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Isolation, identification, and characterization of a
phosphate-solubilizing bacterial strain

GAO Wei', ZUO Zhenyu'?, LI Lingling ', ZHOU Shengyu', NIE Jingyu', CHEN Huiwen'
1 School of Chemistry and Chemical Engineering, Wuhan University of Science and Technology, Wuhan 430081,
Hubei, China
2 Key Laboratory of Hubei Province for Coal Conversion and New Carbon Materials, Wuhan University of Science
and Technology, Wuhan 430081, Hubei, China

Abstract: [Background] Most of the phosphorus in the soil exists in the form of insoluble phosphate,
which is unavailable to crops, and traditional chemical fertilizer causes environmental pollution.
[Objective] To tackle soil phosphorus deficiency and develop a safe and efficient microbial fertilizer.
[Methods] An efficient phosphate-solubilizing bacterial strain was screened out from the soil behind
the library of Wuhan University of Science and Technology and identified by morphological
observation, determination of physiological and biochemical indexes, and 16S rRNA gene sequencing.
The phosphate-solubilizing conditions were optimized based on NBRIP medium, and the
phosphorus-solubilizing mechanism was explored by high performance liquid chromatography.
[Results] The strain was identified as Burkholderia gladioli. Among the 20 amino acids,
D-methionine was prominent in promoting the growth and phosphate solubilization of the strain,
improving the growth and solubilized phosphate by 19.09% and 16.16%, respectively. Sodium formate
inhibited the growth and phosphorus dissolution of the strain, with the inhibition rate of 39.08% and
10.66%, respectively. The strain dissolved phosphate in the environment by secreting organic acids
such as glucuronic acid and D-L-malic acid. The fertilizer prepared with the strain could significantly
promote the growth of pepper seedlings. [Conclusion] B. gladioli secretes organic acids to dissolve
phosphate in the soil, which lays a theoretical basis for the preparation and application of biological

fertilizer.

Keywords: phosphate-solubilizing bacteria; phosphate-solubilizing microorganism; Burkholderia gladioli;
bacterial fertilizer
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ARG S0,
1 #8577

1.1 ##
1.1.1 $EFE

NBRIP AR 574 (g/L): H&E B 10.0,
Cas3(POy), 5.0, MgSO,-7H,0 0.25, MgCl,-7H,0
0.5, KC10.2, (NH4),S0,0.15, pH 6.8-7.0, i
il [ A 855 5 B B i A 3R 20.0 g/L

LB W iAE: 73 (g/L): BEEE R 10.0, BERE:
FEH 5.0, NaCl 10.0. B il A 55 78 5L i A
Biillg 20.0 g/L.

B 25t DL (Ashby) LR K IR 57 5 (g/L) . TR
B2 10.0, CaCO; 5.0, MgSO47H,0 0.2,
CaS04-2H,0 0.1, KH,P0,0.2, NaCl 0.2M,

Salkowski F Gk (g/L): 4.5 g FeCl; & T
10.8 mol/L ¥R V2 EE & & F/KkZE 1 LY,
1.1.2 FERFIFLEE

AR . UK KH,PO,, 254 k%
BAE AR A, S8 CHRBH A,
BbRAL, AR SR A IR A F] EROR
FETEAL, ZHER A it B, dt
AR A RA R 511G B e TAE
ROUCERHT A R A BR 2 \] 58 .
1.2 A&
1.2.1 fRSE A IFE

T BEHCH SRR R B iR e 2 b, 3R
JE 0-20 em 12, BHTCH AL, FRECE
FE10 g, BB HE A 100 mL 25 F/KE
RS, ABWAAI | mL HETR,
BEil s 1073, 107 F 107 19+ A BRI W
1.2.2 FREBEE R RE RO E

(1) V55 (solubilization index, SI)

W R R 10° f5, Ui 51) NBRIP [H14%%
FRHE, 7E 37 CCIEFRA ISR 4 d, WIS B bE

Y AV B AR (D) MR V% AR (d), AR SI=D/d
AR 9 E.

(2) TR R A E

o P BB 2 L €0 000 7 T TR ) T

Sl

123 HEHRYBIEE

(1) MRIBEMEE

76 LB ARG SR EH bR Y PRI,
WMEEASFHE, AT LB 27 Rl 5256 F 5
R

(2) A= FRAEALERAE

2% (AR AN %2 F M) "ok,
TR BR Y $EA 745 AR B AR AL S bR

(3) 16S rRNA K 7T %

W 2B A 0l D 1 P PR 2 DU R AR
VIR A BR 2 vl 58 BUR Rl ) 43 F AL )2 208
1.24 B Y BEYREERIH

(1) TRk T R T Ay

PR Y RIZT Ashby BEAERR F LT
37 CCHEFRAATT ISR 3 d, HREMAEK R, U
WGk Y A — AR T Btk Y 4%
FlF Ashby W IARSEFREE Y, ERE R 37 °C.
200 r/min ¥5%% 7 d, 8 000 r/min Z.0> 10 min B
IEW, X HRAUA SRR Ashby WA FRIE, R
RN E i r s m s,

(2) WPR Y 75| £ BR BE I Ao A

Pl 100 mg/L L-4 2 f2 i Ashby Jo A&
BRFRIE, HeRh 1%, EEE IR IR IR T 37 °C.
200 r/min 53¢ 2 d 5, 10 000 r/min &.[> 10 min
BV, 5 Salkowski H o ik SR TR 4G,
JE#RE 30 min S5, 530 nm AL E ORI 23
X RE A R AR AN Ashby TERBGFR3E .

(3) WL &%

53 0 {657 P D) K PR TRTRE . A R £ R Sy
PRE R A L 5T, 45 B8 1% FE P R 4 Fh R BR Y
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£ 500 mL K e 8 AR KRG 55 k(R
30.0 g, WK S RN 60%—70%)H, 1E 37 °C.
200 r/min B 5515 F KB 6 d BIAS A A= P He )

(4) T AR A R T I TR R TR AL
i1l

B 5 mL B AESEW 8 000 r/min &> 10 min,
WV, (B AL AH B L vk B i
PR B i, SR SR AT R 5 1450k
LR, RS RSN
PO FIEWRP R R S 2 PO IR K
BT 1258 K4, S5Rang 1 R,

(5) AR

Phik 10 A fdtHE FL A 4 PR 50 A [R] 14 50 KA
T, BEPL R S A, B 2 APATER . B
BB K 2B e X R g e 5, &4
b El+ 5 kg, BEK 500 mL, FH/KIZE4NE
FRER 30 min [E R AR B, EHMFIE . B
AU L R R . ZZEAE SR R R
BRI B KK S 90 RLR 0.75 51150 . B4
A PR 2 BREIRIGN T, EZ A K pi
ANIAREEL, HRHEAE OIS 238K . 30 d 5kt hn T
IR RE . AR R 2 g, 9 —4thn
WS AR (NPK, 15-15-15)=JcE S 2 g,

F1 ERPEREE. AIAHBSEMERE
Table 1

25 AR RRAL R SR AR AR . 53R 60 d J5, SR
A6 5 ALy 1 I 45 TS A o
125 EHRY £ KABESERERZRE T
L NBRIP WA 35 75 5 R FE AR5 52 2, 43 5]
XPUREE . pH (R, E IR R A4 e 3 R 4R R
RIR R TS B AT B R R S AL, 4% 1%
FA) 42 ol e 422 P TR VR OFF B AL A R R B 15 97 38,
FAHER 3K, 72 h B, SRATERNEE
Kim, f#H pH I E R ) pH E, RATBEHL
B TR TR B R (DL PO I, mg/L) R
W%, i Origin 21K,
12.6 $K=Z2. pH ERBAHENT Lihsk
4
WE 375, B mL B, 4333
AMALFT R ARG A9 100 mL NBRIP AR 5%
e, 37 °C. 180 r/min AUFEIR I EEFE 2 d, B
FENE T pH {HFIA R
1.2.7 B Y X AEMEA SR LR A R
B 1 mL W IEASH 2.5 g/L ARBERE:
CREEMEIKAT . CaHPO4. WEH 3. Caz(POy)s, .
FePO, Fl AIPOL)MRALIG B 5L, 37 °C.
180 r/min JRy%H K597 2 d, WETHE ., pH HF%

Wl

Nitrogen content, soluble phosphorus content and viable bacteria number of bacterial fertilizer

25 AN FR CIRGRC Tt = T T £

Group Total N content Soluble phosphorous content Active bacterium number
(x10> mg/L) (x10° mg/L) (x10® CFU/g)

Xf R4 0.06+0.18 0.074+0.031 -

Control group

Ze i e 3.41£0.20 1.105+0.016 1.17£0.16

Silkworm pupa bacterial fertilizer

SR 3.5240.17 1.274+0.021 1.17£0.70

Bacterial bran bacterial fertilizer

15 3.58+0.14 1.173+0.014 1.2240.71

Fish feed bacterial fertilizer

e o~ RAI
Note: —: Not detected.
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1.2.8 EK Y R M0 57 H it 36 % it

il Design-Expert 13 43 #1 52 Wi 5 s 12 1Y
FERNEK, HBEEAEE Y MM RIERER
A
129 BEHRY BFRPEHEN S S

B R Y M EILL CaHPO, A #E TR 1Y
NBRIP A H 355, 7E 39 °C. 180 r/min fH
PERH B 2 dJ5, 8 000 t/min &5.0> 15 min B
FIEW, 0.45 pm IR, ARG, 4 °C
UKARRAE o A0 R RORAH LS4 o B A FILIR 1%
4y, IERE R SB-C18 L AAY, WK 2%
Ff-0.01 mol/L K,HPO, (V4 pH {H £ 2.9), ik
0.5 mL/min, A& 30 °C, P K 215 nm, iF
FEARFL S uLt™,

2 BERXR504

2.1 FREEE BT

i 1 B — Pk EA R BERE S M BIRE Y, R T Ak
Y A1 F NBRIP [E{AEEFEIE I, 4 d J5 5 w7
MyEweE AR E 1A), W Y BES %S
S AR 1.799, Ui AR AR AR ) AR
T2 EHKY NEBENMIFE

22 MRBEBETE
2.2.1  FRESE R NMART SYFE

bR Y TEHE SR AL B SR 4 d RIB AL A&
HABHMEE, £ LB RREAZ L%+ 2
ARAEZERIZL b, GG, RAHE Y THEE
Teiashk, RIPEDAR; 2 R g5 R
PE, BEEARIR . REEHE B A5 (& 1B).
222 B Y BEIBE WIS

MRS CIAAS RN %2 T ) MO r ik,
PIRE Y AR B AR AR 517 0 2 R 1 G 1 s A
IR 2)-

A

Bl1 Bk Y BESHE  A: BBk Y 76 NBRIP
B SRIE R TEIE; B: § R @ BMIRA
Figure 1 Morphological characteristics of strain Y.

A: Phosphate-solubilizing circle of strain Y on
NBRIP solid medium; B: Gram staining micrograph.

Table 2 Physiological and biochemical characteristics of strain Y

i H
Item

bR Y X U B R G AU e R G R T

Strain Y Reference strain (Burkholderia cepacial'>"'")

$ /il Catalase

AL Oxidase

etk R4 Facultative anaerobic
1 & R WK f# B Arginine dihydrolase
TER K Amylolysis

HH B i1k Gelatin hydrolysis
% Z 7K fi# Casein hydrolysis
WHAg K f#% Oil hydrolysis
JRZE K fi# Urea hydrolysis
IMVIC X5

IMVIC test

M5 5 Indole test
FH 221 3056 Methyl red test

R Voges-Prokauer test

BB Glycolysis D-%jZj#% D-glucose
H KR Growth temperature 4 °C
40 °C

+

L+ + 0+ + L+
Lz Z o+

I+ 272+ Z |

+ o+ o+
o+

W o+ FHME; - BAME; N AEIE

Note: +: Positive; —: Negative; N: Undetermined.
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223 HEHRY RFEABREIGE

P Y 22 RDCEROTHTE YRR R A
H BRI YEE . AT 1 344 bp
[) PCR F= W 2547 1.0% 14 Bh i W 11 v vk (1] 2)
H I FA 155 GenBank (5754 OL958424),
FIH NCBI £ 4% 2 #2411 BLAST Zhfigiff 1744t
R LLXT, HEXTEE IR BN R Y 5 E 0 e E
/R % [% I (Burkhol deria gladioli) i) AH {81 44 i 5
99.93%, {ifi Jl NCBI 1 MEGA B/ R 5% &
BWE 3), RAEM Y EREKT itk i
EVTH A v A R IR

96

30

16]

30

47

341 To0

77

StrainY (OL958424)

—

0.02

bp

2 000

1 000
750
500
250

100

2 16S rRNA £ X&) PCR ¥ 1 Ik E

Figure 2 Electrophoretogram of 16S rRNA gene
PCR amplification of strain Y. M: DL2000 DNA
Marker; 1: Strain Y.

100| Burkholderia tropica XSJ11 (KF527220.1)
ﬂ’_{ Burkholderia tropica FHIXJ9 (KF527204.1)
Burkholderia tropica FHGXJS-2 (KF527202.1)
Burkholderia xenovorans LB400 (U86373.1)
Burkholderia terrae QYGXJ3-2 (KF527214.1)

— Burkholderia cepacia CAS19 (EU679403.1)

Burkholderia cenocepacia ZYB002 (EU684748.1)
Burkholderia cepacia K1 (KM030037.1)

- Burkholderia cepacia 53 (AB334766.1)

— Burkholderia cepacia (FM212276.1)
Burkholderia thailandensis BD11-00022 (KF444904.1)

Burkholderia thailandensis BD10-00323 (NR118629.1)

Burkholderia gladioli N312 (KP306792.1)
Burkholderia gladioli MAS-54 (KY810631.1)

‘— Burkholderia multivorans QYGXJ8-1 (KF527209.1)
Burkholderia andropogonis 6369 (DQ786951.1)

10_0| Burkholderia andropogonis 6269 (DQ786950.1)

Escherichia coli AE1-2 (AB269763.1)

B3 BE#kYET 16S rRNA EEFINUEMARZELZER  bootstrap IRELIZ E A 1 000; 5 HNFRIR
GenBank &5 ; 7030 FAYEUT IR bootstrap A X F:FE; A T A RER 2%00 75 ik 2 5
Figure 3 Phylogenetic tree derived from 16S rRNA gene sequence of strain Y. Bootstrap times are set to

1 000; The numbers on the branch points indicate the support rate for bootstrap; The parentheses represent
the GenBank login number; Ruler represents 2% of sequence evolutionary differences.
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23 EHKYBEDEEERSHR
23.1 Bk Y B&BENBIRNLER
PR Y P LATE BRI R TC /R g Sk A
K, dEaE AN O RS EN B AR Y Y
R N(3.6£1.4) mg/L, UiHIFEHRA —E MR
RET1.
2.3.2 BEHE Y BNk ZERRE TR R
W5\ R A Sy — PR R, AT DA iR A
PR, ASSEIR R A RTINS B kR Y
A3 WANS W 2, T 114 47(9.940.6) pg/mL , Ui B B bk
Y B 17 L ERRE T
233 HEMERE. TAMBEEMEIELN

) 45 R
ARSI 1 73 B A TR R Y d A A m)
T, 1A A s AT LIS 31)(3.58+0.14) g/L. 4N
F 1 PR, B U R 6 VR Y
AR B R (1.274+0.021) g/L, e B it
T RIS A S, IRk Y A
TR R R DT .
234 BHLEHER
EXTRELIAH L, IR . WAL, fa

&3 TN E AR A BRHT S 2 A SR IS R

kLB R A A RE#R B B 8 AR R A4 v
A (R 3), oA iRk} AR SR B
60 d Ji MR %0 A E S 24 AR 43 3 K
T 152.0%F1 166.3% , 2 B £ 1Dk} p I X 81 KA
WA — R AERER
24 FEHYHEKEBEZHEHBERZML
wmE 4 o, R T HRE B bR A A TR Y
f s i AR, B E T 9 BRI A S Fh AR,
RN, FE AN 0.1 g/L (NHL),SO04, %
ORI A 20.0 /L HiAghE . TEARIMEE . pH
(BRI SN I DA AR 9 2R KRN A8k, 1581
G 37 °C, EAEWIG pHEN 6.0, FEIK
553 A 180 r/min,
25 HKEMABENTIHELFER
SRAALET S TR A= 4 |« pH (BRI 6 2
25 AN 5 BT, 0-24 h MEEREH . 24-72h
FRPECE R 72-120 h obFaE A KL ik
JE VWL 158 mg/L, TH 4 0.0134 g/mL, 5
AL AR 2 3034 I 15.3%F1 12.6%, pH {EAE
AT R A K

Table 3 Pot experiments data of pepper seedlings with different fertilizers

45 MR MR AR EFNTIEA EHRE (i3IS TH

Group Leaves Plant height Maximum blade Stem diameter Root length Dry weight
number (cm) area (mm?) (mm) (mm) (2)

T BRZH 25 36.8 2872.8 2.3 161.9 24.4

Control group

2450 41 21.5 5036.8 3.6 143.1 58.0

Compound fertilizer

A I 1A 45 30.3 25493 23 221.9 32.7

Silkworm pupa bacterial

fertilizer

BT T 53 25.8 1887.4 3.6 280.4 49.2

Bacterial bran bacterial fertilizer

£ 4R R R 63 50.0 4370.0 33 183.2 65.0

Fish feed bacterial fertilizer
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& mmPhosphate-solubilizing capacity (mg/L) B 200 - -+ Phosphate-solubilizing capacity 10.028
mmpH . a0 —=-pH -+-Dry weight 14.9 —
- =EDry weight (g¢/mL) 6.5 0030 = 180} 142 3
. 160 i s _ - 3
f 18 . = =160} 1 147 |
35313- gﬂ'QM5q %@Dw :; am7§
=2 g I 4. =~ 4 2 i {4.574 ‘o
2T 80} _g%&o.msa § é120 144 10.026 ;
£3 60 125 Joolog g 100 143 5
—g'% 40 20 0005 2 & 80 ¢ 14.2
g S gl {8 1U. a 60 ‘/‘ “10.025
= 0 0.0 10.000 I . 141
o 2. S 0 10 0
6\\)0%\%\&0‘1‘“&0[\ Q@C\O e 0\\0\0 5\30‘0 Concentration of glucose (g/L)
C 200 ; mmPhosphate-solubilizing capacity D +PII}IOSP1§W solub1l1zmg capacity 15 ¢ 10.029
@ 123 - ==pH  mmDry weight 16.0 1003 . 149 | ~—=PH-+-Dry weight 5.6 =
S 5 160} &
27 140} E S0 oo s
= & 120 J— 5.2 2
2 40 1002 2 3 2 - b=
qs.g 100} z £ s E100+ 15.0% 2
s g i 5§z 148 z
= &8 80 = 23 10.027
£3 o 20 oo £ £ 80 a6 17 R
. g 14.4
201 =y 14.2
07608 O 00000 0.0 COltt fmﬂ)m)@m)_&M6
oncentration o
®‘ab'1% V\‘b h@(@ 0@‘5 Y\‘é\\’ 42
F R
B 200 —sPhosphate-solubilizing capacity 10.026 200 —+Phosphate-solubilizing capacity 172 10026
e 180} = pH-s-Dry weight 16.5 e pH —~
= - P 15.0 —_
S 5 160} = & 2 £ _ 180} -+ Dry weight 05 &
£ @ 1407 T 10.024 B j% 148 1 =
s £ 120} 55 = B 20t £
=] B = E oh
S o ol o~ . 46:: )
g5 LW - R =10.024 2
[ -1 80+ 5.0 3 2 ‘D ]40 r ’
a5 10.022 g g 14.4 o
23 eof e 22 &
- 145 2 25|
£ 40f S 142 Jo.023
20t 14.0
PP S S 10.020 100 ‘ 4.0
0378 25 30 35 37 45 4.0 60 80 10.0
G Temperature (°C) Initial pH
200 [——Phosphate-solubilizing capacity T 54 70.026
—pH Dryweight 152 o
2 180f E
=9 A 130 Joo @
£ & 160 =
EH szl %
s 2140} las z
s 3 10.022 =
= a8
2 8 120} 144
=
A A 4.2
100 40.020

160

180 200
Rotating speed (r/min)

220

4 ERYEKERBHBREFENERRRE

MREEHE; B: WE; F: ¥Ifh pH{H; G:

A BRIEFZE; B:
o Y R DR i

WP EE; C. AIEFIZE; D i

Figure 4 Single-factor optimization results of growth and phosphorous-solubilizing conditions of strain Y.
A: Carbon source; B: Glucose concentration; C: Nitrogen source; D: (NH4),SO4 concentration; E:
Temperature; F: Initial pH; G: Rotating speed.
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o0
=

- —=— Before optimization
| —e— After optimization

—
S T = N e o I T 5 R = )

o O o O © o O o <o
— T T T T T

24 48 72 96 120
t(h)
—=— Before optimization
—s— After optimization

o

@ Phosphate-solubilizing capacity (mg/L) >

0.014 |
0.012 }
S
2 0.010
=2 0.008
& 0.006 |
=3
= 0.004 |
(]
0.002 |
0.000
0

24 48 72 96 120
t(h)

7.5 —=—Before optimization
70l —»— After optimization

6.5
T 6.0
55}
5.0
4.5+
0 24 48 72 96 120
1(h)
S RUETREG Y MREEA). LRE®)
A pH (O)Z L%
Figure 5 Variations curves of phosphate-solubilizing
capacity (A), growth (B) and pH (C) of strain Y
before and after optimization.

2.6 FHMUEEKRBIEKFEHEFR
TR BECR S Fe¥' Ca™'L APTER
TIE IR Bk . IR R B IR 0 4 ME v M R IR
i, KRR LR BERRER A OR . Btk
P ) R 1A ) 32 52 1L FeP O, A1 AIPO, A TR,

T B b 3 (R B A ) EEE LA Cas(POy),
CaHPO, A B IE!"™,

WK 6 i, A5 ERAEAS [F] 5 5% 57
FEP R YEAEAE 22 5, IR RE TR -
CaHPO, (1 471.16 mg/L)>Wl #5(446.62 mg/L)>
PRI A1 (440.49 mg/L)>Cay(PO,), (158.28 mg/L)>
FePO, (133.74 mg/L)>AlPO, (84.66 mg/L). itk
Y X} CaHPO, B8 RAL T FePO, Fil AIPO,,
& B L0 3E A it fin 380 i b 398 v
2.7 BHRY FEREE S RO I A R I 45 R

TEBCRA PR A3 TP BRI 4 MR
HLEE 34-40 °C. #Ihf pH 4.0-8.0, HiZIHHK E
15-25 g/L FlI(NH,),SO4 ¥ & 0.05-0.15 g/L, fii
F CaHPO, M1l , > Design-Expert 13 #£17
i 17 TG DA IR B8 5T, AT 2240 M 3 Hh 4
(3 4), B3R R PSC=1587.6—17A+2.92B+

42.83C-39.75D-8.5AB—21AC+AD+37.75BC+51.
5BD+18.75CD—92.13A>-64.26B*+6.37C*—46.01

DXy FE ., AFE 4 AT AFE H, F {4 10.89,
P<0.000 1, ik 2% . 2 K, 481501 P=0.140 6,

) B Phosphate-solubilizing capacity
= = H

[ EEDry weight .03

1 oooll 10.02

=
Dry weight (g/mL)

0 -0.00

O W o 0 o0 8
> OD&O\XU&Q OF & ¥ Q@ﬂé
C&\“Q X\.&‘K@

Q

6 TEBEEREPEK Y BEK. AHE
1 pH T

Figure 6 Test results of growth,
phosphate-solubilizing capacity and pH by strain Y
in different phosphorus source media.
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ZRANBE, UIHZBEAAELE . KR
22/, KONZAAR A] F T s s 2 . C. D,
BD. A*, B’ fll D* ¥ 25 5+ {2 % (P<0.01), BC
¥ 22 5 8.3 (P<0.05) (K 7), HARWZERAR
Fo MR FAEAAN, TS IR A N E XA
A SR A < C (R MR BE)> D (B iR B
WE>A (EE)>B (WIih pH {H). iz [ Design-

x4 LEAERHFTEDHR

Table 4 Analysis of variance for regression model

Export 14 A Hr A3 HITR PR Y 1 55 AR R 77
Fey: RBEE39.9°C. Wik pH 6.2 Hi A Bk AL
23.1 g/L FUBRRR ML 0.066 /L, FUM{E N
1 495.22 mg/L, 7EIZ&MTFHAT T 3 ATk
5%, LR 1 49731, 1 491.56 HI
1496.43 mg/L, “FHME R 149510 mg/L, 5T
MHEAHIE , RDALZE R AT %

Ji 2k IR 5 AHE B F1d P {E
Source Sum of squares df Mean Square F-value P-value
Model 1.45E+05 14 10 386.83 10.89 <0.000 1
AR 3468 1 3 468.00 3.64 0.77

A Temperature

B #)#5 pH H 102.08 1 102.08 0.107 1 0.748 3
B Initial pH

C #iZ e i 22 016.33 1 22 016.33 23.09 0.000 3
C Glucose concentration

D R £l 1k i 18 960.75 1 18 960.75 19.89 0.000 5
D Ammonium sulfate concentration

AB 289 1 289.00 0.303 1 0.590 6
AC 1764 1 1764.00 1.85 0.1953
AD 4 1 4.00 0.004 2 0.949 3
BC 5700.25 1 5700.25 5.98 0.028 3
BD 10 609 1 10 609.00 11.13 0.004 9
CD 1 406.25 1 1 406.25 1.47 0.244 6
A? 55 060.87 1 55 060.87 57.75 <0.000 1
B? 26 783.57 1 26 783.57 28.09 0.000 1
c? 262.93 1 262.93 0.2758 0.607 7
D2 13 730.38 1 13 730.38 14.4 0.002
2= 13 347.62 14 953.40

Residual

E=iveil 11 840.42 10 1184.04 3.14 0.140 6
Lack of Fit

gl iR 2= 1507.2 4 376.80

Pure Error

BB 1.59E+05 28

Cor Total
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0,07

Figure 7 Curves of response between BC, BD factors affecting phosphate-solubilizing capacity.

2.8 EH Y WHEREBERBWBTHEPE
MLER 53 4f

8 /R FIR Y w5 H A A WU
x, BEIRIREEHY) pH H, {#i15% Cay(PO,),. FePO,
1 AIPOL IR, B B FRAR B 7, 83 = A0l
MG R Y 2 WA HLBR AL I
5. HBEIR =S BRI, TR R R
M2 6.14 mg/L. AR 4.09 mg/L; YRR =455 N
B ES, PR A BHERR 1.35 mg/L. D-L-3ERR
1.18 mg/L; YW Ky Ry WU o, 77 4 4 0 1
f? 14.03 mg/L . D-L-3ERFR 2.84 mg/L. LR
129 mg/L, XL FEORMT pH S22,
29 SMNEMIRMEG Y ERABHARD
=AU

FEARALS BIREFRIE AN 20 Fhad JEER A H
mRGN, WA 9 i, 20 MhEERR T LS 2B
I H 2 R R R 1 2 RN i A — s A T i 1
L HA 18 FhEILRRIAH — e iR iR
A, Hr D-EEERR SRR Bk
JE40.04 /L 1) D-EEZR G, WM WL S 55 1Y
VW 1682 mg/L, XA KB AR Ak
RORIRF 19.09%H116.16%, Bk pH [EFEAL;
iR BRT TR PR 8 A A R B A AR ASOR , Wk By

50 g/L I Al RO S R
2.10  HNIRE B X B K R B 52 I RO ML ER R
RER

1 D-FEAFRATH BRI INE] 100 mL 8105
1Y) NBRIP #4357 v (6 BEZH AN TS AR I547)
i), ¥ 2dJE, BUS mL #E T 10 000 r/min
B0 8 min, B ISR SORAR 35 (8] 10).

nFE6 PR, USHN D-E 25 I i A4
WIS R & a0 29.4%, D-L-3F W & 5 1 m
358.7%, TMEMHFIRINZ IS, PR A D-L-
SERR B R BIFEAIG 56.6%H1 75.0%, 8] D-%&
SR T EE I D-L-SE R A S B U A Rk
Y AARBERCR, T PR RN DU Ao el A IR R
1 D-L- SRR Y B f R AR AR Y BOMRIRASCR

3 WwE5E®

FURT, o 1ok b A R & 5 A 2L A )
W, NTRZ R B AC 449 75 3%, (B
AIFREETT Y . BCRAR A AR AR R, (R,
PR 5 2 T S £ AL SRR o Y LA o P,
T8 95 75 AU HZ AR s - 38 e i 8 11— bk AT
1o AR W RE T AR B 2 AT ERT, 7ELL Cas(POu),
HME—BEIRA IR LRGSR 6 d, AL TERE & =
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Figure 8 HPLC analyses of organic acids in the cultures of strain Y with different insoluble phosphates. A:
Ca3(POy),; B: CaHPOy,; C: Phosphate rock powder.
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RS5 ERYNAEMEREHEBENSHRPOENERRE
Table 5 Concentrations of organic acids in the cultures of strain Y with different insoluble phosphates
(mg/L)

AENLES ] BT PR AR D-L-3F 52 L1
Phosphate species Glucuronic acid Tartaric acid D-L-malic acid Acetic acid
Ca;(POy), 6.14 4.09 - -

CaHPO, 1.35 - 1.18 -

W% 4> Phosphate rock powder 14.03 - 2.84 1.29

Note: —: No data.

A i, i :
I Phosphate-solubilizing capacit;

1800 - jpH & capacity £ 0.030
=, - I Dry weight
216001 e 6.0
g 10.025
2. 1400 150
.5 ~~
S ]
£ 1200 40.020 =2
] £ 40
g% looisE | E
E 800 2130
= 2
=}
g 600 H0.0108 |,
5400
e - 0.005
= - 1.0
&~ 200

o 8 0.000 0.0
TS IS SSSEISSESETSS
S S SIS AR SEFSETHs

E —+Phosphate-solubilizing capacity C —+Phosphate-solubilizing capacity

= —~=pH 154 = —~pH ~ 0.023

1 700 | *Dry weight 1500 [ 4 Dry weight 6.0

= 15.2 £

= 10026 = 1400 | 158 Jo0245

g 1650F 15.0 E 8 lss =

= 48 2 g 1300y 4 {00212
- 1% = 8 54100217

o Lo " 16 E{0.024 B o 1200 | s )

£ la. = 1s. 5

8 1550} = 51100} 10.020 £

2 ™ & £ 1000 i £

2 1500} =2 i /‘ 148 A

3 142 2 10.019

& 10022 § ggo \‘ T

21450} 14.0 k5

2, i e m e oy sy u = ) | A —— S N Y} T

3 0 0.0 0.02 003 0.04 005 2 0 20 30 40 50 60

o Concentration of D-methionine (g/L) =5 Concentration of HCOONa (g/L)

9 AEMNEVMRMERY EK. BHMpHHBIFI A KRR T MESERE . pHEM T
B: D-EHEMRWEL; C: WA E
Figure 9 Effects of different exogenous substances on growth, phosphate-solubilizing capacity and pH of

strain Y. A: Phosphate-solubilizing capacity, pH and dry weight with different amino acids; B: D-methionine
concentration; C: HCOONa concentration.
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Figure 10 High performance liquid chromatography of organic acids produced by strain Y after adding
different exogenous substances. A: Control group; B: D-methionine group; C: Sodium formate group.
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Fz 6 EH Y X CaHPO, A ik B9 B HLER 7K E (mg/L)
Table 6 Concentrations of organic acids in the cultures of strain Y with CaHPO,4 (mg/L)

AHLR H U B ] Xf B2 D-H MR A H R B 2H

Organic acids Peak time Control group D-methionine group Sodium formate group
7 B R 2.7 8.70 6.14 3.77

Glucuronic acid

D-L-3E R 3.6 2.79 12.80 2.04

D-L-malic acid

iK% 220.85 mg/L. EREZNREIMRER L H153
B — PR AR W A O R R IR IR, ZE R
Cay(POy), NME—BIEIN A S iRk 220.85 mg/L.
AR S5 R DURHEE K27 A4 I 4 1l - 48 v i
e — R m AU R, 2% R BT
IRPEFCTA

WFIE SR, f B B T DA 2L 40 I HLIRR
- RS o s A A PR e AR R v
fEFREE R TOALEE , RUL, ARST B RR B R B AL
e A RE ) Ty E Y Mg 38R
HIE 4 PRV B 4 DR B D 7R AR K B A R R
By A A MR R+, AW pH (EEFAE
3.0 247, WESRmEW M A 2540 o SKAR ZR G PR IE
iAW TR VA R BR T S 8 IR pH (B FR A 5C4h,
W SRR AT A HLRRF A 56, R
BRRORARGT . ARBFE KB RE Y GBS 20 4 2
PR S5 Z R A HLIR , IFFEIREE IR A pH 1H,
XM EE . SRR EMIT T4 R — 3.

T 93 % BUAR 22 40 1 mT LA o W 1 FE R A
G T o TR R T, DT 4 v X
IRBE 0 TE N BE T o D-2( 3 R 2 AN B 4N i B e
PRI L RFR 5y, REAE LM 40 18 7 A 01, 1EN
U A R A o B L S R B T
HEARE S, AR i B bR 2]
SYEEMER . WM EAYUEER, B
R A o R R B AR RO, ok
20 Folr 2 KL 1R T R AR A SR ) S in 31 TR A
fEBER IR, BT T AR iR AR ) . A

RGNS RWT .

(1) MRDUR K2 5 4 5 25 b 1= B v
o3 B A B — bR 2 A R B R 1 1Y B B A v IR TR
(Burkholderia gladioli).

(2) $RId A TR R A A TR Wl 0 25 - L
39.9°C. ¥Itf pH 6.2, FEIRHLE 180 r/min. ]
M 23.1 g/L. (NH,),SO4 0.066 g/L . i
CaHPO, 0.5 g/L.

(3) TR AU Wl 32 5 TR PR 20 W6 A LR VR 2
LEIEACE, bk Y 35 I 2 W R
D-L-3 SRR K 1 i A LR -

(4) 0.04 g/L 1) D-FE 24 FEO T Ak 2B < R i il
AIEHER, FESE L D-L-SF R BRI &
KAZHERAR Y RUREBERCR , AR K AR
B PE PEROR IR F] 19.09%F1 16.16%. 50 g/L H R
BT B RR A A IR T, 3 ek s 7 W T
iR A1 D-L-3p IR 1 R A Bk Y A A ik
B, PHIECR IR E] 39.08%F1 10.66%.
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