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Table 1 Chemical properties of the nursery soil before seeding

SNy ARSIy HIAL SR A
Total nutrient Available nutrient . Exchangeable cation
+ 4% ' . / (g'kg”’ DW) ]
/ (g'kg DW) / (mgkg' DW ) / (cmol-kg”" DW) pH
Soil
S
N P K N P K Ca Mg K
Total Al Labile Al
B
0.99 0.35  21.7 73.0 3.93 62.7 46.8 1.23 3.65 0.29 0.09 4.64

Yellow soil

1.3 Rt

AR K3 mm W BEAG R4, 43 54 Fh T
50 mL Pachlewskid@ &} 33 ' 19250 mL =13
Mg, (25+2)°C., BB A THEEFR21 d,
il SRR B R L K T R AR g R S e FH0.3% H
WEFS W= 930 min, JOWE K i1, SRIGTE2S
CLEAKTEM24 h, BT, 25 CEL R
fEZE, 2P KB WRIETE SR mx 1
m x 0.5 m/KJe it 25

g b R TR R IS VR B A, o B IR P
T, KRR Y 2 B ok ok LM i B 3R 2, AT
REEATHL, 52000024 28 85 5 19 5 R AN FP 7 +F
SYJG 4y PIREFIAE D mP K U8 /N, AR R
WK, AR FEFR . 16855 9345
3RV REAAE M (HILh S238A . Lb S238NFILD
270 ) M HMRPR A3 . DU B A9 A5 AR 1 AR
Br S AE X B, g /N X RELHESY , R AL PR3N
&, H124NK,

1.4 WEMBS57HZ

BRI 16 G, TERE/N D o XS E AL
25KRGNE, AT I T AR BRI, R AR
FLA AL 38 1 AR IR F100%, % BB OR
YL A0, WK PR OR LR E DRV, 80 £ 2
CHEF ZEEJGHRE, 25 000 r-min” HHEHE
min/i FAWHNO,-HCIO, (V : V=5 :1) {REBRHY
o, AR BB Bk AR R 0 T A
Wb, vk LY DRI BE . Rk
AR AR SRR,

PHEEWCERPS 58, LR, RBAEMX
T BEAE . 4 R150.85 mmBEAI0.15 mmif . iR
SCk [19 ] P, 8 pHAH pHS-3CHRURS % R &
HE (BKH R 2.5), . 28 58EH
HCIO,-H,SO, (V : V=1:10) IEHEZEFNE,
AR & 8 FH0.05 mol-L™' HC1-0.025 mol-L™' (1/2
H,SO, )R 5 R FH W 1 3 b oL 73 9
i, L1 mol-L™' NH,C1-0.5 mol-L™' NH,F
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(pH 8.2). 0.1 mol-L™' NaOH. 0.3 mol-L™" /B R
#+1.0 g Na,S,0,+ 0.5 mol-L"' NaOH. 0.5 mol-L™
(1/2 H,S0,) #LLi i +5, il . &
B PE BB . R e A R
BEPUL AR . P OB & RO R . B
W P& A RS B 5 i 2

S AMMACSE Ok, MU
BRI LI AIEPES . IGE0.15 mmiii +
FE1.000 0 g, BT E.LET, AL mol- L' KCI1
BREEWS0 mL, 7EFRNIRG & LIR30 min,
5000 rrmin”' B.0>15 min, A B (1) 5
LB T KEERIRE, A1 mol'L™ NH,OACE 2
50 mL, #R¥ESGE.O4E, W RiE® (2) 5 A
B TOKIEEIRE, AT mol-L™ HCIIZ 50
mL, IRFEFEOOE, Wl EE|R (3) 5 HE
BT KRR, A0.5 mol-L™ NaOH 50 mL,
PRFBG B Y E, W L (4) o ARG
kU IE L RAR BV P e S o
FVEW (1) R EREACHESE (AP F&,
VW (2) PR s RO RIS S [ AIOH) M
Al(OH)," | &&, LFIEW (3) HHREENRE T

(@) (b)

BLER (ALOH),) &k, LW (4) PEEEN
JEEIRE (Al-HA ) &b, I v & X
AR SRS R/,
1.5 HiEabE

Fri5%04E FHIBM SPSS Statistics 21.05{FEAF
J7 22404, LSDE#AT &K P Ia i 2 8 b AL, K
JHGraphPad Prism 5iil[&], Microsoft Office Excel
2007 . IR b BT A s 1 3 A 73
{8 = bpifEzs, BEMEKFBINP<0.05,

2z R
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CK Lb270Lb S238A Lb S238N
WAGHEBE R B L. bicolor strains

CK Lb270Lb S238A Lb S238N
WAL HERE R A% L. bicolor strains

LT
Uptake of Al/(mg - plant™)

CK Lb270Lb S238A Lb S238N
AL ERE AR L. bicolor strains

0 RPANFSARE R #2257 B3 (P<0.05), [ [F Note: Different letters indicate significant differences between treatments at
P<0.05. The same below
11 2 FhoRl o it o X S5 A Al T 2E K (a) B (b) FIER R AL () ) 5% T

Fig. 1 Effects of L. bicolor inoculation on the growth (a), uptake of P (b) and Al (c¢) of Pinus massoniana saplings

2.2 EMWNEEEXNRRTIEpHIMENHE S =/

=AU

2 R, 0 7 ot I SR A AR B = R p HLAY) 2 i (R
Rk S (E2a) o SXFEEAL, Lb 2701 Lb
S238NW = e 1 i FE R MR PrpH, H Lb 270191F
FHS T Lb S238N, W3 43 5K AK0. 11F10.07 4 H
£ TMiHEF Lb S238AMIAH R, fipH & EH no.11
ASHA

Ly R A AR PR A R A RO % i 3.40 ~ 5.08
mg-kg™, AU E RS EK0.97% ~1.50%, &4
B G AL AR L A O 2 e AN 4 5 B /N
B HEP R AR e B T A OB i ) R el DR R R 1T S
(E2b) o S5XRAELE, $F Lb 270F1Lb S238N
it 4 oA ARl B R 15.5% ~ 15.9%,
PR ) TG 5 22 55 iRl Lb S238ANNA S, f#
A R B R 25.6%
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Fig. 2 Effects of L. bicolor inoculation on the pH (a) and available P content (b) in the rhizosphere soil of Pinus massoniana saplings

23 EMWNEEENRIRLEFLINBSERS
Al
LR MAARPE - & 2 #339.7~356.4
mg-kg ', HPILXHL#E166.0~195.0 mg-kg ™',
i eWE47.6% ~57.4% . WESHEZ LB
BTNy, 546.1% ~50.1%; ek, &
31.9% ~35.9%; F5 AT S BB, 251

119.44% ~ 11.0%H16.96% ~ 9.74% ( F2) .

5508 FERE L, ol XL o T - R A Y A
To il A, X ICHLBE & i R — s E Rk
FERE (R2) o E3DHRT, Lb 2702451 1
LB & & KT Lb S238A 17.4%, Uil Lb
270 T AR Ak 4 v X6F T HLAE 5 P 1l 4 7 A6 R T RE 7 5
T Lb S238A.,

R2 BN ESENDRNEARRIER LIRSS HEIZIE

Table 2 Effects of L. bicolor inoculation on distribution of inorganic P in the rhizosphere soil of Pinus massoniana saplings

i B A RETP T HLHIP AL-PIEHUBE  Fe-PIENLEE  O-PIEHLBE  Ca-P/LHLEE  JEHLEE/ 2R
Strain /(mg-kg™) /(mg-kg™) AL-P/IP /% Fe-P/IP/% O-P/IP/% Ca-P/IP/% IP/TP/%
CK 356.4%6.1a 185.6 £3.9b 8.25 £0.66b 353%1.9a 46.1%1.7b 10.3 +0.2ab 52.1%0.6b
Lb 270 349.0 = 0.0ab 166.0 +3.1c 9.74 % 0.55a 34.6%0.3a 46.2%0.2b 9.44+0.91b 47.6 £0.9¢
Lb S238A  339.7%9.0b 195.0=5.1a 6.96 +0.23¢ 31.9£0.9b 50.1+0.8a 11.0 0.6a 57.4+23a
Lb S238N 350.9 £0.0a 185.1 £2.3b 7.81 £0.39bc 35.9+0.4a 46.4 = 0.8b 9.91 £0.74ab 52.7+£0.7b

W RPRATNAR AR LR AR 2257 B3 (P<0.05). T[F Note: Different letters in the same row indicate significant

differences between treatments at P<0.05. The same below

X, W 7 42 g X I B2 A AR PR - 48 v 4 R G AL
W 20 43 7 i B FLAE TCALBE b 43 A 19 5% g DAL A i
S (E3ME2) o SXTEAHL, R Lb 2708 3%
Ref AT 0 e 0 5 8 2 B, A A > T 12,3 %
18.1%, & $2 = MwE7E THLBE Y /0 A 5 D Lb
S238A I FH FRARAN W o B, W/ AR AR . (HY
TN & S BETECHLEE P Y o34 s $EFh Lb S238NX
R RV 1 e S LR TE ML P 18 o A 35— U
b, BRI B ERE . Lb 270 AR B BR 3 v 4R

BE AR E T (HERBE R B 5 WA T Lb
S238AFI Lb S238NHMR MR br, HIAE ST =
WEANT Lb S238ATHMR M MRFR; Lb S238 AR
HR PR A b 85 % 5 5 0 35 % T Lb S238NAl Lb 270
PR AR PR . AT UL, 2oL 6 it 8 1 35 (2 0 5 R
AR A TCHUMEE VB IR 0 e AR R, HLIR B b
M5 Lb 270 F L2 M5k, Lb S238AF %L
SEAOEE, I Lb S238NXT AR B AIAS B A — i 1 FE
LI .
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S 50k S
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o S
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AAKEEE MK L. bicolor strains WAGEEFEFE AR L. bicolor strains

(13 sl o S EAMB PR H PR () . BRBE(b) . DA ES A (o) P B (d) B 1 5 T
Fig. 3 Effects of L. bicolor inoculation on the contents of Al-P (a), Fe-P (b), O-P (c), and Ca-P (d) in the rhizosphere soil of Pinus

massoniana saplings

24 BEMUEBHENRMRIEPEHEESERS 0.83~0.91 gkg™', HIEMEIANT1.6% ~76.3%, &5
IR FREFHK, 1522.6% ~26.7%, XML diih PEER
L RRAMBIR TR A0 5 5407 ~ 482 gkg ', H BILEKERSr, JE598.1% ~ 99.0% . SIS SR AR I
G PEES1.09 ~ 1.27 gkg ™', HEER12.49% ~ 2.77%. AN EHRAR, OGN IEMHERS190.23% ~ 0.95%F
R CHLER 2 TR i E A M, SN 0.70%~1.04% (K3) .

RI EMUEHENIELNEHARFLEREERS B0

Table 3 Effects of L. bicolor inoculation on the distribution of labile Al in the rhizosphere soil of Pinus massoniana saplings

X . FE RS T MR TCHL . ‘
i, e BARAS Y . . BRSP4
BB ZfiTotal Al ., i (AL(OH) B/ P A
. Labile Al B PR ALY ” PEFRAL-HA/  HiLabile Al/
Strain L l(gkg™ , &AI(OH)™) / AI(OH),° / ,
/(g'kg™) Labile Al/% Labile Al/% Total Al /%
Labile Al/% Labile Al/%
CK 1.20£0.03b  48.2%0.6a  0.95+0.08a 0.7+0.02d 73.1+0.5bc  252%0.6ab  2.49+0.09b
Lb 270 1.27+0.04a  458+0.2b  0.79%0.02b  0.89%0.05b 71.6 % 1.8¢ 26.7+1.8a  2.77+0.08a
LbS238A  1.09%0.03c  40.7+£0.0d  0.23+0.0lc  0.82%0.02c 76.3+1.3a 22.6+1.3¢c  2.67%0.07a

Lb S238N  1.22+0.02ab 44.4+0.3c 0.83+0.07b 1.04 +0.02a 74.2 +1.3ab 23.9+1.3bc 2.74+0.04a

FE R0 0 B G PRI R R A (3R (7.80%F15.06% ) . Tixfid 4R &8s, A
3) o SXTHEAHLL, Lb S238AMIIR YLl 448 A 5 i WERRIN S . Lb S238A W ERFAK, Lb 2705 FHn,
EEK15.5%, W E TLb S238NFILL 2701 [ iR Lb S238NTC 50, HLb 270F1Lb S238NH 115
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11.0% . IR EEEE T H34.5%M50.2%, XK
WICHLER FE RS S L B E s AN LD
S238 A I 25 ol /b A8 4 A% AR RIS B R AT 4 ik, XTI
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PR LA RN R I JOHLAR & RN JC R, 7R3
HE Y, Lb 270F1Lb S238N{Z YL )5 ) 1 HErhaFhIE
BEGEY B ESTLb S238A; Lb 2700 il R
G TLb S238N. HEFNLD 270 5 3 AR
LSRR EE PR E], (HIEIR ST
Bl BERNLL S238A I 35 [ MK A2 e 25 0 R S A i 4%
L], (H 36N R IEAS A0 M ERV JCHLAS Ll s 3Rk LD
S23 8N b 25 [ AT 28 40 A BR RN I A R A L g1, ELYG n
B (£3) .

(b)
15

FAESE R

Hydroxyl-Al content/(mg-kg™)

CK Lb270  LbS238A LbS238N

(d)
400 .

300 F—— -

200

15 SHIRERS &

Organic-complexed Al content/(mg-kg™)

100

CK Lb270  LbS238A Lb S238N
IAAKEBEE R K L. bicolor strains

LS5

P4 2R onL € s B 0T o EEAMAR PR 3P 5c 8 B (a) . FREAS B (b) . BRI TCHLAR (o) R FE R 45 () 7 5 i 52 )
Fig. 4 Effects of L. bicolor inoculation on the contents of exchangeable Al (a), hydroxyl-Al (b), acid-soluble Al (c), and organic-

complexed Al (d) in the rhizosphere soil of Pinus massoniana saplings

2.5 RERTIEPpH. BYEE. THHMERES

= [EA9HE XM

M R4RT WL, THEpH S A R . & S wEAES
Bl P i (DB 0 25 B AH OG5 AR AR A Y i
BR B A A 3 ORGSOl e S P A
PR R AL R EAR DG, S4RIE RIS SR S
A 2 A DG AR I S ISR L AR
BR T ) O ARG PR S S
SRR A Z A n HAAl 3 RO A48 5 W
HE i E MG, Ik, RS SpH

REARARP G ML SRR = A, D BRI i,
NP R AS W AN B R, A M TR R A A
Rtk

3 i ®

Ly b v8 D 4 Ol TR P AR Ak -, b 4R
W E S, %5P0, . HPO,” |, H,PO, K4V
UE SN A JHE VA PR L R I 0 A R, R
MMARAER D GRS % SRR, R
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*4 DEMMRTIFEHpHE. B, TABMMELEE S SEMEXMYE

Table 4 Pearson’ s correlation coefficients between pH, contents of available P, inorganic P, and labile Al in the rhizosphere soil of

Pinus massoniana saplings

- H R i e P A 5

Available P Al-P Fe-P O-P Ca-P
pH -0.670" 0.209 0.8917 0.823"
H %W Available P 0.967" -0.536 0.055 0.860" 0.732"
755 Exchangeable Al -0.795"" -0.851" 0.613" 0.165 -0.806" -0.602"
BRI Hydroxhyl-Al -0.741" -0.744" 0.172 -0.049 -0.462 -0.503
TR JCHLAR Acid-soluble Al -0.865" -0.879" 0.446 -0.071 -0.696" -0.591"
JE5 5 R BH Organic-omplexed Al -0.790"" -0.759" 0.770" -0.363 -0.827" -0.811"

*, P<0.05; **, P<0.01

XU B I 3 bk R 3 0 R i LR S R
P A A RN e g R S o DA - s b & S T L Y
TR A, BRI B BE A F AR PR 1 R
MEVS PEWE A S AL R . T FHEMEL TR . 25 32 DA
R R FF A AN, 40T R 51 R A0 A TR AR Ak R
FHOME S P B IR FP AR TE 22 5 0 WK KGR A &
MR R E (pH 6.8 ) 25 kIR LA,
Pisolithus tinctorius 715. Lactarius deliciosus 3 .
Cenococcum geophilum 4H1Boletus badius T4 7] T
SRR AL R Y Lb S238N{E Yt E LTS
J5 . AR BB AL M T RE D e
Y B AN IE R SR TR R i i R, XA
A AT B 28 A B O AR R 5 TR RE S5 A T LD
270%F kW MIAGHE . Lb S238AXT AR WA W M Ay
AL R FIRE J7 o 3R UUER 05 1 T 5 FE A &) 1 X 8 1
W W RE AN I B v, T L TR R ] 22 S
Lb S238NFILL 2701 I HLb S238ANY R £Y1
5, HEILH S238NHILbH 270 K v xiF + 3 v i A i
WOR FH R 5 i 2 v T Lb S238A . TEHRAENE F 4 4
PER PERE AL R, Lb S238AMRPR LI A
W& TLb S238NAILL 270, HEHN
A TR ELTH Glomus mosseaeVEJIARML ', 7ELD
S238NHILb 270 A i M Pk H 30 A SO 0 75 ik .
PRI, 2P 3 ke L €00 5 8 1) 1 Wb 35 418 1 5 R P &0 1
XoF TR e 1 3 e e s M i 9L 1 A AR DR ) A Ak R
F, HLb S238NFILb 27058 FLb S238A

TE TCAILME I P W A S AL R B b, 2800t
FNHI T F AR A VLRI RS 58 .
Bk e R BT EGTE BURCE MIRIREE R, K
HE5E BRI R, Hod By H o X TS AL ME ¥ v

B 2T JEEM LT B R R AR
h, [RVRE 2 IR M AR WA R A1 SF R R 11 4 b R 8 7%
W R TR AR L i L A SR A ML
PRSI A Y g YRR T A
ERARINN s WP i R C Y REAS (A (SRR A SRIN 3 N
I HpHAEAR, #A R+ B s, JLIL
R 1 0 A6 B I R RN AR R B . ZELD 270
FILb S23SNFR MR PR 3, pHE FHMLTAER
MR ARBR , EG A sl U0 I TR e XS P s £
TH MWW, A0 TEsrEk. R, 2k
SR RS, UEUTA ML AR B F s 5 1R
AIREMEHE T EMTMEib . SR, SHRERES D REM
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Effect of Laccaria Bicolor Inoculation on Contents of Inorganic Phosphorus and
Labile Aluminum in the Rhizosphere Soil of Pinus Massoniana Saplings

GU Xirong NI Yalan JIANG Yanan JIA Hao HE Xinhua

( Centre of Excellence for Soil Biology, College of Natural Resources and Environment, Southwest University, Chongqing

400716, China)

Abstract [ Objective ] In most soils, TP (total phosphorus) is generally plenty, but its availability to
plants is very low. When the soil is getting acidified, soil Al is liable to get activated and then bound with
HPO,”", H,PO,", and PO,”, turning them into hard-to-dissolve P, thus further lowering soil P availability.
Some ectomycorrhizae (EM) are found to be able to deactivate soil Al, thus letting Al-complexes release
bonded P in available form, for plants to take up. That is to say, some EMs could be introduced into acid
soils to improve soil P availability and plant growth. In experiments of in vitro cultivation of EM fungi,
some demonstrated their ability to raise P availability in soils neutral or slightly acidic, but little has
been found in the literature validating such ability in the field. The present study aimed to assess effects
of inoculation of EM fungi on inorganic P availability and Al activity in the rhizosphere soil of saplings
planted in acid soil, and to explore mechanism of EM colonization improving host plants’ resistance to
Al toxicity. [ Method ] Germinating Pinus massoniana seeds, inoculated with three strains of Laccaria
bicolor, namely Lb 270, Lb S238A, and Lb S238N, separately, were imbedded into pots of cold sandy yellow
soil collected from a P. massoniana stand, and irrigated twice a day to maintain a proper moisture regime

for 16 weeks under the natural conditions. At the end, comparison was made of Pinus massoniana saplings
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inoculated with EM fungi with those in the control (without inoculation). [ Result] Results show that
inoculation of L. bicolor significantly affected the contents of inorganic P and active Al in the rhizosphere
soil of the saplings and the effects varied with the strain. Compared with the control, inoculation with any
of the three L. bicolor strains significantly improved growth and P and Al, uptake of the saplings. In terms
of the effect, the three strains exhibited an order of Lb S238N > = Lb 270 > Lb S238A. Inoculation with
Lb 270 significantly decreased soil pH, the contents of available P, iron-bound P (Fe-P), calcium-bound P
(Ca-P), total Al, and exchangeable Al, and the proportion of exchangeable Al in the fraction of labile Al,
but increased the proportion of aluminum-bound P (Al-P) in the fraction of inorganic P, and the contents of
labile Al or hydroxyl-Al and their proportions in total Al. Inoculation with Lb S238A significantly reduced
Al-P, the proportion of Al-P or Fe-P in the fraction of inorganic P, total Al, labile Al, exchangeable Al,
organic-complexed Al, and the proportion of exchangeable Al and organic-complexed Al in the fraction of
labile Al, but raised soil pH, the content of available P, the proportion of occluded-P (O-P) in the fraction of
inorganic P, the proportion of labile Al in total Al, and proportions of hydroxyl-Al or acid-soluble Al in the
fraction of labile Al. Inoculation with Lb S238N significantly decreased soil pH, the contents of available P,
total Al, exchangeable Al, and the proportions of exchangeable Al and organic-complexed Al in the fraction
of labile Al, but increased the content of hydroxyl-Al, the proportion of labile Al in total Al and that of
hydroxyl-Al in the fraction of active Al. [ Conclusion ] All the findings in this experiment demonstrate that
inoculation with L. bicolor can improve the resistance of P. massoniana saplings to Al toxicity, which may
be attributed to the ability of the fungi to enhance bio-availability of soil P, but their abilities to lower Al
activity vary with strain of the fungi.

Key words Active aluminum; Aluminum toxicity; Ectomycorrhizae (EM); Inorganic phosphate; Pinus

massoniana Lamb
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