl; 0.012 /L,
VB, 0.1 mg/L. #i%jH 15 g/L, pH 5.5,

1.2 R EE
121 AEZnRETEREFEKEREZENES
B HIHIZ E

RIS FHRIG S5 J , Zn KPR FH 4 Rk JE (0.
600. 800 F1 1 000 umol/L), #&HJF 10 NEL .
¥ ZnCl, FZEB/K IR, W INEI R MMN & {4
ReFesdr, 89 pH 2 5.5, JFH GBI ACE
o WA R M PR , 76 B T5 2 R 1A 1
FIFLEFTHUR P (B4R 0.8 cm), FEFP7E S ARl Zn
HeFEERFRRE P (REFE I EAZ 9 ecm, B8 25 mL 1535
35y, 25 CRRIHE P ERSR. £F 1000 pmol/L
Zn RO T R R 22 )5 (R 20 d, 80%L |),
R A O e TR HAR, B 7 d D
— K, s A K ORI RSN, A ES
J& il 2% (inhibition rate, I): I=(Dy—D)/D¢*x100%
(Do Jp X} BRI VE BRI K&, D WA BRI Y5 EH AR
AN
122 XEBESH Zn &I8

A5 1.2.1 RIS R, 158 Zn XEAT
L 1 ER A IR (1Cs50)}y 563 pmol/L,
WEAE Zn W FE 454 0 A1 600 pumol/L, 1 hy A Bt
AALFE PRI E A PR B . SR 16 NEE, W
PRI 2R 1.2.1,

FRRE R . B E IR DEHEF TR 25 mL
SR MMN [ 85 57 5 (B o5 0 T B s 40) LA
9 cm FUEEFRINAp, 25 CHIERE:FE, 30 dJ5,
WA B 22RO S5 UIREES] 1.5 mL 2
O HHEERE ST Zn BV 40 44 Fs P
A E, HAFERA-80 Cuk#i M7, H
FHU A PR T I

WAAEE TR BRI PHER TE 50 mL
MR MMN AR TR AR 150 mL #EIE T,

EMFR 1125
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R 5 AN EDE, 25 °C L 120 r/min PR35 8555 30 d.
SURIIs2 Y =N A L NS TR ) QULEY 23 &) Y e 3 1]
BREA MRS AL WKy, TR AR AR
Pl E .

1.3 £ {IEfRRINE

1.3.1  Zn SEMRZSFIIL 2050 5760 E

FRIC 0.1 g #rfEFEah, A 10 mL SFE
(50 mmol/L Tris-HC1, pH 7.5), WHEAI¥ G, *
2RI B A IR BOE I E Zn fER GG T3
HIIEPEIE &S (Fu et al. 2011), $%BBIEFIHAE /S
FIRAKKEEE: 80%LE(FE), 2B F/K(FW),
1 mol/L NaCl (FNaCl) . 2% HAc (FHAc) #
0.6 mol/L HCI1 (FHCI),

FREC 0.1 g Hréebie i, SR 25 MBS0 00 B
0 5 53 04 iR ZH 43 (Hou et al. 2013). F44E
il 5 T 1 B G vP i (250 mmol/L AR |
50 mmol/L Tris-HCl, 1 mmol/L i JR&EHHE)
DL 1 g:100 mL Y L7 vk i TR BF S 509K
2 000 r/min Z5.0> 20 min 15 21 20 0 BE AR R 5%
WA (EL, 5%7); 4 000 r/min 5.0 30 min 153
DL A% F E AL 40 (F2, %Ri#E); 10 000 r/min
250 20 min 15 2GR ALK L 53(F3 , 5k i)
DL A VR AT L 5 (F4, 3D

W R A2 32000 52 A0 B UL A5 2 G E I iR
IR FH 2 30 3 0 72 45 30 (0 L U 0 38 V4 ol e
BEHAZE D, HERT AR Binggk 2k
T B A BIIMAREER T 150 Cn# i,
WS T 2 2 T o T A P W s o B
TFHREE, novAA350)I A2 0 5 o B AS [R) 6 1
TEAFE AL 5> Zn 5 2
132 MEXEEMMRECYRIENE

B 1.2.2 PRAEF-80 CHIELEAEMEUE ,
TEWRCR IS Ok 25

P AL IS PRI A . PR B AR LR R R
0.1g, %Y E Ak EF (SOD)E PE /Yyl E 2%
Xu et al. 2010)89 7% ; L E L YIEE(POD)IE P
IINEZ% Zhu et al. (2004)9 75155 AL S

1126 EIFIR

liff (CAT)VE M B9 22 2 % Beers & Sizer (1952)
H) 5%, SOD, POD FlI CAT B 14 51 LA
U/g FW. U/g FW-min #1 U/g FW-min £/x .

PrAEALY T & R . R E A BRI R
0.1g, MA 2mL 5% —=HLR(TCA W), o
RAIE, 15 000xg B0 10 min, FERERZE
2mL, HGH EIH R H THUR AR (AsA) R4 It
HIR(GSH) & H#IE

AsA &M E 2% Kampfenkel et al.
(1995) 1 7 L s R ek . 43 W E 3K 0.2 mL,
JinA 150 mmol/L NaH,PO, 200 uL, H,0 200 pL,
REA . 30 s JGHIA 10% TCA I 400 pL .
44% H3PO,4 400 uL. 4% 2,2- HEALIE 400 pL .
3% FeCly; 200 pL, 1RAJEHE 37 CKIBH AR
60 min, ll 525 nm &b OD fH. MRPEHREMZE
THARES T AsA &

GSH 7 & H#i 175 DTNB Jll % (Anderson
1985), FFFEAEME 2. 3 W B 13 K 0.25 mL,
& A 150 mmol/L NaH,PO, (pH 7.7) 2.6 mL,
DTNB i) 0.15 mL, 225 g4t #2 DTNB izt
FEZS AXTIE . #2510, 30 CARIE 5 min,
412 nm bWy OD H . ARV UERT IR
GSH 4t

AsA F1 GSH &5t ] pg/g FW KR,

133 4£YI2EMEGZSENE

PR BRI 221K E T 50 'C, 72 h
BT, ETE, SitEmAEYE.

M0 AN E R Zou et al. (2010)A9 5
DFEAEIE . B T R TR 22 0P O oK, B R
LEH, 5 mL Z28/K A 5 min, 8 000 r/min
B0 10 min, KRR B, BFUTREEHTRIFTE
6 mol/L NaOH ', pH 12, ¥HRAYTE 50 CTF
HEFEVEM 24 h (40 kHz, 250 W), 8 000 r/min %5
> 15 min, A 8 mol/L LN L5 R L 2 pH 2
PITHE S, 10 000 r/min 25.0> 20 min, 32
V. HEDTURRRAER, KRZamiE,
0.1 mol/L NaOH ¥ & (a2, 7€ 400 nm 4L OD
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{E, 0.1 mol/L NaOH 1F-h7s X HR . il ad brifEph 2k
RRARSE., BOARTEH mge #R.
1.4 BERALIEM T

{#i Ff] Microsoft Excel 2019 £ 55110 fr4x/4:
XHEIREAE I TR, (] IBM SPSS statistics
25.0 HATEIE R EVE M. AR T R
(one-sample T-test)FH T Kl []— Zn ¥ EALFRT
RIS E - IE AR v 22 o B R 7 220
(One-way ANOVA)H (XS & 6 56 (Duncan’s test,
P<0.05)/H TA ARG Zn AbFE 2 a5 S 508
#2500 ] Origin 2018 1EE #4317 1ER .

2 BRS04

21 Zn¥MEEELHEKMNEY=AIFIY
2.1.1 Zn MEEIISHEKNFIZNHE
e RE Zn W Ab

B 34dE, &

R YRR, HERE Zo G, B
O R RVE BTN 1), XA
WHIVE B an (R 1), SXHRAMEL, RH
Zn WRIEALPEF WV B2 25 B3 (P<0.05), 4
Zn ¥ E K 600 pmol/L B, # (0 & B4 K2
2| i Z i (P<0.05), 20 d BFHII 3 46.15%,
27 d BRI E B 51.84%, MG BETRE,
34 d BHMEIZR 52.58%; 4 Zn WEFEREF]
800 umol/L A1 1 000 pmol/L, 20 d i} Zn Wi X
0 0 i R K R 0 53.15% i
54.2%, 27 d BHEEF] 56.91%F1 61.98%, 34 d
i 800 pmol/L Zn AbFE T , il ZE4ERETE 55.95%,
i 1 000 umol/L Zn AbFETR, TS = 63.1%.
AL, B Zn SR 6 Rl A 4 S
REFE, MR Zn 40P 2 ] 1 4 Ja 3 i) 5
TREESR

X BECK 600 umol/L 800 umol/L 1 000 pmol/L
1 Zn 8IEXT Pisolithus tinctorius F <IN
Fig. 1 Effects of Zn treatment on the growth of Pisolithus tinctorius.
% 1 Zn 3 Pisolithus tinctorius HZHIFLN
Table 1 Effects of Zn on the diameter of Pisolithus tinctorius colony
Zn WeHE HiZ TR
Zn concentration (umol/L) Diameter (cm) Inhibition rate (%)
20d 27d 34d 20d 27d 34d
0 2.86£0.27a  4.34+0.33a  5.04+0.40a
600 1.54+0.30b  2.09+0.74b  2.39+0.78b  46.15+£10.94b 51.84+17.92a  52.58+16.30b
800 1.34+0.19¢ 1.87£0.34c  2.2240.50c  53.15+8.52ab 56.91+£8.00a 55.95+11.62ab
1 000 1.31+0.31c 1.65+0.52d 1.86+0.55d  54.2+12.57a 61.98+12.33a  63.10+11.85a

e [l B R PR FOR AN Zn W AR HAR 22 . HAR: Faa=128.974, Pyi=0.000; Fr7¢=106.783, P174=0.000;
F34q=114.754, P3,4=0.000. #MilZ: Fy0=4.23, Pyq=0.02; F74=2.601, P;4=0.084; F3445=3.956, P3,4=0.025

Note: Different letters in the same column indicate significant differences in colony diameters between treatments of different Zn
concentrations. Diameter: F5=128.974, P»,4=0.000; F,,:=106.783, P,743=0.000; F345=114.754, P344=0.000. Inhibition rate: F,y;~4.23,
P0¢=0.02; F>74=2.601, Py7;4=0.084; F34,4=3.956, P344=0.025.

EWMFER 1127
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M4 34 d BFARTE Zn ¥ BE AL PR (1) 4 @ 3
Ml R0 Zn FEFHMEBCCRIL (K 2), MiE
Zn YREE IR, 4 JE M 258 B 2
TIN5, Y4 Zn WE N 563 pmol/L B, #iil%
H50%, HEBFIAE] Zn XFR G T g R K
P EE (ICs0)0 24 Zn WREE/NT4E T 451 pmol/L
W, Zn YR G R E KA EMSIER,
ULRHILET Zn WREAE M EFRTR, S5 AEY

K,
200 241525855 95 631
0 P R s ! ]
9 200 _...400 600 800 1000 1200
5 200
E_; —400
£ -600
E ...
—800
-1 000 U

Zn concentration (pmol/L)

2 ZIn {ERHIEN X REN

Fig. 2 Dose-effect curve of Zn action.

212 Zn WEEESHERKEREMEYEDN
=

B Zn WPEERIBG TN, 2027 d B, BEAE
LA KR R R 3 (HAE 27-34 d B,
AR BETR E2ZEF(E 3, £2). fEXTRAS,
20-27 d F1 27-34 d B, BT S KE RS
A 52.37%F1 16.28% 24 Zn ¥ & fy 600 pmol/L
F1 800 pmol/L i, 2027 d Ay K51 K
35.41%H1 40.12%, 27-34 d I FFEF] 12.34%F0
17.99%. 24 Zn ¥RJE A 1000 pmol/L i, Az
RPN 20-27 d BFHY 32.80%7F1 27-34 d i)
15.10% (3% 2). VEWRWREERY Zn MR AT D
PR PR . TR Zn 3T,
BE 3R I i A PR Y B 5% T RE R R B b FR A T
AN [ R

KH 600 pmol/L Ml Zn X 4 5 B3 I
22 THEINFE W, TR A S S A Y A ik

1128 EHIFIR

(% 3)o AP Zn Wrid BEERL TR A S S0 E
VI (P<0.05), 5% BEAH A= P AR 42.6%

—a—CK a
5 | —e—500 umol/L 4
= —4-800umol/. b
= ——1 000 umol/L. =
= 4|
¢ S P
@ 3 d
X3 3 c
® 5 v
E ab a
E it
= b ——7, ——1
ca—_—  ab
(L_b ‘ :
20 27 34

PLEZHing |
Incubation period (d)
3 Pisolithus tinctorius F <%k
Fig. 3 The growth curve of Pisolithus tinctorius.

X 2 Zn X Pisolithus tinctorius &= <R R B 5
Table 2  Effects of Zn on the growth rate of
Pisolithus tinctorius

Zn Y AR R
Zn concentration (umol/L)  Growth rate (%)

20-27d 27-34d
0 52.37+0.08a 16.28+0.05a
600 35.41+0.14b 12.34+0.08a
800 40.12+0.22ab  17.99+0.11a
1 000 32.80+0.11b 15.10+0.13a

e [F— S AR B FOR AR Zn HREE A KA 28 7
ﬁ%-FZO—27d:5-897v P2y 27470.0015 F7.34¢=0.945, Pr7344=
0.424

Note: Different letters in the same column indicate that the
growth rate is significantly different between treatments of
different Zn concentrations. Fhy o7 ¢=5.897, Py 27 4~0.001;
Fy7.34=0.945, Pyy_34 =0.424.

% 3 Zn Xt Pisolithus tinctorius £ )= 852
Table 3 Effects of Zn on the mycelium biomass of
Pisolithus tinctorius

Zn W% A7)y

Zn concentration (umol/L) Biomass (g)

0 0.12+0.018 7a
600 0.07+0.002 9b

TE: (A3 A ) BER RN ] Zn ¥R 2 ) B 22 (A E 4 i
Z5 B F=18.530, P=0.004

Note: Different letters in the same column indicate significant
differences in mycelial biomass between treatments of different
Zn concentrations. F=18.530, P=0.004.
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22 Zn ERBEIIHFNTHEMESTH

FOE DS WAMMA S+ Zn & B
SR B A A i BE 2H 43 (F1)> 42 81 1 R AT i 7k
20 43 (F4)> LA A AZ S =5 10 41 43 (F2)> 2R ki AR
m2RAR 53 (F3) (Kl 4). XFREH, Zn EK T
i je 41 53 L9 430 R FL: 39.97% . F4:
29.86%. F2: 20.00%F1 F3: 10.17%. Zn il
T &5 Zn & A H B 25 57 3 (P<0.05),
FEIN A A M BE 21 43 v B A 9 (83.45%), R
FRALAAEL, 8 43.48%; %% (A AIAT Ik 4H
DL R 40 B A% 41 oy 5 i LB B A 12.70% Al
2.71%; SRR FINF SRR b B i de b, AUl
1.14%. U AT SEh T Zn g R 25001
FELHIRELL 3, D EB A A7 AE ML SRR
Zn WA RS TR O G DR S Y
Zn i, Zn FEANMOARZ . ZORLR A SRR S5 AN i
wh e ERD,

2.0
[EF1

1.4

0.8

0.2,
0.05

51
Zn content (mg/L)

0.00

0 600
BEAL PR FE

Zn concentration (umol/L)

4 Pisolithus tinctorius F Zn B S 7
F1: Z0M0RE FORBETEGRIE 2 75 F2: DA &
ST F3: SORAFIMERIAL ;5 F4: BB
ALY, Fi=4.459, Py=0.04; Feo=11 040.285,
P6()():0.000

Fig. 4  The subcellular distribution of Zn in
Pisolithus tinctorius. F1: The cell wall and unbroken
residue component; F2: The nucleus-based
component; F3: The mitochondrial and chloroplast
component; F4: The nuclear protein and soluble

component. Fy=4.459, Py=0.04; Fgpo=11 040.285,
P00=0.000.

23 Zn EXREEDHPRERRES

R 8V TR /NI R, AR B B LA PR
. SRR W TCHLER FI SR EL (FE) . /K
PEA PR EL A —CBE MR AR (FW) . SRR £ DL
HEARES A EWE S FNaCl), MEE T
JK B 4 R IR R (FHA ) M B R R (FHC) A5 P
AW Zn,

TEXTRRAA P, ANFENEPEIEZS Zn B HLE1R -
FHCI>FNaCI>FE>FW>FHAc, I % DL% Pk f%
[ FHCL $2I(45.6 7% ) A 1E, HUGR I PRI
) FNaCl (22.24%)F1i% % fie =i 1) FE 42 HUS
(16.69%), FW #il FHAc $2HUARY Zn & Bi/),
A3 RIA 8.12%F1 7.28%. Zn AT, A E D
FAEEIE A B SRR IR : FNaCI>FE>FHAc>
FHCI>FW, it Hbfsl43%1°4 FNaCl 33.53%. FE
24.93% . FHAc 18.17% . FHCI 18.10%#l FW
5.27% (Kl 5). BLHHTE Zn AT, BEE DEhH
Zn F L LIS R G rIE XA

2
(=]
T

®

N
[

-;: = b
3 I 4
L | ab
i % 2.0 J |7
‘fif .§ 15} a :
T8
= 1.0}
™ b 1 b
| a b
0.5 80 R
b [ bl
0.0 s B s Y NN | [
0 600
RGP RE

Zn concentration (pmol/L)

5 Pisolithus tinctorius F Zn HIEMFE
FE: OPEHREUE; FW: LB /K3REUE; FNaCl:
FALTIEEIUS ; FHAC: BERRIEHUS; FHCL: #h7R
PHGS. Fy=3.526, Py=0.048; Feoo=4.181, P4y=0.03
Fig. 5 Active form of Zn in Pisolithus tinctorius.
FE: Ethanol extraction state; FW: Deionized water
extraction state; FNaCl: Sodium chloride extraction
state; FHAc: Acetic acid extraction state; FHCI:

Hydrochloric acid extraction state. Fy=3.526,
P0:0048, F600:4. 181 5 P600:0.03.

EMER 1129



X F /FMENEEEDIEAFNS HIETRESRERSHU RSN

Research paper

e, WSS A SRR,

B0 RRZHAR L, 1P FNaCl #l FHAC
PRBUGSR Zn S, 0 11.29%F
10.89%, {HIFEIAY, 1EM&H&H FE $£BGSM Zn
SR 8.23%, FHCI i FW £ lUASET
W, B R RE 27.56%F1 2.86%. DB Zn Wrif ek
T Zn FER A E DRI, e
Mo ) Zn DS VESRARRY FHCL S BGS 528 0%
PERBARAY FNaCl $2 G, (B2 M = 1Y FE 4&
BASEEIE T
24 Zn ¥ EES3H SOD. CAT # POD
ke d:0A

Zn WhBES, B AT Db Zn TEULSE
A S T A, BRI E Zn™*
(FE $20U . 24.93%; FW 22 5.27%) 7T
W, &R EA . Zn 0 BE R SR A E
4 SOD. CAT F1 POD &M (P<0.05) (35 4).

= 4  Zn Xt Pisolithus tinctorius It FLEEE 4 BIR2 M0

XA, SOD &S+ 101.76%, CAT
TR 331.1%, POD iiPETHR 70.68%., #HH
A0 Syl AT LAGE o) 3 e p A AR VT BR A
TGP S(ROS) (I RKEE 2017), Z5f# Zn #E .
25 InMEETEFHGSH, AsAFEEER
2ERFN

Zn AR, BE TSR hrEA TS i
AT, B aR A K(GSH) & i iR
FHEIN(P<0.05), TIHLIR ML AR (AsA) & & BT IR
AT B 2ZRGER 5). SXIEAME, BERS
TR N 214.9%, GSH & 548 %k B8 26 4% fn
56.65%. [A—WET, AsA & EF GSH &
i, RPEAGOHT AsA [HELTF—AHxt
B AP YER A N B 80P . DR Zn JBRiA
[] BF b IR e A8 A0 R S 0 5 o R 4 S S 72
Yo, 25 Zn BIEE IR, BORELIE M)
fiif 2 4 )i g

Table 4 Effects of Zn on the antioxidant enzyme activities of Pisolithus tinctorius

Zn W SOD POD CAT

Zn concentration (umol/L) (U/g FW) (U/g FW-min) (U/g FW min)
0 2 466.61+£233.93a 55.79+4.07a 14.314+6.89a
600 4976.58+736.71b 95.22£11.47b 61.69+12.10b

¥: SOD: WA YL ALET; POD: i LYIEE; CAT: SHEIAR. F—F AR FERRAR Zn We M 22504
ARG 122 AR B3 . Fsop=23.125, Psop=0.005; Fcxr=26.445, Pcar=0.004; Fpop=23.141, Ppop=0.005

Note: SOD: Superoxide dismutase; POD: Peroxidase; CAT: Catalase. The different letters in the same column indicate that the
mycelial antioxidant enzyme activity differs significantly between treatments of different Zn concentrations. Fsop=23.125,
Psop=0.005; Fcar=26.445, Pcar=0.004; Fpop=23.141, Ppop=0.005.

R 5 Zn Xt Pisolithus tinctorius IS X E =R
Table 5 Effects of Zn on the antioxidant content of Pisolithus tinctorius

Zn JE AsA GSH BEOR

Zn concentration (umol/L) (ng/g FW) (ng/g FW) Melanin (mg/g)
0 39.46+12.25a 1.43+0.29a 39.79+8.70a
600 68.56+22.02a 2.244+0.33b 125.30+£7.96b

TE: AsA: HUIRIER ; GSH: A H K. [7]—51 rh AU )P RER R AN Zn e 0] T 22 AR BT 48 A
PASA:O.O72; FGSH:13-402’ PGSH:O~OO6; F'ﬂ:130485, PE:I:LZO.OOO
Note: AsA: Ascorbic acid; GSH: Glutathione. Different letters in the same column indicate that the anti-oxidant content of mycelium

T REFMEE. Fan=5.179,

varies significantly between treatments of different Zn concentrations. Fasp=5.179, Paa=0.072; Fgsy=13.402, Pgsp=0.006;
Frelanin=130.485, Ppie1anin=0.000.
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31 Zn X EEDFMHPUREHLUERS
reXey

Zn LSRR S Zn fEEE PRYTEE
(Xu et al. 2011), B (Wang et al. 2008) FliEF£ RE
J1(Wang et al. 2012)% . H T &8 ARG
HP R TR A BE AT AR DR 22 001) L SO [R] 4 BRG] A i B
R T R TR A G SR IO R
3R, PREUE T Zn IS TEASKIREAL, SHEE
FEJT ) 255 T O B B %

TEARWIGH, a5 D)) Pisolithus tinctorius
W) Zn ¥ DRI HIE A e . S0 I
FHEG, BPERDIBFEAR ¥ RREDEAS S &, 15 T
BERR AL  SRIKCIR £ LA K 5 2 11 o St 45 5 AN B A o
BHEER &, Zhan ef al. (2015)i# 32 fd Bt
ARLLANEIE(FTIR) 0T, KSR (CA)Ha T g
1 AMIfLEE Exophiala pisciphila 7 22 W55 - IR 4%
GV FEAAERA R, HEEE Cd WK
XA RS PIR LL I, f8 R e R
AR IER S Cd 4564 K. Teng et al. (2018)
K Zn B H B Pencicillium sp 41 pAE
WEHIES Zn BHLOIESR , SABIFREE R—2
Ul BH LI ) R 1 R R S 1 A HLIRAR
ECHLRRAR B 1 5 & B Uah IR BT 0E , 4 e
M B S AL R R AL B A 155
T} 52 4 Jes 1) H ) o
32 ZIn FEFAETHEEDIAMESR
e

TEASE N, Zn AT, BET DS
Zn F L5 ALE A MORE RN DA A F A n] s 4
i, ATRESEANAEEE EOCE A AR XS Zn 1
7€ (Eisenman & Casadevall 2012)LL K& i A8 X5
BRI T Zn X HAK AR E . Teng et al. (2018)
RIBEE Zn WS, FEEW Pencicillium sp.
i L BEFN A AP 3 v Zn S BEHGI AMLANE,
Li et al. (2019)MF 7% & BR X4 25 4 4 Agrocybe

aegerita SR H Cd FLERFERARET, Cd FEAF
FET AT IEA AL s B 194k H Cd AR
SEAEEIN, diffuRER Cd M LREIE N, e R
PERR S T BRI A0 R A I G i
SRR A A PR OCEE ], AR A R —
. BRI, ZEBHEQO0NHIFT LI, B )
Mt HE Cenocuccum geophinum 4 K4y
(5R (Hg™ WAL IN | T8 431 Hg® i b
TGN, X SAWFIEGIRAE], R A] RE A AR
TS AN ) 4 I B 5 R SCRT e i LR AN [+] o A
I, AT 3R I TR AR T 0 <8 S ) 2 P A
B, A RES 4 A A ) PR AL e S5 A B
BUB ARG o

3.3 Zn PHEEEFRRSMEANEEENNE
RS E

GSH 1 AsA AT LATE A AN TE TR il AR -
A IO H BRIEER R G, 18 3 4R 20 1) SR A b ST
7 2 T ek 4% 43 J 25 - 1 75 % (Aravind & Prasad
2005), EAWMTEN, Zn Prf 2 #E 5 T POD,
CAT F1 SOD i, JEHJE CAT F1 SOD i
PE. B CAT fil SOD FE 2 ik p iy S AL
W GREERIERT 2021), I H AR NTE B T 41
THEREIR R 50, 76 A HEERYTE R P A B AR
(SREE 2017). TEAMFEH, Zn AT, GSH
FIRA R G WE N, GSH B 2/EN— R %
()4 B4 (Ha e al. 1999), 2 5410 Zn 1Y
1A 3 ELIE P AR A RO R W R AR T RE
(de Cassia R Goncalves & Pombeiro-Sponchiado
2005), 7E—EREE LAY IR E BRI Y
EE Hp A A (Butler ef al. 2001), 2 B AR EL B A
U4 N7 AU ) 7 9 5 < s B P U T Y
HEAE .

ZiERTIA, Zn AR, REE DR Zn
FHELARRREL | MEVE TOKABERRER | SRR ER LA
o 55 2 1 50 R G A B B A AR R A
185 RO SRR Zn € 7L 40 i BEZH 7y
b DRI AR LIBOE R R AT b
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Zn B 0B S 52 E A SR AR DG BT A L
(CAT. POD #il SOD){f:, &35 GSH F1k
R EPEMY T 5 ECMF ] i1k — Z 5]
TR, WA EPEFRITRN S ECMF
W TR B R B e m ot R, Y&
S Jm 5 g R ek Rk $7 95 A L B — R A P 1
R NABER, BAERIBEERT .
W, T R L O EE 4 A R T A2 MR AL
B XS R AES R EAEKR

[REFERENCES]

Anderson ME, 1985. Determination of glutathione and
glutathione disulfide in biological samples. Methods in
Enzymology, 113: 548-555

Aravind P, MNV, 2005. Modulation of

cadmium-induced oxidative stress in Ceratophyllum

Prasad

demersum by zinc involves ascorbate—glutathione cycle
and glutathione metabolism. Plant Physiology and
Biochemistry, 43(2): 107-116

Ban YH, Tang M, Chen H, Xu ZY, Zhang HH, Yang YR,
2012. The response of dark septate endophytes (DSE) to
heavy metals in pure culture. PLoS One, 7(10): e47968

Bano SA, Ashfaq D, 2013. Role of mycorrhiza to reduce
heavy metal stress. Natural Science, 5(12): 16-20

Beers RF Jr, Sizer IW, 1952. A spectrophotometric method for
measuring the breakdown of hydrogen peroxide by
catalase. Journal of Biological Chemistry, 195(1): 133-140

Broadley MR, White PJ, Hammond JP, Zelko I, Lux A, 2007.
Zinc in plants. New Phytologist, 173(4): 677-702

Butler MJ, Day AW, Henson JM, Money NP, 2001.
Pathogenic properties of fungal melanins. Mycologia,
93(1): 1-8

Canton GC, Bertolazi AA, Cogo AJD, Eutrépio FJ, Melo J, de
Souza SB, Krohling CA, Campostrini E, da Silva AG,
Faganha AR, Septlveda N, Cruz C, Ramos AC, 2016.
Biochemical and ecophysiological responses to
manganese stress by ectomycorrhizal fungus Pisolithus
tinctorius and in association with Eucalyptus grandis.
Mycorrhiza, 26(5): 475-487

Chen BD, Sun YQ, Zhang X, Wu SL, 2015. Underlying
mechanisms of the heavy metal tolerance of mycorrhizal
fungi. Environmental Science, 36(3): 1123-1132 (in Chinese)

de Cassia R Goncalves R, Pombeiro-Sponchiado SR, 2005.
Antioxidant activity of the melanin pigment extracted
from Aspergillus nidulans. Biological and Pharmaceutical

1132 EER

Bulletin, 28(6): 1129-1131

Eisenman HC, Casadevall A, 2012. Synthesis and assembly of
fungal melanin. Applied Microbiology and Biotechnology,
93(3): 931-940

Feng H, Dou Q, Wang HH, Yang C, Xie QZ, Liu Y, Wang CY,
2017. Lead tolerance of two ectomycorrhizal fungi and
related mechanisms. Journal of Northwest Forestry
University, 32(2): 188-196 (in Chinese)

Fu XP, Dou CM, Chen YX, Chen XC, Shi JY, Yu MG, Xu J,
2011. Subcellular distribution and chemical forms of
cadmium in Phytolacca americana L. Journal of
Hazardous Materials, 186(1): 103-107

Galli U, Schiiepp H, Brunold C, 1994. Heavy metal binding
by mycorrhizal fungi. Physiologia Plantarum, 92(2):
364-368

Gruhn CM, Miller OK Jr, 1991. Effect of copper on
tyrosinase activity and polyamine content of some
ectomycorrhizal fungi. Mycological Research, 95(3):
268-272

Ha SB, Smith AP, Howden R, Dietrich WM, Bugg S,
O’Connell MJ, Goldsbrough PB, Cobbett CS, 1999.
Phytochelatin synthase genes from Arabidopsis and the
yeast Schizosaccharomyces pombe. The Plant Cell, 11(6):
1153-1163

Hall JL, 2002. Cellular mechanisms for heavy metal
detoxification and tolerance. Journal of Experimental
Botany, 53(366): 1-11

Hou M, Hu CJ, Xiong L, Lu C, 2013. Tissue accumulation
and subcellular distribution of vanadium in Brassica
juncea and Brassica chinensis. Microchemical Journal,
110: 575-578

Hou LF, Yu J, Zhao LL, He XL, 2020. Dark septate
endophytes improve the growth and the tolerance of
Medicago sativa and Ammopiptanthus mongolicus under
cadmium stress. Frontiers in Microbiology, 10: 3061

Jiang YN, Gu XR, Zhou Q, Jia H, 2019. Organic acid
secretion and aluminum absorption kinetics by Lactarius
deliciosus and Pisolithus tinctorius under aluminum
stress. Chinese Journal of Ecology, 38(11): 3441-3449 (in
Chinese)

Kampfenkel K, Vanmontagu, Inze D, 1995. Extraction and
determination of ascorbate and dehydroascorbate from
plant tissue. Analytical Biochemistry, 225(1): 165-167

Khullar S, Reddy MS, 2019. Cadmium and arsenic responses
in the ectomycorrhizal fungus Laccaria bicolor

glutathione metabolism and its role in metal (loid)

homeostasis. Environmental
11(2): 53-61
Khullar S, Reddy MS, 2020. Arsenic toxicity and its mitigation

in ectomycorrhizal fungus Hebeloma cylindrosporum

Microbiology Reports,

through glutathione biosynthesis. Chemosphere, 240:



ARIEN 22 July 2022, 41(7): 1123-1133  Mycosystema ISSN1672-6472 CN11-5180/Q
124914 fungus  Pisolithus  tinctorius  assisting plant in

Li XD, Ma H, Li LL, Gao YF, Li YZ, Xu H, 2019. phytoremediation of Cu-contaminated soil. Biotechnology
Subcellular  distribution,  chemical  forms and Bulletin, 33(4): 149-156 (in Chinese)

physiological responses involved in cadmium tolerance
and detoxification in Agrocybe aegerita. Ecotoxicology
and Environmental Safety, 171: 66-74

Li Y, Yuan L, Gao ZH, Huang JG, 2004. Kinetics of Hg""
absorption by ectomycorrhizal fungi. Mycosystema,
23(1): 139-143 (in Chinese)

Likar M, Regvar M, 2013. Isolates of dark septate endophytes
reduce metal uptake and improve physiology of Salix
caprea L. Plant and Soil, 370(1): 593-604

Liu YG, Zhou N, Fan T, He YC, Lv ZJ, Guo S, Liu L, Xia
WB, 2009. Screen of resistant fungus with copper (1I)
and zinc (II) ions and study on the characteristics of
biosorption. Journal of Hunan University (Natural
Sciences Edition), 36(2): 80-84 (in Chinese)

Luo ZB, Wu CH, Zhang C, Li H, Lipka U, Polle A, 2014. The
role of ectomycorrhizas in heavy metal stress tolerance
of host plants. Environmental and Experimental Botany,
108: 47-62

Marx DH, 1969. The influence of ectotrophic mycorrhizal
fungi on the resistance of pine roots to pathogenic
infections. [ . Antagonism of mycorrhizal fungi to root
pathogenic fungi and soil bacteria. Phytopathology, 59:
153-163

Peng JT, Yuan L, Huang JG, 2010. Effects of Hg on activities
of nitrogen utilizing enzymes in ectomycorrhizal fungi.
Mycosystema, 29(3): 414-420 (in Chinese)

Shi L, Dong PC, Song WY, Li CX, Lu HN, Wen ZG, Wang
CC, Shen ZG, Chen YH, 2020.

transcriptomic analysis reveals novel insights into the

Comparative

response to Cr (VI) exposure in Cr (VI) tolerant

LS-2017.
Ecotoxicology and Environmental Safety, 188: 109935

Teng Y, Du XZ, Wang T, Mi CY, Yu HY, Zou LY, 2018.

Isolation of a fungus Penicillium sp. with zinc tolerance

ectomycorrhizal fungi Pisolithus sp. 1

and its mechanism of resistance. Archives of
Microbiology, 200(1): 159-169

Wang X, Liu YG, Zeng GM, Chai LY, Song XC, Min ZY,
Xiao X, 2008. Subcellular distribution and chemical
forms of cadmium in Bechmeria nivea (L.) Gaud.
Environmental and Experimental Botany, 62(3): 389-395

Wang YP, Huang J, Gao YZ, 2012. Arbuscular mycorrhizal
colonization alters subcellular distribution and chemical
forms of cadmium in Medicago sativa L. and resists
cadmium toxicity. PLoS One, 7(11): e48669

Wen ZG, Wang J, Tang YZ, Shi L, Hong LZ, Shen ZG, Chen
YH, 2017. The application potential of ectomycorrhizal

Xu J, Yin HX, Li YL, Liu XJ, 2010, Nitric oxide is associated
with long-term zinc tolerance in Solanum nigrum. Plant
Physiology, 154(3): 1319-1334

Xu WEF, Shi WM, Yan F, Zhang B, Liang JS, 2011.
Mechanisms of cadmium detoxification in cattail (7ypha
angustifolia L.). Aquatic Botany, 94(1): 37-43

Zhan FD, He YM, Li Y, Li T, Yang Y'Y, Toor GS, Zhao ZW,
2015. Subcellular distribution and chemical forms of
cadmium in a dark septate endophyte (DSE), Exophiala
pisciphila. Environmental Science and Pollution
Research International, 22(22): 17897-17905

Zhang Y, Tang M, 2021. Effects of arbuscular mycorrhizal
fungi on biomass and disease-resistance enzyme
activities of Cathay poplar against canker. Mycosystema,
40(5): 1110-1122 (in Chinese)

Zhu ZJ, Wei GQ, Li J, Qian QQ, Yu JQ, 2004. Silicon
alleviates salt stress and increases antioxidant enzymes
activity in leaves of salt-stressed cucumber (Cucumis
sativus L.). Plant Science, 167(3): 527-533

Zou Y, Xie CY, Fan GJ, Gu ZX, Han YB, 2010. Optimization
of ultrasound-assisted extraction of melanin from
Auricularia auricula fruit bodies. Innovative Food
Science & Emerging Technologies, 11(4): 611-615

(Bt o 358 3R]
MRfrse, IhET, K3, MR, 2015 BRAHESRE
M ELHIFE . R, 36(3): 1123-1132
Mk, G, EiEE, R, S, A, TEM, 2017
2 AN AR AR LR T 2 SR e ML PRt bReE
BE2FdRk, 32(2): 188-196

LW, EA/Z, FE, Bi5E, 2019. ShiE T s
PRI B B ) A WLIRR 43 06 55 WIS 8l T SRR AE . AR AR 4
7, 38(11): 3441-3449

ZH, 7%, mPE, WER, 2004, S EEREERIK
RIS I, WM, 23(1): 139-143

X E, s, S, MG, B&m, Sim, Xk, 23
Xk, 2009. i, FEETHIMRIE R ESRER T E4
FEPERFSY. IR R = iR (A SRR =), 36(2): 80-84

WEE, mI, WEE, 2010, RXAME AR E A 2 F
HBETERZ . W=, 29(3): 414-420

ROUEE, B, WG, R, Jorl, WiRE, Mg,
2017. AR AR B % 6 5 D 2 (Pisolithu  tinctorius)
WY R E4AIR Cu BYL IR EE . A
AR, 33(4):149-156

aKER, FEEH, 2021. AR AR S oG LY R
MHURBHE R . EY2E, 40(5): 1110-1122

EMER 1133



