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Capability and Mechanisms of Macrofungi in Heavy Metal Accumulation: A Review

CHEN Miao—miao, ZHENG Xin, LI Xiao—fang”

(Key Laboratory of Agricultural Water Resources, Centre for Agricultural Resources Research, Institute of Genetics and Developmental
Biology, Chinese Academy of Sciences, Shijiazhuang 050021, China )

Abstract: Some macrofungi have the ability to accumulate heavy metals, which is comparable to hyper —accumulator plants. Cordyceps
militaris can accumulate Zn up to 20 000 mg-kg™. Therefore, macrofungi have the potential to be used as an important bioremediation tool for
heavy metals. In this review, we summarized the heavy metal resistant capacity of typical macrofungi and known relevant mechanisms.
Generally, straw—decay fungi presented better capability for Cu, Ag and Cd enrichment than wood—decay fungi, while wood-decay fungi could
accumulate Cr, Mg, Se and Pb. Different macrofungi species, different growth periods (mycelium and fruiting body ) and different parts of
fruiting body showed different capability for heavy metals accumulation. General mechanisms for heavy metals accumulation in macrofungi
included extracellular precipitation in the forms of polymeric substances, cell wall adsorption and intracellular absorption. Macrofungi could
also detoxify by chelating metal ions by metallothionein (MT ), secreting antioxidant enzymes (SOD, CAT, POD ) and degradating the
misfolded proteins by ubiquitin—proteasome system ( UPS). We also explored the potential of macrofungi in heavy metal remediation and
pollution diagnostics as a biological indicator. Some macrofungi had been applied in the remediation of heavy metal contaminated soils and
water. Finally, some future research areas including strain breeding and genetic engineering were discussed, which might provide references
for the future studies.
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Tty o TR BRI VI, B 2000 4E 2 A UAT &
FHERBYE TS 936 R 23 2D 3 WP AP 4 A8 HIP, Ay
SR LR R BRI A R E A RE S (R 1), K
SU A P B W I 3 ( Cantharellus cibarius ) EEZ 0] D)
AT W o e e, ELR R i PSRRI A
KA ELTR & FERE T390 TR St A, I H A i AR
ABUZ I W4 = A EA YUV E & B fFE e 1Y, (H
S TR AR P TR A T N TR , DRI I FH 5 AT AR
B BT g R Y T i e TB . R E
PR S BAARN J2 , Re 35 R B, 8 A= P i A
1=, HL 5 T [l A 3L I ofSg Ak 8 AR 25 At A A1
70%~80%'") , IXSEFFIE LISk AP S5 Ty B
AHA O S IR R S e 05

AR R R B LA A R e R TR R
(Agaricus ) 5 RAWFFEH L BT, Bl 5 HF5E KB
K EMEE A SR =S BARE S, JF HiXFhae
JIL T E Ry Ea R AR R Y R A
RAEMYI P E W RBIE LY, s S E SR
WS BE 1 —JBEAE 1000 mg kg™ (X}F Co,Cu,Cr Pb Al
Ni) 5% 10 000 mg-kg™' (X}F Mn F1 Zn)LL P, XFFK
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T, B TR 3 [A] B 5 T AR g A R B B 1Y 100
AL in] g SO s SRR BIFFE R L5
E%%(Sarcosphaem coronaria) X} As(7 090 mg-kg™
T 8H )M MR RS E T (Amanita strobiliformis ) X} Ag
(1253 mg-kg™ )M LI N Wi i B ( Cordyceps militaris )X}
Zn(28 570 mg-kg™ )" & 4, IF H A4 R EFL(C. mili-
taris )L JE C 4IE 1 BEHAR RA D05 3 4.
12 RBEEMNESEES/ENXTEL

MR 2 (1 KR R R LA R E e
1o TEMFPESAAF T, BEEX Cu Ag.Cd ZEFT)
5, A EXT Cr Mg . Se F1 Pb A # 5 2F1M, Vet-
ter 2 & PLBE 45 8 (A garicus ) BLIH 45146 (Flam—
mulina velutipes ) .77 J& EL I ( Lepista nebularis ) 7] A
i B As A R e LB ( Boletusbadius ) RERiAL R
Au . As Fl Cs, HAEAAAEAR RPN, £ (Morchella
deliciosa Fr.) FIFEA): (Pholiota adiposa) Xt Cr & &
RE IR, 5 T R 2 (Ganoderma lucidum ) o XA
B4 (A garicus bisporus ) TSNS Cu & A2 68 1 55005 5
Z i (Lentinula edodes )™ K AR 4k ( Oudemansiella radi-
cata)"FSLARXS Cd & A RE T 808 s KB (Auricularia
auricula) - SEAR XS 2% 4 Jm W AR RE I Cd>
Cu=Zn>Pb®  RE%E (Pleurotus pulmonarius ) | i
(L. edodes) . 4 51 1% (F. velutipes ) . K H-(A. auricula)
FIARRT As (Cd Hg #RE B B 5 AR AE T W L E
JI¥% RN AR U552, 5 T4 ( Panus giganteus )
LT Ph E AR, TER 224K AR Z W] AN HIT, i
KILEEZ) 112556 mg-kg™, %} Mn(4 443.33 mg-kg™)
R KM E LR AL 5 (A, bis-
porus ) ARH-(A. auricula) K& 5 M B-( Pleurotus ostrea—
tus ) 4 (L. edodes ) 451 45 (F. velutipes ) & 22 A4 %}
Pb & 4 i )1 BARUK I N R 2 (6. lucidum)
W22 1A XS Cd T 52 RE D 8, f R 52 e B2 ik 3
mmol - L, ik B I H-(P. ostreatus )7 22 A%} Cd(fx R
3 450 mg-kg™) Fl Cr(FH K 10 350 mg-kg™) & HERE
5, A T B 4 VR R S T RS O, A R AL
W B 4 R P A T S BRGNS A
A S SR B A — i N IS PR A o 4 e A M
B g e, B Cd /Y& R RE ) = T Cr™), [ X
Hg WARKNEERE S, BHERLERA L 1407,
GA 2RO E R E RS ERE (R 1), 75
PR JLFP R 05 42 R 1 s A2 RE ) — Rk Cd>Hg>
As>Ph; & Fh KBS Cd (98 RS : >R 2>
R 2> XU B 2> XU 2085 > WA B> i B A > 4 4
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Table 1 Bioaccumulation ability of heavy metals in various macrofungi species

ST O AR l‘ﬂéﬁéﬁ)ﬁ ] W22 R ” 1%1%%‘ & ﬁﬁﬁ%jﬁﬁﬂ% %!ﬁﬂlﬂi/ﬁﬁ %%4&%3‘% %j%”%‘%‘ & fz%
JEFER EE/mg - L Hi/mg-kg! RE(BCF)  WkEE/mg L' WefE/mg-kg'  Hi/mg-kg' FE(BCF) 3k
i Bz - Cd 10~50 <3450 69~80 50 11.6~15.6 [25]
(Pleurotus ostreatus ) Cr 50~250 <10350  41.4~170 250 4.9-8.9 [25]
Hg 0.05~0.2 <232 65~140 [26]
U % As 5~100 10~110 >1 [21]
(Pleurotus pulmonarius ) Cd 5~50 10~140 0.478 [20-21]
Hg 0~50 0~130 [11]
Pb 0.006 [20]
Zn 0.149 [20]
KA gE Cd 1~16 378~1998  125~277 16 5~30 2.6~18.5 0.41~1.09  [19]
(Oudemansiella radicata)
RZ (Ganoderma lucidum)  Cd 337 0~0.27 0.49~0.78  0.96~1.79 [18,24]
Pb 0~16 36.4~763  27.9~47.7 160 0~5 1.533~2.45 0.26~0.75 [18,29]
As 0~2.5 0.11~11.04 4.42~15.34 [27]
Cr 0~500 0.1~2332  23.3~28.5 600 [17]
Hg 0~16 5.45-~713  29.4~54.5 60 [29]
Cu 0~160 <2400  10.8~20.5 400 [29]
Tt (Lentinula edodes ) Cd 20 0~24 >181.5 5.69 [18,20-21]
Pb >1 600 >4.8 0.05 [20]
As 5 >10 0.3~263  1.67~2.13 [18,21]
Zn 20~200 60~200 0.125 [21]
Hg 5~50 40~110 [21]
Cu >100 10~120  1.57~1.99 [18,21]
Exan Zn >200 40~160 [21]
(Flammulina velutipes ) Hg >50 >110 [21]
Cu >100 >85 [21]
AKH-(Auricularia auricula) — Zn >200 30~80 [21]
Cu >1 600 700 [20]
K145 (Panus giganteus) — Pb >1 500 154~8 040 3 000 [22]
Cr >400 44~960 500 [22]
Mn >4 000 1 608~39 623 6 000 [22]
W (Cordyceps militaris) ~ Zn 453~4 530 9 812~43 578 226~2265 1 146~28 570 [12]
# A (Pholiota adiposa) Cr >30 >116.212 [17]
XA A Cu >1 600 >700 0.254 [20,23]
(Agaricus bisporus ) Cd 0.753 [20]
Pb 0.024 [20]
WEANER cd <5 49~229  45.8~942 27.8~324  [27,30]
(Agaricus Blazei Murrill) Pb <5 0.65~2 408  153~481 0.22 [27,30]
As <3 >1547  5.16~12.7 0.56 [27,30]
Hg <5 0.06~53.9  10.7~30.8 2.4~4 [27,30]
Ex Cd <5 42~545 10.9~41.53 [27]
(Tricholoma lobynsis ) Pb <3 24~113.1  33.7~475 [27]
As 0.2~2.5 1.69~7.98  3.19~13.86 [27]
Hg 0.2~2.5 3.2~1599  6.4~16.12 [27]
FHF (Morchella deliciosa) — Cr <700 82.4~378.4 [16-17]
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iy X As I ERRETT: > RUB > WA F> 4 5
4, N As BT 52 BE ) 8022 s KL P #YTH 52 fE
78 30 0 5 L A 2 (P, gigantews ) TR 22 5 K 52 e BE
A3k 3 000 mg- L™, F 45 (L. edodes ) T SEAAT 32 7] 5
T 1600 mg- L™, 22 1A%} Ph i) s S 6E ) 400 , AR
i (Agaricus blazei) &4 ZE00] 15 481, = TR 2 (6.
lucidum ) . 4= #8 4f ( Tricholoma lobynsis ) , T - 5% /A& X}
Pb B ERE I8 2E, WA R BN T 1 IR Z(G.
lucidum ) WS E (A garicus blazei)  KUALEE 4 (A. bis—
porus) ARE(A. auricula) KRBT (P. pulmonarius ) T
4 (L. edodes ) NP UK AR s AL ELE X Cr (11 52
PSSR, 26 H B (Morchella. deliciosa) Tit 5% ¥k & n]
K 700 mg-L™ DA I, & SR S1FkE B H- (P, ostrea—
tus ) R (M. deliciosa) 54 (P. adiposa) RE(G6.
Lucidum ) WUF MR REAR 5 7 48 (L. edodes ) R 4 (P.
pulmonarius ) BERE(F velutipes ) UEFAE(A. blazei)
X} Hg & AR REJIAH Y o AN [RIR Y FL TR0 R A e 4
)R ERE IR BUANE],  [R] o Y L 18 %) A 7] 44 S
s ERE W RI —E M 2257 . AFBFFEHCSS
RAATE—E B A, AT RE B RS a6 26 A [F] 55
PR S E Fr O 3 R GER AR L2/

13 EfMXBEEEARBUNESEE R

REVEL X B 4R Y RE ) B R AR RS
] B 22 S, (] — W0 R A [] ) A A IS AN TR) 8 A=
RO R I B A 22 S

WEFATEE (A, blazei)7 ™ R 2 (6. lucidum ) EH
22 ARRTBON Ph R B B A ARVE T, M E £k
B Bext Ph i SRAWE AN 0 3 5 HAh A 53 v
B & I E 2% Ph ABEH] B w4 R e —3
Lot 28300 BAER /NP RIS R B ARAL
FH(A. blazei) Xt As Cu.Zn Cd 1 Hg JUFP B 4@t 3
W T 22 B R KT IR LA, I FLRE Bz 0
HPI(P. ostreatus ) AR LE (0. radicata) F 144 |
FERIBITSE L IR o AT LA ] A= < I A DR Y L 3 %o ) Ao e
SRR A R EARET)

[Fi) o R L T SN [ A5 o 46 g 0 A1 i
ABIETHY o — ORI, T 5 W B IR, A AR/ N R
FE 4k (P. pulmonarius ) . A B 4% (A. bisporus ) . 75
(L. edodes) ' ,Fe 1 Cr JL- P22 BIEH w1
As Zn TEF F AR A 04 Cocchi SIS K&
B, 9055 4 I (Xerocomus badius ) W Pb . Cd Ag. .Cu
% 14 B 4B T 2 B % TP B 2 T B . Falandyse
S5 U 40 7 4 (A garicus campestris ) BOWE5TE$8 H TH
—502—

W Ag I ESEE TN 4 (Boletusbadius ) 1 Au
PEFEFR BT T 25 AR, 17 As R BERL RAE 3220,
fEZFE RS, Cd fE TR E P E R EH KT
= # TV‘] 103637 Garcia % Bg]ﬁ% ﬁ W, X% i _;[ZHE}
(Copyinds comatus ) ' Pb F % BEE 522 7EX)
HEFATE (A, blazer) Hh HL G J S Al 1 DL SE 45 R o
Cu.Zn.Cd Hg As MTE T # 2] E  AIE 6 o0 2]
NG R S REZHE N, 1 Ph AR w5 /N T
e EER1,

2 XBEREERESENE

TEEGRMHAPREE T, KA BT AFE 2 R0 ] ik
2 (1), Das ZE56 9 9\ 1F ( Termitomyces clypeatus )
Cr 38 T 4 58 (SEM) S L4063 (FTIR) 434
SER R AN ORE i 220 S A I R AT AN 21
B ORI R BRI AL IR EESE R LY Cr B RN
HE AN ) K O R E L RE | Xu ZEHOF 5T R
B, 43 (Chlorella miniata ) R TH A R EE S BERNRIR L
ML G Crny E LB REHA . T4 RE X 8 4x e 151
EEEAFE BT )2 SRR BRI SR S
B 0 5L B S 4 T (Phanerochaete chrysosporium ) Ph
FRFAILTRI AT SE & B, Ph> Al 5 40 i B | 1% Ca™ Mg™ kA=
B Ao , DA T B A0 B 1

Pohong SEMIfF 57 &t H L ( Cordyceps sinensis ) Jfy
SNREWY(EPS) K, EPS J&—Fh 20 WA AE I A1 i) 22 58
WEORE G, UZH RN T, EA D5 (2.3%~
15.8% ) HAWYIT . BRI A W 7E 22 46 Jg 3E T 7
Az 18— P EE B AT PR, Jarosz— Wilkolazka 454948
ik SEM | BEfEHUR X-48 4063 (EDXA) K w50/ AH
3% (HPLC) 4RI 3 & B G TR s 2
(Trametes versicolor) T# 22 J&] il y= A4 T AR % A Fr By 5L
PR G | R B A B RN B4 s Machuca S5MI7E = 2 (T.
versicolor) FIRZES( Wolfiporia cocos ) fE SN A
KRR ER A, HEM R RRAE A LS D 3R W R
EFEE, BROFREMELSWEL Y, T
ELA AN S AN RS W, 52 BB J i g e,
BORPORENEE REE RS ERER, hE 4
JRW R HESE S AL, SRl TR 6 S 55
(Pisolithusarrhizus ) 765 Cd.Cu 1 Fe AR A K
I, B4 | KR b TRARZE Y, R TRA
OO 4 S A Y A A I R FE

T rh R A R B AT ATE AR N A LA 22 Y
HES T BB AR, o m] DU i 5 s f itk A
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REY(EPS)INFRR RO RFRAETAMMALIE . ME B by BEk Eshisi it A, JEA AL 48 v] 5 — L8 1 4\ e i (MT) &
MR 1 1 (Cys—rich protein )45 & NEE A TE A AFAE , WAl 5 R AN A AL #4050 o Transporter AFEIETE . UPS W2 ZEAM RS . £k

IR - A RE 2 3 R [Exo-b—1, 3—glucanase( exGS ) . Glycosyltransferase( GTs )| & B R 5t A 54 3 K Phosphatidylserine synthase
(PSS)]. EEAL R B AH & FE K [ Trehalose synthase(treS) . DyP-type peroxidase] il P44 i iz fi Al 56 JE K] Vesicle trafficking sec1-like protein(Sec1-like)
predicted V-type ATPase] i fb 41 i [Metallothionein( MT )] .DNA $5145i4H5& 3£ Kl [Alkylated DNA repair protein( AIkB )], ELF# & 7 FHoC 5L
[Hydrophobin 2(Hyd2)]

Cell walls bind heavy metals(M ) through ionic and chemical interaction. Cell walls contain carboxyl, phenolichydroxyl and amine groups which provide many
potential binding or biosorption sites for metal ions. Fungal extracellular polymer substances( EPS) including oxalates and melanins absorb metal ions and form
crystals or precipitations onto cell surface. Some macrofungi take more metals by active transportation. Macrofungi detoxify by metallothionein(MT ) chelating
metal ions and activating SOD, CAT,POD and GSH. The ubiquitin—proteasome system( UPS) can target misfolded proteins for degradation. Gene transcription
involved in complex regulatory networks is activated in fungi in response to heavy metal stress. Upregulated genes : Exo-b-1,3-glucanase(exGS),
Glycosyltransferase(GTs ) , Phosphatidylserine synthase( PSS ), Trehalose synthase(treS), DyP-type peroxidase, Vesicle trafficking sec1-like, protein(Sec1-
like ) , predicted V-type ATPase, Metallothionein(MT ), Alkylated DNA repair protein( AlkB ), Hydrophobin 2(Hyd2)

B 1 ABEREERESNHBISE

Figure 1 Schematic representation of heavy metal intake of macrofungi

IR, Zha SENS R E AR 14 FORFEIREF AT (RIS E R R 20 B0 T R AR A 1 (MT) W] DL

PEATBURE & B YE AF , Cu . Zn Fe Mn . Cd .Cr.Ni £1 Pb
JL?FFJE%E Y & 70 L 4 5 M 6.8~31.9.42.9~94.3
67.5 ~843 .13.5 ~113.,0.06 ~0.58.10.7 ~42.7..0.76 ~5.1
mg-kg™ F10.67~12.9 mg kg™, 1% 15t B 3t b KR FL B ]
DLt Eahiz i E 2 E 48 . Soylak % Tuzen
S - HC A TR A T A5 SR B s 1B
WO 42 SR Y 3. Bolchi S5O i xof A B 1A
(Tuber melanosporum) ¥ 53y, #1457 — R85
FE RS OGN M M —22 ABC ¥z M,
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WA ILFME RN . BARZRE R ATk
MT, {HJE MT 5 Cd W2 S5k, oA /051
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B (TmelPCS) 4L, 25 MT 248 25 G4l Cd
B, AR A AL SO 28 111 MT X EE 4w 4 & HAT
St AR EE 4 JT 3 I Rl Fh EE 4 i AN A7 A2 T XD
SAFHEN MT 555 @5 — MYk N &7
TEZH0 MT B, AR E 4R 21k AR 3R A
M= AR ) MT 25 S, ZEAA SR 1S5 B8 (A manita
strobiliformis) H ,Ag Fl Cu 7] 15 5 AsMTls £ [1 7~
AT Zn ATE S AsMT3 7= AR 00 £E WU 15 1 ( Laccaria
bicolor )W A 2 P F k) MT JE K, Cu A1 Cd 7] 75
S LbMT1 F 331k, Cu AT B B 25 LbMT2 KKk

T,

AN AEE B BMEA T, i T LE T Rl
A R TE A A L (ROS) , £ FH B 23 38 3 /0 i b 4
1L (SOD . CAT . POD ) 470 484k 71 (i st B4 Joe 1
JIK, GSH) SHRARTE 85 FH', Zhang E X AR %
(0. radicata) 554K Pb BT Z /- Hr 45 R Bos , T 56
FIBAWY GSH 7E Ph &b By B2 Y5 Fil 4 il vk 2B 7173
WS EIHE TR SOD B ETF oy ETbs T
SARTERLI ]I N, CAT BfiA BRI B2 | T 70 2 1
hn, ARG, CAT 23 55 ETHE T 4
#;POD KI5 SOD MRS . BRILZ AP, 2R
EARS( ubiquitin—proteasome system ) N fEfE &
S I g A T SR WP T 240
Cdia T, ARG ASWHES SRR IRITEMEN
FEHG LR A% , TG X Cd Jiki8 A 5247 . Chuang
LGP X R 2 (6. lucidum)Cd 38 55 541 1 45
ROITIRTS T 10 255 B 25 (A.bisporus ) i (L.
edodes ) KA ( Griflola frondosa) B[R & FE [R5 it) 22
SRR B, 43 K AN i RE 224 B[ Exo—-b-1, 3
glucanase(exGS) \Glycosyltransferase( GTs)]. JE Wi BR AL
I [Phosphatidylserine synthase (PSS)]. %8 4L 1 #4 [Tre—
halose synthase(treS) . DyP-type peroxidase]. it N 4 Ji
iz Hii [Vesicle trafficking sec1-like protein(Secl-like ) .
predicted V-type ATPase] . #i 1t #11% [ Metallothionein
(MT)].DNA Tﬁ{%[Alky]ated DNA repair protein( AlkB)],
FLIH & & [Hydrophobin 2(Hyd2 )| &4 Akl 72 , {H b it
FERRG VS M Ja e Bk, WA A DD AR A Tk B A G
P, BTG A 25 B DR ) A s A S 4 = X 8
1T R4 ( Coprinus atramentarius )Cd HLPES K Ph !
W R B 14-3-3 P RAE B, JFsZ Cd
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Pb i3 A, If H TR R I I FE R b A2
Fe ifs T FEie 2 Cu™if T, W2 0H58 L 14-3-
3EAES R e V-ATPase ] A A"
S E ) H—ATPase™# 5 /EH (A ILE 1A D g

R BARC SN T A H R A E 4
JEBUEA B BT R I 2R E 4R A4
PRAE 2L FRR ABESR o

KAV H 438 1) 5 AR HA I FIER o7 i e
P X AR IRERR A A F B R IR S VIR A
TN IR LA B G N FAE 3B T, X HOR R AR
A AR A B LIRS b AN AT

3 ABEFETEEMESHRINA

3.1 tEEERITEEWIERA

P NN ETS AT ik P [ S R S I
L) FE A 2AS TR M R AP i SRS L
L 4 e B - BT R T B Sk B4 (Coprinus coma-—
tus ) BB EE (C. comatus ) Wi I P4 15 F 455 (19 V5 495 A1)
MR Z(G. lucidum )V HE P48 7m 5K 25 b i 46
15 P R A W s SR AN ORS T BE R L T ELAE 2 A%
AR o AELR 5 T R T T 3P P A o S A D00 T
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