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Ui E] [HWY b 2 FhE 64 FE N B (dark septate endophytes, DSE) Phialoce phala fortinii F1 Phaeo-
acremonium mortoniae %I # 4x J& 8 (Pb™ ) BT 32 M I w5 268 1, 9125 43 M M OG0 1 4 J8 4 i 52 ME DL TR . O DSE 78 &
& J8 15 Y X+ HETA R 08 52 b i 1 SR LB AR A . U5 1] R R RO ERRES 35 5 L HUBOR TR) PP T vk 2 (O
(XFH8),300,600,900,1 200 mg/L) il T P. fortinii Fl P. mortoniae WK KRB I 5E Fo ks 329 pH {8 F1 4 HLIR R
IR, LR 22N Po*" & B A A AL (SOD) I 11 FLE Ji 2 4 i IR (GSHD (N - (MDA) (REPE R A &
R, AT AT RE Ry Ph W SZ ML . (452 24 PH* & B 0~1 200 mg/L #f .2 f DSE 145 K [/ 2 B2 (19
RGP, fortinii 1Y Pb”ﬂéiﬁtﬁli%%ﬁ@c_o)(em 5 mg/L) B E & F P. mortoniae(431.0 mg/L) (P<C0.05), Fi¥;3
WP PL* BT EEVR BE (Y3 0. 2 F DSE B 22 T 5 1 B W08/ T B 22 N 19 P & s B . P fortinii 4R B4R
W, IR TE PO SRR E S 1200 mg/L KEN KT P. mortoniae ()4 5 5 5 WU SG84 nJ5 082> . 76 PH* R
W R 900 mg/L KBl . 24 PO* MRy 300~1 200 mg/L W, P, fortinii W 22 T i & 1 P @ 45 ik 1Y
#F P. mortoniae, MH 2 MK Pb*" SEHME TG & . M FREF PO JJEREMNTHE . P. fortinii W21 SOD i
PEFNTT 1 8 1 A 2 38 e R S 08/ L 1 GSH il MDA 4 8 B #isan, B 2L 4 AN 8FR 8 7E P i &0 B R 600
mg/L 5 2 B KB s P. mortoniae B 22N 1) SOD 35 1 LA K GSH . MDA FI R 35 1 5 1 & & ¥ e 3 s i 2> . B SOD
TEPETE PO* it iR & 300 mg/L ik B I KAE AN, HAFE AR 76 PO i & MR 2 600 mg/L Wik Bl i K{H. 2 # DSE
B SR pH E YR Pb™ 0 3R B 9 T T R, DA rh SRS W B B R A 2R 2 Bl N4y F A HLIR s 2 B DSE 7E At 1Y

Ph* o o e T $4 A8 7 AR R R LR U A R R SRR PO T R BN (2> 300 mg/ L JE D T AR B R R 7
Pb** g B A1 200 mg/L B ik 3 K AE (P<<0. 01) . 1fij 2 Fl' DSE X #E P> i & ik B 4 5 (600 ~1 200 mg/L) B 7=
A LR HE P iR 600~1 200 mg/L W, P, fortinii $5 37 W H B TR A L TR T i Wk B 8.3 & T P mortoni-
ae(P<0.05), [45it] 2 v DSE X #A — & 1t 2 PE A S FE 6 7. Hodt P. fortindi BT 32 M R & 48 e 0 B AR T
P. mortoniae,SOD i P32 5 LA & GSH Ay L3 BRI/ 4r A HLIR (R FI 2 W) M R AR AT g2 X 2 Fh DSE 3
RETE RS2 N 2 — .
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Abstract:[Objective] In this study,the lead (Pb) tolerance and enrichment ability of two dark septate

endophytes (DSE) , Phialocephala fortinii and Phaeoacremonium mortoniae , were compared and the relat-
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ed lead tolerance mechanisms were preliminarily analyzed to provide basis for the application of DSE in
heavy metal pollution control and vegetation restoration. [Method) Under liquid culture condition with dif-
ferent Pb*" mass concentrations (0,300,600,900 and 1 200 mg/L),fungal growth status,pH and organic
acids mass concentration in liquid culture medium as well as lead content,superoxide dismutase (SOD) ac-
tivity,contents of glutathione (GSH) ,malondialdehyde (MDA) and soluble protein in mycelia were meas-
ured and analyzed. The possible mechanisms of lead tolerance were also analyzed and discussed. [Result])
With the Pb*" concentration of 0—1 200 mg/L,both DSE grew and the semi-lethal concentration (ECs,) of
P. fortinii (951.5 mg/L) was significantly higher (P<C0. 05) than that of P. mortoniae (431. 0 mg/L).
With the increase of Pb*" concentration, the mycelia dry weight of both DSE gradually reduced, while the
Pb*" contents in mycelia increased. The Pb*" enrichment in P. fortinii increased gradually and reached the
maximum at 1 200 mg/L,while the enrichment in P. mortoniae increased firstly and then decreased with
the maximum at 900 mg/L. When Pb*" concentration was 300—1 200 mg/L,the dry weight and lead accu-
mulation of P. fortinii were higher than those of P. mortoniae,but Pb*" content in mycelia of P. fortinii
was lower than that of P. mortoniae. The SOD activity and soluble protein contents in the mycelia of P.
fortinii increased firstly and then decreased with the increase of Pb*" concentration, while GSH and MDA
contents gradually increased. All indexes reached the maximum at 600 mg/L. With the increase of Pb*’
concentration, SOD activity and contents of GSH,MDA and soluble protein in mycelia of P. mortoniae in-
creased firstly and then decreased. All reached the maximum at 600 mg/L except SOD activity, which
reached the maximum at 300 mg/L. The pH values of two fungal culture media decreased with the increase
of Pb*" concentration, and only oxalic acid and acetic acid were detected. Oxalic acid was detected at all
tested concentrations,and its mass concentrations increased significantly with the increase of Pb*" concen-
trations (300—1 200 mg/L) with the maximum at 1 200 mg/L. Acetic acid was only detected under high
Pb*" concentration (600—1 200 mg/L). The contents of both oxalic acid and acetic acid in P. fortinii cul-
ture medium were significantly higher (P<C0. 01) than in P. mortoniae at Pb*" concentration of 600 —
1 200 mg/L. [Conclusion] Both DSE showed high Pb** tolerance and accumulation ability,and P. fortinii
was better than P. mortoniae. The increase of SOD activity and accumulation of GSH,soluble protein and
small molecule organic acids (oxalic acid and acetic acid) may relate with the high Pb*" tolerances.
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i DSE W S Phialocephala fortinii Fl
Phaeoacremonium mortoniae , 4y & H B VG Z2 5 ok Hy
YEIHA (Pinus tabulae formis Carr. ) AR #F , 24k )5 %
17T V0 JUACMRBE B2 R 27 o B AR AR UAE 1 S 3 4
He A7 1 T B H2 BT % 4 % B BIR (potato
dextrose agar,PDA) [E{RKE FE KA | .25 CREH:
F: 10 d J5HATAL A CHAR 1 om) 76 1 76 0 S0 4T WU
BEe .
1.2 FHERSH &R HYECH

KR 1. 6 g 3 Mol Pb(NO, D, i T K#
(121 *C,30 min) Z% 1§ /K o JF %2 ¢ 1] 100 mL, B A]
132 Pb* Bk R 10 g/ L 4 A IR 5 BE . £
B 0. 22 pom LB R DB BR A
1.3 2# DSE WM ZEMBERE

B 150 mL Th % 25 A 4 B I 1A B 7 2k (potato
dextrose broth,PDB)¥% A 250 mL % =M+ K HE
(121 °C .30 min) . ¥& ) 2 %5 . 1B WA 53 90 oE 1
WEHL 4. 639,9.574,14. 835,20. 455 mL il R 4% £ 1)
T 150 mL PDB 85 95 3 o, 58 70 4% &) Ja Bl Al 453 2]
Pb*" i #e B 4y B2 300,600,900,1 200 mg/L )
WM B 57 ik (RS & B, 2 P 5 9k B
1200 mg/L J&,2 Fps 22 4 K 1%, 52 240l
B AR P TR B AR B B 1200 mg/L)
LAAS 945 i i 1 5 B 9 1) b 3 O X R (CKO . A
Pb*" B BB 3 P AT . AR A B 7R rh
A 2AEYE, 25 CHR (120 r/min) 8557 21 d J5
IR AR UE WA B 22 A SR TN E pH EFNA HL
R B TH 22 AR 25 B oK Rk 3 R T 80 LT
5 AE E R T 22 AT TR L T LT A0 R L
MU JE (EC;, )M,

KEHAFRIC 0. 1 g 25 Kb FE T 94 1) 1 22 44, 5R 1 ik
i IR e SR (3 2R 43 A 40D W i T A R T
IR B2 A LT WO 0 01 ' BE T 7 B 6L
WS TR 22 K b (Y 8 i (mg/ ke, T 56D FL 2 Rl
DSE [f4 s a5
1.4 WEmMBRFGE
1.4.1 BHz2FRAAHBEAHE(SOD) F M f 7%
RG4S F FRIO0.5 g B R 22 OCE T ik T
L3) T W% pyOF K i, 2 mL KL 52 O (50

mmol/L pH 7. 8 B2 5% th il . N & B 40 10
A W 5 T ) 1 /D B A S 0h L DK T S8 0 E S e E
A% 10 mL;4 CE.L 15 min(8 000 r/min) fig B |
TR 43 3 SCERC 14 JRn 15 109 J7 a0 2 SOD i 1
YRR CE: SRS
1.4.2 BH2AZRAELSKEKRGSH) fo g — 8
(MDA) 4%  FEHFREL 0.5 g Wi 22, m A D&
5 %0 CURFR 4380 i s T 735 Y vk T F B8 28 50 K )5 e %
2] 10 mL,4 ‘CE.[>(5 000 r/min, 10 min)2 ¥ )5 HL
EVEWR A5 0 BETHAE B 412 nm 40 5E WK
I 22 N GSH &0, 5% BT ff 1 22
0.5 g, INADVFAFERP AN 5 mL 0. 05 mol/L R 2%
I CpH 7. 8) vk it BIF B B 20 9, 4 °C B0 (5000
r/min, 10 min) J5 BB VE W A 1 A5 0. 520 1k
FUA B0 B AR B L 22 1R VR 50 9 B T ik KU B B
15 min, & H1JE FE O DURFL 050 0. 5% 1 6
RO b Z IR =5 R B 5 A1 43 60 B TR B
450,532,600 nm gk W 5E W 6 (R IF S £ N )
MDA & #
1.4.3 & pHMAA AR R 2R A M pHIT
(PHD-3C-02 B A, 1 = {5 3T I & S8 1
pH (A . F & &0R A 8385 42 (D-7000, H 4% HITA-
CHI 2% w]) I 5 U8 W 1 A HLIR ot & vk B (A i o6
A1 0.1 mol/L H,SO, Bk, I JH 0. 22 pm f#fLug
8D 635 25 14y Diode Array 1.-7455 %8 Ap 6 il
K % K 210 nm; Agilent TC-C18 4, #: & 30
°C ;0. 01 mol/L KH,PO,-KH,PO, (pH 2. 8) Jy i 3
AL 0.5 mL/min; #EFE R 10 L. SR ASMR .
S350 ABRAE S CROBR « B8 S JE R AT 168 1R 3% 3 R
FINE A7 B A0 25 5 17K Ay ok B 00 5 0 E 55 55 75
(94 ML I3 1t vk 3 (O T AR )
1.5 HiEREESH

F Microsoft Excel 2007 %% {F #1732k 36 % §E 3%
B TH T B Sbr o 22 90 AT 25 e R 8 24 DA
“OSEIE AR UEZE (SD)” (n=3) F s . il SPSS 17.0
HITE SR EE T 200 U P<<0.05 51
#,P<<0.01 HEFWEE.
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2.1 2% DSE Ky$aT =245 E K EH

# 1 B/aR,Pb™ FimikEH 0~1 200 mg/L B},
2 B DSE 34 A ) R BE #9 AR 1 A B AT B0 7 22 T I
SEAE B IR IR P v B B0 4 Jon i i /)
FIE G Jm B X 2 R Y AR B A R T BR
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Pb*" R S 300 mg/L B P. fortinii B 221K

JBE ik W ARG % AR L 2 Fif DSE B 22 4K T 5 i 78 H
Z%Pb” JF A e SR 2 B E AR T X IR (P<<0. 05) . A
n Pb*" Bt P. mortoniae KB BT P. fort-
i W 22 AR T R R & TR #H (P<T0.05);
Pb*" i E W JE  300~1 200 mg/L B, B Pb* " it
W RN, P, mortoniae M & 3 R P T F ; [F] —
Pb*" JREWE T . P. mortoniae W22 T R R 5 %
T P. fortinii (P <0. 05), H %% >F 3 3¢ ¥k Br
(EC;0) (431. 0 mg/L) 0 8 F K T P. fortinii
(951.5 mg/L) , XWX P. mortoniae A a3
ERW S KT P. fortinii, B P. fortinii WS %
AL T P. mortoniae,

F 1B 5.2 Fl DSE B 22 i Ph2t 4 bl B
IR Pb”ﬁiﬁ‘ifﬂ’ﬁ“ﬁﬂﬁﬁﬁ%imﬁjﬁ £ Pb*"
Bt BE R 1 200 mg/L i 235 B e KAE . 7] —

Pb?" R EWE T , P. mortoniae |22 1) P2 & &

WET P. fortinii, H Y4 Pb*" BB W N 900~
1200 mg/L I — 3% 22 5 3K 3] @ 2 K. & W] A1 [F)
Pb* R & W B T i A P. mortoniae B 22 N 1Y
Pb* " 85 2 35 nl Rl LAY T A7 PR AR A SR IR 2 —
B8 77 W sz+ Jid e BRI . P fortinii 1
2 P’ i S WA KT P mortoniae T 221 (Y

Pb*" & B4 U 58 T 5 B AR A2 P T vk
900 mg/L Wik F i KAE . 24 Pb* Frd ik B2 1 200
mg/L I FEAR . X 5 Pb? 57 o o 2 5 i AR K%
B B 22 T R PR B AR B A O . A L TE S
Pb*" BUE KT . P, fortinii W22 /KH) Pb* & St
Y& T P. mortoniae, B Pb*" i B W E N 300
mg/LAk, A Pb? B il N & 25 S ik B
FHARF U HAE P ik R 1 200 mg/L B, P.
Sortinii Pb* EAEBANFEMN 2.5 5, Won i T
BRI P AR

Rl 2HERBERAEER(DSEREMZHEME &£
Table 1 Lead tolerances and enrichment abilities of two DSE
S g L) AR BE WA WY -
HiA (mge+ L1 (g i D (mg * kg™ ]) A
Lead mass . Lo, . (mg * 1
. Fungi Semi-lethal Dry weight Lead content .
concentration . . . . Lead accumulation
concentration of mycelia in mycelia
0(CK) 0.83£0.104 Ba — —
300 0.79+0.041 Aa 1 658433, 84 ABd 1.3140.25 Ad
600 P. fortinii 951.5+16.04 A 0.52+0.079 Ab 3 000£651. 20 ABc 1.5640. 27 Ac
900 0.43+0.014 Ac 4 9484358. 24 Bb 2.1340.19 Ab
1200 0.3740.052 Acd 8 003+881.51 Ba 2.9640.34 Aa
0(CK) 0.94+0.053 Aa — —
300 0.58+0.109 Bb 2 1644179.7 Ad 1.2540. 33 ABed
600 P. mortoniae 431.0+65.21 B 0.36=+0. 044 Be 39224427.75 Ac 1.4240.26 Bb
900 0.25%40.033 Bd 6 013£745.49 Ab 1.50+0. 18 Ba
1200 0.13+0.035 Be 9 163+441.98 Aa 1.1940. 08 Bd

A [l /N5 5 B 3R Ak B ) 22 7 18 2 (P<<0. 05) R [Al KRG F BERIR 2 F B 22 57 .38 (P<<0. 05)

Note: Different lowercase letters indicate significant difference (P<Z0. 05) among different lead concentrations, while capital letters indicate

significant difference (P<C0.05) among the two fungi under same lead mass concentrations.

2.2 $EEMERT 2 F DSE B2 £ BRI F M

2.2.1 SOD &M K 1-A BIr, 5% FEAH L 55 0
BT 2 A DSE [ 221 SOD i P S A& 58 fn . By P.
mortoniae 76 P R W JE H 1 200 mg/L W% &
FHCT XM (P<<0. 01 4k, A P R E T 2
Fh DSE 1 2219 SOD {if P #8135 8 T3 M. B8
FEW T Pb*T 5T Ak BE Y 1 . 2 B DSE B 22 11
SOD V& ¥ 3 556 Tt & 5 BEAR I 3 o P fore-
inii 7€ Pb*" Jii ¥k FE 4 600 mg/L i} SOD {i§ ¥f i
S KAE(P<<0.01), 1M P. mortoniae £ Pb*" Jfi &
WP A 300 mg/L i} SOD I P 3k 8 fe KA. 1E4h.
Afngrns, 2 F DSE [ 22 /9 SOD i £ 7 . % 7% 5

(P=0.05), i 15 37 3 vh Pb* J B 4 B8 (9 48 i P
fortinii W 22 ] SOD & YL ER 78 Pb*" Jit & ok & hy
300 mg/L W} % i F MK T P. mortoniae 4, H Ath
Pb*" iR (600~1 200 mg/L) F ¥ BE i T P.
JETE Pb™T BT E W EE A 600 A1 1 200
mg/L i — 3% 2% ik B B 3 KF- (P<<0. 01) . X 7]
BEL A2 P. fortinii WS Z M & T P. mortoniae
MR Z —

2.2.2 GSH 4% & 1-B BoR, 5% A L 45 b
BN 2 F DSE 221y GSH & stk B Em . bk
FRW P BT BE I N, P fortinii T 22 1)
GSH & &t tR ¥ Jt &5, JF /8 Pb*" BT & ¥ £y 600

mortoniae, JuH:

\=
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mg/L ik 3] iz /K (P<<0. 01) . {H 5 Pb*" Jii & ¥k i
S 900~1 200 mg/L B} JC g 3 22 5 (P>0. 05); P.
mortoniae W22 GSH & & W E&F 5. 7 Pb?' &
RN 600 mg/ T Ik B dR K, 2 J5 R T B
Pb*" i e ¥ &y 300~1 200 mg/L B}, P. fortinii
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Concentrations of Pb*’

W2 GSH 583 B85 T P. mortoniae, JLH &
TE Pb® r& Wk Z o 1 200 mg/L W, | & A& 5 #
2.7 A5 (P<<0. 01) . ;X A REWJ& P. fortinii HIHY
fif %2 V£ 5 T P. mortoniae i HZ —,

8 -
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|°D l e
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25 4L
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O
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O P. fortinii; [0 P. mortoniae., VA LA [RI/ING 7 BE 3R b B 0] 25 57 i 35 (P<<0. 05) s AR RS S B 3 Ak B ) 25 S i 3 (P<<0. 0D . & 2 [H]

O P. fortinii;[0 P. mortoniae; Different lowercase letters indicate significant difference (P<C0. 05) among different lead mass

concentrations of same fungi, while capital letters indicate extremely significant difference (P<C0.01)

among different lead mass concentrations. The same for Fig. 2

B B E T 2 RGN A (DSE) 3 22 4 L8 R 12 I

Fig. 1 Effects of Pb*" stress on biochemical indicators of two DSE mycelia

2.2.3 MDA 4% KW 1-C B/R.P. fortinii %
1 MDA & i B 35 F Wb P 5T kB2 1 3 5t
Tkt AL Pb* Ui By 600 mg/ L I3k 51 2 K AH
Z G B Pb* BT VR BE A 1w A R AR R B 3
TR B PO & VR B 300 mg/L AL B B
Pb*" R W B34, P. mortoniae W %2 1) MDA
W EET R E R ICR & IR E PhY B S
600 mg/L B3k 2 5 K AH . Z )5 B ARG (22
Pb*" il b 2355 00 B 2% 5 2 g 3L R WY B aa X
Hm N, B Pb?' B i B 0~300 mg/L 4h,
P. fortinii 1§22 10) MDA & & ¥ W W3 & T P.
mort()niae,ﬂ_lzﬁ sz+ R E R, 2 # DSE 22
/6] B4 22 ) MDA &5 SEBEH K

2.2.4 TrmEaLE KD ERHMET 2
' DSE W 2 iy al i R A & = A T A B
Pb*" JREWE N 300 mg/L 4b. P. fortinii B 22 1)
AR R P A P T X R (P <20, 01) 5 BR
Pb*" R AE N 1 200 mg/L 4b, P. mortoniae B
22 Al S R & T R R SR
Pb* " J5T i e FE A 1S 0. 2 B DSE 8 22 1% 7] % M
Y RET R R AR &, BAERAE P AR
FEH 600 mg/L B3Rk 8 fx K. AN, P. fortinii
YA S B R PR W IR (0~ 300
mg/ L) BHET P. mortoniae; M AE Pb*" i & Yk fF &
B (600~1 200 mg/L) B35 F P.
Pb*" JRE W E K 1 200 mg/L B, P. fortinii 1§ %

mortoniae s 1E
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MR EEEHSEAE P. mortoniae 1 1.5 4%, Ui
W) BT E PL* T RIE R P fortinid W22 0] Tk
EHSERNIEHE B ST P. mortoniae, X 7] gL
& P. fortinii WY Z & F P. mortoniae )R
HZ—.
2.3 $EBMIBXY 2 F DSE $F7 & pH EFMBVEKR

BERE M

2-A WoR. Bl PbTT T W BE A 3 . 2 Fh
DSE 532 W 1 pH (63 F K BRAE Pb* BTtk
300 mg/L B P. mortoniae pH {8 5 % IR JC i & 22
FAN(P>0.05),2 Ff DSE % 3: ¥ pH ¥ B & KT
Xt I8 (P<<0.05), Pb*" JFi gk BEly 0~1 200 mg/L
. B8 Pb* St e 3G . P fortinii B pH {H
A AT Y 8. 2 B & 3. 9. HLZE Pb' T vk
600 mg/L B} pH &5 FRE(P<C0.01),Pb*" R &1
BEET 900 mg/L J5#& T ¥4 P. mortoniae 1 pH
A INAE I 7.4 BE 2 5.7, [ AR XS 80N HAE
Pb*" Bk ik 900 mg/L J5 & TP, Pb*" BihE
HeFE R 0~300 mg/L W P. fortinii i) pH {8 I 3
BT P. mortoniae; fi Pb*" it & W B 19 39 im (600 ~
1200 mg/L),P. fortinii W) pH {H P T [% . B iE

121
A
Aa o
8 "‘i_r_bc = AC
e Ad
E_ Ae A
Bf
Al Bg Bg
0 0 300 600 900 1200
Pb™ i B ¥Rk B /(mg + L")
Concentrations of Pb’
3r
o C Aa
|
EZS 6f L
5 & Ab
on. =
£ il
]
ﬂg g Bed BC
(=}
%u 2F Be Bde
0 1 1 L‘
0 300 600 900 1200

Pb™ i ¥ fE/(mg « L")
Concentrations of Pb’

B8 KT P. mortoniae, HH B EILT P. mortoni-
ae, JUHIZAE Pb*" B ¥ &y 600 mg/L iy — 3% 22
SR EEOR .

A EZE M. 2 F DSE 8537 pH {1451k
HHME2Z T a2 EAAC B2 T 5w Y5 pH
(B A AR T W/ o 55 % BEOAR BE L P 5T v BB IR
(300 mg/L) W, P. fortinii ¥ 32 W pH 18 T & I
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Fig. 2 Effects of Pb*" stress on pH and organic acids concentrations of liquid culture media of two DSE
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