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(P17), FA#TEE EnHy —401 XF Ca,-P, Ca,-P Fl Cay,-P HIBEHE /L5355 61. 53% | 63.40% 1 4.32% , 1E77 A0 B4
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Characteristics of insoluble calcium phosphate activated by phosphate

solubilizing bacteria producing exopolysaccharide
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Abstract; The capacities of phosphate solubilizing bacteria (PSB) which was Enterobacter sp. EnHy-401, Arthrobacter sp. ArHy-
505, Azotobacter sp. AzHy-510 and Bacillus megaterium P17 to activate insoluble calcium phosphates were investigated, respective-
ly. Tt was found that all tested strains could activate poorly soluble calcium phosphate well, but PSB (EnHy-401, ArHy-505 and
AzHy-510) producing exopolysaccharide (EPS) had higher ability of phosphate solubilization than PSB isolate P17 without produ-
cing EPS. 61.53, 63.40 and 4. 32 percent of the phosphorus were released from Ca;-P, Cay-P and Ca,,-P by EnHy401, respec-
tively. There were also significant differences among the PSB isolates producing EPS, the strain with higher ability of producing or-
ganic acid and EPS showed stronger ability compared with that isolates producing lower organic acid and EPS to dissolve insoluble
calcium phosphates, and PSB EnHy-401 showed the maximum solubilization in Ca-P, followed by ArHy-505 and AzHy-510. Fur-
ther studies showed that EPS might be another factor in the microbial dissolution of tricalcium phosphate except for organic acid,
and the increase of P-solubilization brought by EPS attributed to the participation of EPS led to the change in homeostasis of P-solu-
bilization, pushing it towards P dissolved by holding free phosphorus in the medium, consequently resulting in greater phosphorus
released from insoluble phosphate. The synergistic effects of EPS and organic acid on Ca-P solubilization were also affected by C/N
in the medium. In general, the higher C/N, the more quantity of organic acid and EPS would be produced, and the higher phos-
phorus contents would be activated. These strains showed strongest ability to dissolute phosphates when supplied fitter C/N for or-
ganic acid and EPS production in the medium.
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1.1 BFRRINYEA B ELSS
PR . AT ( Enterobacter sp. ) EnHy —401 ., F5FFE  (Artrobacter sp. ) ArHy — 505 [& %
(Azotobacter sp. ) AzHy —510 FIE KZEMFFE (Bacillus megaterium) P17, ARG % 43 B R
HERMEE PE Ca-P, SEIR S S AIBERR =45 (Cay-P) . BEBR/\45 (Cag-P) . FRUWE K A HD 145 W
(Cay-P), S5, HEER (P) &®5k199.9, 193.9, 196.0 g - kg '
1.2 ExEE
Fh73 5% 5. W 498 10 g, (NH,),80, 0.5 g, KCl 0.3 g, MgSO, - 7H,0 0.3 g, NaCl 0.3 g,
FeSO, - 7H,0 0.03 g, MnSO, - H,0 0.03 g, KH,PO, 1 g, B F7K 1000 mL, pH7.0~7.5,
KRR NBRIPY) | HAhBEIE N Ca,-P| Cay-P. Cay-P, MMABRS NS¢ L7, EHEC/
N fE 6 H: 36 4k B8 1 52w iF, B (NH, ),S0, i B % 0.01% . 0.02% . 0.03% . 0.04% .
0.05% , HIEFEH C/NE/ 9355 100.0, 50.0, 33.3, 25.0 F120.0, KES5 d J520Hr C/N {EXH
BRI AL Cay-P IR LR OGP 2 15
1.3 KWAH*E
1.3.1 BEHREERMEBES (Ca-P) BEMENE M 100 mL =M, FHAMA 3 mL FiF5: 5
W, BACLIEIF R R, PR R EXTEBCE R (29 10° CFU - mL™") , $8 5% $5Fh 250 il
ARG (250 mL = fMAi%E 50 mL K55R3E) , RS 7E 28 °C 180 r - min "HIRFEIREEFE, LIHEF
RFR RN FREFRRC A R, R 3 R, 5595 5 d e sRiise e 4%, #8512 000 r + min !
B0 10 min, B BIEW, @ EIERAESHE . pH (E, JEFS mL E3ERGL 0. 22 pm FLARJERE, AT
FAHLRFI BT, [FIRTEC 10 mL $EHCENE, JFI0E 22 W 0O 5 & B h s A0 ot
1.3.2 BEFGTRSENHERERERSELIRE  RBUSBANE NG Ca,-P 2 & BT 401 1Y
HshZhE, sl IR 280, 0.5% , 1.0% . 1.5% F12.0% () NBRIP }5 5% % 100 mL, 1
SR 24y, —BINA 10,5 mg R, fif NBRIP 85350 AR E A 1 mmol « L1, 5 — M AN inkrig
M, A5AbHAE 28 °C 180 r - min fHIRFEIRIGFE 48 h )5, HERIEMCIELBERRES, JEWAE 12 000 r -
min "' F B 10 min, WE_FERPEMAEE (P &=, BNFIE3 AES
1.4 WEFE
L4.1 BEEE SRAHE EE " IE L bk & SRS IhaR L1 ke XER Ca-P Hbk %1k
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1.4.2 IEFEEE A pHit (PHS-3C) W&,
1.4.3 BHLESH RHIHPLC ¥, HAERM. @Y Agilent Zorbax SB —AQ Cig, ZEM N 0.01
mol - L~ "Wz — &% (pH 2.8), H&E 35 C, Wi 0.7 mL - min ", KK 214 nm,
1.4.4 ZHEHREL B RBERIERES L (4000 r - min ', 10 min), EFEE, H2 56K 95% 285
PLFE4 h, 10000 r » min "' B0 10 min, BUEA G T EEE
1.5 HESH
K F SAS 1 SPSS GEi A B AT 5 T 0T, BdiE L) « + SD FR

2 #FR5TiE

2.1 EHEXMNIAEEXERMY Ca-P WiENLIER

M1 AL, HHKA 4 FPAITE EnHy — 401, ArHy — 505, AzHy — 510 i1 P17 0] LA BH f 16 Ak Mk v 1
Ca-P Hy, (HEEMRXIARRIE A MER T Ca-P BIELRE N AFTER IR R 225, 4 DMK HEXT Cag-P BYIE
fLRE 1 o, HORJE Cay-P, 10 Cayo-P BEIGALAIFRBE fe/)N, DA AT B8 -5 ME v I ol 1R A B 35 i 2 DL
KURL ) AV O, FEMIE] pH 251F T, Cag-P BYIEFRFE L Ca,-P BUBE SR, {HIE KT Ca,-P
JENT IR Cag-P MUORIE AL, HRBAUK, A ZILEEH, RIS BRIFRE, AR TR B
T S A OC A BT VR

®1 AEABAHEGAREERY Ca-P BERBELLR (n=3)

Table 1 Solubilization of insoluble calcium phosphates by four bacteria strains

TR £ ESE7S W /mg « L1 BEAYTE L% % A=/ g - L7}
Phosphates Strains pH Phosphate solubilization P activation Exopolysaccharide yield
Ca;-P EnHy - 401 4.32 £0.02° 632. 62 £23. 09° 61.53 £2.31° 4.18 +0. 122
ArHy - 505 5.34 £0.04° 428.90 +15. 38" 34.14 +1.51° 3.69 0. 117
AzHy - 510 4.69 +0.05" 229.03 +15.23° 21.12 +£1.42° 3.39 +0. 13°
P17 4.51 £0. 02" 91.73 +8.07¢ 9.00 0. 814
Cag-P EnHy - 401 4.01 £0. 06 681. 83 £21.90° 63.40 £2.27° 4.58 +0. 13°
ArHy - 505 5.37 £0.05° 480. 59 +12. 68" 34.10 1. 31" 4.19 £0. 09"
AzHy - 510 4.58 +0.03" 349.30 = 10. 38¢ 30.90 +1.07° 3.65 0. 12°
P17 4.45 £0. 02" 187.76 £9.514 12.40 +0. 98¢
Cay-P EnHy - 401 3.42 +0.04* 69. 34 +3.75° 4.32 +0. 38" 0.97 +0. 12°
ArHy - 505 3.89 +0. 03" 56.38 +4.29" 3.00 +0. 43" 0. 85 0. 09*
AzHy - 510 3.97 £0. 02" 45.11 £2.49° 1.82 +0.25° 0.52 +0. 06"
P17 3.86 +0. 02" 40.19 2. 16° 1.44 +0.22° —

T FSIAE EARTHERIRTE 0. 05 K B2 3

Note; Different superscript letters in the same column indicate significant difference at 0. 05 level. The same as in the Table 2.

WAL, LELAMERYE Ca-P NME—BEIR A R BEEE IR, Re™ AR LA 20 T B 40 7 EnHy — 401 | Ar-
Hy —505. AzHy —510 [R3ffLfig J1 #00 T A 7= 2 W B i i P17, b A FF i EnHy — 401 X Ca,-P
Cay-P il Ca,y-P FP AR ALZ 9155 61.53% . 63.40% Fl1 4. 32% , G TXF AL-P Fl Fe-P B AT B IGIE
BRI AY P17 BRR ' . 3 Bl 220 o 400 581 16 Ak B B9 B 0 AR B /IMEVRON B FF T EnHy — 401, 5P
ArHy —505 . [&%& B AzHy —510,
2.2 HYEE, pH SEKBEHHNXE

M THERE Ca-P ZERRTEN T h Gy u i, BT LA 138 TA S B A v JE MLl 1) 336 Ak 32 22 2 o1 Ffy
MLER ROV . (ERIR) 223 BT RS A R A R S 34518 5. Tlmer 2518 R 30 1 MRIEEAMTE Pseudomonas
sp. TER BRI RN IBA PR, FORE 0 B2 A ny IR, JF AR 22 07 IS Cay-P TR
R FSIHE, Lin 7 4% 3 Burkholderia cepacia CC — A174 THARVE i Ca,-P 32 22 iy 20 06 1 26 B R
TSI, Agnihotri' s WITA K M-I A HLBR B B IR IN , Horh 2R B b e . A s
IS 5 B 200 v A R TR M B A A T (RN AT A B e A Al LR 28 4 T T
DVERTEEE, ATieAmslE N, a4, Sl makx u i kiR 2 S pH Z R AFFEAH OCTE,
16 pH ¥ 4.5 AT, Btk AzHy —510 F1 P17 X Ca,-P BYTHEAL 22 5 2, AzHy — 510 XFBEAYTE L
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LI P17 & 1.5 ;5 FFE ArHy —505 7E3 1L Cas- 80 -
P Ca,-P R, pH 4HIEE AsHy 510 M5 0.65 Fn ™ L M 2ibs 1 oty
0. 79’ /fﬁfﬁ/f/t% H: AZHy -~ 510 4‘[%—‘ 13. 1% ﬂ;n 3.29% 5 60 B WY iE 1355 P activation ._}

N S e 50 b
TIIME S Ca,y-P MEBER T, BT HBEMERRE pH T wl

FEsl 4.0 LUF, {HIEAL Ca,,-P BRI HIAR/N (R
1), M 4 AR, AVLRIFARERM ) fh%

PR R A R AR DG VR D, EORZF AL 4 T4 P17 10 %
%ﬁaiﬁiﬁjﬂﬁé’?%tt ArHy =505 i& 5 ( El‘l) ’ O T EaHY-d01 ArHy-505 ' AzHy-510 ' e
SRR R R | SRR I

WAy =505 2 (3R2), AR Ca, P RABRITE g1 mpmmmeans, msmsoamgRnss
PRI T A 7= A A Y ArHy —505 bk, Hp=b Fig. 1 The relationship between solubilization of Ca,-P and

A PR IH RE = A — & = 2 1Y [ U AzHy - 510 organic acid value, exopolysaccharide yield pro-
XF Ca-P IEALRIL P17 & T 1L54% (K1, £1), duced by phosphate solubilizing bacteria

2 AEBEKRETWE Ca,-P BN EEGIE
Table 2 Organic acids produced in glucose-Ca,-P broth after five days incubation by strains mg - L™

R (HRR)

k73 Oxalic WA HRER LR Frigm BEHIMR R TR
Strains K R Tartaric acid Malic acid Lactic acid Citric acid Succinic acid Fumaric acid
(gluconic acid)
EnHy -401 1 519.9 £34.2* — 229.9 £9.3* 0. 000 4° 177.7 £9. 4* 143.0 £7. 3¢ 21.1+1.2°
ArHy =505 1 050.9 +14.3" — — 1386.3+21.7* 102.8 £9.1° — —
AzHy - 510 1.20.13¢  10.5+1.4 — 0. 000 4¢ — 206.8 +8.3" 2.3£0.1°
P17 568.1 +10. 3¢ — 139.8 +8.6" 54.0+3.4>  201.7£12.5°  728.9 £19.2° —

FUETT UL, FU pH 5 SEBRA MLER (1) 536 LA SO B ae 1 IE AR A G —1, X PR G — M w3 AT,
FE77 Z BB AN T (AR T AR R A MLIR Y T LAA M S B R -, R Rl R i oh 2 0, el it
P T ERE 25 TIEEN, JPERL T 7 20 0 iR e TG A e PR IR 55 rh iy L3
2.3 ZESBEMHNXER

PEHL 3 = ZHES WA TR AE % Cay-P KEER T A 208, I 22 B4R BRI I A IR s %
B (Pi) &t (R3). WR3IWAEH, 3 FIERAREN Pi & i 7E 2RI G MAAE 22 57, (kK
] 22 AL, iR M s R ok, R H,S0,-H,0, A RA I 28, SR 50 EH &
Wy P (M P, RMZEETEA 2 R0, JFH M P 5 2R TS A B T
W Pi Z ARG BYAROCHE, MIOCREGE 0.968, $27R . AFEWK th Z HE5E AT 5 Pi 2 22 7] ALk 2 4
WeRE Pi R E, BRPRI ZHEPEEUET S Pi it 0 22 5 18 B TUR & MR IS5 1 F B 7= 2 MW RE Pi BE T AN
[/, 76 pH 5.0 YZ&F T, EnHy —401, ArHy —505, AzHy —510 B/ 28X Pi 0y MR 32530 0
66. 62% . 60.54% F158.91% , +% Pi SI453k 423.91 . 258.80 F1134.37 mg - L™, ZWERHA W hiif
BT O FP IR R EA T R O T Bl ML X B R (0 0 A S A, S B A ol ST [ XA PV A 7 1)
%5, R BERRES TG R b 208 SRR Z ] A BMRIRON; o AN A9 58 55 5 TR R T ™= 2P o 5 7
HAK (B2 fE3), WR LA, WCRHBEGE 7980 286 HLRR 7B 09 B [R50 58 TR i e 7 559 19
ZHE; RS, PRIZON R

W —F R AR 2R, EEANRIR A | 5 B AR NI DR A T e O i AR
HaramhHEAREEAKGESREFINE FERed, fHZHTFE&ESE TG KWLM
BRI UCH T AR A PR . SRR AR P SR 0 R AN B A R A 2 ] o R 3
SYICE DT, FE—E R R X R AR RE ), AR R s B A B ] G GAE 4R
R REARR R H 0, PR T RLA s il 20 11 ) i o b 22 i 2 I R b 1 PO, 21 W 4 = v i B
I EZITE XA WLV i WA S8 i S ROy, 520 1 SRl HLIR VA i 1Al , - 1o ol
i dr A, it R R A R B A
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£3 EHHE Ca,-P REERERNSHENERIRLFRFT PIEZERKTRNESHEPPIRE (n=3)

Table 3 The dispersion of phosphorus concentration in supernatant between before and after exopolysaccharide ( EPS)

extracted and the amount of phosphorus in EPS mg -+ L'
PR PR Strains EPSB-Pi EPSA-Pi EPSB-Pi 5 EPSA-Pi 222 EPS-Pi
EnHy —401 636. 32 +16. 40 202.42 +10. 10°¢ 423.91 £ 12. 40" 413. 08 +10. 90"
ArHy - 505 435.75 +10. 60* 186.95 +8. 40° 258.80 +9. 80" 270. 14 +9. 60"
AzHy - 510 220. 61 +8.30* 85.24 £6.80° 134.37 £6.30" 124.25 +7.50"

. 1) EPSB-Pi. WG &R LR EY Pi & Phosphorus concentration in supernatant before EPS extracted; EPSA-Pi: Zp i
WUE BB L E W % Pi & & Phosphorus concentration after EPS extracted; EPSB-Pi 5 EPSA-Pi Z 2% The difference value be-
tween EPSB-Pi and EPSA-Pi; EPS-Pi. ZMH#kiH & o BIrilfs oy i = Phosphorus concentration after EPS heated,,

2) [FH AR LARTFREFRIRTE 0. 05 /K F22 5 3 Different superscript letters in the same line indicate significant difference at 0. 05 level.
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Fig. 3 Effect of EPS contents on collaborative organic acid-

WM mmol + L8RS 1 mmol + L' citric acid;
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B2 BEHEMESEEREEE TSRS AELRR
Fig. 2 Phosphate solubilization by EPS alone or combina-

tion with organic acid soluble phosphorus
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(B4 -AFIE4-B), Wiz X s set (K4 -0), E—EEEN, WIFE EnHy —401 #
AP ArHy —505 B C/N HAIE K, AHPLRRMZHE 5l 2, Briis R 8e s, B AzHy - 510 0
FE C/NAH N 33. 3 WAL ZHE I 2, WHRGETERIE R, (BUNE FRE, ST TA LR
Z C/NAHF MR/, ANE C/NAH R RA IR MR Fi2ER, UAIIRMERNAIR, £
W SEBEOTINEE , PR o A 22 WE TR 7 22 W Wl 200 R 0% T e i o R v 0 A LR Mk 9 ) i 11 5
W, ZA S5 A DL N MRV B E T 2 203 2 W b C/N (E I EEI , Bk R TEREE A 77 A HLIR R4 b

—E R MR ETRRMT, R TEA R,

W 50 ¢ a 800 -
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Fig. 4 Effect of C/N on solubilization of Ca,-P and organic acid, EPS production
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3 4ig

SEVE S B IR E T AL 5 RS2 VA B U E WY TR R R R AR i, 3 R BV BN EnHy — 401, ArHy -
505, AzHy —510 X} Ca,-P Fil Cay-P (3G ALZRARLE 219% LA L, T T A7 200 % 0 B R 2R AT P17,
TEMEAE Ca-P (2R PTG A F B0 R (O AR 34

77 2R Tl 200 DR G VA 8 1) 0 AR FH: Fh 20 AT LI R 4300 22 W IR R FH T SE B, A 2 W %) g
TR P B B RFEEWRE, HESIME M Ca-P BT Sh A0 T A 7 RS 3l MONT 4R R Bl R
T XA HLRRIEBE PRI M . A LIRS W 2 HLIT P 2 WEHRE WS B8 1 3R YV W5 P bk EnHy — 401 {516 Ca-P
HIBE SO T 59 2 Fh ™= A BEANE ArHy — 505 H1 AzHy — 510, B XF Ca,-P I Cag-P 1% 1L 3 70 51 ik
61.52% F163.35% ,

7 A B AN P TRV B R P T R B HLRR -2 O R B AN 18 2 BB /N (IS, —
BN, C/NAES, AV WE, ZR-EH L, W6 s,
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