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Abstract

Objective: Phosphorus is a crucial nutrient element for crop growth and development. In soil, the
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majority of phosphorus exists in the form of insoluble phosphates, making it inaccessible for direct
absorption and utilization by plants. The soil harbors a vast number of phosphate-solubilizing bac-
teria. Screening highly efficient phosphate-solubilizing bacteria can promote the transformation of
phosphorus, improve soil quality, and facilitate plant growth. Methods: Separate microorganisms
using the gradient dilution method, and purify and identify them. Evaluate the growth characteris-
tics and phosphate-solubilizing ability of the strains. Results: A total of three highly efficient phos-
phate-solubilizing bacteria were screened from the rhizosphere soil of rice, namely Enterobacter
kobei C3, Pseudomonas putida P6, and Pseudomonas aeruginosa P12. Compared with Pseudomonas
fluorescens PF,a commonly used commercial high-efficiency phosphate-solubilizing bacterium, P12
has a stronger ability to solubilize inorganic phosphorus (calcium phosphate), while C3 exhibits a
stronger ability to solubilize organic phosphorus (calcium phytate (Ca-Phyt)). Finally, the mixed
flora composed of the four phosphate-solubilizing bacteria can promote the growth of rice and en-
hance the phosphorus absorption of rice. Conclusion: This provides a theoretical basis for the de-
velopment and application of microbial inoculants.
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1. 5|

W FEMMA KR EREN S, BT A ERER, AR TS, #ikss
HEMEERK. RE. AR, BEERS LR, HFEETSMEY, S5 MIhaer YT
FE[1]. fELHE, SR EEEOHPMEN, BB SEPBE2]. SEHLBE S, U —/ s 2a]
VEVEBERR SIS, a2 (H,PO, 1 HPOZ™ ), R ELH i i M e R FH o 170 R B8 0 TEHLBE I 5 55 Ca2* . Fe?*,
APSX R G RN ES T R A A RN, HEmG A A2 B R 2k (FePOy) . B EH (AIPOS) LA K W R 4% (Cas(POa)2)
LRI, W E R b, LY BRI A . 7R LTS I LB R B, AR
HHE T BORICE, IR R IO E N SR ST 3R [3]. AW T EEAR A A Bl —— A TR A A K AR L 1
FRh, AP RSCRI F [4]. AORBEAEY m =, K EBEARA N 2 A, R A 5 B 8 e v
AV S AL, FEBEACFI AR, H 5 iR iE ok R & S 7R A 555 44 [5] -

558 v (1 AR A A 0 e X A Tl B L D T A A OO F Tl . A B (phosphate-solubilizing
bacteria, PSB) 3= B/ il i R i AN AR Rk RAFAE I HI6] [7]. X TASE MR ENIBE, PSB B Ko T &
AHURRFEAC S PTIEERE,  tmT DOB R HY, AT BRI 458 1) pH fE[8]. X T ANEERIA HLBE, PSB @
o IR AA NIRRT M, TEX LR rh, BERREG SR EE BN L. SRR A R0 iR B T — ik
i E5 AR 6% B8 (CZ-B1)—— R Ve Kn ZF FUFT IR, IX R ERAR 10 TR 5 904k, BT LLOATE $ha L3 b A K i Ak
Pt P OCEKR[9]. ATIERH S AE LR I 2 T — BRI M B ——JP233, JP233 @i VAR A MR 2-7 % HE IR R
FECH R0, 4 IP233 A E TR s, WEEHIN T FOK M B AN Ak ) AE B [10]. EI L2 S50
WA E NK2 BRI Cas(POs) AL ST, BB BCE WL R AR RR £, fildn. #E
B2 B2, WEPERAFTER, JFREdE s an AR K11,

A FEMOKFE LA 22y B alifh e 2 R h i ikt = Rk RE DB B bR, - Bldr % N: C3. P6.
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A

P12, %58 RIN=MEEk 2> ) 9k F AT 1 (Enterobacter kobei). % 545 2 i 14 (Pseudomonas putida).
R AP £ 1 B (Pseudomonas aeruginosay) . FFH i b FH i 2% fde i B < ' B 5 B (Pseudomonas fluorescens)
PFYEXTEE . B0 B AE TRV BB T R 3R A 7134

2. MRER*®
2.1, TAVENEE

TR AR EAUNROKRE R, R REUCEI e RE, SR “ B A ik BORE, 5B/ O 0T KA
FEFF R, RGN TRELXGEZ 1~2ocm 5240, BH L EERAN %, R4 10~-15
om BRFEEF RIEREA, B RAE RURSEL) 200 g 8, 5 B SRAE R L3RR 78 0 BERE, TR R SRR A
FEFE A K A8 51 Pl Se e %, PRI RSP IR W55, ZJRid 2 mm MU IR e+
SERE i B T80 CHUUKAH h ORAE, DALRELIE A -

2.2 #ikERE
LB 55753, NBRIP 85955, MRS H %t
2.3. BBENSE. Tk

2 FABEFERRRR VL 7 B MAT  FRIL 2.5 g HaEREAR, BN 50 ml L 20K =M, T 28°C.
180 r/min MIFEIRFFELRE S 30 min, RGN G EIER, FHAKIE 1071 22 10720 fdf BB 0 AT Wi BE
W HL 50 pl Ab-FAS R B3, 5114 T NBRIP [ {45552 L R 1H, 28°CIHIEEEFE 3d. HREUH A
WA VA TS, T LB PR BRI 4ifh . PRECR e, Befp % LB WiAR: FR 2L, FRE T 28°C
MREIRT, Rpgissas 8 h Ja R H b IRAF A, DAMILSERAEA

2.4. HEi¥k 16S rDNA FEF 547 K HE %t

14N 16S rDNA JE 54 27F: (5'-AGAGTTTGATCCTGGCTCAG-3'), 1492R: (5-GGTTACCTT-
GTTACGACTT-3)@ . PCR ¥ ##& RIATH 1. K PCR r=¥alifk,, WME Wk EFFHIEE, miEfH
By NCBI ##5 Fe Fir il #5 1) A BLAST, K itk 5K 7 41 55 GenBank 3 Fe v 1) 7 Sk AT EL A, e YR
PR A B AR R 51, A Neighbor Joining ¥ 70 BI#J % C3. P6. P12 IR ZGE K B W -

2.5. RBEHENE

VU H AR bR & B AR 2 LB Wi Es 3736 4, 28°C 220 r/min £53% 8 h JGHUH, R R JC B /KB 25 14
PRF T 5 (35 IR 3L 4, 15 OD600=0.2. 1% 0.29 Ll /> BIFERIE LB Wik 7: 5k, JHikE ¢
fa . Ho, ERIRES SN 1%. 3%. 5%. 7%. 9%. pH Zr%IN4: 4. 6. 8. 9. 10. JJE/59:
28°C. 15°C. L% LB Wifkks 3 AR, AEFE 2 h WL 0.2 ml VR EBEARA, Bl P B AR G & 2
OD600 I1E, H&hlAEKihsdk, BMNMEIRE 4 MES.

26. RIETEKTEMSENNE

Sl VUMK R 20 RN T LB Wik 72 %, 28°C. 220 r/min 1555 8 h Hu i, F GBI /KPE 70,
OD600 = 0.6, 1% 2% 73 HIHEFITE NBRIP FIUE RES By Fe ik rp, JR R E — e i . e, IR 50N
28°C. 15°C. EhIRFERAFE AT AN 1%-. 5% 9%. pH FEFE R E N: 6. 9. AR BIKFE. AN[H pH.
ASINEE B NBRIP AR 55 32 3 0 NS A IR, 153% 4 d J5, FBHBAPT L el s ik 0 i i A
GG E B NESR.
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2.7. EER{REREHRIME

DLEF A= RORE RS A0 0% 1 B(SSBM) AR, H0859: 7 7 KI SSBM 4hHi#s 25 3k, UM B bk 25 LU 1R
&, 1%IE 1:1000 FIELBIINE & RE, DURINE R 5 SSBM AN IR . WG XRINNIR S ERE, =AM
7% 30 KJg, MEABRIERNEHESE. SHOHEM 7 ANES.

2.8. BESHT

K H Excel #A 347 ¥4t 4b ¥, FH PPT. GraphPad Prism 9 #/E#ET S8 it W AEIE, T EKF P
<0.05. iz MEGA B & R K BR .

3. BRED
3.1. EHIFENE

KBRS (NBRIP) VAR 1% 77 FE 0% Jo 3R 19 = MR B 8, 2 240 P i dT i C3. BRI P6.
WGBS P12, BRI 4ifb LS, 7E NBRIP. Ca-Phyt PR IS IR:E 3%, AU EEME L.
1R WAL : WG IE PR, #1 iFFE C3. SRR IR P6. MLt R iU P12,

A _
PF c3 P6 P12
(A): TCHLBE NBRIP [EfAsR3E; (B): A HUBERIR S b A5 7R 2

By AR RUE Lem.

Figure 1. Phosphorus dissolution circle of four strains on different media
1. MERERREIEFE LAARE

32. BN TEMFLERE

FIFHIEFH 519 27F A1 1492R X =Fi @ e i BRI EAT 16S FP A9, Z0d BLAST boxf, anf 2
Fim, SRR : C3 5%/ 4T (Enterobacter kobei) AR #¢m . P6 5% BAR 4 g 1 (Pseudomonas
putida) I AHAME L 5, P12 54 245 5 i B (Pseudomonas aeruginosa) 56 4% — £

3.3. HcrhZRME

3.3.1. {RiZMME TEKHZLNE
Wk 3 pw, 5 28°C R KA EL, ARIR IS T PUR G AR AT LUE A, HE A HOY] i 8 R A2
8. sh, WEEETEE, BRI RSB P12 BEA G EOR H 1Al .

3.3.2. AREIFRKE FEKEhLZMNE

B ER AN 2 R A ) A BV P, IR SRR A RIBIE R R A AR . i 4, SRR,
Bt R E RO TR, DURRBE R A4 KA 32 2030, BE KO0 A ) #RAE K o AR B A = Fh sk, i
FFFBE A0 P AT B C3 76 ERIREE N 1%, 3%. 5%. 7%, Bt AR B . 78RR EE Ny 90%lf, WA Hh
PR C3 T LA K. X R WA AT B C3 firf 35 Ak 77 LB -
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Tree scale 0.3

Enterobacter kobei strain SG.H2a (CP104724.1)

Enterobacter kobei (C3)

Enterobacter hormaechei strain 0992-77 (NR 042154.1)
Enterobacter asburiae strain JM-458 (NR 145647.1)
0.5 7Enterobacter ludwigii strain EN-119 (NR 042349.1)
Enterobacter cancerogenus strain LMG 2693 (NR 044977.1)

Tree scale 0:3_

Pseudomonas putida (P6)

Pseudomonas putida strain L2890 (CP134602.1)
Pseudomonas stutzeri strain DQ1 (KF850545.1)
Pseudomonas aeruginosa strain DSM 50071 (NR 026078.1)
Pseudomonas fluorescens strain 1AM 12022 (NR 043420.1)

Tree scale _0-3
1 Pseudomonas aeruginosa strain P113 (CP159887.1)
Pseudomonas aeruginosa (P12)
Pseudomonas fluorescens strain MRPF-2 (OP493230.1)(2)
0.98

0.7

Pseudomonas stutzeri strain: NBRC 14165 (AB680573.1)

Pseudomonas stutzeri CCUG 11256 (U26262.1)

Figure 2. Based on the 16S rRNA gene sequences, a phyloge-
netic tree was constructed to elucidate the phylogenetic rela-
tionships among three strains and their closely related strains
2. BT 16S rRNA EEFISZ =MER I FEEXR

BPERN R R L BN

A 28°C
2.0
PF
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Figure 3. Effects of different temperature conditions on the
growth of four strains
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Figure 4. Effects of different salt concentrations on the growth of four strains

B 4. NEJEKE XM E SR E KRN
3.3.3. FEIBRME &G T 4K E
FRBE G 2 A E M A KR . Wil 5, 16 pH = 4 R, REMP AT E C3 4 edtK. £
pH=6. 8. 9 &, i fakF i C3 HEASTBUII N Al e b, HAEF &I B A R KNE S E, XEY
P AT C3 MR A AE I AL B aT . 7E pH = 10 AR, UM BERESABEAE K .

A 20 pH=4 B 20- pH=6
1.5 1.5 o
S g J-/"r \\\
g g 7 ~
q 1.0 aQ 1.0 /,/ ~
o o r,/
0.5 0.5 1/“/
07T T T T T 0 )4/ — T T T T T 1
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70 80
Time(h)
C
2.0 pH=8
1.5+ -
o /"(MN* N
H
1.0 4 ~
S i e
/ ~
/]
054 [ /]
4/
J
— T T T T T T 1 y
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Time(h)

0
Time(h)
E 2.0+ pH=10 PF
- C3
1.5 - Pe
H ~ P12
q 1.0
8]
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0. Tt T T T T T
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Time(h)
Figure 5. Effects of different acid-base conditions on the growth of four strains
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3.4. BHBSFH T REMR R

3.4.1. KB TREMNBERRED

T TR N BRI AR BE F0, T LA D 7 280 10 A 1 A E AR B 8 R R 5 T AR . G
6(A)FT7R, TETLHLEE NBRIP RiaRdkr, (RIEMH] 7+ - AT C3. M4 P12 HIfRmERE 1. (A
TR PR BB P6 MR T, MCHLBEMEE SR, WX 6(B)FR, TEAERRES
Beaehhh, TE28°CHAFTN, WAL P6 AL IR P12 ARSI RE JIIRTY, BRI P6
FERVH, AR P12 BEE — m. FOGBRP RIS PR ARRRRES 1 Re S EMRIR AR A NI A R,

A NBRIP B Ca-Phvt
a.
1000+ 1000 y
= w CK = = CK
g 800 = PF 2 800 PF
=4 = C3 £ = C3
£ 600 £ 600+ a
© m P6 ® b == P6
4 b~
S 400- = P12 § 4004 b = P12
g g 4 d c .
S 200- S zoo-% c e e
: & ] lli
0- 0 ‘
28°C 15°C 28°C 15°C

e AFEFER@ by oy dy )RR AL 2 (A7 (R 2 2 1 22 57 (P < 0.05).

Figure 6. Effect of temperature on phosphorus soluble content of four strains
& 6. BEXNMERAHERNTE

3.42. FEFKET, REYHMBHEEN

w7, TN FRE T, BEE ERIREE M, DUFP B AR LIE 1 BE JT R RRAIR . Forh, 7ERRIRAE
N 5%A1 7%}, AHLCEAL =R AR, M AT C3 B e MR LB e . TR RS R R, 1
RPN 5% 7%, CK K& 2 5 260 mg/L. 266 mg/L, ZOGIRFME PF. #/ mitE C3 5
ANIMB ) CK AHEL, & 8 FEAC, HENIH: PSB IS M A HLBEH T 405 B S K.

NBRIP B

1000 1000 Ca-Phyt
) CK -y m CK
o aa j=2} -
g 00 a ! == PF g 800 PF
H bbb b b = C3 =4 = C3
2 o z - PG 2 604 a a
g 6004 [ = P12 2 00 b ?
§ § 4 B : ab, abec
400 a ‘ c e + i
3 100 Tc cm cCabc bbapb § 20097 o
AT T TR TR 1] I
1 1 1 1
cK 1% 5% 7% cK 1% 5% 7%

BlE: BEARRRM CK ARERAMER 7R, A0 CK RBAMBE M EREFRE. ARFE @, by o)F
TN 2 WAFAE B2 7 (P < 0.05).

Figure 7. Effect of salt concentration on phosphorus soluble content of four strains
7. ERIKEE X U AR KR B E RS20

3.4.3. FEIMEEGT, MEYRREBEEN

Wil 8, TECHLEE NBRIP ¥5775Em, M pH =6 K, #JgiT i C3 (MAmEae J1 ik, H 4R 5 i v
P12 WIfRERE I fct. 76 pH =9 B, [FFEWIt. 7EAVIBEIRE EE A, pH=6. 9K, CK [VEREE
530109 369 mg/L. 120 mg/L, FEORMBLEME PR i BT C3 SN CK AL, R .
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2004 © c
0 1 1 1
CcK pH=6 pH=9
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TSR 2 WAFAE B %= 7 (P < 0.05).

Figure 8. Effect of different pH on phosphorus soluble content of four strains
8. [ pH X TUFH A 5 2 IR0

3.5. BHRRU{RAERE

i 9(A 7R, HINIR G B R K AE AR K B R AR L . an ] 9(B), b EFBARE T8 . 20 S =,
DU m AP e 1 5 ST A b P XEVA IR O O, (R HE TR B, TR s T OKRERI AR K

S IR AL B AN, AR S A RRERE ) .

4. g

A

CK Syncom
BVE: ANFEFR . b)RR &AL 2 [AI7EE B E M2 (P < 0.05).

w
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Figure 9. Determination of the growth-promoting effects and physiological indicators of mixed

bacteria on rice

& 9. R AEBXKFRIRE SR EIBIBIFHINE

BEHEN=KREFR TR —, RIEMAERKLATDREIRITTR. %Y, BER KL MR IR &
FITESAEAE, YA DL BRI o 3 AR AR R EUEYD,  MOKAS b ifide 7y 25 AR, ] DA
BE IR BER FORETG AR S BRI, SRTHEYI R BB R . A T A KR e 2y 8 HE =
PRARTEER , C3 #1 / Im#T 1% (Enterobacter kobei). P6 % &L{E 5.l & (Pseudomonas putida). P12 i Zx48 5./
B (Pseudomonas aeruginosa).

i S BCEHOK D IR TR, BEMREMREYIETE . EARERAE T, LIRS R, R
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A

ROV AR, TR T TS 1 s . TFSUR I, 5 28°C NI KA, RIRIAES
NUURP R R AT DR, (HRE AT RO R AR NS . S Ah, TEE R RE, WA T s s P12 it
ANXTEIRIBTE] . 7E 28°CAAF T, DURMBERRAETCHLBSE KR J &0 58 TR A VLB . 7ECHLEE NBRIP Rrasld
o, IR TR AT C3. SRR E P12 MUREEAE 1. (HR VOGN PR SR A B
P6 {EARIRSCIE T, METCHUBEIIRE )8 . (EMBRESHE IR bk, £ 28°CAM T, BRI P6 A4Sk
BB P12 fRTEIRES IRE IR ES, P6 5E&iA, P12 B — . P M PR AIERRES 1 AE
TEARIR 2% &R B PR

ERPPE AL ST TE DR ARG S, IE SRR VIR A KB E R R AR AR . T HaE g n
e A 3R (40 NaCl, NapSO4 Z5) iRk B IX UL ERAE K TP Es, RERCH AN ES - (Nah) FI A = 7, 34hn -+
S B TR o XA B TR BT A 3 P B RRAR B T (POS ) IR, (8 HL %% 5 545 (Ca?Y).
B(APYEBUR(Fe SR B B T4 G, TERUEIEIIBERR ERUTVE, I PRI P 0 A 80 . WHAU I, BE

ERVR BT, DU R AR I A KR AZ BRG], 3 AN B R R K o FH e P B AF R C3 7R BRIk
N 1% 3%-. 5% 7%, AHELIHE =REEAE, B AT BOH. 7EERIRIE N 9% ImHE, R g
i C3 AT LIEK . Rk, #/ AT C3 it dhae /I thicsm. fELHIBRES R, MG SRIRER TR, Y
FIR AR TCHLIE A BE SRR, S, EERIREE N 5%A1 7%, ML HAD =FEEE, #P FFE c3 A
A RTCHLBERE /). fERRRES R IR, 7EERIREE N 5% 79%HT, CK ¥ & 77125 260 mg/L.
266 mg/L, WM AME PF. 4  HHFFHE C3 SAINEN CK AHLL, & BERRAC, MM #E 0 L
T4 B 34K

R IR H A S R M AE Y iE M, RS Rem R R B A 2R TS, i R ) Rt . IR
T, BB BSEENSS A S SR E T R L, SR R SR B S LAY . R,
{FF 35 pH 7638 B0 P R B AR A R i ek . WE TR I, M AT C3 TN ERB I AE S #R B,
7E pH = 4 (%, RGP A E C3 A REEK . 76 pH = 6. 8. 9 HIIH %, i i C3 FE AT HIN
RS 1A B bR, ELZESF 65 BN BT S K (B 45 B o AE pH = 10 FIHEE, PURP B AR ER BE2E K 7E TCHLEE NBRIP
Bk, 2 pH =6, #7GFFR C3 MRRERE /1K, SRR P12 IfRBERE Sy fos. 1 pH =
o i, FFEWt. fEEVIBHERISE &Y, pH=6. 9, CK [EBEE 5 303 mg/L. 369 mg/L,
PR MIE PF. T B C3 SAINR R CK AHEL, &0 & &1 m.

WEFCRBL, N B KR A KA E AN, HENIR A B KR A K B ARG, Hb SRR T &
At S ARG N, eI S, O e R s A BRI R, (R T AR B R, 4R
T IRFEIE K . AHIFFE B i A AR = v B B 5 R SR G B B, TRt A A A v R R
{1 B PR B U
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