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Functional Diversity of Phosphate-Solubilizing Microbes
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(Received November 5, 2020)

This review summarizes the functional diversity of phosphate-solubilizing microbes (i.e. bacteria and fungi
associated with the solubilization of phosphorus compounds) in soil. Dynamics of major compounds of inorganic and
organic phorphorus in soil are briefly documented, and importance of soil microbes as a pool and in the transformation
of phosphorus is introduced. Microbes are functionally diverse in terms of their ability to solubilize inorganic and organic
phosphorus, with previous studies identifying 50 genera of Ascomycota, Basidiomycota, and Mucoromycota as
phosphate-solubilizing fungi. Recent studies on the metabarcoding of phosphate-solubilizing bacteria possessing genes
encoding phosphatases that hydrolyze organic phosphorus compounds are reviewed, and future research directions
regarding phosphatase-producing fungi are discussed.
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1. [FLE®IC bacteria, PSB) | LMY B X OHERED O AIR
Y > (phosphorus, P) [ZAEATEENIMIADILH Th b &, AR ORISR, 8 XL ORI bicBbh 58
D, ERRROINEHED D D TEREY & LT RAIZOWT O ZE & 7=, Whitelaw?(, U
BRLTWD. M, RIS T A o & I VfiREE (phosphate-solubilizing fungi, PSF) (2 & %
UV OIEEREHEZ D HENZA L TR, [kt BV o ks, HEWAER OREDFICBIT D408
RBRD Y AERICBWTARAIROEEIZH S . U~ ZERCRZHEA LTz, R NE, TR OfFEpE L
VAfi#A  (phosphate-solubilizing microbes, PSM) 1Ll EWEER Z OV TRREHGESFIZ £ & D7z, E 512, Jones
FEEBEBICE L, HHERITHAET D REMEOER and Oburger/%, PSM 23F[H9 2% U AbEH, Voo
UG Y AL, AV MY AR A AN = A 5, BEUREICHT 5 PSM OF B
LA DR TEH S, PSM I ERBTFDOHI DT BT DAL A MRS E L O TN D.

(T THLERETHDLID, TOLEEME & FEEEICRE ARG T, PSM OREREM 72 AR DU T D JepE
T O <AThivTE 7. #IxIE, Rodriguez RRMAZE L DD L LI, B FRNTFIFELY
and Fraga"l%, U U IAfRHIE (phosphate-solubilizing W B OB AT 5. 2 2 Cldbknery
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2RI Z THOMEEIRE, 3 2bbiEOA T 58 &
OEAERCBT D IWEDOSERME) LEFRT S, T
B oY VEIRE EEM O B X2 oW T O
BN LE=0L, WY LAY v oRE iz
D DM OFSRER Z R B3 A WF9E /I & 583
L. kI, AR o OEVICEAD R AR AT 7
2 —Bxa— N OEEE T 2xR e Licholio
ZARVERRTRIZ OV TN T 5.

2. XEBIZHITBH) ODOENE

W, AU CEEREY 0 (POs-P, LAFTITH
WALV RY Ul 15) 2V UPRE U TR BRI
L, FI4% (Fig.1). A0 b U UERIZANL R U UBR
A A (orthophosphoric ion, POs#) & L CTIF(EL,
THOKHF T pH IZJS U TY v EKFEA A (HPOS)
RV U TKFEA A (HPOs) DT/ D, 72721
TEEZBITS 2 h%@ﬂ%ﬁ%ﬁ)/&@@f
0.01~1 mg/L LAF & —ficffu . HEEHiziTA4 L b
UVEBBUAMC S SESE AR v - Y Cofk
BMBFEEL TODD (Fig. 1), TDIEE A EDEER
PETHD. 2O OERMED U ALEE, AL Y
VERICEB SN TIX O T, EHSFIHREE 72 .
TEOKIZE EN DAL N Y ORI AREMEICE
B LR E LT, BN X DV R—IL R
WP D U > b ERE
L OHASERIC L 2WAE—MiAE (sorption-desorption),
BRI ) o DEERERE— A RERB A T b L ML —
A#t. (mineralization-immobilization) @ 3 2D’ 1
TARFETHND Y. BRI R A L
THZDO—FLMEMIZRIN S 723, OB
ZIns 3 07 eRRZLYEESZY DR
WL T B0 THD Y. PSMIZZind 3o
DT ZAOTXTURS b Ty, HEtEo
U waabd 52 L ChERoA L MY UiROF]
RTINS 513720 25 (Fig. 1).

- By

(dissolution-precipitation) ,

3. TIEDDEBE) L - FRY EED
MR Y 3R THROR Y AT HEIG1E 35~
70% TH5HY. U Wiy ‘7 I (calcmm-phosphate,
Ca-P) (IARELIS LONEEICE L S 7188 C, pH

KB = -

(38)
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HMEDNS T T3 U PED ST T TR e R )
Y ThDH. K, L0 EYLOMEA TS TR LT
%, VU F&Ek (Fe-phosphate, Fe-P) X0V L g7 /L3
=1 2 (Al-phosphate, Al-P), $k°7 /L3 =7 ADfE
1t# (oxide) 3L UVKEE(EA (hydroxide) (ZA /L b
U UBEBFEE TRV LRI SN AbEmnFE L e %,
Ca-P [ZFEVESRAE T CRIEMEANE T 729, PSMIZ LD
JRFTHIZRIRMEAIE Ca-P 2 P b S, AV B U
DR ZRS. —J7, BT, #7102
UN 0)@'&“1!:%% K OUKERIE N U o ORI ATREMEIZ K

<FEYT D, Y ORI ATRENENE, pHIZKL Y

_/5%/33 IND Y U EEFUHMOEIREEL, W&
—WiAE N R DRSS, D 2 DO rE AT
5.

AR CIFREHEICEENDEY D 30~65%
020, ARE O THETIE 90%LL EIZET 2 9.
FEMEWIE, /¥ b= U E (inositol
phosphates), U > AEE (phospholipid), %% (nucleic
acid) R ETHD. 2 THA /v M= VR
B D 80%LL LA D L FEMEEMTHS.
AT =Y BRI, A/ h—E Y R

(inositol monophosphate) 7251 / ¥ h—/L~FH %
A Y W (inositol hexakisphoshpate) F£ T, U T
J AT VNS EZEITDR o T AR BRI
ET5. ZNODLEMITREERE <, LIXLITE
BIREIR DD, HDHVNEIE T EONRE & A
DEAEREIRT D, A /> h— V) VEROREMSE
TV UBEOKEBE L TERY, mKOTRATIUE
EHE R CRMICEZ . EERTH o & bR
RSLIRBEMERIY, IAA 2 =T XY
/% (myo-inositol hexakisphosphate) T, 7 1 F &

(phyticacid) &b KiFND. AR 772 —E7RED
U CEREEERIC LD, AR UEREKEEEEE D
ALEMNTIK RSN D 7 vt 2 2 Jig & KO,
T, D AMAEMIIRICER D AN THEY

A S D T R 2 RENE E X5

4. TIEMEME) UEIEE
HIEWAEYIIHECB TS 07— E LT,
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Fig. 1. Schematic dynamics of phosphorus in soil. Drawn from Jones and Oburger?. The availability of PO4-P depends
on such processes as dissolution-precipitation, sorption-desorption, and mineralization-immobilization. Plants and soil
microbes produce organic acids and phosphatase/phytase to increase the availability of POs-P. Plants uptake PO4-P
from soil as a sole source of phosphorus and supply organic forms of phosphorus as litterfall to soil.

F7 U ALEMOE A S E b U CEE R &E
ZHoTW5 (Fig. 1).

AKX Y COFERT— L THY, %
ARG END ) AT HEBAEM Y v (soil

microbial phosphorus, SMP) & J X415 (Fig.1). SMP
WY AR ED HEIE X 04~75%ITEL, £

D 60~80%FREN A/ N VEERY VEEE ) AT
JV7e E g IR FTREMED m WY b 72 5 67,
oD ACEWL, WAEYRRAREFET D & B
INDHN, EMMIIEEGS —KIZE . ok
B, SMPIXTHEOHFKY > D7pvT, X —rF—N
— W<, D OFIH ATREME O LRI U 5 D
1 D&72>TWVWA.

-
~—

PSM (1 U ALEMOEHUZEEANZEb > TV 5.

7'u b (HY) oK bA A4 (OH), —ffbpr
F, BT =47 EOERKIC L D pH OZEER,
IR (X YRV Yo B TAR), v Tr74
7, AT 7 #—F (phosphatase) 7 & DA% U
T, ANV MY UgofaEEz =y hr—L LTS 2
Y INHDIBLRAT 7 X —FIE, U UERTAT IV
FEA DMK AE RS 5 2 &AL MY U /E
KT DBERORHTHD Y. rAT7 7 Z—BiE, U
et ) T AT NEIEE LT DMBIERARE ) AT

(39)

7 —+E (acid phosphomonoesterases) & 7 /L7 U 78 A
A€/ = A7 Z—+E (alkaline phosphomonoesterases) ,
VUV T AT N E LT HRARY AT T —
A7 b=V VB (74
FUW) #HELET LT 44— (phytases) IZKE
SKArEnd (Fig ). TR TIAET 204EY
BHERKRLE L TORAT 7 4 —BiEMHIZ< V2 L
HRLNTERY). ZO—FT, {HxDPSM DKA
7 7 B —EEHEIZOWTIL, DL TR L 91, 47
BEESZE DY FTREZ2 W DD DFEIZ DV TR BT
2 DODFERITRENTH S, HHEPTHBAEZ
BT DTN, AREBAEDSLCERES U oA
{bZRHET D Z L H TN D 101,

£ (phosphodiesterases) ,

5. EHEY D DRIBIEICEH S HMEY

TR Y DRTEMBICEE 5 PSMIT—fRIT, Ca-P &
WU 7R HI S 361 ) 234 (clear zone) DIERLE
IR ) —=v 7 &b 2. ZOFECED
PSM DAY U —= 7R ORI T T
AUTETD, FER 0B 19, il 1972 8T H
ERHSH.PSB & LTI Bacillus J&X> Pseudomonas J&
DMRFE T, PSF & L Tl Aspergillus J&X° Penicillium
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BZII LD ET 530 @AHE STV (Table 1) .
PA NS D PSM DAY U —=2 71X, AR
B X D 0BEE OMAGDHOETITOILD Z L %0,
AHCERIE TS T VWb DB PSM &

L CHEESICELER SN DD 1 D& LT, ki
ke g T7AREZLND.

354172 PSM O43BiEE 2 VT, U 2 RAlERE 2
REHTHDOFEZ DEERPITOIL TN D, FEEEMIC
BUIH U AERRITME LV B EEOIE S B
EVMERSFRD HLD . pH I & W o 7R
R0, MOy e E DA N U ASRIED, B Y W]
TRRBIC R 2 K IF T 202230, SO RHICR T 5 Y
EIFNIARD T, @Y CBRED T T PSM T L S MR
U v ORERE & T2 A9E03 8 5 3D, Al-P X° Fe-P @
AARE 2300, Ca-P WV TRZ U —=v 7 &SN
PSM DR A 7 7 # —BiEM: DIZ oW T H it & T
W5, F L TEBS, PSM O HEEA~OYSINCHAE),
ILAXFRNUERIVOREESREL, MDY
WLV G HRE NI D Z E RN BT
W5 323 PSM T K HMERE Y R kD A 7 = A A
E LT, AHIET =4 L OERIZ L DiEfE 1320290,
AR W& R ENEZBD .

6. A#Y OB LIWED

AR L OFEMEE LT, U U= AT L ORIK
DRI EZ AT HRAT 7 X —BEARNAZ Y —
=T ENTWS. RARE ) AT 7 —EiEE%
BT D PSM OHENZND, 7 4 F UL T L
(Ca-phytate) Z ¥ L7=ksizfli~>C7 4 ¥ —EhE
HERFOEEO A )V —= 7 biThbhTnad. &
AT 7 B —BIEHER T 4 #—BIEMZ AT 5 PSF &
LT, Aspergillus J&, Penicillium J&, Trichoderma J&
IR EOFRERR, HAEHH, 7 EHO 30 JEAE
5N TS (Tablel). HRAKRE/ TAT 7 —BiHME
EEHETRDLNTEY, flziXa—my 07
=257 (Quercus petraea) PO THENHF LT HEH
9D H 28KT, KA bt (Picea abies)
DWEENSELNT-EE 16 KO _XTT, 2%
NWARARE ) T AT 7 —BIEERRIH ST 5.
BHEOKRAT 7 2 —BIEHICIE, pHOEE 72D Y

RE=H - M

(40)

K

Table 1. Fungal genera that exhibited the solubilization of
phosphorus under pure culture conditions. Numbers
indicate references.

Genus Solubilization of Ca-P Phosphatase and/or
phytase activity

Ascomycota

Acremonium 24

Alternaria 2 24

Aspergillus 2,15,16,17 15,17,18,19,21,27

Beltraniella 2

Cephalosporium 2

Ceuthospora 26

Chalara 26

Cistella 26

Cladosporium 24

Clonostachys 14 14

Curvularia 2

Cylindrocarpon 2 26

Cylindrocladium 2 24

Emmericella 19

Eupenicillium 2

Fusarium 2

Geomyces 24

Gliomastix 2

Hormonema 26

Humicola 2

Hypocrea 24

Masoniella 2

Myrothecium 2 24

Ochrocladosporium 24

Paecilomyces 2

Papulaspora 2

Penicillium 2,14,20,23 14,19,21,24,29

Phacidiopycnis 26

Phoma 2

Pseudeurotium 21

Robillarda 2

Sclerotium 2

Scopulariopsis 2

Sirococcus 26

Spagazzinia 2

Syncephalastrum 2

Talaromyces 23 29

Trichoderma 2 21,26

Tysanophora 26

Verticillium 2

Basidiomycota

Fomitopsis 26

Hypholoma 25

Marasmius 26

Mycena 26

Peniophora 26

Phanerochaete 25

Mucoromycota

Absidia 22 22

Mortierella 28

Mucor 2

Umbelopsis 2

NEEVOENBEET D 2. Fio, FEREETED
I/ aX b HWEFERICEY, ESREEEER
MIRARE ) AT T — IR AT 5 2 & A3
MBI P R T ~VEOETE  (enzyme-labelled
fluorescence, ELF) % /=8 TiL, SMEERE O
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Table 2. Number of fungal genomes that annotate phosphatase genes registered in JGI MycoCosm (accessed October 1,
2020). Percentages to the total number of species in parentheses. No genomes annotated 4-phytase (EC 3.1.3.26) and 5-

phytase (EC 3.1.3.72).

Taxonomic group Total  Alkaline phosphatase Acid phosphatase Phosphodiesterase ~ 3-phytase
EC3.1.3.1 EC3.1.3.2 EC3.14.1 EC3.1.3.8
Basidiomycota 510 351 (69) 503 (99) 191 (37) 326 (64)
Ascomycota 1006 961 (96) 1005 (100) 342 (34) 643 (64)
Mucoromycota 95 94 (99) 94 (99) 20 (21) 0 (0)
Zoophagomycota 22 22 (100) 22 (100) 7 (32) 0 0)
Blastocladiomycota 4 4 (100) 4 (100) 1 (25) 1 (25)
Chytridiomycota 31 28 (90) 29 94) 8 (26) 4 (13)
Microsporidia 9 1 (11) 8 (89) 7 (78) 0 (0)
Cryptomycota 2 2 (100) 0 0) 0 0) 0 0)
Kingdom Fungi 1679 1463 (87) 1665 (99) 576 (34) 974 (58)

Table 3. The presence of phosphatase genes in six genomes of five fungal species in Basidiomycota that have genes
encoding ligninases. 3-phytase, 4-phytase, and 5-phytase are not annotated in these genomes. 1, present; 0, absent.

Fungus (ID) Ligninase Phosphatase

Manganese Lignir} Versat‘ile Alkaline Acid Phosphodiesterase

peroxidase peroxidase peroxidase phosphatase  phosphatase

EC1.11.1.13 EC1.11.1.14 ECI1.11.1.16 EC3.1.3.1 EC3.1.3.2 EC3.14.1
Bjerkandera adusta (v1.0) 1 1 1 0 1 1
Ganoderma sp. (10597 SS1 v1.0) 1 0 1 0 1 1
Phlebia brevispora (HHB-7030 SS6 v1.0) 1 1 0 0 1 1
Phlebiopsis gigantea (v1.0) 1 1 0 0 1 1
Pleurotus ostreatus (PC15 v2.0) 1 0 1 1 1 1
Pleurotus ostreatus (PC9 v1.0) 1 0 1 1 1 1

NEHERICBWTHHRARAT 7 X —EBiEE S R X
-’Cl/\é 34)

74— BIE IS ERFEHOMEORKTH Y,
B, M, MR EETS D 70 2 —BIZET
DRI, 2 E CEERMAOm) BIThLTE
Z O, FEAEHIBLE L= CThb. 7 4 F

RV VEEE E L CHEICE EN TS,
FaRER L LTERET28MICLE T, 74 F 103
HHIFIH LI WY AUEWTHDH. Z D70, fil
BHZ U U BRA RIS 20BN DT T A RRDh
% klz, #E LTREICHH SN 7 4 F U DR
YA Gl E TR EOMER ST, ZDXH 7
WD, Aspergillus niger O 7 4 % —¥iBis
(phyd2) % b UE 1R 3 CRELSE A7 E0T
LT3 39,

1. RRI72—EBEFERRE LI-SHRERER
BRI TIAFET DMEM DR AT 7 4 —EB a1

(41)

ZRIG & UTe RRMERATIZ B LR £ - T D 3.
ZHETE, HIEOT A Y AAT 7 4 —F (ALP)
BT (phoD) %x1Ge& LT, EMEARNRE ARV
EXWKE) (DGGE) 4 3%, #se—r7 oY —%
MW7 o7 ) ary—0 o A K DT ED &
T 744D Matsuoka et al.*DiL, HEAEAL L7-/KE
I LT I T, MIBE D phoD Fn 172 55
LT arv—b U A ETo 7. HERS
DOFRIMEIZ SN T 415 OFERIER S ERE (operational
taxonomic unit, OTU) A A L, /KEOUSHINX CHE
IIMOFRKIZ AT OTU AT 25 2 & &2
HLZ. ZTHHOMSETIL, Sakurai et al®23BH%E L
72PCR 7' I A =N LT DA, KV IREIZR
IEREOMIE D phoD BAG TR FIRE/R T T A ~
—INBRINZ P, ZOTITA~v—%EHNT, A%
U > OEBALICE D phoD BIGTHEEIZ OV THE
2T DTN TN D B, BREFOEEMER A 7 7
H—BBIEFEZXRIC, BAE MG 52
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& TR F O LR RO HAT DAL T
z) 44,45)'

BREDOHRAT 72— T4 4 —EE2a—RT5
BAFIE, IZCOBREZMEHZ LTl b TE
23 409D BIIE CITEE ORISR X G
LRI ED SN TR Y, ZAUTEN D SPEERICES
DOBEEELG IOV TORBERLER-LOOH 5.
K[H Joint Genome Institute (JGI) D57 ) LT — K ~_—
AN HEWT — H# ~— A MycoCosm |28k I 41T
WD, BT BAHMEGESIV-EE 1679 FEE R,
TINHYRAT 74 —E (EC3.1.3.1), A AT7 7
Z—+% (EC 3.132), "AKY T AT F—F (EC
31401 &, BRO3HEHO T 4 ¥ —E, 77205 3-
7 4 #—E¥(EC3.13.8),4-7 1 #—F¥ (EC3.1.3.26),
5-7 ¢ #—E (EC3.13.72) & 22— N ¥ L i#{s 1% EC
HFIZ L VK LTz (Table2). 7IAVHVEKRAT 7 X
—BBIETIX 1463 FE (87%) THEN TV,
B & i R CREEL O EIA MM o 7oL FRYER
A7 7 X —RBIETIE7 V7 FEMERRIZIERT
DOFE (1665, 99%) IZEFN Tz, FAKRTT
AT T —EBEIE 1L 576 FE (34%) TT /T — =
YENTEY, a1 R CHEREWEES (78%) T
BENTHER, ZNLANOSFERHTIZZ V7 ME
FZERNT 21~37% T o7, 3-7 4 X —BBIa T
1% 974 F (58%) TT7 /77— arE&nTEY,
ZT VT (R, FREREE) TR ED) -
7= (O 64%). 47 4 H—B L 5T 4 X—FD
BT, ARIOT—ZX—ZRFETIEE v b LR
MnoT-.

T OBEEEA X ) DR E LIZAR AT
7 X —BEET, 74 X —BEE T DLEREMZE,
EHOOMBIRY ZNFETIIThRL W, 5%
X, BEEOFRFOER AT 7 X —BiE5 1D DNA ZFr
fIZ PCR B C& 277 A ~—0Dskit &, PSF #%f
Gl LTeAR A7 7 24— BB T OHESCSARNEIZB
TAHMREPMLETH S, 72, BEITHED Y #—D
7 = VORI B O THILI e E 2 R LTV DR
B Y BT ATBNWTY S = fiRe Y
ViR E OBEE LRI TS P HitHo
MycoCosm (ZEWTC, U Z= R CThod~ v

RE=H - M

(42)

K

A X a4 —8 (EC1.11.1.13), UV 7= ~Yb
FFx v F—E (EC1.11.1.14), BLUN—HZ A 1~
NAF T HZ—F (EC 1.11.1.16) DWFHDiElsT-
EATDH SHE (WThvb T X Mo TEE) ©
VT = RED 6 7 ) DR TH, TVl VIR
AT H—F, R RAT 74—, RAKRI T AT
F—BHRAT 7 X —FDOET, HDHIIWNTIND
G NEEN TV (Table3). U 7 =43 fiEE
XS R OEEIZRD LN TN D Z e n 0,
V7= fREZ R DY RIS PEOFHN b 4% D
AEE VWD,

AARFHFE DR 1, Tl RS R
B X o L— 3 VRFSR O MR L, B
FRARFERELAFHORFEE LIIE, ARt
LTHRR A A Y MWW, KSR, KRt
IR FARERIE N AR SR TEnE (oA HIERER B
WFZEAT - BRI EHE 7 0 = 7 b REER T 0 Y=
by, AcksssaseREtE 7 n Y = 7 b (ArCS), JSPS Bl
WF# (18K05731, 18H03413) DBhfkZ 21T 7-.
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