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for primary production of terrestrial ecosystems. Increasing global food demand and modern
agricultural consumption of phosphate fertilizers have led to excessive inputs of phosphate to
intensively managed fields, causing increased soil phosphate loss and continued eutrophication
of surface waters. Phosphate solubilizing microorganisms (PSMs) are considered as
eco-friendly manure that can enhance agricultural productivity and play an important role in
improving soil fertility. It is crucial to increase the availability of soil phosphorus that
comprehensively and in-depth comprehend the function of PSMs and their role in soil
biochemical transformation of phosphorus. This paper systematically reviewed species and
distribution diversity of PSMs, functional genes mainly involved in microbial phosphorus
cycling process, processes of PSMs involving in soil phosphorus biogeochemical cycling, and
the reaction mechanism behind these processes, to better understand the ability of PSMs and
make full of them in the future.
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phosphorus dissolution mechanism
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Figure 1

Schematic diagram of soil phosphorus cycle. I: Inputs, green squares; P: Phosphorus, blue squares;

L: Losses, purple squares; Red arrow: Biochemical transformation of soil phosphorus; Yellow arrow:

Transformation of soil phosphorus form by PSMs.
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AR o AT MU IR E A DLBR IR ER . MK
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Table 1

W f A T AL ML, X SE AL G RR I | MR
B (LB SWERR ) . C-P S YA | A% RR DT,
e B T il A TR il A DL

TR T30 0 R W R PR T . BR R IR
FWEF T & B AR EF el P-N B0 EEeY, = 2hm i
e e Tl T I R T 7K e A 0 itk R A A LB
X 32 R UE T A Y A A, T
LR B 0 TG P s 2 o8 T At X 3 - 300 T
FOGUESE, BERMN KA E PSMs M6 HLuk
W4k Ry A o] ) IR B R R A G s N Z ),
TR it 7K ffe 1% M 52 S FR AR BT . TR AR EAE
FH LA D B PR 00 1] 00 R 70 1 5 g 0
WML AR B A pH BUASIR],  J IR 1ol 1R
FGRE IR, B B IR K 7 I 2 90%
AT BILRAE , (e B A A 4 T R R K00, 4
M Bacillus licheniformis MTCC 2312 Hr4fifk A9
BB 8 TR il e e 28] - 4 epy T ROKAR AN ZErh
R S Ry IR 2.35 Fi5 A 1.76 £51°1, SR
ol - 5 0 2 R T 0 1 (47.86 EUNAHLE , #E 1
e rp L[] 2R PSF Talaromyces helicus L7B Al
MK R EL I Rhizophagus irregularis Ji i) + 1%
i Bl B it 76 7 7T g ik 459.38 EU, JELIAI AT i
55 DA TR AR TR A A DL R LA AR A
B SO [ P o= ) 7ot 27 13 s N DB LR e |

Major microbial phosphorus cycle genes and functional enzymes

Functional groups and protein ~ Gene Primer name

Forward (5'—3") References

Organic P mineralization

B-propeller phytase bpp BPP-F/BPP-R GACGCAGCCGAYGAYCCNGCNITNTGG [46]
CAGGSCGCANRTCIACRTTRTT

Ruminal cysteine phytase cphy Cphy-F/Cphy-R GTGGACCTRCGRMARGARWCICA [47]
GTCCGACCATTGCCTGCYTCRCARTGR
AMRTGIADCCA

Phosphonate transport system  phnK PhnK-F/PhnK-R CATCGTCGGCGAATCCGG [48]

ATP-binding protein TGCTGCATGCCGCCGGAAAA

D alkaline phosphatase D phoD ALPS-F730/ALPS-R1101 CAGTGGGACGACCACGAGGT [49]
GAGGCCGATCGGCATGTCG

(F525)
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Functional groups and protein ~ Gene Primer name Forward (5'—3") References
Alkaline phosphatase/Pho phoX phoX2-F/phoX2-R GARGAGAACWTCCACGGYTA [50]
regulon GATCTCGATGATRTGRCCRAAG
Molecular class C phosphatase 0olpA CMEC1/CMEC2 TCTGCTCAAAAAGCAGATCAC [51]
TTATTGATTAATATTTTGAG
Inorganic P solubilization
Quinoprotein glucose gcd Ged-F/Ged-R ATCGCGTTCGGGCCGGACG [48]
dehydrogenase ATSAGRTTSAGCTCGTCCCA
Ged GACCTGTGGGACATGGACGT [52]
GTCCTTGCCGGTGTAGSTCATC
AACACAGCGAAGTCGAACA [53]
TGGATCGGGATGACGTAGA
Pyrroloquinoline-quinone paaC PqqC-F/PqqC-R AACCGCTTCTACTACCAG [54]
synthase GCGAACAGCTCGGTCAG
PqqC ATTACCCTGCAGCACTACAC [53]
CCAGAGGATATCCAGCTTGAAC
GYGTSCGBTTYGCVGTBGA [53]
TARTGYTGSGGCCARCTGT
Pyrroloquinoline quinone paq PqqA2 ACTACGAAGAACGCCCCAAG [37]
oxidase ATTGTCGCCATCATGTGGGT
Pqq5 ATGCTGAAGGAAGTCGACGG [37]
GATCCATCCGGAACAACGGT
PqqF2 GTGTTGTTCGGCGTCCAATC [37]
GGCCATTTTTAGCTGGGTGC
PqgBCD TTCAAGATGCTCAGCCACTG [55]
CGATCTTGTCGATGTTGTGC
PqgAB TGTGGACCAAACCTGCATACACTG [55]
GATGCTCATGCCATCGAA
PqqA peptide cyclase paqE PqqE TCCGTGGCTATGAGTGGA [53]
CATCACCGGTCAGCATGAA
F317/R1019 TTYTAYACCAACCTGATCACSTC [53]
TBAGCATRAASGCCTGRCG
Pyrroloquinoline quinone pgoA PqqA ATGTGGACCAAACCTGCATAC [53]
biosynthesis protein A GCGGTTAGCGAAGTACATGGT
Pyrroloquinoline quinone pggB PqqB ACAACACCAACCCGATTCTC [53]
biosynthesis protein B TACAACTCGATGCTCATGCC
Pyrroloquinoline quinone pagb PqqD GACGTGGCAGCGATCAT [53]
biosynthesis protein GGCCACCTCCATGAACTG
Pyrroloquinoline quinone paqgF PqqF ACACACTTGGCCACACAA [53]
biosynthesis protein CAAACATAGCCAAGCGGAAC
Pyrroloquinoline quinone pgaG PqqG AAGCAGAGGCGCATTTCTAT [53]
GTTGATGGTTGATCACGTTGC
Exopolyphosphatase [6]04 Ppx-F/Ppx-R TGCATCTGGCGGACGGCCT [48]
AGATCCGCCGCCAATATCA
Inorganic P biosynthesis
polyphosphate kinase ppk Ppk-F/Ppk-R GACCCGAABGTRCTBGCSAT [49]
TTATAATTNCCSGTNCCNA
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B T2 50% EAMRIE A AAAE T REY R Y
BRI R T 3= %A phoA. phoD F1 phoX iX 3 i,
EATHRAS A A FE R ZmAgt ., Zefs e rp o4y B ot
SerE T HAMBE MK MREEREN, U0 Passariello 0
FLRERIE TR AT Y olpA A (R 1),
Iedars T HIhEE S FtE .

A TR T 3 e T JUL T 7 WO TR o TR B T
B KA, R UL R 18R A AL PR I . A
MR appA B phyA BLK gt , 67157 A 14
FRIAE AR 6 RO - SR R A TS Y Ok
DRI, S0 A TR I /K A A R 1Y) g
JIE T HWIAR , N 2E Hh 2 (A terrus A A. rugulus)
VR PR R R T e 1 T R SRR Y R
PRI T pH {HAE 2.5-8.0 Z 0], 1 HiG MR
pH (BRI R, R TR AR A e P
9 =, PRI ORTR I 32 28 5 T A PR it A
APLBET A RN . JEiE, K2 30%-48%
P AT 3% 5 - R W3 3k 7 A A TR ke A FH A
W2 11 X A R T ) P K T k- Pseudomonas
corrugata SP77 #l Serratia liquefaciens LR88
VEATHESY, 45 S 3% B — 38 B IR T 33 1 20 301 ol
23.02 U/mL F1 24.84 U/mL, ¥ &840 H4E
B3] 714.96 mg/L Fl 306.74 mg/LIY %5 EL
Aspergillus niger 2[5 & ¥ 48 h Ji5 b/ i K Y
LR R P FIBERR G 14, 235010 133 mmol/min
1170 mmol/min, I fif i & B 7 15 835 mg/LI%,
A5 A 2 0 B P B R LR R P B DR R AT
Ry~ AL IRRE , IR PR R R HE— A iR,
PR i 1 Z AR VAP TE T R ZHOR AT B 35 19 T35
A, B RAR D . AN B
f i, A VE 2T LA R AR 1R rh R
FCTEHLBEERER , 7T LA SR L I Ik 1 B 707
S A LB L
4.2 PSMs &5 il B4B8 2L iR 7

W 2 Fros , PSMs 38 2o 43 WA R ik B A1 1 3

pH {ERI&FAHLERM H, BB LB
b T s M SRR R T Y JEHLEE AV A
25 PSMs /N A LRI 70 WA %, PSMs
FEAE R ML AL M R . TR . WAL A
Wi . FLER . SERR . PR, PSMs
FPASTR], Hy=ERA bR | AR A, B
VA RE AR —FF

PSMs 43 Wb 14 ML RE (2 2F S0 1 1 o
Vs f (L RS R IR S NS I 4 55), TR RE S Fe¥r,
Ca’', Mg\ A T8 S, WANREF
5 T HUBEAE 1 vh 55 4 (B H2 ) P 5 4 U HY
S S )R T A R A7 ), Rl R AR B T . PSF
WAL PSB £ 10 A9 HLER, (AR
BRSEFR BT Y pH FEAR 1-2 N, RILH
SR ) TCHLBR S M RE ) o TCHLEEA Y AE SR ER P
AT ILT A LASE 2R, R4 Cas(PO,),
VA MR A AE pH 2.5-4.0 FOTLIHIN, FePO, V&
i 2 HEAE pH 2.0-2.5 BITE RN P, XL ks 1
—ICRIR(CTE . WIR . FLRR AN FME R ) Y JCAL
TS R AR T LA R VR TR B R ) R R N
TRIRCERR . SERER AR ) R R 7O

HAb AV W BB e +h 8 7,
PSMs MR R Ak 7= 4 H,S 1 HoCOs Z R W IR,
¥ PO # 4L AL HPO,> #l H,PO, , M dEICHLEE
Mg £R Vs s L3P I BRFT TR (Thiobacillus) i i)
FEH ) HoS 55 Fe-P ALG 4 U A i FeSO4, M
B B AR AR U, Hhgk PSMs HATE
NH, fFAER A REVS i OALBE R SR, s e i i
J& (Pseudomonas sp.) 1 & %% J& (Penicillium sp.)
PlBf NH, TR AL B H A s # b, BB B8 K
AR SR, NHy TREE R R, FIH
ATP E4eht =y RE R, R R B 1%
ik pH, A TBEMEET, 15 pH S
KA —EANE, (B pH T A R
WS W R B A Y
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WA AL 1% PSMs 43 W4
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Enzymolysis
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Phophatases,
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Figure 2 Phosphorus dissolution mechanism of PSMs. Blue squares: PSMs and cyanobacteria secretions
that promote the dissolution of inorganic phosphorus; Purple squares: PSMs secretions that promote organic

phosphorus mineralization.

PSMs ;4= i Jifd ¥ £ Bl (exopolysaccharides,
EPS)REf s BEVE ] . EPS & 2 ffiek b
GYHRM T FREEERGY, PR
PSB {7 CHLBE Y — N H R K, EPS i
A FplE B R TP S 5 O WL i 1 A HLIR B
H AR, 0 Z 1B M CHLEE B 4 B
PSMs TE JCHLI I ol B2 o A2 AR, dnis K
# %% @ (Penicillium aurantiogriseum) f] L4 1% 1
Ca”™", MR OB R AR DAV i B R A5 R ) . PSB
PSA FliE 2k T LAA B A (U0 cachelators
alchelators #il fechelators), i \ JTCHLEEH ™4 H
R R (B 2)o HR TR ) = 22 NP E R
JKATHI Ca. Al Fe Wifgth, G515 Ca. Al

Fe B A AY, NIRRT H 4 J8 45 A 1)
4.3 PSMs {2 18 49 4R PR IR 55 %t 8% A% IR 4
4.3.1 PSMs ZIEMIRAAE

PSMs F| F Z R iIL i 5% ma AR R & B i
W, A 7 A R A A R R (B R 3 3 R
PRI o3 F BRI o 2 E PR N R 50 MR
54 K K (auxin, IAA), 7% R (abscisic acid,
ABA). #0143 2L & (cytokinin, CTK) M7 E &
(gibberellin, GA)35, Hrh IAA e YA K
(SR I 2 — , AR AE A AR P 0T 5% A
ZWYI iz —. PSMs i MY fE TAA 3
WA AR IR R R T, DI 547 b IR i
3574 . Sharma ZEUFGT R, (2O A
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MRS S T Bt A PRI BT 22 0 I R A AR
HE, T T 380 W EE ) . IRk ™42 TAA
1Y PSB (Pseudomonas sp. MS16 #l1 Enterobacter
sp. MS32) il 1T /NEMAAELR, [RIIHE n T /1
4 %t L ek (U, Elhaissoufi 25T
KL, 774 IAA B PSB Hifk(Pseudomonas sp.)
AL S/NER R (R R AR ARKRE | ARR
TR AR TR SR ) 7E 3 AR A K BB 284k, A
BRI PSB 5| & YR R A& A m] LA Bl
TV ARBUCE 210 13wk . tAh, PSMs BYHERI
A LURSAR R P A2 B 21 TAA, Kudoyarova 255
KIR, VABE TR (P. illinoisensis)fit i T /N A N
IAA BY5 BT E— 20 FBOR 28 AR R 1A A
RWERBRE S G, DTSR 2538 0 T A R Y 2R
Priw, X—id B SRR A 5740 1AA JF
K. PSMs & LA SRR A4 TAA IR
RERFIRMETHFZME, SR Dahmani 25
AP, VwiER(Bacillus megaterium RmBm31)
AR TAA, (Rt = A L e & s
T YRR AERSCERR A Y & 80
DI BACTE), 150 W1 3 A i e TR AR (L i F AR R A
KAHLH AT REAIK AT TAA . LAk, ZEERAEEE
MR BB, RS AR AT RWS
P TR . DL BB PSMs AT 3E 1L 5 e
TP R & B A e i, H L AARVE
LK SRR A S AEOC, [FIEE PSMs & 75 XHE )
HE R A K7 AR TE [ 52 ) ] BE 5 B8 k5 R vk ] 1Y)
VERIRE A G, BRI LHI T 2 — 249 .
43.2 IRERHEMEE

HEPR PSMs Bl IA by i A AR 5l B A2 I AR
REME EFEAE AR 22, RIS IR PR 38 E iR R
S AR ML ELH# (arbuscular mycorrhizal
fungi, AMF)REUZS 70%—80% 1 bt A= A W TE 1,
HAECR, WHHHEDRIL N, P SFEFITER,
R AR5 AMF StA: JE A 9 3Rk BUs i A ok ms ™4,

AMF 7E12 AP 3R K )2 40 B )5 38 2 AU 4y
RIS AR 1 TR 22 G5 R FRAE AR, 2
B STV RS E G BT, HYIRE
% 1) FH AT 22 AR B - 8 v B RS R e, O
TG Z 2% FIMR P R S5 Al R )

FEGRBE 2T, S T 3 s A A X B () WAL
AMF il AL R 225 26 PSMs, i PSMs {2
HERG S, PSMs W42 AMF Fiv ik = i) i iR it
FLREO [ I AMF Fi PSMs A DL AH B 4 G f
PRSI 2 H (K 3). AMF S Y RO
SRIEICANKE . RERE: . EIEIR) RENS AR PR
PSMs A, #F— D4 E A MBS (LR, AT
AMF FIAE 9 W Omle = A AU s i 7 A 9 &
M AMF 40 B3I 3 T PSB (Rahnella
aquatilis) H i i il 55 [N 0 ek, (A HLBE VK B
FEAIR T 120 pmol/L, 1 H R Z2550E 1k i ToAL a5 4k
AMF T8 2 W™ iR A 198 & R A 4570 AMF
M PSMs AMUREHGE HHENE 7, 068 &4 m
VEP =8, 5a A, AMF 5 PSB
PR R TR Mg SR s T E b 15%7,

HAT, % 3 R 4L 24 F g 358 00 ¥ 76 B8
LA SRS R BT MOk A 1A TR RE 1 R
- BRGNS ST B E D BETE , Xt K] AMF
DA 51 R AEM PR PSMs, K55 W E 55 W 5
AMF W2 R FI Y, - s vt 1 b
BRI P, PR E, R RO TR 22 AR Y
B o Al A R Y EL ) R & AT L GR B
100%°Y, HZEREZH5ZMT AMF 5 PSMs
EL A T A B R AT ) 55

5 B¥

PSMs 2145 L 30 4 A W BR AL~ D 1 5 F:
T Bt e E BRERRER e L, A — PR A
b T B AR S AR LT E] T )2 kAl . PSMs
TE - e 1) A= Wy s ER AL A P e e v A4 T 5
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Figure 3

Interaction diagram of AMF and PSMs. Module A represents that rhizosphere PSMs directly

promote phosphorus uptake by plants. Module B represents the interaction between AMF and PSMs to

improve phosphorus uptake in plants.
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128 A WA RO 23 A RRAE . T3 1 2
A= ARV T I A A T AR A RURS: $ it B 22 B i 1k
. PCR, EHPA My T THEEA, Af
DA e SR 1 1l 1 s i 5 DR O o L R )
AERKRETT, AR TR . B ERR L
AR . ASEH T TAERE R R, BT
Box-Behnken M Ji/ 1A1 7 i 2 80 E 7 AR I B 1
b, SRR RO TRl IR B T AR W R B
EPRERY 10.7 f50A F, T X =K A - g R
OYAT W SRR Y SRR R R T
AR T PN (S I S AEY Bk B =
WK PEAGAE X)), 3 6 T A SN TF & i A P e
B AE B SRR By R TR AR YR .
Hb, B IFFER IGE R 5 TR A it A R T
AR aE LY, Rawat PTG 5T R
Pseudomonas palleroniana N26 #1 Pseudomonas
jesenii MP1 ixX 2 Fi Ty B i #f L [m] 42 I8 25 41
JEWE G A, T H AT gPCR Fil DGGE Hijk
BOR B 7S HMR RN S BVEHEA Fe AN, [RIBEA
o - F A X R .

ASCHEET PSMs X - B ER 11 5T 5T
IR RE , FHE5 S AP XS PSMs I ARG
FERCRMUAZER , WX AMTHEIRA AR PSMs
1E LSRR IRAT BT i By, ek A PSMs
FERDTEHESD AR Y 7 v 1 1) FH A 45 B8 R T
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