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Suillus luteus ( SL) >k FI 5¢ 48 e AR 5 A
AN T4k (107°00'37" E, 26°28'01" N ), BEkkf:
TR MNA R S A PO E Y SR E, &
FEAAFIFR [ 5248 #R A T Hy e Ll bR A7 [ 5 1 R A
AP ELH G R R R R B 12 Bkk, Thimiat
H11.1g,
1.2 K@it

DI I FL A I B 0 5 AN AR A B iR
4 (SL), KILFWEIAZLA I I DR EAEAE
HiOAXT IR (NE ). RABPIEAAR, ARDSE
Ve, FEREXKESRN (JE7] 0.14 MPa, 121 C ) i#
SEKH 20 5, AERSE (DES: 21ecmx 15
cm x 18.5 cm) ¢ H o BEHUVE KIEAR S pAE L
DM BEREGN, B 3K, LIEFARK
2 JAlJ5, H 1/2 Hoagland & F# W i s 3% 2 ),
FEIF AT AN RSN AR M B DB X3k F WL 2
SERBEPLIX AT, 1 BH%R (SL) fksE
W O(NE) 24403, FE 2 MR E TFIRE, &
4 1KF (pH4.120.1), 439k 0 (JE4H SLO.
NEO ). 0.2 (fi4 SL02, NEO02 ). 0.4 (4 SLO4 .
NEO4 ) #il 0.8 ( &= 4% SLO8. NEO8) mmol-L™" .
B LA AICI; JE 2 A Hoagland 58 4 8 5k ;
0.1 mol-L™" Ay # HCI #1 NaOH #8745 pH1{t, N T
PREFER TR YE . AEEFRCPRIBTIA 0.5 mmol-L™
CaCly, LA dEs T 5%l b e 8 1A 5 AE
Mo BRWRAHW 1K, Lk 3RER, B4
A 15 bk

AbFR 60 d J5, FRALFREEHLECEE 20 Bk, #2242
PHOR R LA IR, K R AR A,
MBAEKIEVE, PEBOHT R A HRAE T A L s P
MDA &5 o 2 B AMR e 0~20 mm
Sy AT R R YIR 4 5l FH AR S s I 20 i 4 4y
Al R A LG, BURZ 0~4 mm HITFAR
I AR TR FA LN
1.3 MEMB K%
1.3.1 HREAAEE RS MDA 402 43 BRI
A B BAAG TAR R EERE 0.1 g, (IR N B}
AR W ARG B2 1R B S o AR Ak 4 AL il
(SOD) . %k (POD) . it 48 kL% (CAT)
TEPERIN — (MDA) &,
132 REBRTmEEYy Al SFenlz AR
Al E g IR« 3 BIFREUAS [ Ak B %) Ak A AR
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aliykmsmg, ARHRERE, HENANE; SLE%, B
WL 12 hy FTHFE R, B T4 A BN m
A, Fe U FHR RS B A% . 80 °C Jin#k 40 min,
130 °C J#k 60 min, 165 °C i 244 N IKIEY
1mL, BEIEFR, HB4iKERZE S50 mL, F
W A BT & 41615 X Prodigy XP 7E % &
308.21 nm I E WL,

WAL 5> Al F e . 22 T e H AR
7T, SRAZEEELOED B AR R AL 5y, #K
WSS A RELH 2y (F1) . iR sr (F2).
RRYL Sy (F3) FLAWRH k3 0 & iR g vf

AN A PRER B BRI R, TR 2.5% 1% i
(0.1 mol-L™" PBS FLil, pH i 7.0) Ky [H 2 Wk
B, fAERORIUR, 75 4 °C vKAE LA E 24 h )5
Wi FREEEVE. FHEE . BRIEIBUKS B B,
FESHE LIS i FH3ER EMUCT Y - AUg s . 1)
Fr (50~70 nm), 3% MR Gl -H KRR ET AU (5
1 FH 3% 54 H. 4% JEOL JEM-1230 ( 80KV ) M55 5
Hh

A b B o3 A Ak 2R % ] 3 72 SPSS21.0 Al
Excel ###H5e il

2 R

Wy (F4), EIELE 4 C T . K 21 AENE AP KENIR B LB FEN
LY/T 1270-1999 { ZEMHIY) 5 BEMAL 75T )24 ROS PRI

BELBRL BRLOES. BEL B BN BEL OB BL. .
BERINE ), RFH AT EICEE I A 45 Al &
133 MREEFIHMIE SRR Ak
KRS (NBT) Yefn, 3,3- &3
B % (3,3'-diaminobenzidian, DAB ). % Y65
B 207 - A Ok B W & ek ( DCFH-DA;
Beyotime, Jiangsu, China) #l Schiff s
reagent ( Sigma-Aldrich ) &5 43 51 X} AR 2R YL (4,
IFTER RERVA L ZEOL BB ( M205FA, 7[5 3k
+) T 0,7, HyO,. ROS #l MDA [#431ii .

Bl AE R R R, AR AR AR EAR R
SOD. CAT {HPE¥ 2 Sk L H#a#, POD i
BERILETHE S (B 1), HARER NE 41
PUEALBRG M & TR AL, SRR SRR 2
Tt, WRERPUAEEER R, ., KEEE NE 41
ZRNRE R ROR, Fh SL7E—E R o
fR TR EE, b, REENE4AESS (0.8
mmol-L™") /K SOD %4 & &, ik F 201.14
U-g™", HEEm THAL (P<0.05), HAth#s
AbER ] 2% BN 2 . CAT IG MR Tk B 4R s 2

1.34 SAVELE AR 60d, srAlRE BEIHES, TERER NEAd, SmAdes (04
ONE @SL
250 80 Aa 8000
- ? ~or Bab Azb % ~ 7000 Af
> 200 | £ a % o
: o Aab ABab
S S 60Bbe % Abc | [T 2 6000 [gpc a Abe
2 ABb Abc s T M] ) E Bbcd %
2 150 -‘§50-% o | = s000f hgodd [
© Bbc = i 5 % cdg
© Bbe 3 Bed © ABde]
a % 40| Bd T Qo 4000+ B
% 400lBbc  |ABbc S T h o e
# Bc 2301 m | |H 3 3000 %
= = ool | [ £ 000
8 sof 'g 8
@ 10 & 1000
0 J 0 1 1 J O 1 1 1 ]
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AR ¥ AP concentrations/(mmol-L-)

T FHE £ AR (n=3), RRKREFEFR NE M SLANAFRWEE T 25 8%, AR/NESFRFR AR LB 253 2% (P<0.05),

T

Notes: mean + SE(n=3). Different capital letters indicated that there were significant differences in NE or SL groups under different aluminum

concentrations, different small letters indicated significant differences in the different treatments (P < 0.05). The same below
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Effects on antioxidant enzyme activity in the root of Pinus massoniana seedlings at
different aluminum levels
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mmol-L™") /KFE T CATIEES T E S B
Z, k4 (02mmol'Ll™) 5B ERARE,
BER A SLAAN, SR AR EKE T CAT itk S
TRtk ESRE, MASTMESARE. BN
AL R A1 POD 16 M EARER AR A, (H
H5TXMERARE, RS TRILERARE,
AR KE R Y POD 1 M 5 & T ok, HAER—
FRVRIETR, BRI POD ML TRBEEZ
MLt ([ 2) WaTIEH, SRR
B NE 41 #8 42 DAB. NBT 3 & 7% i Fl DCHF-
DA 5t BE Y Bl 4 A8 v BE W sz e, B
BRI A . ARk . A, R
AR EAE IR . MR SL 445 T e (A 35 R I
i, RO EGRARM HyOp. Op S i 1 4
ROS HEZM & Am, BT NEA, H&AH
W) 22 SR .
2.2 RESNE APKFEITR ZE MDA B9340
I (MDA ) J2& 1 H 0 40 i i i i SR fk
PR R BT R, MK 3a Al LIAE T, BEE SNBSS
WBE I THE, AT NE 4119 MDA & i 2 %37 I
Th#a#, fEE s (0.8 mmol-L™") sk i & f
B, 15 5.10 nmol-g™'. %5 SL 41RY MDA & &2
BOEREAE THE Y ka %, 748 (0.2 mmol-L™)

a oNE wSL
?’ ° ABab Aa
o a
5 St Babaab Bab Aab Aab
o= Ab
g6t
= 3
i 2
%
< 1
S o -

0 0.2 04 0.8

AR ¥ Al** concentrations/(mmol-L)

H: a: Hy,O, ) DAB 4uft; b: Oy 1Y NBT 44ft; c: ROS () DCHF-
DA FEt

Notes: a: DAB staining for H,0,; b: NBT staining for O, ~; c: DCHF-
DA fluorescent staining for ROS

B2 RE APKESERRSE Hy0,.0,7F1
ROS &M
Fig.2 Effect on H,0,.0,-— and ROS production in
the root tips of seedlings at different aluminum levels

JKF-HF MDA & itiAR, 24 3.50 nmol-g™. JFH 5
TR EAE L, MIREREIEAR, RIEEA MDA 1
BERSIR TR AL, RV E M TR RN
ARG EALRE RS, BRAK T 4000 S AN L AR AR i 2
FHEH . M Schiff's reagent Z4 4 (8] 3b) [ARZR
WATLIE N, FEERWRBENT S, R4EEE NE 41
HRAYL A R R A IR, R BB AL s T
RN AR RN AR B . BRI SL 4l
Yot R, MR AR AR A BERE 1 S LR B 5
M /1N

Al/(mmol-L-)

B3 AEAPKFREIRFEERS ERFE MDA 22N
Fig. 3 Effect on MDA content in the root of inoculated and non inoculatedseedlings at
different aluminum levels

2.3 AESME APKF TR MBS TN

TE S RANAREEE NEA T (81 4A~D), 1Ek
FRAMIEER (0.2 mmol-L™) ZKFT, HRAA M HES
B, AR BT SRRLUR . RIERTHR Y M AT
W, FETCHR AL B s WA B TERTRL, R AR H.
Z; TEfRERRY, BOEAZER D BN, bk ]
B, HRRER, AR BEESMNE AP
JERRE M, ZEh4R (0.4 mmol-L™") B, 4 BE B

IR, MR . AR S A g 0 R
BV EBIN, A0S AR o, Lok
BEEMERUE—D, AL R AT . 2
B (0.8 mmol-L™") i, ZHfffEBIGAK, JRFRHIRE
SR BLAS B, R A0 P A5 200 2 T E A A
H TR B T R R H R AR R (B . 7R
Fer SLA (1K 4E~H ), JoRRAb B A AR AR 1 4 4
M, TR 2R A BRI, R G



551 PUHGZ

BT L) R A TR AR AL A1) B BT A BEANAR 20 B T 45 4 ) S 25

B, PR ] E R HB AR . RERI, ARISHH
MBS Z B, AR AT SRR
iR OL, ZORiRSS e, R, A0 Lok
BERAZIA, R, PR Rease s, IR
WP IURE N RO, (TR NBTO R, H
EEHEBIBIR, MO, M R0

SRS, BWIREER, AW, IR, A
fpkaF . EERE, ORI, AR R
PRIE BN, Kt T WL A REE SN, SR AR
PE—HEIN, ARG IR, AR AR AL
e, BATMEaHg, BNgamEEdE.

E: A~D. E~H M BIFORAHERA NE, $:#4] SL7E 0, 0.2, 0.4, 0.8mmol-L™" 483k B T B9 D RIS RIS MEE . Cw: 4IJfLBE; Cc: 41
MAlEIRE s Mi: Zokifk; N 4iffd%; Nm: 40088, Nu: #%{; Sg: WEMki; V. Wotd; Cy: ZHMfifi; Er: NN

Notes: A~D and E~H indicated the ultrastructure of root tip of Pinus massoniana seedlings under 0, 0.2, 0.4 and 0.8 mmol-L™" aluminum stress in
non inoculated group NE and inoculated group SL, respectively. Cw: Cell wall; Cc: Cell clearance; Mi: Mitochondria; N: Nucleus; Nm:

Nuclear membrane; Nu: Nucleolus; Sg: Starch granules; V: Vacuole;

Cy: Cytoplasm; Er: Endoplasm reticulum

B4 RE AP KEINERAFERS SRR MBS0
Fig. 4 Effects on ultrastructure of inoculated and non inoculated seedlings at
different aluminum levels

24 SBEDEMRAHRERETHAMES T
WK 5 R, FEDEMAERRY, BEE S
TE AP E R EE R, SL A NE 4 iR 48 & =1
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2 F 300 cd
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K
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5 AREAPKFETRERERDHRRERE
Fig. 5 Aluminium content in the root of inoculated
and non-inoculated seedlings at different aluminum

levels

£ ETbEs, [, SL AR RS Al
T NE4L, T, W AR R & &
EETAERMRE, S 33.44%, PHKTET, M
AR RIS A0 & m o i TR RAR B, (H A
B, PSR, RSO E R E ST
JEFARTT, St 38.55%. #WHER B IR FL AR T
A 135 B o 1 FR AR R IR IS Y

MARSRE A I o Y50 S 2R (36 1) AR
A, ARESMNEAPWREZLLIT, DR
HRA 1 240 it BE 20 43 (F1) & i dem, A R0
W, 4R = 7F 240.89~451.72 mg-kg™” Z
], TELMRLLS) (F3) thorfid /b, RUIRTED
FANA R RN E R TR AR, X ] B T
20 M BE X R g R VR R, T AR LR N 43
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Mg/, i E TR VR, AR A A
JBER UL AR B 22, B APTYRBETHE, AR7EANiRE
4oy (F1) . diEAZL o) (F2) FIZbiiRz o) (F3)
HAENE I, (AEREEE NE 4, S7EL
WHLN ERATIRTELL Sy (F4) b i & B BE W 1Y
T R Mg/, 3% Al RE e B 78 e R R A 4 A 2
T, NE 4 iz i midn, A fiik, Jeafm

RSO, TERRIBC A% A o, AR A A
PARMCE AN A% (F2) 47y, il nl v o i iy
B TR APRRN, mPka i S EMAEIR
FHE IR E W AR ARRE b, BEESNIR AR
AITES , EhREFALI AR AR A A ZH 73X AR A MO
PRESGIES, BEERPRORIR, hT a2
B, WA R S B A

F1 AEAPKETDERLEHRR Al LA S T
Table 1 The distribution of Al in subcellular components in the root tips of Pinus massoniana seedlings at
different aluminum levels
NGk s Y BELH 3 ik 72V LRI 5 IR0y
Different treatments  Cell wall (F1) /((mg-kg™")  Nuclear (F2)/(mg-kg™")  Mitochondrial (F3) /(mg-kg™")  Soluble component (F4) /(mg-kg™")
NEO 76.52 £ 6.51 Ce 31.86 + 4.41 Cd 11.36 £ 0.76 Ce 17.00 + 0.76 Dd
NEO2 240.89 + 1.64 Bd 143.84 + 7.65 Bb 75.63 +6.13 Bc 173.47 + 8.65 Aa
NEO4 287.67 £ 10.25 Ac 233.85+ 11.28 Aa 98.98 +4.78 Bb 126.98 + 16.68 Bb
NEO8 302.72 £ 6.10 Ac 212.51 £ 12.03 Aa 125.46 + 13.81 Aa 61.49 + 0.68 Cc
SLO 81.72 + 8.50 De 27.83 + 3.37 Dd 12.32 £ 1.53 De 13.70 £ 1.78 Dd
SL02 263.03 £ 7.07 Ccd 86.75 + 34.65 Cc 47.88 £1.76 Cd 93.36 + 1.10 Cbc
SL04 369.68 + 34.23 Bb 150.31 + 10.48 Bb 94.52 +0.17 Bb 124.24 + 1.91 Bb
SL08 451.72 £ 14.78 Aa 189.66 + 13.59 Aab 102.94 + 1.69 Ab 169.28 + 11.17 Aa

e PRME £ AR E (n=3), AFAKREFEFRRFNEFMSLANRRERE FEREE, NR/NEFRERRARLLE R ZR B2 (P<0.05)
Notes: mean + SE(n=3). Different capital letters indicated that there were significant differences in NE or SL groups under different aluminum
concentrations, different small letters indicated significant differences in the different treatments (P < 0.05)

MERTERAR AR ZH 73 1) oA (181 6) FTLLR
AR A AR RR AL BT, AR
YR A A LB 22 SRR, Her, diIfRE (F1)
W B PR R o Y L R R, R TR SL AT 4 i RE
(F1) BT 5 e il fE 45.95%~59.98% Z [6], B i &5
T AR NE 4, [Fnf, SLAHR4MR%HE s (F2)
LR kLA 2L 4 (F3) i o Eo 5] AR NE 41 .
SL 1T 414 B o5 e 10.25%~20.80% 22
[E], NE 4075l 8.77%~27.35% 2], %%

BAIffIEE Cell wall oAfE#% Nuclear

5 SZK{A& Mitochondrial o[ 414> Soluble component
% 120

S € 100

S <C

n'g 80

£8 e0

RS

=3 40

==

N 20

2%

< NEO NEO2 NE04 NE08 SLO SLO2 SL04 SLO8

AIR4LEE Different treatments

E 6 $RTERKHATIAEIES
Fig. 6 Subcellular distribution of aluminum in
root tips
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3 ittt
3.1 ARESME APFKETDEMRR RSN
i iz

AWFTEH, BRI PR, T RAMR R
BRFE ARS8, AR R B T S A IS R 0
ROS #4in, Ffit—251& T MDA & &\,
FEERE i AR BN, A AR X AR A0 M RS 1 A
TAFIZNR, XA AR EAT 230 5 40 R R Y
RIS RRILZE A 1RE P, MRS T &5
LR A Rt E AP R A s 4 (ROS) 197
AR TR ARLEI e, 25T | R A AR
SRR SEARIR T, FRE 1R ROS R 40 2% Al Fi 4
I ) A S e AR BE T I PN INE R R P,

Yamamoto P9 78 T R 940 & 5 504 i
Wit Z it E (ROS) B, A SHE4IMML
To. MiEAMFIE T, W SLF, W EEMb
AALBETEPEART MG, R SL &k T SRS
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BRI FEAR TR AR AL Ay B 4030 A BRRIAR SR A i Gl AR A 52 27

ROS tHmy#ifh, BT A, miEma SL
AR A NE Z 122 5 A0 &, Wi Ty
Xof 3 455 (4] A B SO A A % AR AR ), 485 60
d (AL, FEYIIAR N R ER S B FIAR R A b 4R &
HIRE T — AR, R A a4
A PRI TR HHE R T A AR, TR RO A
PHAR GECRAS DAL 79 4 Ak B e G 0 S LR I A
MDA &t 22 R AW . WAFL4FE (SL)
S AFE TR R SME TRAR L . KT
AR SL J&—Fhifit 408 FL A O, A5 R RS Y
DXV ) P R . ARSI SR B 45 SR 58 kS T
HTANBEZBL, P SL 0 R ANRENS 5 4 i 57 4R
ISIER
3.2 FESMNE APKEX DML GRS AP
FIFNThEE RIS N

21 i RE AT 4w U AR AR B B9 5 — i
e, Kopittke %5 P30 % B, A1 4 %% 88 76 4R R 5%
T, FRor BN SRR AN EESS A RS
() EERAS R TR AMA . AR, e SRR
R AMREE (F1) th i, XWIEVIE 540
BEMSS G2 D BN R B B EHLH 22— AT
TF2 5 A R () SR B L LA 17 PR R B T
AR SS AR, 256 X B THRAR A R Uk
FRIX, BT 458 35 S A R 3L SRR A 40 i T fE . 1t
A, T RERE B AT B RN 22 DA B OR i oy
PR3 R WL &HILE), B W
AR T R AAAR AT T L (1% 20 L A% K e 1%
HEAEFEL A ARY ARS8 5 20 R A 2 A L2 A3
BHIESE T Al ZEAN RS R R R4 . FERRbE T, 48
BT e RE L BT PR 0 45 A IR T A RE Y
SERAHLARTERE, FRAR T AN BERg 28 R, T
il THR R AP

BRAmBEEELL 4> FA 4N, A% 4L 5 F2 AR
Wi, AR RS T L, Bl AR T
L, AR . A A A A2 B T R
W, NIRRT YIANE , HRZS
FPEEREIN, ANMRTRETE . ANMR R AN A 1
IR L, RETBAMEEN, 558K
TYIREE A, ENEEE, JOiRBrdn s, ik
R AHIRAZ L8R B S AR ) 1E R SRR
P R AR, R AN A 5 R R e 1 TR B
2% DNA 28 . AR 6 P FN e (i 25 4 7 AN
I 98T 8 A8 3 A 1 T SRR TE T A - e B Al

DNA & ]2,

AWFgE, K NEHESEKET,
JBE . TS SRR RN I A A 25 R R S0 & A=
B, AAREIU T IR ERER . AU
[ R 40 A0 5 T RO 45 A R T IR, HALI T RE
TR BT 54 E U ER S, aT LS8
AL AR TE , BRI A 5P AT ARG, AR
s, TR RE UK o 4Rt 582K .
WEIEFN AR BV E MR IR (R S JE 1, s s P
A N TSNS IRAE AT INGE TPt i £5
PR, TSR IE R AR K . Az
FIWEIR, KEZRRIAK, 2L, FFEmEL,
JHT TR SR B IR R 222 B A R AR 3 g 4
MR, FECH AR5 5 00 40 B A0 T I 2R AR a5
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Effects of Aluminum on Stress Resistance Physiology and
Root Tip Cell Ultrastructure of Mycorrhizal Seedlings of
Pinus massoniana

LIU Hai-yan"?*, LI Kuai-fen'*, CHEN Hou-ying', DING Gui-jie'

(1. Institute for Forest Resources and Environment of Guizhou, Key Laboratory of Forest Cultivation in Plateau Mountain of
Guizhou Province, College of Forestry, Guiyang 550025, Guizhou, China; 2. Guizhou Botanical Garden, Guiyang 550004,
Guizhou, China; 3. State Owned Longli Forest Farm in Guizhou Province, Qiannan 558000, China; 4. Key Laboratory for
Biodiversity Conservation in Karst Mountain Area of Southwestern China of the National Forestry and Grassland
Administration,Guiyang 550004, Guizhou, China)

Abstract: [Objective] To provide theoretical basis for the application of ectomycorrhizal fungi in improving
the aluminum tolerance of host plants and afforestation, we studied the changes of physiology, root tip cell
ultrastructure and subcellular distribution of Al in mycorrhizal / non mycorrhizal seedlings of Pinus massoni-
ana under different AI** levels. [Method] Semi annual mycorrhizal and non mycorrhizal P. massoniana
seedlings were treated with 0, 0.2, 0.4 and 0.8 mmol-L™" AI** (AICI;) respectively by sand culture and pot ir-
rigation with aluminum. We analyzed the changes of antioxidant enzyme activity, MDA content and subcel-
lular distribution of Al in roots, the distribution of ROS and MDA in roots, and the ultrastructure of root tips.
[Results] (1) With the increase of exogenous aluminum concentration, the activities of SOD, CAT, POD
and the content of MDA in the roots of mycorrhizal / non mycorrhizal seedlings of masson pine showed an
overall upward trend. At high aluminum level (0.8 mmol-L™"), the activities of antioxidant enzymes and the
content of MDA were the highest, and the non mycorrhizal seedlings were more affected by aluminum. (2)
With the increase of exogenous aluminum concentration, the aluminum content absorbed by root tips of P.
massoniana increased significantly, and the aluminum content absorbed by mycorrhizal seedlings was sig-
nificantly higher than that of non mycorrhizal seedlings. (3) From the cell ultrastructure and subcellular dis-
tribution of Al, a large number of AI** first combined with the cell wall, and the intracellular AI** strongly
combined with the biofilm, which strengthened the leakage of organelles and interfered with various regu-
latory processes of nucleus and mitochondria. Because of the adsorption of aluminum by mycorrhiza, the
content of aluminum ions in cells reduced, the structure of subcellular organelles was protected, the basic
function of cells was maintained, and the toxicity of aluminum was alleviated. [Conclusion] The antioxid-
ant enzyme activity and MDA content of root of P. massoniana are increased by aluminum treatment, and
aluminum with 0.4 mmol-L™" produces obvious aluminum toxicity symptoms. Mycorrhizal fungi can reduce
aluminum toxicity and improve plant aluminum tolerance by absorbing more aluminum, which is probably
an important external resistance mechanism of root seedlings mycorrhiza of P. massoniana.

Keywords: mycorrhiza; Pinus massoniana Lamb.; aluminum tolerance; antioxidant enzyme; cell
ultrastructure; subcellular distribution
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