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B EEEm T, BiEARAMERf s FAYFRAS LHITE T, BidiE A B x5 &k
WPAE LA A, B R R F RS ARAT EBIR . FOR BB 3 2 A AR ROR 69 %)
., dt—d, B ZRR G P EATAREATEAR AN G, BTN AT 5 EBE B KBRS K
B R EA R RIE N, RE, BITKFRBIIEZ AR A AEER . [ER] 2452,
22 EAr M PSB-K 4 %4 % R 3) 4 # (Acinetobacter baumannii), A48 45 %) 2.58. KR A
F &, RORAABRAT Fo eI MBS BR 3 A BRBR Z 45 0F, BRI RAEMEE L, ABER T TR
MEAEA8 534 560.35 ng/mL. A A BN F LR R T, Bk PSB-K AFA4A KA 3983 883 bp, &
A 3849 N A AR, P IiRE T ZAA B S AR BRER 3h IR B AR BARS R AR R A . KIF
KI R K, Mk PSB-K xt X4 Get h @R MRS Tk 2 KELHF R ZORAEHER,
RAF O B IR A A 2.50x107.2.50x107.1.25x10” CFU/mL, 5 #1423 BB4HR 5 T 72.15%.72.08%.
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Abstract: [Background] Phosphorus in soil generally exists in the form of insoluble phosphate,
which limits the direct absorption and utilization by plants. Phosphate-solubilizing bacteria can
convert the insoluble phosphate in the environment into phosphorus that can be absorbed and
utilized by plants. [Objective] To isolate and identify a highly efficient phosphate-solubilizing
bacterial strain, and explore its phosphate-solubilizing capacity, plant growth-promoting effect,
and related genes, so as to provide elite strain resources and theoretical support for the research
and development of phosphate-solubilizing bacterial fertilizer. [Methods] The strain with
significant phosphate-solubilizing effects was isolated from soil and identified based on
physiological and biochemical characteristics as well as molecular evidence. The
phosphate-solubilizing capability of the strain was determined by the transparent circle method
and the Mo-Sb colorimetric method. Single-factor experiments were carried out to study the
effects of different carbon sources, nitrogen sources, and insoluble phosphates on the
phosphate-solubilizing capability of the strain. Further, the whole genome of the strain was
sequenced by the next-generation sequencing platform, and the genes related to phosphate
solubilizing and siderophore synthesis and transport in the genome were mined. Finally, the
plant growth-promoting effect of the strain was assessed by the hydroponic experiment.
[Results] Strain PSB-K was identified as Acinetobacter baumannii, with a phosphate-solubilizing
index of 2.58. Strain PSB-K exhibited the highest phosphate-solubilizing capability in the case
of glucose as the carbon source, potassium nitrate as the nitrogen source, and tricalcium
phosphate as the insoluble phosphate, under which the soluble phosphorus concentration in the
fermentation liquid reached 560.35 pg/mL. The whole genome of strain PSB-K was 3 983 883 bp in
length, containing 3 849 coding genes, including various genes involved in organic acid synthesis,
phosphate transport, and siderophore synthesis and transport. The results of the hydroponic
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experiment showed that strain PSB-K applied at 2.50x107, 2.50x107, and 1.25x107 CFU/mL
demonstrated the strongest promoting effects on the leaf area, fresh weight, and root length of
oilseed rape seedlings, which were increased by 72.15%, 72.08%, and 197.81%, respectively,
compared with the control. [Conclusion] Strain PSB-K possessed the capability to solubilize a
variety of insoluble phosphates, and carbon and nitrogen sources directly influenced the
phosphate-solubilizing performance of the strain. With a growth-promoting effect on oilseed rape
plants, this strain serves as a candidate for the development of microbial fertilizer. In addition,
the whole-genome data provides a reference for understanding the phosphate-solubilizing
mechanisms and mining functional genes of phosphate-solubilizing bacteria.

Keywords: phosphate-solubilizing bacteria; plant growth-promoting; Acinetobacter; whole

genome sequencing
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Bl 1 E#k PSB-K NEEESAMEZRRELERB)

Figure 1

Colony morphology (A) and Gram staining results (B) of strain PSB-K.
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2 ET16S rRNA EFEFFIMEMNE PSB-K REL BN 45— 1038 BIEEEHSE 12 bootstrap 1H
FARIANZ 2 SR PTG L 5 455 B 5 R X RL TR Y GenBank #5355 73 SR EEARRIEAL 308 1k
AIREIE

Figure 2 Phylogenetic tree of strain PSB-K based on 16S rRNA gene sequence. The numbers at each branch
point refer to the bootstrap values, which are used to assess the credibility of the branch; The serial number in

parentheses represents the GenBank login number of the corresponding strain; The length of the branches
represents the degree of change in the evolutionary lineage.

R 1 R PSB-K AL LEELR
Table 1 Identification results of physiological and
biochemical of strain PSB-K

Experiment name Identification result

Glucose oxidative fermentation test  +
Methyl red test +
Indole test -
Voges-Prokauer test -
Citrate test +
Nitrate reduction test -

Urease test - & 3 &Ek PSB-K B4 KHIZk

+: Positive; —: Negative. Figure 3  Growth curves of strain PSB-K.
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Figure 4 Determination of phosphate solubilization ability of strain PSB-K as well as ODgoo and pH in
inorganic phosphorus bacterial medium. A: The phosphate-solubilizing ability of strain PSB-K in an
inorganic phosphorus solid culture medium; B: The change in soluble phosphorus content in the fermentation
liquid; C: The change in ODsgp in the fermentation liquid; D: The change in pH in the fermentation liquid.

fdi ] SPSS 43 #r & I h ODeoo. pH FIHAJ
VSRR O B R AR A B . R IR,
ODgoo U HH I £ R BN 0.287, WEE RE N
1.414; pH {EERE IR E RECH 0.608, W REL
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WERE R BOCR 1.461, — 4150 B R BRI R
BI/NF 1.960, ?%AE S50, H e Rz R
TR R BT 451 o i — 2008 F R R AH O 3R
Bt 3 2ﬂ§5€3‘EH’J$ﬁ9€' AT AT, SRR,

KT H PT s PEE H pH {H T ODeoo ¥ 22 1
sR A, R P pH (H-5 ODgoo S A% 58 1F AH
K(F 2).

2 2.2 E¥K PSB-K %t 5 MR M ER 20

AiREEN
3P A XA PERE IR Eh 5 A R ETE K,

DR MG A 5% 0 — 25 0 %2 TR AR PSB-K X 5 x4
PR IR Eh VA fRRE 1. S5 R 5 Fin, B
¥k PSB-K Xt 5 Rl 1w R £ 3 5 ft g
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Table 2 Pearson correlation coefficient analysis

Index pH Solubilizing phosphate ODeoo
concentration
pH 1 —0.823*%* 0.979**
Solubilizing 1 —0.805**
phosphate
concentration
ODs00 1
**: P<0.01.
a3
g
Eﬂ 400 2 A
£ 300

< «© & S <
& o St
> $ » >
<& X\o‘g{2 \\°%Q ?»\Q‘Q
@Q ]
>
«° Types of phosphorus sources

B 5 BE# PSB-K Xt 5 A M4 85 BR 22 A0 05 A%
BES1  AFIRE PRI 2257 W 1 (P<0.05) .
Figure 5 The capability of strain PSB-K to dissolve
five kinds of insoluble phosphates. Different capital
letters indicate significant difference (P<0.05).

{H2EBE AR, X AN [ X I 1l TR 3 ) 5 i fiE )
W WEIR —45(377.96 ng/mL)>¥ LB K A
(365.69 png/mL)>BElR 8K (10.50 pg/mL)>BEH ¥
(8.01 ug/mL)>®EMR 45 (7.87 ng/mL),
223 A ERIR . RS RS DRI
B SR 5L TR A TR B T T R 2 % TR A A i e
WANRRESS A SN N 3 T I N [ 3 BB N
PR RRRAY AT YRR & i, S5 0OR(B] 6A), i

EPWEAE S5 SR e e — B IR, R P AT
PERSE & 3k 560.35 pg/mL; FBERZ, KW
oA SRR T R 77.57 ng/mL; HRE . F A
FIRERHAE A B — Rl Y B & I v b ml s Ml 5 it
ARARG o 2R FH ) 26 R RN LR AR Ry B U5 1 & B pH
43k 4.29 F15.63 (/N TF 6.0), SRIIFNE.
LM TREREAE R UE Y R B pH 43 il
7.88. 7.90 1 8.01. LA b#5HRH, THIkEAHE
i Tl RE 0 1) B B VR A R AR, R R R D
pH (AR, PIEPERE & i

AN TRV IE T i e 1 52 Wl 6B FTs o AN
[) B — SRR T R R 3 mT s e e 40 oA < i
MR (526.54 pg/mL)>FiBR#%(518.90 pg/mL)>%
PR (497.39 pg/mL)>FA L% (492.41 pg/mL)>IR
#(452.20 pg/mL). KK T pH {HS 514 4.25.
427, 421, 429 f14.23, Bdeoras R Es, B
PREZE VAP HAL 4 1 RI8 22 10 22 5 i 2k P<0.05,
FW AR RS R T PSB-K & 2 s 11 e
PR3 M AN K o
23 2ERFBEFFISH
231 EEANFSHEE

[lumina NovaSeq /745 R AN gut L R 43 Hrh
N2 3 Fon, Wikk PSB-K BERAHIRT HEE
E IR BTG, B5S NMDC60146130,
232 HERFBRER

i I KEGG 48 12 %) i i34 20 7R PSB-K 3t [H]
HAERLE R ER(E 7), £ 2030 25K
FE, B 218 SlhiE g, Hrh—ar 28R
W} 1% 12 (metabolic pathway) ¥ B 3] 3 [K 50 & i
2, R b ek PR R R R 2 AR i
BAHUEE. AFRM A (amino acid metabolism)
i A 262 AN FEH Bk Ak A Gl (carbohydrate
metabolism)if 3 172 ANFE[H | B R 7 g
H: Z L if (metabolism of cofactors and vitamins)
Mgt 152 MR
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Figure 6 Solubilizing phosphate concentration and pH in different carbon (A) and nitrogen sources (B)
culture medium. Different capital letters indicate significant difference (P<0.05).

*3 HEEERRBEERSIEGR
Table 3 Results of genome and composition coding
genes analysis

Item Result
Genome size (bp) 3 983 883
Scaffold number 56

Max length (bp) 427 547
Min length (bp) 1326
Sequence G+C (%) 38.92
Gene number 3 849
Gene total length (bp) 3458379
Gene average length (bp) 899

Gene length/Genome (%) 86.81

i 16 4 ) 5 B D) REAH SC I BE T N3k 4
N, IXEEELRRT o A ALER A . BEIRER A B
gtz 3 NH. Hdr, FEAPLRE
JiTE, WP PSB-K 5 1 4 fith A 2 0 A e
(glucose dehydrogenase, GDH) 8 IL A ged
1 gdh, DL K SE#ERY) GDH 4 N ——nk g ngs
kR (pyrroloquinoline quinone, PQQ)& % Jk A
f% pagA—E, X A A HLER I L& MBS E T IR 5K

JEAl . [R)IRBE TE PSB-K BLPR 2H iR g il T 52 Rk
IR IR AR (R 8A), Hirp A IR Y 56
SRPRATT QE] 8B B« A WE 415 S il oprB
FE DR (K03762) 4 fith i) 45 26 4 /e K AL A ) S AL
EA L AMNESE AR B m); RE, TEEEA
B 28 (ged, KOOTIT)HEALAET T, #
EMER A R AR . RS, — o
PR T 2- i 5 2 A R 18 )5 (ghr B, K00090) A
TR 2-F R AR 5 Dy — o0 A A W )
I 5 7 W IR 3 355 T (gntP, K 0085 1) 41 5 ity 5 Ji
Seas gE NN, I LE 1 2 B R UK (gntK,
K03299) i A Af T 74k wibi-o- iR, =
5 )G S b I iR sl iR SO s AR . o, Y
W TR TN 2 ) 2 T 2 R W08 TR R HE R e
TR, EAT T S B A B X R Ak, AT
I AR RS A S N K 5 4 e FH S (AN Ca™ . AP
M FS)EE G, e &R ViR Eh B
AT PERE . eAh, BERE PSB-K Y JE [N 41k 25
BT ZRHAMA VIR A RIS R R LN, W
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Figure 7 Analysis of major metabolic pathways in the strain PSB-K genome KEGG database.
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o XLEGYIRRAETA I IREE pH [ XfEdEXER s RG(pingit N, LIRS SRR TR K fif
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Table 4 Genes related to organic acid synthesis, phosphate transport, and siderophore synthesis and

transport
Function Gene name  Product name Gene code
Genes related to fumAB Fumarate hydratase PSB.K_ GMO001169
organic acid synthesis  fumC Fumarate hydratase PSB.K_GM001546
acnA Aconitate hydratase PSB.K GMO001116
acnB Aconitate hydratase PSB.K_GM002129
aceB Malate synthase PSB.K_GM000964
gdh UDPglucose 6-dehydrogenase PSB.K_GM002033
pagA Pyrroloquinoline quinone biosynthesis protein A PSB.K GMO003129
paqgB Pyrroloquinoline quinone biosynthesis protein B PSB.K_GMO003130
paqC Pyrroloquinoline-quinone synthase PSB.K_GMO003131
pagb Pyrroloquinoline quinone biosynthesis protein D PSB.K_GMO003132
pqgE PqqA peptide cyclase PSB.K_GMO003133
gcd Quinoprotein glucose dehydrogenase PSB.K_GMO001505
gltA Citrate synthase PSB.K _GMO003088
arokK Shikimate kinase PSB.K_GMO000677
Phosphate transport pstB Phosphate transport system ATP-binding protein PSB.K_GM000226
system-related genes  pstA Phosphate transport system permease protein PSB.K_GMO000227
pstC Phosphate transport system permease protein PSB.K_GM000228
pstS Phosphate transport system substrate-binding protein PSB.K_GM000229
phnA Protein PhnA PSB.K_GMO001825
pit Inorganic phosphate transporte PSB.K_GM001694
phnA Phosphonoacetate hydrolase PSB.K_GMO001825
phnW 2-aminoethylphosphonate-pyruvate transaminase PSB.K_GM002730
phnX Phosphonoacetaldehyde hydrolase PSB.K_GMO002731
Phosphorus deficiency phoR Phosphate regulon sensor histidine kinase PhoR PSB.K_GMO000490
responds to regulatory  phoB Phosphate regulon response regulator PhoB PSB.K_GMO000491
genes
Genes related to entA 2,3-dihydro-2,3-dihydroxybenzoate dehydrogenase PSB.K_GM003124
siderophore synthesis  entB Enterobactin synthase subunit B PSB.K_GMO003125
and transport entC Isochorismate synthase PSB.K_GMO000168
entD Nterobactin synthetase component D PSB.K_GMO000169
entE 2,3-dihydroxybenzoate——[aryl-carrier protein] ligase PSB.K_GMO000176
fur Ferric uptake regulator PSB.K_GMO001606
putA RHH-type transcriptional regulator PSB.K_GMO000911
bfr Bacterioferritin PSB.K_GMO000689
B XL RGEPE AR TRECR AR L@ AR &, DI 32 T T R 7E e PR 1) 2%
SR, fEREZ a0 R, WAk PSB-K M N IAEARE I RIS BE VIR MR . A, T

WL phoR/B XA RGEA SIS 28 TEM Bk PSB-K ZEIN AR IR 578 T HH A& S B 8k
BRI R N ARBES =, PRI RBE BIRG RS IBRSE, ZRSH entA-E, fur,
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PRI SR SE N ghr B 2-P G 2 1 R34 D L TN 5 ontP: 41 2] WA Z8 6 T 5 gt 4] 2 0 Rl g B

K; OM: #hMEE; PS: JEJEZs[El; IM: N,

Figure 8 The pentose phosphate pathway of PSB-K and the pathways for gluconic acid and 2-ketogluconate
production. A: The pentose phosphate pathway of PSB-K; B: The pathways for the production of gluconic
acid and 2-ketogluconate. oprB: Glucose/carbohydrate outer membrane porin gene; gcd: Quinoprotein
glucose dehydrogenase gene; ghrB: 2-ketogluconate reductase gene; gntP: Gluconate permease gene; gntK:
Gluconate kinase gene; OM: Outer membrane; PS: Periplasmic space; IM: Inner membrane.

putA. bfr ZF 5L FRRIVE T, SCRFEREAAR M A AL
5. BREARMAEAEAIG 58 T R R T
FIWAAREE 1, 6 T R I 4 52 i 2k 5 1 1) A0 B
YER, TR RARTEBE U A IR i 32
1
2.4 FREE PSB-K & 1A F M AIH
SYRERRERETFNER

3 3 7 ) H -5 PR (VEDB) F X 3B,
Pk PSB-K 4 258 MGTER B I AL . SR
M, XLEIER 5 VFDB B 1 o B s 5L 1A 1)
FESARIE R A% T 60%. HRHE KEGG Thfg%
PR RS, XSV AE 1 BE ) SE N 2 B AR v
TS5 WA A YA RS P
RS F A G . [FIEE X HATE A
W5 2 B Y 6 & AN Sh AP TR Hh 2R 2 5 R
F N ik 25 R EE g e R DR s g A T A
F(pmr A1 A R (pmrB)> . AdeRS ML
H 1)y % 45 (adeRS)*Y . BaeSR XU 7387 R4
(baeSR)**!, AMEEF 33-36 (Omp33-36)2°
W L RS T (1psC)>T1 | B 11 5 1% 22 IR VA 1 (ptke) 2!
DI FoH B 2 R UERE gigA/gigB!
A B IR FE R PSB-K H AR IN F

BeAh, LR 28T M I e T e 4h LT
LR 84 TG TAE G w5 71 HE 8 LG .
L, R4t vrAh Ak PSB-K f4c 4k, A
SERIE GB/T 41728—2022 fHAk:WyNE R B i 42
SVTAY 3 D P2 E— 255 B ik PSB-K 7%
SR, ZERANE 5 R, PRSI A,

PR PSB-K i A R Ak Py NE AL A= 7 FH R ol )
GAbnfE, IR P AR A 7 R
2.5 HFEKIBRIGLER

R R, WAk PSB-K AU AT 5558
MIfERERE T, I B S B R G GE I, AT
DIHEMI TR AR PSB-K BERFMERS VW RR 8 A 2,
Ak A FE AT WSO B4 PT Vs S BT , AT At
MY AK . AR ik, Ao im=g
IKIER ISR IY H bk PSB-K WHAT 9 4E K i Bk 5%
M, ZE9EN, A TXRYL, %0 PSB-K
TR SIS A1 X B 2 AR U TSR AT A A T
K (P<0.05) , 45 il 2 7E 7K 35 W TR VR BE
2.50x10" CFU/mL Hf, -3 b i FLak 31 i K AE
3.84 cm®, {HA [ GV B =2 ) G b 3k 22 S
(l 9A. 9B). TEAEBREEE J5 M, YRR
F 6.25%10° CFU/mL B}, =4l 1 1) o 5 g 25
JIN(P<0.05), 4B EE N 2.50x107 CFU/mL i,
fief T A 7, 1A F1) 0.14 g3 SR, 7 6.25%10° CFU/mL
WER, AP 5 X 4] 22 5 R0k B K
(F19C. 9D), TEMARKE HTH, WKKEKRT

#5 EH PSB-K ZLMIFMER
Table 5 Safety evaluation results of strain PSB-K

Experiment name Result
Acute oral toxicity test Safe
A broken skin irritation test Safe
Hemolysis test Safe

Acute intraperitoneal injection pathogenicity test Safe
Antimicrobial susceptibility test Safe

Acute eye irritation test Safe
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Figure 9 Growth promotion effect on oilseed rape seedlings under different bacterial concentrations. A, C
and E are the measured values of leaf area, plant fresh weight and total root length of oilseed rape,
respectively. B, D and F are the scanned images of leaves, plants and roots of three different treatments at the
concentration of the bacterial solution with the best growth-promoting effect, respectively. Different capital
letters indicate that the difference between the treatments with the same bacterial concentration reaches a

significant level of 0.05. Different lowercase letters indicate that the difference between different bacterial
concentrations under the same treatment reaches a significant level of 0.05.
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6.25x10° CFU/mL FYALERYY i A2 F T I3k 4)
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1.25x107 CFU/mL BHR £ S K K (& 9E . 9F);
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MM L TE i E MR SR E, FEE IR
WAL, ASRVALF R S gt /AL, Al
PR FIAR RS B R R Y 2B E AR T
FEfash, feix 3 WA ke b, & AfedE
B4 S A ) TR VR MR FE 43 331 R = 2.50%107 CFU/mL
(M ). 2.50x107 CFU/mL (8 bk 51)
1.25x10" CFU/mL (AR R K J&), HETF CK 55
BT 72.15%., 72.08%H1 197.81%,
3 Wik
3.1 EFEESIIEH PSB-K #EHEEE
paliopAl

FrFR L BB . RN IS 24 25 ) i Tk
A R R AT, I S ) X v P R AR
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WA AR E , 48 h J5 K W H ODeoo Fll pH Pk
FEr, AT TR WA >, 2 e
TR, X R, AT S R T
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Vi, RN AR A AR BT AR 55, [
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