A SR IR Mar. 20, 2025, 52(3): 1101-1117

Microbiology China CSTR: 32113.14.j.MC.240178
tongbao@im.ac.cn DOI: 10.13344/j.microbiol.china.240178
http://journals.im.ac.cn/wswxtbcn Copyright ©2025 Microbiology China All Rights Reserved

=T SRR E IR E R E X EREIEERR

w2, X2, TP, xR, FAWT, AT

1Pl K ARz Be AL SAYRRIRBETE AT, hPE & 030801
2 I EPHEB AT T AR IR AT A R R R s, JEaT 100101
3 BRI A B ST P R b B, BIETL SFF5FIR/K 161006

Py, NG, FTiadl, Firik, TR, AT B OB 5k & FOR e A OR 0], E A AR, 2025,

52(3): 1101-1117.
LI Chang, LIU Rui, YU Yunkai, WANG Lida, JI Chunli, ZHENG Yanning. Screening of efficient phosphate-solubilizing bacteria
capable of promoting maize growth from black soil[J]. Microbiology China, 2025, 52(3): 1101-1117.

B E IR BRMDARNLETARAAEZZI—, LBEBEBLFRHERFES ZZHHFIK.
AR T VA L3E P XE IS M L ALEE A AUBRAEAG h 5 T A B8 T M B, B S B Tl £
BREF AR AMEMAERK, [BH] AALZ LI T FAFEFHAMMAE, AREL L3R
e EARHEERARK, MM AFLER T ARILE LR MANE F R RGBT
B Uk R RKAED B IFHfoh 8 RAEBR, #7545 09 2 LA & MR AT 1R B A= 75|
R-3-TER bR A M, SFid i 2R 2GR e L3R IR T AT, IFNRAAA LEREA
ERAKGY A, (SR AKREBALZ L EEFRHAKS 16 REHE, BLPOFHHKE
(Staphylococcus sp.) GL-HT-43 #= 3 4F H (Enterobacter sp.) W-H-13 % & &g B & 2600 2| A £ K49
Brd, EROKREG. ADE TR ESEHNATEENRG. o, ZLIEGIMNK,. AN
. HWRBABLSSEA TRAR I, &9 5B E GL-HT-43 f= W-H-13 A R4F6412 3t
IRARFPRFZLEERAXE. (S]] LLoXMHERHEBARITHELRAK, REZLE
BRE, RILT RAFOMBEBMAEDRA R TR .

EHIE: 24, MAEE, 2ARMEA, TEARR

WHIH . P EREE A SRR S 3 R L T(XDA28030201)

This work was supported by the Strategic Priority Research Program of the Chinese Academy of Sciences (XDA28030201).
*Corresponding authors. E-mail: ZHENG Yanning, zhengyn@im.ac.cn; JI Chunli, jichunli@sxau.edu.cn

Received: 2024-03-08; Accepted: 2024-05-16; Published online: 2024-12-18



1102 (YIS Gk Microbiol. China

Screening of efficient phosphate-solubilizing bacteria capable of
promoting maize growth from black soil

LI Chang'?, LIU Rui'?, YU Yunkai’, WANG Lida?, JI Chunli"!, ZHENG Yanning"?

1 Institute of Molecular Agriculture and Bioenergy, College of Agriculture, Shanxi Agricultural University,
Jinzhong 030801, Shanxi, China

2 State Key Laboratory of Microbial Resources, Institute of Microbiology, Chinese Academy of Sciences,
Beijing 100101, China

3 Qiqihar Branch of Heilongjiang Academy of Agricultural Sciences, Qiqihar 161006, Heilongjiang, China

Abstract: [Background] Phosphorus is one of the essential nutrients for crop growth, and
phosphorus deficiency in soil can reduce the yields of crops such as maize.
Phosphate-solubilizing bacteria can convert insoluble inorganic or organic phosphorus in the
soil into soluble phosphorus, which is easily absorbed by crops. This process helps improve soil
quality and subsequently promote crop growth. [Objective] To isolate and identify efficient
phosphate-solubilizing bacteria from the black soil in northeast China, enhance soil quality, and
promote maize growth, providing elite microbial strains for the development of microbial
inoculants suited to the black soil environment in northeast China. [Methods] The culture
method was employed to isolate microbial strains, and then the phosphate-solubilizing ability
and indole-3-acetic acid secretion ability of the isolates screened out were characterized. The
effects of phosphate-solubilizing bacteria on soil quality were studied based on the
physicochemical properties of soil. Furthermore, pot experiments were carried out to study the
effects of the strains on maize growth. [Results] A total of 16 phosphate-solubilizing bacterial
strains were isolated from the black soil in northeast China. Among them, Staphylococcus sp.
GL-HT-43 and Enterobacter sp. W-H-13 were applied to the black soil planted with maize,
which significantly increased maize plant height, biomass, and chlorophyll content.
Additionally, the two strains notably increased the levels of inorganic carbon, organic carbon,
organic matter, and total phosphorus in the black soil. These results suggested that GL-HT-43
and W-H-13 had advantages in reducing fertilizer dependency, promoting maize growth, and
enhancing the fertility of black soil. [Conclusion] The efficient phosphate-solubilizing bacterial
strains GL-HT-43 and W-H-13 promote maize growth and improve the quality of black soil.
These strains demonstrate great potential for the development of phosphate-solubilizing
microbial inoculants.

Keywords: black soil; phosphate-solubilizing bacteria; promoting maize growth; soil
improvement
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W, R TR ERE R, R A eI A
FHR AR R ARG 0, T A A< 0 2o = ol P 3
AR AR X H 25 )™ 5 A PR EE TG G M 48 i
T R A IR R Sl A I A e T AR R i S
YERITC, ¥ S AT s AL v] BEAE )
WCR P B T s vemt, RA e s E A . 2
3 L@ FER B A T RED O TR 1R M I 8
AR, BT pH, I ST
BERRER TR AOAS | BE . B RE S T REEG IR
N, DT RE i R AT ity A = 2 3 o i e Tk
AW OT R TR TR I . A R Il S A% TR T 4%
A 0 A P v 1 Tl R T A XV R L,
TR A i L)

T A FH Rt 0 e AR, RE RS O IR
FFINE ST . AR IRl . B8 SR ™ &
FA ™ b A BT AR, DR I R SR Wl TR B R H
2552 F| FE W, Bakhshandeh ZEUOFsE R, 4
Fhok A= Fi7 B8 I B (Rahinel la aquaatilli s) 25 i s 1 L
A KA &= . SRR RDCA R R K
5 ZEOM M /E o T Ak AR BC M R SR M TR
(Pseudomonas sp.) L3 S, 7 — &R T
BN G fif - 3w = BRI TS S )N
A E RN, e TR R,
2% )1 K 1% ¥ 1 (Enterobacter  chuandaensis) 55
FE I TR AT DA R EORME AR AR R, A ik
FORAERM KRG EKEEREER, /EPR
B A 138 v 1 f% W TS 40 B K ZF T 1A (Bacillus
megaterium) Fl 52 [T fi . i & (Pseudomonas
monteilii), AT DA o BR fige Ty XA i Bt 1) %5 A
AT - S A RO ) 5 B, B oK
FiFug R e A K, Wik, JFEERTAR
6B 4 F R RUE R A, K AR R
ORI SR, DSl ] Frak & e
Y TRk

BAREE X EBE RN C & 7T 2 Mtse,

ETE o] 2 - A PR SR, T R e R R
BT W o i P - 3 i IR R AR K
L, PR T AR . Ao TR AL 2%
A A g v 43 O e LA i Wl ) R YRR W TR
PR, IR XTIk 26 T Bk Y A W BE ) A NG| -3- £ TR
(indole-3-acetic acid, IAA)SMARE JJHEA T EAN,
5 J 3 2 K AR R 6 e 2E — 2D e TE X SE T
I B AR, DL v A e TR 59 ) )
JHAE R A 1 ™ BR 2 T B9 10 ] B9 AR

1 #HRE5rZE

1.1 H&

FH UG AR 34~ L 46RE o Bk B B e
VLR WEE T (127°31748"E, 47°42'36"N) ) [ HEAR
PR BIeVLAE 555 KT ve 1l L (125°49'12"E,
48°0'36"N) 1) £ KM R - M0 7 44 ghid i B
H.(123°33'00"E, 42°26'24"N) ) £ KARPR 1.

FH T A AR i B 1 R B R T
F 35 R T 71 EL(125°49'12"E, 48°0'36"N), 135
FEARM K. pH 7.6, 4W(total phosphorus)
i 669.6 mg/kg, HAUHE(available phosphorus)
T 99.0 mg/kg, AL (available nitrogen)
T 76.7 mg/kg . BBk (total carbon) ¥ i
212.6 mg/kg, +IEAHPLFi(soil organic carbon)
& 167.7 mg/kg.

FH T K AR 3 i 3 OK S Ao
IR 1167, FEFFMRTTE RRZARAA .

1.2 EERFFNER

1xPBS: NaCl 8.0 g, KC10.2 g, Na,HPO,
1.42 g, KH,PO,0.27 g, FZEMBKERZE 1L,
SRIGTETT pH{EZE 7.0, 2xPBS ({UF8IER): 1
Je 4y BK 312 g NaH,PO4-2H,O il 71.6 g
Na,HPO4 12H,0 FEAT 1 L LBEFK, LUIsrHli
#% 0.2 mol/L NaH,PO4 #1 0.2 mol/L Na,HPO, &
W, SRJ5H 190 mL 0.2 mol/L NaH,PO4 F1 810 mL
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0.2 mol/L Na,HPO, #4TIR A, 17797 pH{E R 7.0,
A% TR 25% % WA, SR 0.1 mol/L
i) PBS il . BEER 2V, [E254E 2R
AR AR AR, R T
R A BR A |l PrIR i, JbatE R B
FABRAF; MEFEE 4 DNA f2BUkH &, K
HRAEARH AL TG PR F] . 2xM5 Semi-Fidelity
PCR Mix, JtmtREGEAEVRHEARAF,

4 B 3 Tolk 3 B A OK BT 8 43 T 42)
Thermo Fisher Scientific 23] ; S G LR HTL,
Vario Al AN WA EE T, BiARMY
o E PREEE, H A,

1.3 EHFE

LB i Fi S (g/L): REE IR 10.0, EEREHRHL
5.0, NaCl 10.0, [&I443% 55 AR M AR BE 57 2 1Y)
FEAl EAIN 10-15 o/L WBIEHIY, S
PLBE R 5L, W B AR M B AR A FRA A
R2A Big 5001 db Uk R A BR A F] .
1.4 ETEBiEKETHES N E
141 EHHPBERIESHS FEYNFELRE

FREC 1 g B+ H4FE S, A 9 mL A= BEER
7K, 30 °C. 200 t/min PR IGFE 0, BUH 11
WOFEZER T EE 15 min, 2R )58 1 W HL 100 pL
+ R I 900 pL JCEE K 1Y 20+ 1
WHATRE R R, R4 1071, 1077, 107,
107*, 107, 107 S5 AN [R)H B8 B A - HE00 R AL
FLAHIEC 100 pL 107°-107° A + 3 B 5115
ATHESE G R T ML [ AR B e 56 U7 A
3T, fea BT AR B E T 30 CCREFRAA T,
TE WIS AT AR AR O0 , ARAT  BR TRV A2 4T A ]
TRREFRIL b — BRI alifb 5 iR 4l =18,

XF T B RAF R AR TR T 16S rRNA K]
M, KH51% 27F (5'-AGAGTTTGATCC
TGGCTCAG-3")Hl 1492R (5'-CTACGGCTACCT
TGTTACGA-3)i1T PCR ¥4, A4k HIETS

R, FOWAARZR(20.0 uL): M5 10.0 uL, 514
27F (10 pmol/L) 0.5 uL, 514 1492R (10 pmol/L)
0.5 uL,ddH,0 9.0 pL; PCR J2 ¥ 4514: 95 °C 3 min;
94 °C 25 s, Bk 55-59 °C 25 s, 72 °C 30 s,
34 NMEH; 72 °C 6 mine SV SEMZ R EL 3 uL
HEAT 1%3 IR M E I F Uk k), AN PCR 47
1R B B BER/INIE 9 PCR = kA 73 [
W58, FraRis e 448 ] EzBioCloud %4# %
(https://www.ezbiocloud.net/)#£17 BLAST [A] i
FExt, DA 55 AR R 55 e AR X TR K o
1.4.2  fREEEMEANE

K FEAHBE BT b €032 0 2 181 VAR %) P s P ol 1%
U7 ODgoo 4 0.9 BYFRIERITE 1% e fh
BN G EIMICHIBE ARG 7255, 30 °C. 200 r/min
B SR 3 d e BURE EA T AT MRl 1 e 0 DU E o iR
28 AT TV 225 R 75 T R A 90 kHz %A% 30 min,
10 000xg &§.0» 10 min, WZHL 2.5 mL F#EH,
A SmLAHBE R AR, HERREAE 50 mL,
M5 OD7ooo > PR — SV 50 fHOb o il £k .
W S IGAE h WROGAEL AR b v 2T 5 mT A
i, (R E R T T U pHL.
1.43 S KEZANZE

PRHL LB [E{AF-H b B R & He R 2 LB W
TREEREE, 30 °C. 200 v/min PR35 555553, ARG
VTR IR 1% e FP R 2 10 mL LB A
Rrege gk, 30°C, 200 r/min $E 5 5E, Hiag
B — 72 B[] 00 52 B AY ODeoo, L% ODgoo fELAS
P4k SN, e )a DLRE IR R O R AR AR, LU
ODgoo HA AR I A M £k, IF AR B Ak A=
(IS =R AT
1.4.4 TAA SbEENRINE

K1 Salkowski Hb 830 % AR Y TAA 43
WA 120 K R TR AR R2A B3R S s Akt e,
W TR IR 1% it B F 2 %A 100 mg/L
L-A AR R2A 5555, 30 °C. 200 r/min
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PG 5 dJELL 7 000 r/min 5.0 5 min YHL
FiEW, REHU1 mL EIERS Salkowski {4
W RBURSS, BEEY 30 min J5 2R AR
TE 530 nm PAAE RIS, DUARIR BE ) TAA
PSR AR EM 2R, TR A TAA
1.4.5 BHREVABET SHFAEM R

¥ bR #E 30 °CHE IR IR % B R A LU
200 r/min IR 3% B FR k%, SRJFHL 0.5 mL B
L 3 500 r/min 5.0 2 min, YCEE R 40T
0.1 mol/L PBS ({5 8HER)TETE 3 W, FHMA
1 mL 4% 5 Z B (FR AL S B8R 79 0.1 mol/L
PBS A BC I ), BT R A T e
ML 30-50 min, HEEFEA 4 °CARZL[E E 8 h L
L BEEE 30%. 50%. 70%. 85%7F 95%FH)
A A I 7K Ah R (B B /K 29 14 min)
SR )5 FH 100% 19 2L BEPE MG 3 U LAARAS [ 4 i A
G, IR NTRE ST COo ¥ VR I 5 A T g
GBI, 3 3 1 e B TR R A 40 T SRR
SR DU -2
1.5 MREE X ERARE R IE
1.5.1 fMRBEEHIES ERKFHFILE

Kt R MRTE LB [EMARRG IR E F R4
Bigw, BRECRGCREEEM E LB WK SR,
30 °C. 200 r/min &% K 3530 %5 8 000x g B .0»
5 min WCEETHIARANNE, FJC K BB A &
ODgoo 9 0.5 AR

FARFNFFH 1% UK SRR BN TR I T
30 min, fRJ5FHZEIEKERETE, A 20 mL
PR BE TR EOKFRF 2 h, IR BUE T4
ARAERD
1.5.2 EREZFHFEMIAE

FRARIAI R AT LR L, 55
NHAEN 19 em WEIRL AP REA 1.6 kg R 1,
AN FE AL BRANT < gt fin 4 A R] s AN 22 7R X B
ZHiC N 100%P; Jiti il 80% i E [R] Hsf AS 422 1 %of R

Hic A 80%P; Jiti il 80% M A [A] st 25 Fb 1 #k
GL-HT-43 i & 80%P+GL-HT-43; Jifi/il 80%#
HE [E RN R bR W-H-13 iC2°4 80%P+W-H-13;
it in 80% w4 AT 7] B 422 Fh Btk W-H-33 id
80%P+W-H-33; il 80% AE ] il 422 b B bk
Y-H-21 iCH 80%P+Y-H-21, 4P R A G i
fRE5) 0.2 g/%h, RIEURZ) 0.2 g/4, BE(&E L
B 0.1 g/dd. iS5 RBAEFTMRSIFETK, KH
AL 3 RLFOKFhFEFP . 7EOLIE 14 ho JBES
10 h WA TFEFR s-7d )5, BAOEKER
PRBE 1R — S0 EORG G, BRIl — b i
FIAN 2 BREKRANT, AERR S d B8 250 mL K, 14 d
JE BEZEIB N 10 mL ODgoo 247 0.1 ML IAR B 1T
XTHRZH A 10 mL JCR /K, FoKEEFE 50 d J5 B
RN E AR R AR L AR PR B R H .
153 ZFRERELZERZEANE

FORAERKIERNE . AP EZEET E
AR B SR Fem A P BE T bk e s ISR DA
EEOK R REIF R BRI o R ROREE
FEFRAE SR H LA A AR K AR P A
bR T ROK ZEEARTE - R DL K A
Yt o N, I RTEBRAR b 5
IR 5 F ERAEARLE 105 °CHEAE ThikE 30 min,
PR HAE RS ) 70 oCHt 240 &5 AR P,

T RS ENE: RA 80%MH ik
e FORM R iR &l w5 5 ey i
2 mm 42z, FREL0.2 g iLA 25 mL &I,
SRIG A 80% N i J ¥ 25 f i & TG Ak, FE=E
MR, FE R AERG)E, F 80%P
TEAE 25 mL. L 80%MN il A2s (AXTRE, il
ERHERAE 470, 663 F 646 nm K AL B I
B, SEMA RIS R MR a Fitag
2 b AT E R

T HERAR M E . SRS 125 He iR
HIEHE 5 min, R F pH T £ 38 R i 124
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¥ 10 g 23N A 40 mL ¥ BE4 0.5 mol/L %) K2SO4
W, 30 °C., 200 r/min 3 %72 4% 30 min,
RS EIBZ 0.45 pm JE I 8 5 B AT 5@
T A LR A3 AT (SR DU S TE WL . A AL B
Bk e, T R RE VLR T IR R
1.724 BIATARAS - e P & 1122200 L34k
K FHAH W LU b AT I e B - 3 e A BRI A
A UGE 2 7K 5T B A B A P
1.6 HIFESH

TSI 3 WA Y= E K, i1 SPSS
Statistics 24 HATHLIN R 7 2450471, Hh 2407
ZFRMES T )73 A Duncan, 23K
P<0.05, fdi[f] Origin 2021 PEfT2A .,

2 EXRE54M

2.1 ETBRBERAIGIES e
B

I FH 5 4 R OB B 55 S AR L B v iy
R T oy BB R, FLARAS 16 MRIGHETR . i
— X 16 MRS T A AR B R ) 2T e
HAP®# G54 Y-H-21, W-H-33, W-H-13 #I
GL-HT-43 (1) 4 PRAGHE RN 1 AR 1w g
B2 5 R 98.10, 73.07. 66.13 Fl1 65.14 mg/L
(B 1A). [FIE & PRk i i e By, AR T
PREEFR W) pH (E FREER 2, B GRIAR A i fiE
5 iR Re 1 R IEAR (& 1B). HHE 0 A B 1R A B
Rt F L A G ILR SF R Y B, R
FRFR W pH (ELREAR, Mg sR T OXEE 1k T AL
BT . R XT X 4 Bk R R AT T
A K R 2 (B 10) AR IR 35 1D),
RILK SE TR B B AR R A, TR
Pk Y-H-21 F1 GL-HT-43 ,fXI 23 B4 K 0.73 h
10.77 h, BAFRAHMAEDERGRIFAEK

Fitko

22 SNEBMEAMKNESHIESSF
EMFEEER

J9 7 A A Y-H-21 \W-H-33 \W-H-13 ,
GL-HT-43 4§ 4 tR i JUGRWETE , ASOF58 8 4
HLEXT E AT AT S A TR, B % BT
Pk GL-HT-43, W-H-33 F1 Y-H-21 21k, KER
1.0-2.5 pm, 1M @k W-H-13 B0 A SRR
KA MBEAZ5 224 1.0 pm F1 0.7 um (K 2).
PE— X% 4 BRSO AT 16S RNA Jk
74034, 135 EzBioCloud ¥ % H X,
2kl MEGA 11 H1/#) neighbor-joining J7 {14
ARG REWE 3). P AMEK Y-H-21,
W-H-33, W-H-13 il GL-HT-43 43-5))& T 1 FF i
J& (Arthrobacter) . Il 1A % 2 /R 5 K i )&
(Paraburkholderia). 7%k 4 J& (Staphyl ococcus)
F1 % & (Enterobacter)ix 4 NM&, 439151
F% 9 FF  (Arthrobacter pascens) DSM205457 &

BI{f1 7 28 /R [C 14 (Paraburkhol deria terricola)

LMG 20594" , X [K % % Bk 7 (Staphylococcus
warneri) ATCC 27836" Fl it & W % ¥ @i
(Enterobacter quasimori) WCHEn090040" 82 7E
—iE (& 3), FHIUEERT 99.4%, R
¥k Y-H-21, W-H-33, W-H-13 Fll GL-HT-43 43
SRR R s R QTR L A R A RN
A FF I
2.3 SXMEBERE IAA 7TibEE

IAA E—FPEZENHEYIER , MED N IAA
G3 I RE TRV AR A A D) RE I EE A bR 2
— o AWFFMIIXT 4 BREBURTER I TAA 5300
RE I UEATINE , RELE R GL-HT-43 1 TAA ¥k
ik 127.36 mg/L, Tk W-H-13, W-H-33 fl
Y-H-21 3% 3 PNEPRA TAA HREE 51U H 2.23.
1.06 F1 2.68 mg/L (& 4), KUK GL-HT-43 1
TAA P WARETT WIS & T 05 oh 3 MR AU 1A -
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Figure 1 Quantitative analysis of phosphate-solubilizing abilities of 16 phosphate-solubilizing bacteria
isolated from black soil, and measurement of growth rates of 4 efficient phosphorus-solubilizing bacteria. A:
Soluble phosphorus concentration and pH decrease in bacterial culture The decrease in pH value and the

dissolved phosphorus concentration of the cultures; B: Relationship between Phosphate-solubilizing ability
and pH decrease; C: Growth curves of efficient phosphate-solubilizing strains; D: Generation time of highly

efficient phosphate-solubilizing strains.

24 SNEBERINX ERE KA
241 SMMBEREMXERKSSMHH
e

T VA R A N X KRR S
R Em, B E T 2 (100%P) JE#EIE 20%

(80%P) LA S 7E VS B B 20% (%) St | 43 591 i fin
fEwEE Y-H-21 (80%P+Y-H-21). W-H-33
(80%P+W-H-33), W-H-13 (80%P+W-H-13)
M GL-HT-43 (80%P+GL-HT-43)% A [a] %f
HECZE 0 W T AL B . AH A T 80%P X R4,
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B2 SUESEMEEESHERBRES
Figure 2

Scanning electron microscopy (SEM) images of the cell morphology of 4 efficient

phosphate-solubilizing bacteria. A: GL-HT-43; B: W-H-13; C: W-H-33; D: Y-H-21.

80%P+GL-HT-43 . 80%P+W-H-13 . 80%P+Y-H-21
S W DA A FRZE A EOK R g, e
Pk W-H-13 XF £ Ktk m 0 48 T ol 8 3%
80%P+W-H-13 Zb H#EZH ) FOKBE &4 114.10 cm,
55 80%P X MR IR 10.13%, 5 100%P X} HE2H
TR EZFE SA). MiHkE: 50 d 5 R E
RAE MR B R 7 8034 0 45 (&l 5B), il
PRI AL FRZE X REZH 0 B 5 R
2.4.2 FEBIEREMX EXEIERFN
A AR R MR B B bR 2 —
TR KRR b TS AR AR R T T
WISE o BRIEVE W-H-33 Jo iR e AR A1, 534
3 MRAFBE R T R AP O A RIOCR .

80%P+GL-HT-43 . 80%P+W-H-13., 80%P+Y-H-21
EfmmEE A B (3 ARSI 4.92 g
5.08 g F15.12 g, AT 80%P X HRZH(3.69 g),
IYHRE T 33.33%. 37.67%F1 38.75%. EATHY
MR ARy 177, 1.29 F1 1.44 g, HIT
80%P XTHRZH(1.12 g), 43542/ 1 58.03%.15.18%
F128.57% (K 6A) 7E A=W J7 T , A% T 80%P
STHEZH, 23R T 38.88%. 32.22%71 36.33%,
HHIIETF 100%P X 1840 (5.85 g) (K] 6B).
243 BHEREMNERMHAERESEMN
A

R EORI R F T E, &
R4S FA A TR AL FRZE L 100%P X BRAAAH HE, 4% (8,
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3 ETEH 16S rRNA £EFIHEZH ARG L K

O S A EAE AR 2 bootstrap H(1L B /R>50%F1

Hift); 55NN GenBank %55 R 0.01 JyiEfLEEES .

Figure 3 Phylogenetic tree constructed based on 16S rRNA gene sequence of bacterial strains. The numbers
at the branch points represent bootstrap values (only values>50% are shown); The values in parentheses
indicate the GenBank accession numbers; The scale bar of 0.01 represents the evolutionary distance.

135
a
2
on
)
< 126
- b
2 b
0 Vel > ) N
» N S :
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Figure 4 Measurement of IAA concentration in
the cultures of efficient phosphate-solubilizing
bacteria. Different lowercase letters indicate
significant differences, the same below.
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T 80%P Xif REZH 311 12.04%7F1 24.90% (K] 7A).
&R AL BRZH AR S DR X IR A
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2.5 FEBSEMMNX TIERENFZN
2.5.1 FRBEEMITIERSEHEMN

- SRR X T AR A g RN G A ) 2 A
HABEEM. HET 80%P XTI, i
PRZH ) JCA LR & 1T 3 25 7, X 80%P+W-H-13
(119.76 mg/kg)AbFRZH F 100%P X HHEZH(115.22 mg/kg)
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Figure 5 Measurements of plant height (A) and number of leaves (B) of maize.
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Figure 6 Biomass measurements of maize plants. A: Above-ground and underground biomass of maize
plants; B: Total biomass of maize plants.
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Figure 7 Measurements of chlorophyll a, chlorophyll b and total chlorophyll content (A), and carotenoid
contents (B) in maize leaves.
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A, MR SRS T 3.9% (B 8A). 5 100%P
(98.09 mg/kg)Fl 80%P (96.01 mg/kg)X i 21 #H
Fb, 80%P+GL-HT-43 4b PR () + 384 MLk &
H(121.57 mg/kg) 7 B4 = T 23.9%H1 26.6%,
T HoAth 3 AN B A FR 4 B 2 25 5 (K 8B).

80%P+GL-HT-43 4b F 4 () + 3 Bpk & &
238.97 mg/kg, %5 100%P F1 80%P Xt HE£H 4351/ 1
0T 12.0%01 12.8% (& 8C). )i} 80%P+GL-HT-43
AR R T S A L, ik F
209.58 mg/kg, % 100%P F1 80%P X I 4H 43 %]

2T 23.9%F1 26.6%, FAh 3 FRBETA AL
FXt B TC i 22 52 (K] 8D). DA &5 SRR
LN ARBE I GL-HT-43, W8T T - 1 A
AP &
2.5.2 MEBAEMMX IR pH S£BHE
38 pH R R R R A AR
FHEL T 80%P XTHRAL, Jr A fideifs ol Ab BEA 1 1 458
pH YR, Hirh 80%P+GL-HT-43 4bFEZH ) pH
REA e ok 5 (B 9A) o 7E B & 1 7 1T, 100%P
Xt HEZH B L e i S R, M 1.01 g/kgo T

E8 ZExX+iEHLHNKWA), BHLKR®B), SKROCOURBHNERO)SEHNE

Figure 8 Measurements of inorganic carbon (A), organic carbon (B), total carbon (C) and organic matter (D)

contents in black soil.
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80%P+GL-HT-43 Fil 80%P+W-H-13 f{# s I 4b B
ZH 1Y AR S B 1.00 g/kg Fl 0.98 g/kg,
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20
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B SR S R TR 2.7%5) , 80%P+GL-HT-43 |
80%P+W-H-13. 80%P+Y-H-21 % H:fth 3 4™ fi
BER AL PR B LIRS AT E oS T
77.7%. 70.0%F1 27.5% (] 10A). TERNASR T,
80%P+GL-HT-43 4bFRLH () - 3Fh A R & sodwe i
iK% 48.45 mg/kg, # 80%P X HHZH(35.66 mg/kg)
FEE T 35.9% (I8 10B), b f 5 2 HA e il 1 1)
Jita S0 R T - A R AR A R

3 Wik

BECR i@ Z MRS S AEY ACE Y B

5

9 2E++3% pH WUREHESEBINE

PSR , TEGERRAE ) A4 PRI RE AR E 1 3 25
M7 T R G SR o SR AR FH 4 49 5 sk 5k
Z A R, AL G A2 # i E Y 3 it P s i 1 3R
B e s - gaR Ak, A Y Ie i I & 5 A
PN T REgelr g o 4 g it 7o i . H 3
BAF 8 0w E R, @t A - 1%
BEOEIACO AV -TEAR RBEIEIACY | -
TR Wl e AL A SE ML R i e+ 3Rl 1) FH 1%
IR, AR R, R AR B b o 25 3145
/)N A T (Advenel la mimigardefordensis) Fll B
HIF 7 8 JR 15 FC 14 (Burkhol deria fungorum) i i
TRERE, fetl &P m KENETEME L
FURRTER L, S T RE P 1o,

T 224 il gt N 4 B8 VG A A 4 B (Funneliformis
mosseae) . E K ZE AU FT 5 (B. megaterium)&s 17 P
FERPEAEETE , DL m AL B S b 2R )
S AR R P, Kaur SFPWFRERI], 2
b AR {5 L 7R (Pseudomonas  plecoglossiciday)
PSB-5, AN AEME 1 2 $2 iRy K™ i FLE B I
i, R B i T R U A LR AR
S 01 A €2 27/ il 5 ) 1| I N Y 8. 2 )

Figure 9 Measurements of pH values (A) and total phosphorus content (B) of black soil.
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Figure 10 Measurements of ammonium nitrogen (A) and nitrate nitrogen (B) contents in black soils.
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e F 7 P2, B [ 4 45 3K 147 (Staphylococcus
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