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B & T ae il E X F 10 & (Bacillus paramycoides)
SH-1464 %& B2 Z AL R EEE

WA, RIIIES, EAE ' B4R, AR DEE S, FE 12
R, MR

1 mERNREZAAEYI R 248, =~ B 650000
2 mrBE RN FEBER N I TR, =~ BB 650205
3 mMR¥, =M B 650091

M, RULIR, EfE, 28R, AR, SEE, 225508, BRotw, Bmsc. B2 A T e L #R 28 4T 1 (Bacillus
paramycoides) SH-1464 & BESAA K HAHHE[T]. fAE W2/ 41, 2023, 50(6): 2436-2451.
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B E: (X IAYDRGRAGERAEDER, REEDAAIBARELERSRALE T @
EABMRGERAEHEA. (B8] AREDRARGTF LA AREGRZMAED TR, [7x] RAHE
BT R, BIRERIFLIE TR A ME, AF PVK EHRABALBEANGREZRGH®K, 446
AR4R I &k M F T ARAREE M A)A Salkowski’s b &% 4 ) B Ak 75 75| %k Z 8% (indole acetic acid,
[AA)E M AERIESFE R IAA A4, RALE T KT ST L BRI, UFEH
KRG E M Fo = TAA WAL B 7 55 R T TR A4 B0 A RXIE 10 e B AR 69 - £ 2OR

OMAESF. A ANA 16S IRNA AR 57t BTk F 5w, [4R] TRERGLE S
B3R RIATR LA, 10 MNARLIELIEEG AL S, ¥ Bk SH-1464 28 E MR 5%,

BEEE H 24 16.11 mm, &5F 4 119.22 mg/L; Salkowski’s tb &45 F R, HAREA MR *
IAA /&M, 4 39.88 ng/mL. £ B XX R AW, B SH-1464 A6 RAEIR A 10 g/L F £ 48,
RERRH 0.5 gL EZE M, RIEANBERBE LT EA 2.5 ¢/L BrR =45, miEwm4s pHIEH 7.5,
B JE 30 °C, %1k 200 r/min; Btk SH-1464 7 [AA RAE3E /&t h: A48 10 g/L, BEH 5 g/L,
NH,NO; 10 g/L, #A4b472.5 g/L, L-E&RB 0.1g/L, pH 6.5, B/ 30 °C, #:i% 180 r/min. A F¥E R %
XIp 25 R BATHRALAT B FARAEE & A TAA = B 3T RIS 40, AL/ ARG IEFE 2 4 2259 mg/L, #
7+ 84.5%; 1AA & &4 753 pg/mL, A 88.8%. A XI4E R K9 HAk SH-1464 &L T & At
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T LT RIRG 84.5%, HHRZ 55.1%, ZHRF 32.5%, HK. REH ARG 16.4%F 149%,
W LR FRT E ARG 172.2%F2 203.6%. 4567 & FFa i F A M 3 %5 H Ak SH-1464 ) b
% K 3F 304F & (Bacillus paramycoides, GenBank & 35 A ON417365, %k 5 4 CCTCCM 2022924);
b, BARE LA FERGH. FHEER. BR. sk, [436] Bk SH-1464 BA
RIEAAFE. BR. ok JIAA. FRAOB. FUHETBBSLRBAREFR S, TRERGEHA
FORFE, &R EHE. B, ALK RE. EFpH TR TFEFREEKREA T HL
BAER, TR A GBI AE N TR AEAE DA R T EAVRF 5 @RI 2R AT

KR MERFIOATH,; LB, Bk CERR(IAA);, K EELMMRAL; A D IeH

Optimization of fermentation conditions of Bacillus
paramycoides SH-1464 with growth-promoting activity

SHEN Yunxin'?, ZHAO Jiangyuan®’, WANG Nan'?, LI Minggang’, SHI Zhufeng’,
FENG Luyao'?, LI Zhefen"?, CHEN Qibin"', YANG Peiwen

1 College of Plant Protection, Yunnan Agricultural University, Kunming 650000, Yunnan, China

2 Agricultural Environment and Resources Institute, Yunnan Academy of Agricultural Sciences, Kunming 650205,
Yunnan, China

3 Yunnan University, Kunming 650091, Yunnan, China

Abstract: [Background] Plant growth-promoting rhizobacteria (PGPR) has great potential in
improving plant resistance and regulating soil nutrient status. [Objective] To provide efficient
microbial resources for the development and utilization of microbial fertilizer, we isolated and
screened out the strains with strong growth-promoting properties from the rhizosphere soil of
tobacco. [Methods] The culturable bacteria in the rhizosphere soil of tobacco were isolated by
the dilution-plate coating method. The strains with strong phosphorus-solubilizing activity were
screened by PVK medium, and the phosphorus-solubilizing activity of each strain was
determined by molybdenum-antimony resistance colorimetry. Salkowski’s colorimetric solution
was used to determine the production of indole acetic acid (IAA). With the
phosphorus-solubilizing amount and [AA yield as indicators, we optimized the fermentation
conditions by single factor tests to obtain the optimal fermentation scheme for phosphorus
solubilization and IAA production. The growth-promoting activity of the strain was verified by
seed germination and seedling growth experiments. The strain was identified based on the
morphological, physiological, and biochemical characteristics and 16S rRNA gene sequence.
[Results] A total of 127 strains were isolated from the rhizosphere soil of tobacco. Ten of the
strains had the ability to solubilize inorganic phosphorus, among which SH-1464 had the highest
phosphorus-solubilizing activity with a diameter of 16.11 mm and an amount of 119.22 mg/L.
Strain SH-1464 had strong IAA production of 39.88 pg/mL. The optimal fermentation
conditions of SH-1464 for solubilizing phosphorus was 10 g/L glucose as the carbon source, 0.5 g/L
peptone as the nitrogen source, 2.5 g/L. Ca3(POy), as the inorganic phosphorus source, initial pH
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7.5, temperature of 30 °C, and rotation speed of 200 r/min. The optimum conditions of strain
SH-1464 for producing IAA were 10 g/L maltose, 5 g/L yeast powder, 10 g/L NH4NO3, 2.5 g/L
KClI, 0.1 g/L L-tryptophan, pH 6.5, 30 °C, and 180 r/min. The phosphorus-solubilizing amount
and [AA yield of the strain were compared before and after optimization. After optimization, the
phosphorus-solubilizing amount and IAA yield of the strain was 225.9 mg/L and 75.3 pg/mL,
which increased by 84.5% and 88.8%, respectively, compared with those before optimization.
The inoculation of SH-1464 increased the germination rate of tomato seeds by 84.5%, plant
height by 55.1%, stem circumference by 32.5%, root length by 16.4%, root weight by 149%,
aboveground part fresh weight by 172.2%, and aboveground part dry weight by 203.6%. Strain
SH-1464 was identified as Bacillus paramycoides (GenBank accession number: ON417365,
deposit number: CCTCCM 2022924). In addition, the strain had the abilities of producing
protease and cellulase, fixing nitrogen, and secreting siderophore. [Conclusion] Strain SH-1464
had the abilities of solubilizing inorganic phosphorus, fixing nitrogen, and producing IAA,
protease, cellulase, and siderophore. It significantly improved the germination rate of tomato
seeds and the seedling agronomic traits such as plant height, stem circumference, root length,
root weight, and fresh and dry weight of aboveground part. This strain has a wide application

prospect in the development and utilization of microbial agents.

Keywords: Bacillus paramycoides;

inorganic phosphorus;

indole acetic acid (IAA);

fermentation condition optimization; microbial fertilizer

B b E Ol B AR AN TR, b
HEFAR 25 ) it P S R R 1S %o AR RS BR B 3
AR IR A R 4 v, A Al A= 77 rb 5 38k
NESERC ) B bR RS ) R AR B
& 4= T (plant growth promoting rhizobacteria,
PGPR)J& A WA P AR 20w A fi 4078 1Y S P8, A
IEAIR . 4 AR A, [FIRE A e
PERYIE K REHEY RGP dGE LIS
SPIROLAEIRE . A MR AT 2, SR T B Ak
AR . AR R R A A ) s i A
5 RMEAAFARIE, AN [F] Y A B8 O 1 14 D E T ik
A AR R R PRI, 0 8 O B 0% 1k 5iR
e Z ALY PGPR 2 HESE RO 4 0 K FE IO A
RO, DA R e 2k A 2 4R AR i L 1
IAARE Y P A RGRAR, SRR
T R ML AL AR AL B 32 E i —

FAi, Xt PGPR Y5 32 2 LAA vi d FR TR
J& (Burkholderia) . 3% > 5 [K I8 & (Frankia) . 14

% 1 J& (Azotobacter) Fl Zf # ¥T & J& (Bacillus) %5
N FE o H, ZFEAAT R DU VE 8 AT A
(Bacillus amyloliquefaciens) . DI 337 2F #FT &
(Bacillus velezensis) . A< Zf 8 #F & (Bacillus
licheniformis) . *EE%@*?%(Bacillus subtilis)
& 2R AT 18 (Bacillus siamensis)S5 &%, 1M
Xof UL EHR ZE AT T8 (Bacillus paramycoides) B
UL o e B R EDIR ZF A T Gxun-30
HA T ME AR, TARUEESYPE
(K s LR ZEAAT 7 AUUP3 W] 8 2542 55
AT AR . B R, 2K
TE, kb E E T e AR A B AR E Y
M8 B SRR TR (Bacillus siamensis) V] A2 32 i
FhFg k&, BRI AR, RN EEER .
Wi R R BT W BBk . EAERS S
SRR B - S0 18 i 75 1) B Ak PsbM4 1] 4 fL A IR
B5 A ARG T EOBE R B S YRR, IR AT
THCADL B AR 0 A S 25 AT B e 17 oI
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B2 ST 7% <K i o & N e S TR S A S
BRI KRG Pl 7 R 1 % FAR 2R 1 A A5 31 I 3%
FIAEHE, T E X HARK | 2R AR B
FEHEVER . 2 E Al L, PGPR ELAWIRh 4%,
KR)IZ . IREZREALAE RS, AT B L D RE
ZHEAL B XEY AT R AR E R Rk, AT
R UE PR R AR B AW R AN TE IR, LA
TR ] RS R R R AE S SO R T S N A
AP K o

PGPR [ i 3 43 W A 4 2 R4 i o 3 3 46
A BRVEPE AE HERE A K,  ad ERD R
AU S e A TOHLBE R £ . B RV I TCHL
B2 A o P s k me 5 O ks - R 4tk
B, B2 R Tl A W OB 450 A A 5T 4R s L
oz

AT BE T AN B AR R 1, 43 B T ik
LV B F1 43 A5 W 2, TR (indole acetic acid, IAA)
R R, ST RN R R TR A
PRI T8 Vi Wi 0 35 A U S e B 4 T TAA K3 2%
1, LASR i o R BV B PR AT TAA JR i 6, JF
e L o T L Sl a3 | o) O ol s 5 WL (A (T = A
A TG R AY: . A RS TAEY
M T R AT S, I L W AR
fity . 214k Wl ST R EARTE I , AR A
JEER I T A FH SR A = U E R R Sk B R
() TF 2 RN T 1 B H 3 S 4

AR

1.1 ##
1.1.1 #5&

TIERESL . SRS, TR A LT K
WA VE R, AR X)EEE 5 2 (),
FAERE 3 AR, 3L 30 AR, REEEBR IR K
PR 158, BAE N — TR, BT 50 mL
00 o0 =P = e S o 1 R e w4 o

1.1.2 1EHFE

5 A IRRIARE 7R L (PVK 5595 3E) (g/L):
%M 10.00, BiREE 0.50, BEEHEHY 0.50, &
1kl 0.30, SALAF 0.30, BREREE 0.30, ARV
Bk 0.03, HiBER%E 0.03, BEERES 5.00, pH 7.00,
121 °CK W 30 min, fEf@EIE . MR =45
Cas(POy4), (S HT 4, P BTt 534K 20.0%) 5 BERR
FePO, (4r#r4li, P Uit /r40 16.6%); WEERH
AIPO, (ZHfréli, P 434K 25.0%), LA PVK K3
FRHN BN, PATEEER AESE  VE TAA
AL BE Rl 5 FR 5500 LB K38 B (g/L): WEHEH
5.00, 2 1% 10.00, & {644 10.00, L- A %[ 0.10,
pH 7.20-7.50, NA 533, BIREFREIRAE .
NB }i#3k . PDA Kigidk . WiHGZEWkE 373k |
AR BRI | R IR | R R SR N
LT Y R RSS2 SCHR1,3-S]RC ] . CAS BUZ
Tt RN B AREFEIL(270 mL K BRI
7 30 mL CAS ), 2R NA B5373E . CAS
B FREL0.060 5 g # K7 S (chromeazurol S,
CAS)AET 50 mL 25 F/KH, FIILA 10 mL FeCl,
(1 mmol/L FeCls-6H,0+10 mmol/L HCI)i
FEIEST, FRid He“AW”; FREL0.072 9 g 175k
I — B LRk 2% (hexadecyl trimethyl ammonium
bromide, HDTMA)% T 40 mL 25 7K, #ric
FBW”, B ABRZEFEA BT, Hitk
#Hysyih,
1.1.3  FERFIFLEE

BEMR =45 . WERRER . BEMRRGR, JLnUiERLE
SRHEABRAR; L-EER . PiAmEE . s
P = R B, g R T AR AR R A
HIRAH; BAEME GRS, iEE K
AR A A R ] 5 TAA FRUfES:, PIAE IR
TR A ()RS ABRAE] FHIREE, WUARIEEE
AKAAE T AR, ; TaKaRa MiniBEST Bacteria
Genomic DNA Extraction Kit, TaKaRa 2\ ],
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W pH AL, RO B ER RA FR
Al BRI, RIEITHT AR R
s O, IR AT R
s EREIR . AEARRESRAE, IR AT AL
arl A R E] WA YESY, RS
IXERA BR A F] s RGBT, AR ()
AHBRAHL,

1.2 A&
1.2.1 INEEE MRS B R IFIE

B2 g H3ERES BT 198 mL JCHE K H(500 mL
HEFEMBEFEEE), 30 °C. 180 r/min ¥ KK I
1 h 247, B8 2-3 min, B ISR ERBER
107, 107, 107, 3 REHE, 25K H 0.2 mL ¥
ST PVK B5553E |, 30 °ClEEES# 3 d, #k
B2l Ak HLvs W B A T RV &2 0 s ek T ik
1.2.2 IEEEHEI S0

BAliAb 5 A B RR G 1x10° CFU/mL B
W, DL 1% Fh R T KB PVK B5 33k,
AR E X R, 3 RE K, 28 °C., 120 r/min
B33 d IFHBE 50 mL &L T inEiAs
hn) 0.5 g JoWEIE ks, >R M 75 I 0 R A A T
AN R (TAE 2 s 18 3 s, 30%I1%
20 min), LURBELAH ML AT YRR, 4 000 r/min
B0 20 min, FFAHBEPT EL kU O AT
1.2.3 IEEEHRS i TAA FFEE

1) €M

PRBCL TR 75 4 FhF LB B35, 30 °C,
180 r/min {557 24 h, JCHEH MW E 4 mL A%
WTBELET, PJuts 4 mL Sackowcki’s {2 5]
CKr 150 mL AMRIRIRZZZ2 AR 250 mL (15
Tk, hATRE, RS MA 7.5 mL
0.5 mol/L i FeCly-6H,0 )RS, It
FE A 40 min, WEICSREIA AL,

A
F]
F]

2) & w il

PRI 10 mg TAA FRifE it 5 T /0 & B,
FZRIB/KEZ 2 100 mL (M~ 100 pg/mL),
JERFEE 0, 10, 20, 30, 40, 50, 60 pg/mL,
B W 4 mL, FERBUNA B AR, 40 °ClEFE
0 40 min, EH ODs;s{H, ZHlbrERLZE.
B TR RO ZS X ER 10 000 r/min 250> 10 min
JEHC IS 4 mL 58 AF LIRS, R
G ERE 40 min, FAGEEETHINE L ODsss
fH; #EHE 3K, DB afEE, xtbestl
FIARE 2R, LM E 7d, 10~ AR & B E)
Fie ARk, T E AR B R TAA =&,
DIAS AR TAA e dd & e ) U2,
1.2.4 IhREE ¥k SH-1464 /AT IAA F= 8 K B
£ BERRAE T

DL PVK WA R IR AN LB 85 5L 0y Fefik %
IR AR 1%, BEFR I A 435108 72 h F1 48 h,
I DLV B R LR TR TAA &5 N8 bR EA T B R
ROAMARAL, 46 BRIECRZNE . B, &%
B FLBE . ATEEPEvERY), AEGEEAR . RE
P BEERRY  SAER) , TTHLER R (B A K R,
MEVA PR R (R =41 5.0 g/L. WMk 6.0 g/L.
BERRER 4.0 g/L) 5525, 5.0, 7.5¢g/L), ¥
4 pH (4.5, 5.5, 6.5, 7.5, 8.5), ¥FRIRAE(21 .
24.27.30.33.,36.39°C), LA MFEKEH 120,
140, 160, 180, 200, 220, 240 r/min), LA#fi
EREN A
1.2.5 HEHREEMMHFELAFEDNE

i 4 AEEE. (1) PEkR SH-1464 K5 48 h
J& 4°C. 8000 r/min #.0> 10 min, 2 B,
JCH K BRI AT HE N 1.0x10° CFU/mL;
(2) Hitk SH-1464 %8 48 h 5 4 °C. 8 000 t/min
2.0 10 min, HUEVERFERE 1000 £5; (3) oK,
(4) TAA FRUES(100 mg/L), #% R4l T 24 h
BEAAIE, B AR TR 2-3 2K
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JEACHT 9 cm EIREFRMA, B& 15k, BEL
3k, S 45 WiRhF, T 27 cCATAMER, b,
WA 16 h F 8 h, }%3% 7 d MEMRK K&
Bk
1.2.6 BEHREFEMIBEEKENNE

Fie 1% F2 0 T HE R T NB R 57
JErp, 30°C, 180 r/min FEJKREEFE 48 h, BEHZE
BN 1.2x10"-3.5x10" CFU/mL, %%
1 000 578 FH o T vE R AT A ahi, Ak
2 HAR 14 om H A KB5S R E 5L 5T 48 78
R 4 Mk, WEIKIRA () . RIRALCK
7K CK1. K NB ARG F 3 CK2), &1ak
S @I 200k, ENEMLE 7d )5, BRAME
FHTERR SH-1471 K& e THEAR , 5545 200 mL .,
AR R 3 KEEK—I, HRBEE 358
25°C, 20°C, JGHRIK 14 h, JEEEHTK 10 b
35 d JallaFanma bk ik . 2R R RE
P i £ 5
127 E#HESEREBEMBTELETE

S (ARR ARG IETFM) R R 4
ARG ST ) Mgy i Xt AR SH-1464
WEA T 252 8 R A H A ARG
128 BE#HOSFEUFELTE

KRk SH-1464 81 %E NB i35k,
37 °C. 180 r/min #RFHKTFE, M AW ODgoo fH
LT 1.00 (29 1x10° CFU/mL)IF 45 i 1555 . %
]l TaKaRa MiniBEST Bacteria Genomic DNA
Extraction Kit $& B #k LK 20 DNA . R FH 405
16S rRNA J: [ 514 27F (5'-AGAGTTTGA
TCCTGGCTCAG-3")Fl 1492R (5'-TACGGYTA
CCTTGTTACGACTT-3")i#47 PCR ¥ 14, PCR
FWAKZ (25 uL): 4 DNA itk 2 pL, 2xTaq
PCR Master Mix 12.5 L, [ FUi#514(10 pmol/L)
£ 1uL, ddH,0 8.5 uL., PCR JZW &14: 94 °C
5min; 94°C60s, 53°C60s, 72 °C 2 min,

35 AMEFR; 72 °C 7 min; 4 °CIRAE, W45
JG, BUS pL SN 14 1.0%3 R HHEE i L Tk
TEBEE AR RGP EE . PCR 9 1S W & BiliR
WEEER Ik 2l AL D S, Z At st SR A YRt
FARAFNMF . 45584 BLAST (https:/blast.
ncbi.nlm.nih.gov/Blast.cgi)/5 T GenBank %§ #f /%2
PEAT O oA, 18 AR R 55 v A A U ok
SIWE RS X4, F MEGA 7.0 B4R EEL
(neighbor-joining method) ¥ # R 4t & & & ,
bootstrap {HIE N 1 000, HA NERINE.
1.2.9 ThEEE#RMAKRIN~EE. MR, BR K™%
R EE M E

B BIR 30) SE B BN A 0 B g Bk | 27 4
R . RER IR AL | R e B R A [
REPERFRIE |, 37 °CHi5% 48 h, A A BV
Az U B HA AR T P, i CAS XUZF-i
R B e R A A
1.3 HIEAE

B R BN R J7 200 . 23 i S
SEREAS ¢ K He 43 B b A Ak S R] ) S 2
#E$E Excel Al SPSS Statistics 20.0 #4175
b, R H Origin 2021 FI GraphPad Prism 8
il 14

2 BRS04

2.1 B

i
S
291

% & Th it 45

Balifh, FUREAR PR 1y B a4l
158 127 MESARFE B, 25185 F Il
AN DA B R B A TR0, A5 LRI 10 Bk
HAERWHIIRE, wWise gk 1 pon, Hop
Pk SH-1464 BRI AR K, & 16.11 mm
(B 1A), 1 HBE#E RS 11922 mg/L, £HH
Pk SH-1464 HABSRMERERE S, ittt H
BRI RE
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F1 ABMEVRER
Table 1 Results of initial screening of phosphate-
solubilizing bacteria

WtkGS R TR AR A
Strain No.  Dissolved phosphorus Phosphorus soluble
ring (mm) content (mg/L)
SH-1464  16.11+0.85a 119.2242.02a
SH-5 13.20+0.58b 108.44+2.58b
SH-24 8.11+0.32¢ 98.86+1.58¢
SH-13 8.06+0.35¢ 90.26+2.88d
SH-14 7.97+0.58¢ 88.64+2.18d
SH-16 7.61+0.48¢ 84.22+3.96d
SH-18 7.55+0.89¢ 69.44+4.58de
SH-21 6.98+0.78¢ 55.12+2.57¢
SH-23 6.66+0.99¢ 55.46+3.58¢
SH-25 5.42+0.87¢ 48.13+4.56f

Bl 3 E P EbRiE 2, AR/NE FERFRIRA
[F) B ik 22 0] EL A 3% 22 57 (P<0.05)

The data is the meantstandard deviation of 3 replicates.
Different lowercase letters indicate significant differences
between different strains (P<0.05).

Bl 1 E#k SH-1464 FEEI KI5 & L RYE R E
Figure 1 Phosphoric cycle of strain SH-1464 on
solid culture medium.

2.2 Btk SH-1464 25 IAA &t

i AN B THE ODsys AT RE TAA,
FrufEMZEH y=0.006 9x+0.005 8 (+=0.998 9). &
Pk SH-1464 28 LB i3 ik 2idih 2 7d )5, 455R
LKW, Wbk SH-1464 LM Salkowski’s i {4,
TR LR 208, RUIE R SH-1464 H A7

IAA WIREST, I T R 48 h if i (B (A IR,
ODs;s ek, 7 0.281 (Bl 2, & 3), B IAA =4
iR, M 39.88 pg/mL, & F M SH-1464
1) TAA 43 B A 31.56-39.88 ng/mL.

2.3 AREHEFENEKIBHEEE I IAA 7=
=1:0p-A 1)

PL PVK i f B 37 3 S (A X 2 A B

CK Sackowcki’s+SH-1464
1 | :

Sackowcki’s+KB 24 h 48h

2 Btk SH-1464 i E K RIF N E
Figure 2 Determination of IAA activity of strain
SH-1464.

42

40

IAA yield (pg/mL)
(93] (5]
(=)} oo
T

(V5]
=
T T T

(5]
(3%
T I

1 ! | L ! L 1
8 12 24 36 48 60 72 84

Time (h)

E 3 E#k SH-1464 ERRI A BN EBEKE~E
ME  AFE/NG T/ R IR A R % B E
IAA F= i HA B 3% 22 5% (P<0.05)

Figure 3 The IAA yield of strain SH-1464 was
measured at different fermentation times. Different

lowercase letters indicated significant difference in
IAA yield at different fermentation times (P<0.05).
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SH-1464 k&1 IuAk, DIATE IR, ik
SH-1464 H#WERE i, WS 175 mg/L
(Il 4A); LI M (peptone) g 0I5 At 75 i it i
W, 15 174.68 mg/L (K 4B); Mok, KEEAAT
XTR RIS RE W HA —E s, T R
SR KA, 2 pH R 7.5 BF, Bk
SH-1464 RS AN 197 mg/L (F 4C); 24k B
TRy 30 °CI, #EwkHEIA 198.5 mg/L (] 4D);

MELHE N 220 r/min B, EBEEIA 228 mg/L
(Kl 4E), T BLIE ¥k SH-1464 XA [6) ME A i i
VSIRARE IAIR], DL 2.5 o/L R =45 Jy B R i

RS 213 me/L (B 4G. 4H).

DL LB WA 85 35 5L S D0 Ak R 5 617 T Bk
SH-1464 7 1AA 54004k, LAZZ ZRHE R i sf
IAA B, ik 74.06 pg/mL (8 4A); LIS
¥R RIERT (K 4B)EARIY TAA it , i
60.13 pg/mL; ULAh, RE3R51EAbLs £,
pH (& 4C). IRJE (8 4D). %3 (& 4E)%E %) #
PR OTAA 7R MG INBOR AEA R B N B —
SEMZES, TEWIMR pH EN 6.5 I, TAA j7 i
43 74.35 pg/mL; 553k 180 r/min B i, M
74.13 pg/mL; APEFIREEN 30 °CHf, TAA P iE
BT HABR FRIRE, A 72.13 pg/mL, LI KCI
J EHLER (K 4F), TAA F=HE 61.45 pg/mL,
2.4 E¥k SH-1464 XKML ILAETEXT L
MR

ETRNRRAREE A, RIS
FERBERC 7 BOR WA il AT i 2k 3 R e S ge
XFH, G5HnE 5 s, AL )E RAR TS B R A E
2259 mg/L, MHETULALETEET: T 84.5%; WMk
IAA 7=k 753 pg/ml, M THALRTR T T
88.8%. L LRI UL, EIEDLAIIGAS R AT 5, XA
PRIV BE I TAA 7= e 5 HA R i HE A alcR
2.5 EMMEMAHFEZFEERHAER

W JAFDFUEATARR B 5 7 d 45K

(El 6, K 7), Wtk SH-1464 XFF AP F & 2 K
HAERKEA B EMHEEN, (246 SH-1464
KWE 1 000 155 B0 7 i Bl —F i & P AL 1R
FHfeoR, W& ik 84.5%, i H.AEML JET i b
TR TR LR, TR & TR RV A 3
T, HARKAE TR KIS T 218.6%, ik
KETCH KA IR 13.3 55 5 BRSO A
I, IAA ARSI, BT R 2F %K 75.6%,
] (i AR R bR B 2 R s, AR e
KAL) 4.45 F5F0 14.4 %5 7EAE4: 1 SH-1464
AT, M RFRMY 37.8%, 11
A H 0.65 cm, SICHE/KAFEAHE, AT RERZ
FREELRR Lz 5, SEERKZHNER
K. Wtk SH-1464 K& BN FnhiFh 12 & 2F 34
Jak, XA ZEEA RIAFAMEAERCR, ik
PRI A VRO i T 2 2280 5 0 BTG W 2 25 5%
E X kK B — 2 I RUR, R R
RO A KW B REEEA, UL R & B
VR e TR Ak VR FA0 KT e i P 1 R AR LA A
YEM .
2.6 EMMEMOBENREKIER
XTTAME SH-1464 4T F 40 i 4 A= K ik
By, Z5GER 2, B 8)RW], HAEM SH-1464
[ 1 000 A5 B A2 TR mT i 25 41 1 3 i 4 v 1)
AR, RICHRE TG . R ERAK
AR B A S 3G i i b R AT, T
PRE B AL FE T, 5 JCH /K (CK1) A H i ik
B ZERL R, MRE. M e E R R
TR T 55.1%.32.5%.16.4%,149.2% .
172.2%7F1 203.6%; 5 K& NB 1435 772 3 (CK2)
FHECF AR . 250, AR ARE . M Bfpat
EMTESNEST 16.3%. 26.7%. 6.5%.
15.7%. 37.1%%1 65.3%, FHEkE SH-1464 Xt
T BA RAF R AERAER, v s
A TR TEUR
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Figure 4 Single factor optimization of phosphorus-solubilizing ability and IAA secretion activity of strain SH-1464. A,
B, C, D and E respectively represent the effects of different carbon sources, nitrogen sources, pH, temperature and
rotational speed on the phosphorous solubility and IAA yield of strain SH-1464. F represents the effects of different
inorganic salts on IAA yield of strain SH-1464. G, H represent the solubility of SH-1464 strain to different inorganic
phosphorus and the optimal addition amount. Different letters indicate significant differences (P<0.05).
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27 BEMESEREEBEFULEEER

; XIS BE HE BB SH-1464 HE77 2 2% €
EBeloreoptimization 6 Jp kARl R 9), TR

[ After optimization

[Se]
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f=1
(=]

SH-1464 g2 [CIHYEANE, WEBESEH M
@ IR, B . TER KA . AR IE
W7, SISO AP ERR SN A 2 R BUK 1% |
TR R T SN 2 W A TR SO T A e
AF RS B2 7 S5 35 R B, MR R fidf 1 i R
R 2R T 52 A B o
28 EMANTFEMFEELER

Z:NCBI ) BLAST 7347, SH-1464 ) 16S rRNA
FE K791 (GenBank %55 5 ON417365) 51
5 ETHRARMAERNEERBIHMER™  RUIEFEH MAOIO1000012 FHLLEE K 100%, F
;?gAur;Eﬂwahanges in phosphorus solubility and FH@BT%?%*@@%?LZiﬁﬂT(@ 10). mEPAE,
IAA production of strains before and after PERUAEACRIE B O3 TR ) 08 , TR SH-1464
optimization based on single factor. *: P<0.05. NHLVER ZEHIAT 18 (Bacillus paramycoides), H.
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6 1R SH-1464 X EMMFRFHIZM A KFM T B: ZHF C: K. D: #HhK. A
[F]/NE FhER R AN [A] 2 B i 2% 25 5 (P<0.05)
Figure 6 Effects of SH-1464 on tomato seed germination. A: Sprouted seeds. B: Germination rate. C: Root

length. D: The whole plant length. Different lowercase letters indicate significant differences between
different treatments (P<0.05).
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Bl 7 Bk SH-1464 3T HFMMMFEEAZRFM  A: SH-1464 KEEFG R, B: IAA FRifEd:. C: SH-1464
Figure 7 Effect of SH-1464 on tomato seed germination. A: SH-1464 fermentation dilution. B: TAA
standard substance. C: SH-1464 cell suspension. D: Sterile water.

R 2 EH SH-1464 K BRI EMY EHERKHOZIN
Table 2  Effect of fermentation dilution of strain SH-1464 on growth of tomato seedlings

b ¥R 35 ENE LESS M Mo bR bcL o
Treatment Height (cm)  Stem thick Root length (cm) Root weight Fresh weight of Dry weight of

(cm) (g) above-ground part (g) above-ground part (g)
SH-1464  62.90+0.82a 2.50+0.10a 19.70+0.15a 0.54+0.01a  15.10+0.15a 3.15+0.04a
CK2 54.10+£0.70b 1.97+0.03b 18.50+0.15b 0.47+0.02b  10.90+0.18b 1.90+0.02b
CKl1 40.60+1.15¢  1.89+0.02b 16.90+0.10c 0.22+0.01c  5.53+0.08c 1.04+0.02¢

Bs A I (PR HE RS, AN [R) T BE R A TR T Pk 2 ) B A I 2 22 57 (P<0.05)

The data is the mean+standard. Different letters indicate significant differences between different strains (P<0.05).

CK1 CK2 SH-464 CK1 CK2 SH-1464
B8 Btk SH-1464 JWH/EME KB A, Bk F34. B: Bk 3564

Figure 8 Effect of strain SH-1464 on tomato growth. A: The above-ground part of the tomato plant. B: The
underground part of the tomato plant.
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9 THREE Mk SH-1464 B E AR BEIEERE  A: Fik SH-1464 HXIEAK. B: Hik SH-1464

EREMLERTAE]

Figure 9 Colony morphology and SEM photograph of functional strain SH-1464. A: Colony morphology of
strain SH-1464. B: Scanning electron microscope image of strain SH-1464.

85| SH-1464 (ON417365)

95 | Bacillus paramycoides NH24A2 (MAOI01000012)
1001 L Bacillus pacificus EB422T KJ812450
100 Bacillus sp. AFS023182 (NTR001000005)
Bacillus tianshenii YIM M13235" (KF811034)
42 Gottfriedia luciferensis LMG 18422 (AJ419629)

100 I:Bacillus sp. AFS002410 (NUEU01000094)
Bacillus acidicola 105-2 (AF547209)

Bacillus subtilis ATCC 60517 (CP003329)

51 _dssellomorea marisflavi JCM 11544 (LGUEO1000011)
0.005 93 Bacillus sp. es.034 (PDIY01000001)

B 10 E#k SH-1464 & T 16S rRNA EEFIMEMRFLAER  FHSNF S NEKD GenBank %
S AR R s 4B 2R bootstrap SR BRI TR K I 0.005 R R R
Figure 10 Phylogenetic tree of strain SH-1464 based on 16S rRNA gene sequence. The serial number in
parentheses is the GenBank accession number of the strain; The superscript “T” indicates the type strain; The
branch number indicates the bootstrap support rate; The length indicated by the scale is 0.005 nucleotide
substitution rate.

WD F 2022 4 6 H 20 HORAF FroEAE:  REJ1, AEAGMMWANCHE . A RE (K 1),

TR L, RS 8 CCTCC M 2022924,
4 \\ N E é:L_\
2.9 T=FFk SH-1464 {K5MF=HE. #E$H. ER 3 vﬁﬁ% L
R FEEkE AR BE R Frs R R A A S CHERNE R T,

T IR AL I E R AR SH-1464 B AEWIIERL™ LA AP & Jig , (H L RR LR
A IBE AN YR WAL RERR A TR, B R R B T R
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Figure 11
fixation. D: Excreting siderophore.

E ¥k SH-1464 THEEM ELE R

KA SR DB, R AR ME Y
AP, Hh I A E I RE S AL A £
A BT, AN [ R AR B A 4 P O
R PGPR FPEBEZ, W FAEAML A 7= Y
PGPR 201 2 AT & (Bacillius) . MU
J& (Rhizobium) . 75 % (Penicillium)%™ , 10251
YRR R 2 B IR AR S, TR ARy
AR, A2 2B 1y e R vy il S A A
M, RAl n] Rk rh st 1k 27 AR RE A 3L
#h7E!
HAETHBESE T, 2% PGPR 43 &5 AEYIR
Pr-bE . AP SUN IR BRI SE KR, H
ARz BRI RN A, HORZAA
Wl VR, MR, EREAR . 77 TAA REIAE
ZFALWITNRE . 208 A 3 0 A B - SRR
ZL = AR B 09 e SO W R, 0 ) B A T
SRR INRE, XYW B —
PR SR, X R R R A 2 RS
mg U811 Bk PGPR LZT-5 Fl FQG-5 43 %lJ& T
A B FF 5 & (Acinetobacter) F1 WG 2 2 5 3% HL i
& (Stenotrophomonas maltophilia), T+ 34k
f6bn . BERWRE R AEYR IR RS
W) EA RAF IR ERCR Y, S P T
iy DX AR AR B 1373 B AR 2 30 AR 4% 20
B, AR A R TAA TR . IR

A: EHAM. B: LF4ERNE C: A D: P gEik

Results of functional determination of strain SH-1464. A: Protease. B: Cellulase. C: Nitrogen

DL ™ 1-38 3 30 9 ot - 1-9R R (ACC) i 2 g Fl
BREURWEE, TEREHEY A KB E R, df
A 8 5 0 W O A g IR A Sk .
B 2 P2V fef P B REAR R AR B 4, o T
76 MRACELE ARG . EBEL W TAA RETI
PGPR, Wil A Y B IESR AL B A, o 28
25 ) TR VR P oy B AR B — RS R B
(Microbacterium aurantiacum), L E A #5819
WAL/ LB IS PE . R AUGEPE T TAA
M, XHEDIIAR AR B 2 R AR S A

BRI 2 e R R A A W 40 i o R R AR
PFEEOIRAG, RIRBEFR AR B —E 5
Wi, AT A SR AR DA 2 4 v TR PR 2R W 1 DA K
B A AR P 43 Wb i A ROR AR . BT AFSY
LW, KR HP2 IR RE 1 e AN [R] A e i 455 77 3
FHA—EZES, DG E . R —
W2 2008 . ROV Bk P, Hbal T i) v ol
REJ7 g PY R3S MR - MR B B PSM-S,
HWItR pH 3.79. KBEIE 28.46 °C. FhUKE
10.46 /L B #ER AT 5 198.28 mg/L™, AL
WL XA PE SH-1464 AT I0 IR LB, TEK
W E RS . RIENEAK. pH b 7.5, A
30 °C., %% 3 200 r/min 21 F, HEHRAIEBERE
NHABERT. WK n3 7 pH EH0H
5.0. 6.0 B IAA Be s e fd, Ui WL E A T iR

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



2255 HAR A Th RS NEDIR 2R UM 18 (Bacillus paramycoides) SH-1464 K B2 AF A B i P 2449

RE 10O B A Ha 2 BT A A MR B A 18 o T A
F RS ZEFRAT B 7E pH 8.0 B TAA = R ey o
AWF5EH, bk SH-1464 i pH K 6.5, X
AIREZ TR K BIAE A B RRTEARR, A
T3 S50TRT PR 1) A S W M AS ] Ak, R
HHRAERKLTIY R Z —, WKL A S4K
R AR B FRICR K2k B &I, (HAF
B AR T RUUR B PR i PE L B B % 2 %, Sheng
L8R Jiang P BF S 45 KB, LI NHLNO;
VE R ME—ZURET, Bk R R el om , AT
SRR A R R REAR . SR AEA BT
M NH4NO; 1E bk A= K B e — U IR,
R TAA TG TSR, (HDARERRR S A
PRI RO ANEE 108 B B R X T AL U8 1 38 g 1
LG

ZEA LI Eor KT, PGPR HAWFIER . ¢
RIS S AT AR A, KE A
TR . EE. MRER . RIESERR R LR
FRAN G S5, PEm SRS A R ]
FEFH TR PR N &R, A KR
SR AP AR, SRR R MR &
risitk, (A RRAR 2R 09 A K S R AR By A e
A W 1 A e R AE W T A, B T S 0 AH EL AR
HER RO o A5 U 3 BT A5 400 IR 2 90 AT 1R
(Paramycoides) SH-1464 H.AG #5011 B RE 7]
DA HLA @7 TAA 16, Wb AT & e 2 AR
UG R A B R IR S 2 225.9 mg/L, TAA 7
HHEE 2 753 pg/mL; AR E RS R TH
KRR, EB MW RS . EE L REK.
FREE b 3R fef 8 T B SR otk Rl
HAEBA ., 2WEAR. FHERM ., JRiks
ZRE M, AR A AR R s VR R R B el
IR, BAMCKW I KT (A sl iE
PRINER € FE RE T I A R, SRR —2
G5B YO0E BB AR SER I, IR WA

BHAE ST DL RAE AL, A R A — 28 0T R K
AR IR B A
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