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Phosphate-solubilizing bacteria: roles in phosphorus cycling
and ecological agriculture and application as potential
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Abstract: Agricultural soils generally have limited available phosphorus. Although the
application of phosphorus fertilizers can alleviate phosphorus deficiency in crops, it brings
environmental risks, thereby affecting agroecological stability. Microorganisms are integral
components of soil phosphorus cycling and play a crucial role in mediating the availability of
phosphorus to plants. Phosphate-solubilizing bacteria (PSB) can solubilize insoluble inorganic
and organic phosphorus in the soil, facilitating phosphorus uptake by plant roots and enhancing
crop resistance to biotic and abiotic stresses. Currently, the use of PSB as potential
biofertilizers has attracted considerable attention and demonstrated broad prospects for
sustainable agriculture. This article systematically elucidates the agroecological functions of
PSB and expounds the physiological and molecular mechanisms of PSB-mediated phosphorus
solubilization and plant growth-promoting effect with consideration to other factors such as
organic acids, hydrolases, siderophores, and ACC deaminases. Moreover, we analyzed the
impact of PSB on soil microbial communities and their interaction with root exudates,
highlighted the key points and challenges in the application and promotion of PSB biofertilizers,
and put forward the application of PSB biofertilizers as an effective measure to increase
phosphorus fertilizer use efficiency and crop yield. Finally, we proposed suggestions for future
research and application of PSB biofertilizers, aiming to promote the application of PSB
biofertilizers in ecological agriculture. The efforts aim to mitigate the dual challenges posed by
agricultural resources and the environment, meet future needs of global food security, and align
with the development trend of green ecological agriculture.

Keywords: phosphorus-solubilizing bacteria; phosphorus-solubilizing; growth promotion;
microbial interactions; root exudates
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[Ca3(PO,),]. WEERER(AIPO,) . WEMREK(FePO4)iX
3R A BERRER . AL, M E K (Zea mays)
PR v o s AL # PSB, Hinwk+a 80l
1.94-3.69"%, 5 g iR &G, H%Ed
RSN 30.6-36.3 mg/keg, REA R
AEDIARRE Y B DE IS AR TR A
MOk R ZVEREDL B A PSB R B, WNANEhHF



ThERERE | A 2E A, 2023, 63(12)

4505
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Acid substances, carbon substances, phenolic substances and other root exudates
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Mechanism of interactions between phosphate solubilizing bacteria and the rhizosphere soils.
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W IAA, BHLIEBIRE TP AR R, B
T3, AR AL, 8 3R o R Y
WA, WRBRAGE 73 W H TAA {4
ANMLRERAZ, HESRAR R T BB ENE, R
PRanes & & Rt E 2 mE Ry E . B,
A28 X5 T TAA Wi )i 19 53 - Lt s 17—
FERHEE . I AL, AR F Az Y A ) 5
1K RS F-box H[(TIR1/AFBs)SZ R F ik
T, IX A ELAE R 2 s A G R /| £ R
(Aux/TAA)5 SN2 1R R, AR R RO
K F (ARFs) & A= RO A il 0, A= & & i 5
ARF7 #ll ARF19 DL HLAUAE KR Z AR 29 Tk
T 43K FF 1 (Mycobacterium luteum) LS570 5 i
(A SEAR RO AR S R PY Sk, MR AR 4]
DL TAA 1R G IR 2R 8 AR 1 = AU PSB,
(] ENH A B 20— T B (e s 4 vl 2t 000 ) e A
77 TAA 1) PSB JAEEAEYIFR 0 6 R B AL
PIBIREY K PSB WY R AL FHFE R, & PSB
SRR AR B E HA
223 BaShEHE

ERBER FLEWR oz —, M2 H
(exopolysaccharide, EPS)HE | 4[4 78 A P AR
R 1A M TE BRI 5 BE 110N Bl g Ah 22 b A
IR B DR 27 fU A 19 (B, velezensis)zy 2k 2
YT B RE ST, JCIEAE T AR bR Y 4
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A, 40T I A (quorum sensing, QS)
WAV B RIE G R . RS A, 4N B A
PR FNRANE 500 7 5 im0 TR, 2
{5500 F U R 2 B 3K -0, A & A5
IO TR I R 2GR R R A MR Y R B
TITFR IR K B, EPS 2520 PSB VA BEAL
TR 2L AT (B, polymyxoides) GOL
0202 Y EPS j* it 5 B RR L G A R50% B2 IEAH DG
EPS I BEL 55 A P AT 1 DA 5
& EPS i pE R FEAE W RE B, AR WA
MLRRER AL — A~ KB PR EE, DA 4R /& B8 kX T
WA POV FR T, SCEIR K i 1), g
oKW, EPS S THEMAE Vi i sh 8 P
U B IR ER RS By I, DT AR AT
BEER TR A B (H BRI F EPS TERUE Wik
PE IR a7 8 0 A ok WL A 4 R, 5T EPS
L fe] 52 e Wl S A PG A L FE L = RS R i
A AT LUt — 255381 BPS ) BRAL 2= 25 44 F1 1)
REFEAL, B4 EPS 520 T By BERREL A P 72
PIHHBETR Af#AT EPS A 522 UI6E -
224 1-5EFHER-1-BERAE. skEE
. fii (ethylene, ET) M HETIR 1-Z IR N
€ -1- ¥& BR (1-aminocyclopropane-1-carboxylate,
ACOMNGEMAHY A K KT HRE, £ 5H
BRI 75 S A 005 A R A R e 08 i AN it P 2.0
I ACC MYTEBL T, BhRE B R AR b FAR B H )
S B S 52 B, DT AT B R 1 i A0SR0
SR, A ACC i 2 i nT LLRE ACC #5401 o
Fil TR AN, MINE O A&, $&m
THEHkBENRCR . B, o T EAR
B PRA AP SE Z AL RYERERY PSB, Pk
ACC U AR J P2 25 5 Am R TEAR
sp.. Burkholderia sp.fil Pseudomonas sp.% PSB
AF DL 77 A ACC I 22 Tt A 3% i o e o) T 1
PR VA A, G INAR IR , S I I S (Clcer

Bacillus
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arietinum) 4= K70 e A, YR LR P AR
W, &A ACC BLEE 4w 7> ACC L,

Wi IR I AP AR SRR R A KR & 320
AREECS ) Har, B LR ACC &Y
PSB AE AL T 4 B e T B A A 57

ACC [t 28 it 5% 1 S A= P Vs i s8R i BIL R P e
PiFP: (1) K ACC 4 o T 12 78 5 A MLER
MITERT, L (2) KA ACC I,

DL B XA T R, MR R TCHLRR, %
TS R A —Fh AT LA A =Mk
TR TP T . AR AR B 25 4R AT
(B. megaterium) YCR-R4 HA ZFMEA:hRE: ™
ACC i, FEmsmnrA kR, v kBl
B. megaterium #il Pseudomonas sp./” 2k (4% A
X ARAR B AR RN 25 BCsm A R E B8 T AR A
R YR AR T A R R A ME— A i
AR R AT 7 A A A A R 1o R R R A
T Fe* - A1, R bRt ik il . RIS,
M RIAE S HA S 8 cd* . Cu® M
G, BEESE YT,

ZE b, A ANE PSB NG 2 SR A P A
HHEOCR, bfddt, LRSS R T,
HEYER, REEY SRR, R E
HI X TF PSB-MR R BAENLEI B A IR, A4 —
el . (1) FFAERrE PSB #BEA LA . LB
TP IIRE, AR AR5 T 2% 8 HAT X 2 1)
MY PSB 5 HiAth PSB AH L, 772k 22 5 1 JE IR 2
fha, sZWRLe s i . JEFE ¥ (2) PSB 4
Sk HR IR BRI PS AE B, AS TR Sk YR 4 B R T - S
VEYI AR P 0 B 7 S AN ] 1Y) , AS [R) ) 5 B
AN A 1 B e ML R R TR, Rk e F
E FH 0T 5E 75 B8 TR bR I AR A AR PE s (3)
PR )8 B — A o L R, ZR RS
WSS, ARk M IE T B2 A I i 41
B S R LT Re R, RIEHE B AR e 5 T
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AREEHE— P PRIT I B4 b AR ) S FEA T S
225 W) Z A Gk , TR BE A Afr PSB AN IR
B A R AR RIAL .

3 PSB AL LIEMAMBELEN

3.1 BumWEYEE

Br AR ZhaedLE, #Fh PSB b REE = +
BERUE YIRS Z R, MU A Y = 1]
HIAHEAERT, P& A T RE I8 i A BILJ5R R4 i
RE IR Z DI REW: 1, e el 53R o i
4, 2% Fh H A ZF 14 7 (B. licheniformis)#il
Bacillus sp., £ fiZ8JEFT [ (Proteobacteria) .
P2 #F 4 (Aci dobacteria) Fil /it £k T (Actinobacteria)
B BESE N, - AR R R S B U
F= R b i gk R 1 1 B i TR (Aciditerrimonas
ferrireducens) . # & ZF 51 it [ (Gemmatimonas
aurantiaca) F1 1 g 8 1 I iE 5 B (Pyrinomonas
methylaliphatogenes)’®, ## B. japonicum 5038
M P. mucilaginosus 3016 %50 5-725 7
(Deltaproteobacteria) F1 2 5L il 771 (Gemmeati monadetes)
FRE, WIESBIR 5.47%H 1.72%5%, X EEI R
K5 BB e U a
5, s A HLUT R 8GR S O RERIY
Gemmatimonadetes H. 7 — 2 4| £ 4k 2 /K i il Fll
WA, B2 5AKmEEEmRLR,

MK TR MR FL TR (arbuscular mycorrhizal fungi,
AMP)JE A R — 28 22tk ™. e
115 K ZE bl bl Py R vy BB AR C R
I TE EA Y SR AE R B IR AR R A B A KA.
[FIEF, AMF 3 3o B 22 ) 45 K A AR R P HL AR
PRIFEE R, (RUEIR R IR L2, B,
KM AR IEE £ PSB 5 AMF 408 ke
TEYIWEE SR b A A o TERE R 1 1- 3%, PSB
RERS R AMF t22E K, (e pLesm L™,
PSB 7t AMF i 22 J&] I Ji i SR K i 2 5,

mFH PR L R AL AL R, 425 PSB XA MBI
R [, PSB WA Ak 0 IE W AR Rt
SR B AMF AL B 22 30 AR 3R, (2 F AR R
AR, AM BB 5 A A W A T K
Fa e 1 AR AR I AEAS [ A AR A I LT 2
LT 5 WO BIF SR IR, A A R o 40
FEMIF AM EEINE 28550 —R, BEEE
H TR AR (B AL 220 um)P®Y 25, TEAME £
FERERTTS . R IR(EAR 2-20 pm)45 6 U
KRR (H A2 20250 pm), TG 45E K
AR (E%>250 um), AM B 221k ER 4
PRI FNET AM 1 R i AN B 22 A1 RN,
O3 S MR = eSS IR R, IS B 2 AT Bl
TEARER R B 4 rp, R JE L 22 ™,
H i 3¢ F PSB 4% +- 58 R AR F 58 th O A i
B, {HJESCT PSB anfaf 45 + 38 A R ATE i i)
PUllA BEAADE5E, RS 58 E PSB AR
SN WE . A PR S ) A AE I R IR A BE ]

kW [# & (biological fixation of nitrogen,
BNF) R &I Z AR RE P AN EEm AN
2, T A R A e R, BRI S AR PR
e A Py [ R R DI ARG . T PSB i 2k
A5 A BB A SO R B - 5 I RS SRR
JE RN Z2REE , DTS2 A RO A= 0 ] Sy 40 o 1
FHBY . it , $£%h PSB 25 2E #0471 1% (Paenibacillus
sp.) AT DL 7843 2l - S FE VTR, S N AR EEAUA
UL IE R, BB R B g g [ R R Y, 2%
I, PSB 5 ICHLBENE — 2 fif FHPT AR =t
(Vigna radiata)f2 br i) A= P [ /e g, 38 5
R 0.04%3R 5 E] 0.09%52 U 4 i KL A
(NifH) BN E Ay 2 5 i) i1 60 A S S A 4 IR 7
oA R b [ R R AR S L Fh PSB I
RUE SRR AT DA S R A AR ) IR nifH 1
HIXFFEika, PE—UESE PSB X R A Y
TRzt
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3.2 mEMEYER

BrA = E RS, B IR A 2K
SR A R R T A AR A e A
Y, g . HIE . WS, e
WP ERF R YR, AP R .
ZERPRI AR, ORI AR R
JRAS, AT f& AR AR A Y DR R, R
PSB i 5w FrAE S AL AEY) . S ik Bk 2E
ST (AR AR P AE 3R 55 )W A EAE IE R
DA% G 0T T (A RN B 458 38 1) 4 B Bk S AL
Tl T TS A i e, R A SR VR 2 A
4N, PSB B Fk Bacillussp. SV101 GEA &4
YRR, EEEYE RS, TR
H e SR 45 AR, BIAITR PR B. megaterium
Y C4-R4 i 1 8 5 R R B 2T e R ANAR T 43 L,
R A G R A (B 2R R B ) , A5 BhAE
PRACAR 330 355 B2 0, R G ARAS Mk P (systemic
acquired resistance, SAR) fil if F & & $t 1k
(induced systemic resistance, ISR)/&1/5 PRy
PIRPE R, HoE S A I A T,
PSB 1Y% UL ¥k 11 Agrobacterium sp.. Bacillus
sp.fil Pseudomonas sp. 451 11 7= A= 7 4k | FE TR
TR SR S A 0 98 B30 TR 2244, 003 A s )t
A P 188 58 O SR AR B P R e LA AR
S PR/ BENAE Y, RTSEEEYE/N
Wb als S AR Z 8] A 52 i o #5221 48 1 RT B
AR R . 18 BRI A KRR SR LA E
I BE AR & A i AR BT SR W R A
Yy I A A Y AR T A SR SR SR A B v Lk
HREKREEMWMEM. Flan, #5528 HF #
(B. subtilis) ™ A= i # & W) A s il 7K 55 W
(Botrytis cinerea)ffl A4 R4 i< A & 7, #a
4RI A (B. simplex). B. subtilis, %8224
FFI# (B. valerate), HiA< i HLHaE (B. lichens)fl
DU ZFE T 7 (B. belessen)¥s: PSB, 2377 A il
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EN )N E =N R e 7/ TG 7SN 1) /N
FRRRK . REERFIE2A), I 5 EIT42F23 0]
Y, ARACHIEREE, MRk 32 2
PR S5 T o B P AE R L AR (HCN)
Vs TR TR R Ak 2 R 5 g S ok 1 38 v A A 0 9 I L
R CANR T TR . 220208 | TRAZ R 1) 7 A 4 i
PERPI2, SEAR, R R R A A W B iR —
HAELDRNEAAE, BRI T —Fi s
TE . AR, T LA - S D
Il XV E M

PSB 1M iAWy min i s i A3, 2
G 25 MR YA R A AR, M+
R A A E AL, TP AE RO D) fE
#. (BT PSB A & A LIBERHE (U434 HL
. KRN . TAA FIREIRS), H5HHEME
W 2 T A AR FEIR I AR AL IS RIS 2 . BB Bt
A & PSB-flUA W BAE (W5 A Bl e 3 1
JF RN B 42 20 B PSB iS5 T A L3R03
REAE I OC B8 U 2 BE DR CAn W IR Rk [ . 2R
H I R 250) 5w £ B Q20 24 20 #r PSB 5 33
REfd b 2Z E i AR A 22 5 O30 R sEks b+
BAER—NERNAESRS, WA, PSB fl L
B A = F LR, B TR)E i R E )
BrEARERXR, 24 kM= X F
“HE R T E R ARG,

4 PSBAEYREKRGONAL L™

BEE AT AR R ORAWIE I, 2458
ARFE T BRI = TR i, [HEREE A
o AN A AR B A R A i Bk
HWI(PSB), BESE VRPN SR B AR T
YERPEY LR PERE, DD BIRADKIRTS L, 5
BURR 3 SRR IR, FA T B L R
TERT RO R AR AP B, A4
PO A IEFE B AR Rk
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RS AE YR A o0 EAR R IT Y, Bk
Py NE R E R A T IE A P = i e R (A 70%
VALY BTG R By Al o AR P IR
AR e LB, 3 1 AT, PSB A
HEBHEFEZREY) AR5 . SRHME A
U E) TR, R T R
BARUR . B BSR4 11,
BTG EBUEAVFZEYIERL, HETN]

#1 PSBEYIRERELESRKRIFHEA
Table 1

PR B RN T DR A P BT S . ERG T S 2
HI, AR 2000 2 DA Je e a5 i (1) K
A AP AR . (2) RRE TR . AR
(3) FAZW . WERFE . (4) &AL,
filfFE PSB AW NERHE — AN fE, s
BRI PSB AR . AL R AR AR K AR

FREM:
Wl el T . AT

6 1IF A R S PR AR

Application of phosphate-solubilizing bacteria biofertilizers in modern agriculture

eI M2
Tl A A 5= | s A Ao

Crop Strain Stress Effect References
Cereal crop  Triticumaestivum  Pseudomonas Salt stress Increase soil available phosphorus [98]
helmanticensis content, promote above-ground
phosphorus absorption, and increase
grain yield (increase by 17%)
Zea mays Alcaligenes sp. None Increase plant biomass and promote  [99]
the absorption of nitrogen and
phosphorus
Hordeum vulgare Erwinia sp., None Promote the growth of crops, [100]
Flavobacterium increase the content of phenols,
articularis, flavonoids and soluble sugars, and
Pseudomonas increase the ability of nitrogen
fixation
Oryza sativa Bacillus licheniformis, None Improve the activity of antioxidant ~ [101]
Pantoea dispersa, enzymes and chlorophyll content,
Staphylococcus sp. increase yield and reduce the use of
chemical fertilizer
Leguminous  Glycine max Agrobacterium sp. Salt stress Stimulate the growth of common [102]
crop legumes and help improve plant
nitrogen and phosphorus nutrition
Cash crop Gossypium sp. Bacillus subtilis subsp., Drought  Promote seed germination and [103]
Bacillus halotolerans,  stress increase yield
Bacillus pumilus
Solanum Bacillus cereus Biological Increase the height, stem width, total [25]
lycopersicum stress chlorophyll content and reduce the
severity of canker disease of tomato
Brassica napus Bacillus sp., Serratia None Promote rapeseed growth, improve [104]
sp., Arthrobacter sp., rapeseed production
Pantoea sp.
Helianthus annuus  Bacillus cereus Lead Improve plant lead repair ability, [105]
stress relieve heavy metal stress
Capsicum annuum  Pseudomonas None Increase soil available phosphorus [106]
aeruginosa content, improve plant nutrient

absorption
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Pl R U R A T R, i
1k PSB AW NEEHE 8 1 25 IR, IREE St
[ B R, AR L5 LA B 2 TR PR ik
A PR LN R o B R A R R
I R G DGR o A& R RE DG B Y 2%
PR B ANt SR L A= W ¢ 45 ) T LASE = B R 7R
- SRR I E B ROR , A TR R
& e it AR,

PSB AW RHA B FIRAR AR, £
BHEA RS, K. msKEER A Y
B WA A ) NE L R % B v T AR A AR T N Oy
BhE, RIS A A ROR Y BRTR
PR32 o) AT LU Ik 1] 60 2k A A7, (BUEY 5
Z R A Y a Rt BRI AR L HUK
e, Bl R AR S O R S5 1 2 T BOR AR 157 o i 4
I 0 /8 3 A 2 B R T R S o 7 ) ol
FAAGC R A A 4 AR 2 T e AL A HL
FoAR S, AR, ORI, WIIR MR R AR
AU MR TR, K AR AR
AT DER A D PR BT 0T, DR 4P 4 TR 4t i 5 52
B RE L IREL S A MR SR, RS BRI
FAHR, R0 T i 700 75 22 P K Ak R 20 B TR TR
AREB R T, 1B AN A e L1 B P

WA, WA RS A Y E B A e
RIS E o AHEETF BRIk, A2
TR PR P DA SR TR PR 0 e B AL, WA
Py Be Ak o 34y i ) 7 R, AT AR AR B R A £ A= 3%
Rz g sias! Y K % AMF FHLF PSB
(Can 22 K5 FF 58 ) B 25 P R BE S B R RRAR R L
W2 AR, PR A O WO R
R AR 4 g 1 A T R PR AN ] 1 T
MAYI(an PSB. BIAME . AM EEADES 4l
PS5 ) Z B A] LAHEAE AT, 20 WA [6] i A )
BT, SN A B A Y T RERE VR, AT 4 i A
PR Y RE BRI R A4S AR AR RCR M, BT
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A 2 E Y RESL, PSB S HLAE R
SEE AL BN N e — P B AR 2
WERE TR M WA 28R L Wl AR E G - [R] e
S SRR

5 Hh5R%

AKX RGWRT PSB A tE 2 Th ik
(Wl . AR AR NI DA S e T RE A ML, 38
T PSB M A EAER R R WY o2
BESF), MR T PSB Rl AR 1 % R 5 Ak
A, IR T W PSB A AR RN T 4R
MWL EENE, AN, ASGASRIE T PSB
LA WA R A AT S AT AILER |« B Ah b
T 2, PR 55 ) A0 A A SR A O T A W A VR B R
ZREE , BIMR 3 O B A s B (An L R RN )
Ak e [RIE, SRR R P
A R AL AR AR, DR I B A
SO AR AR WG IA , SRiMT, T
WEER 5 24 A1 PSB A B0 R B, PSB IR
AR I g 28k . Bk, Rk HFIE L
AN FE A B 1 AR, DAMEHE PSB A AE
BHEAR RGERHE) N

(1) B PSB ik k. HuT, Eid
AP 0 i U 2 a0 A S O B 3 T L PSB T
P, HHH a) it PSR R FRAR . RORFE G PSB
Iy 27 T T Y 5 e EFN PSB IR Wi RE I 7E I
(1) 125 ] b XA A 3R A5, (EE PSB 5
PR, MAEME KR

(2) TRAWESE PSB AEMIHLE . HHr PSB fiff
R ERERER - PEIE L, KRNV iZis
A Z A5 AR AL . $5RA5) R G o
PSB 7EARPRARIREIA N Y sS4 1L, 43#HT PSB
SR . SRR Z B AEAS R E 5 By
BOWAE SRR . RIS, FFH 40 A P HR oy
Bt PSB 114 A& 3 g AL i 02— Fh oA 3806848
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W, BTN U E PR T (AR e I T R
i B R (g K A RE) LA e HL DR 500 A 7
R, AN PRI A R fa B i T2, 78
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