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Microbial phytase activity in soils and methods to improve
the activity and application: a review

YANG Xiaoli'?, CAO Xingyuan'?, WU Boxian"?, XU Qijing"?, LIU Xue "

1 Institute of Ecology and Environment, Southwest Forestry University, Kunming 650224, Yunnan, China
2 Institute of Environment Remediation and Health, Southwest Forestry University, Kunming 650224, Yunnan, China

Abstract: Phosphorus (P) is a finite and non-renewable resource. Soil P deficiency is a main
limiting factor for crop growth and agricultural production. Once entering into soils, inorganic P
(P;) in fertilizers is readily being fixed by soil solid phase, binds to metal ions to form the
insoluble complex, or transform into organic P (P,) which fails to be directly uptake by plants.
Soil P mainly exists as P,, which accounts for 20%—-80% of total P. Phytic acid or phytate is the
predominant form of P,, accounting for about 50% of P,. Phytate can not be directly uptake by
plants, while can release P via dephosphorylation by the specific enzyme phytase. Phytase is
mainly secreted by microbes and its activity is affected by temperature, pH, soil adsorption, Ca
content, Ca/P ratio and substrate concentration and availability, leading to reduced activity or
inactivation. Therefore, it is of great importance for reducing the application of exogenous P
fertilizer and ensuring agricultural production to understand how to maintain or improve phytase
activity in soils and improve the utilization of soil endogenous phytate. Thus, this paper reviews
the sources, classification, and function mechanisms of microbial phytase and influencing
factors of soil phytase activity, focusing on methods to maintain or improve phytase activity and
the application efficiencies. In terms of the low activity and poor stability, methods to improve
phytase properties including adjusting optimal pH range, improving thermal stability, loading
phytase on nano-materials, and genetic engineering, are proposed. As such, this review is
expected to help better understand the influencing factors of phytase activity in soil and provide
theoretical and technical supports to improve endogenous phytic acid utilization efficiency. This
is of great importance to reduce the application rate of P fertilizer, P loss, and risk of soil
non-point source/water pollution and ensuring agricultural sustainable development.

Keywords: microbe; phytate; phytase; enzyme activity; influencing factor; application efficiency

i (P) ML 2L K A 0 9 RS SR O
R, WP AR, ROl AR B R
MEC RN, R N L P TR N A R
E R AR AT . WAL A 32 B A IR A A
BRONTT A B BEAEHE A 5 B 5 # L
Sesm 2RI, 2 RE LR M RS, 78
IR RE A, AL 1% 0T B ) R
FIBL i RN R AR, S R AR 4 5%

Ay, S R, I S B
TELEPREHE, RHRE PR L A 5]
TEAE AR TS Yo AU
AL L E ARG, L
A HLEE & MR 20%—80%, A YA K A
T WA AL UR AT MLBE £ O R
(phytate) . AR FIAZ IR %S, H AP M ERBE LS
50%—80%""" ., A B AN RE ML 3 W R AR
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WK, VLIRS EY ., +
AR T2 SOk I8 T Sh AR W SR 23 il N IS KL
oAb W, AR FEAAE TR Y AE T
vt i TV S R o N A< OK 2 S R U S i
R i S 80%' . HE4r TR & A 6 4Nk
PR EEWVFD 12 DR Es o+, S E e s
B Ca’. Mg™, Fe', Zn®, CuE, JERIME
A M IR ER S S, B R A
JRICE M AP AT RREN, TR A R — R
BV, TP IR ER T T — R R
(phytase)FA/E AT, 8 1 I Bl R Ak 7K i s o T
FRCTEALAAE, (PR I it 1t 15 ) 2 PR 85 PR 752 1)
SBUK AR5 1 48 1] A A R e = 1
PR I — T TR B R /K A I, R A
PR N G AR 2K A Ry LIS 55 Wi 1R () ) — 2R il 1Y)
SAPR o TR Tl 5 AR PR A S R i) A
TR K e ANAT ST B R SRR R U kst
MR ER K L P B S B I/ RO R, /]
[ I AP R R AN oo R, (e AR AR
KO R BURE YRR ) AR AR 35 T 43 i A
MR, SR, TIEGCEY AR ARG S S
FPE R R T 0 AR, e W R i 3k
5 O M 32 SRR IR 1 S
WG, TR il 8 7K Sk A5 38 52 K A S ) ——A
R R B R A RO R 52 . T SR AE TR i 32 2L
RITEY, 77 AR 1) A ) 3 AL
PR AT AN RETE Y O A R i R R T
AR, AH H T R il b SIS R il 1 Jot 55
22 S VEE UL SE B b B SR BR M, BRI
PG E M 22 FNTG AR o T 42 o 1 R il 13
PRMEACTE M SR OCTE, T EAAFE R ER
SETEAE IR 4 i A 038 b B RS PR AN il
PEo ASCEETRTMIBEGY, £33 T A Wy IR 1 (1)
MR 328 KA AE FIBILAR B - 8 b o R 0

PR 2R R BE . pH . S8R 455 5
FRWELL . RYIREE . SRR ROES), HE AL
PR A5 BB R A 1 o R S M IR R
(AR B AR I . 3 SR pH 38 3
EINIEN =K Y & N VAEEES & S VE ST
Py ke 2 T 1 FH T ARl A= 7 A ey - SEME R S
R W () ) AR SR AL PR SL R AT R 255
Xof ARG &/ VR Bl AL it ) R 3 35 gl ¥ e LA B )
PR X,

1 B AR ER T Y R IR 5 2 3%

1.1 kiR

MR B 20 A T ARS, sy . Y
MBE P E R, shPtEm & Ik, #H
VIR R Tl 5 s N T L WA R R R e HHE DL R
ai, A YA IR T AR L. pH
i JBE 3 PV VS L) (2.0-8.5, 20-80 °C). TE
(8111 800 U/mg) . ZFA= ., r=atfm Horgi$eal
AT 55, JEAH IR ) 159 R 28 B 1A R 20
PR RR I S R W, FEA
& H P i R (Aspergillus) , 0 7R 7
(Aspergillus niger) . YN EE(Aspergillus fumigatus) .
K iHh B (Aspergillus orgaze) . + HH%F(Aspergillus
terms). JCALHR MM EF (Aspergillus ficuum)%, VA
N B & (Penicillium) 1 & % 18 J& (Mucor) %)
T3 v T M T AR R I Horp, Rl
5 (A. niger) IR EE(A. fumigatus) F A B Y
MR A= 77 BE T, BN g 2 A R il 1Y) 2 A 7
P Ein, BEAEE (A, niger)H R B T RT3
50-103 U/mg, HA TR pH & HILH(2.5-7.5,
il pH N 4.6), BHFRIPFEENE(25-70 °C,
EIREE N 60 °C)** ) M B (4. fumigatus)
HBRBEEYE N 23-28 U/meg™!, HATETERY pH
I8 AL F(2.5-8.0) . B YR E 1 (50-90 °C,
FOBERE 70 )M Z IR (5 — &
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GITELER b SRR AR A B R R AL 58, R
FEWRIRER | X0 S T L Bt 1 R AR 0l TR s T oA B
PRI E AT . Zy KRR J LS 2- PR TR

wh A ) T oK R R R R G K g LBE 1 B
W2 )20V, 2 A R R S AR Y, (R AT R R
(Enterobacter) . HF{¥F % J& (Bacillus)Fl v 85 1A
FC T4 Ja (Klebsiella) Pl 7= Az i S I il 527290,

K W ¥F 1 (Escherichia coli). Hi & 28 {6 FT
(Bacillus subtilis)Fl 14 50 75 111 [C T (Klebsiella
terrigena) (% 1) HA KT (E. coli) 8 /ME
R G PE AT 35 811-1 800 U/mg. i pH {H N
4.5, FoE iR 65 °C*7 ) R s ZE A (B. subtilis)
FEFREETE N 9-15 U/mg, #i& pH N 7.0, %
W E N 55 °CP, A A R Fr T HLA

KRG YE H 1%, Sl A YR T
AR =
1.2 5%

HELTR Il S ] AR AR AN [ AR v iR AT 20 28, AR
P il pH AI 49 R R A 2 i (acidic phytase) il
Bl 12k A R i (alkaline phytase); AR 4 HH FR K fi# v/
SRESEPER 20 3-HEEREE(EC 3.1.3.8), 6-1HR
fF(EC 3.1.3.26) 1 S EREF(EC 3.1.3.72)%; 4
P 25 11 235 A8 FUAE A0 L ER AT 23 Sk 41 2 1R A TR
(histidine acid phosphatase phytase, HAP), B-1%
e A BR it (B-propeller phytase, BPP)., Ft4
PR FE PR I (cysteine phosphatase phytase, CP)F148
0 TR 14 Tk 92 14 A1 52 1% (purple acid phosphatase
phytase, PAP)™1 (5§ 1),

x1 WEVERBHRESHSE
Table 1  Sources and classification of microbial phytase
DGR TE P RE R A U Hidi pH BoSiiE  G5HFFIE HEAAL
AL IES Microbial phytase Optimum Optimum  Structure Catalytic sites
Microbial sources pH temperature characteristics
phytase species (°C)
SHFAE  RAREARED 50 S8 oo LT RN AR TS, WUBHKUO
(EC3.13.8) K. terrigena™ nopo s’ C3. C4. C5. C6. Cl P mela i
3-phytase MR 4. niger®™ 4.6 60 O o O g i 1(2)PlY
M) A, fumigatus™ 7.5 40 H WLEEER AN 6 852 In phytic acid hydrolysis pathway by
e At [ e 300 _ - FE P R BER AR phytase, inositol generates 1(2)P from free
Debaryomyces castellii PR P! phosphate groups at C3, C4, C5, C6 and
CBS 292353 Consisting of an C1 sites?®?
S-HEREE A G 5.0-5.5 45 inositol ringand 6 RIEREHIK A MARR C5. C4, C6. C3,
(EC3.13.72) HEP phosphate groups C1 (BRI RR LI, 271k 1(2)PP)
5-phytase Crotonomonas bound by a phosphate Phytase releases phosphate groups from
ruminants® monoester bond* 5 4. C6, C3 and C1 of phytic acid in
order. The final product is I(2)PP*!
G- AR (CEEEINC N ol 50-5.5 45 FLEE AR C6. C5. C4. C6. C3, Cl
(EC 3.1.3.26)  Peniophora lycii®™" BIRERRERAIEI , 277 1(2)PP530)
6-phytase Inositol releases phosphate groups from
C6, C5, C4, C6, C3 and C1 of phytic acid
and the final product is I(2)P153¢!
PERBRIERE TCN TR 4.5 55 HARSE ST 2IERPS i N-K i RHGXRXP

IR RS IRTE  Citrobacter amalonaticus
CGMCC 169617

RHGXRXP F1 HDP? F1 C-R ST HD 4%, IFEfidTSnhx
BN I B ROT SR IE AL 1 S A

ferbls , R R K it R B )

(Fh)
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L5 1)

e A WA R TR U5 HRif pH fifit SRR PEALAL
AL IES Microbial phytase Optimum Optimum  Structure Catalytic sites
Microbial sources pH temperature characteristics
phytase species (°C)
Histidine acid  J&BRH 1k i g0 5.5 65 Conserved catalytic ~ The amino acid sequence consists of an
phosphatase  Kodamaea ohmeri units RHGXRXP and N-terminal unit RHGXRXP and a
phytase (HAP) BG3P™ HDE C-terminal unit HD. When correctly
AN IE 75 2 5.5 50 folded, these two remote units converge
Eupenicillium parvum to form a specific catalytic center and
BCC 176945% initiate a two-step hydrolysis of
KIGFFEE 4.5 65 phosphate monoester™*”
Escherichia coli®"
B-HE i B ZE AAT 7.0 55 M B-Hr8 H 4, 25 BPP HA 2 AT FRBERR LA 45 4
TE PR Bacillus subtilis?”! RS I g ) i, “UIHIRAL” (cleavage site, CS)MI“3E
B-propeller  ARIEMS ZEFIFTF E Y 7.0-8.0 70 Composed of p-sheets, FIFB{” (affinity site, AS). AS e HEAEER

phytase (BPP) Bacillus

amyloliquefaciens'™"

EEERRHR S TR 2.6-6.0 5055

A T il Selenomonas

Cysteine ruminantium SrPfe!*

phosphatase
phytase (CP)

ROTRIEEIR JR¥E (Nicotiana tabacum) 5.0-5.5 45

similar to a six-bladed

propellert*?

AR TSI
AT
HCXXGXXR (T/S),
5 CPRMEA

i SRR W IR 5 A A
L)

The amino acid
sequence contains the
active site motif
HCXXGXXR (T/S)
and is similar to CP
tyrosine phosphates!*’!
745%D. DL Y.

P, T CS FUTK IR LA
BPP has two asymmetric phosphate
binding sites, ‘Cleavage site’ (CS) and
‘Affinity site’ (AS). AS promotes binding
of phytic acid molecules while CS is
responsible for hydrolysis of phosphate
groups™’

T — A R 2E D R (C241) Y
TR H: #1454 ¥1 (phosphate-bindingloop,
P-loop), HH €241 An[ i 4E AL {f P-loop
RIS PR I T O G5 5 R A
A5

Forms a phosphate-binding loop (P-loop),
containing a conserved cysteic amino acid
(C241), in which irreversible oxidation of
C241 converts the P-loop from an
inactive open conformation to an active

closed conformation™®

{57 HIT(DXG/GDXXY/GNH(ED)/

i P il R ZR 43 PAPhy N. H. H, )% VXXH/GHXH)""
Purple acid N. tabacum root-exudated RN S STH Conserved units
phosphatase ~ PAPhy™*”) (DXG/GDXXY/ (DXG/GDXXY/GNH(ED)/
phytase (PAP) LI 45 25-37 GNH(ED)/VXXH/  VXXH/GHXH)®
Arabidopsis thaliana*® GHXH)HP”
BIPEAAN TR R EE - - 7 residues (D, D, Y,
Burkholderia N, H, H, H) contained
cenocepaciat™ in 5 conserved units
(DXG/GDXXY/GNH
(EDYVXXH/GHXH)™"
—: CERP T EIE R

—: There is no information in the citations.
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2 BRI

HE PR T AT % — 1k K A AEL R 4 5 b B o T
S, KRR LT, BARBERR A A,
H T e R AL S BER ILEE(IPG), SRR HIE
UL T B R R A UL E — W R IR P IR
(IPS—IP1), Z&7=4) J LEEAIBERRAR Y

AN TR A YA 1R it 1) K A R DL ], e
RIKFRER BN . AR 3-HE R T B ST DA R
MIER 3 Br s T R /K SRR SR AILR , 4k
WCUCRE T A B S A5UB3 , die Z PR R ABL TR 0 1
Ve 24« AR —D/L-1,2,4,5,6- 1. i R L I —
D/L-1,2,5,6- DU 5 FR UL B¢ —D/L-1,2,5- = i iR WL
B, D/L-1,2,6- —WEMR ALEE . D/L-2,5,6- —BEFR L
% —D/L-2,5- MR WLEE . D/L-1,2- —BERR LT |
D/L-2,6- B R LI — 2 i UL (18 1)

RV DFAR TR ) 5-HE R B AT 0 5 AT R 1)
555 B T R 7K i TR SERS T AL , AR
iR MR —1,2,3,4.6- T B B2 LY —
D/L-1,2,3,4- DB R WLEE . D/L-1,2,3,6- VO i 2 L
i —D/L-1,2,3- = R )L B% —D/L-1,2- 8§ 1R JIL

/

W —2- W R LI (1] 2)

6-HH R il = Bk IR TAEY, fEH TRl
AHGED, 6-HI RN T S TERPRINEE 6 Bk
RUIF IR K SR TR BB , AR AL 7R
TR —L-1,2,3,4,5- TLHEFR LB . D-1,2,4,5,6- TU%
iz LB —L-1,2,3,4- DU B R AL . D-1,2,5,6- DU
PR LI —L-1,2,3- B2 ALEE . D-1,2,6- — @R L
fi —D/L-1,2- — % B2 L I —D/L-1- 1 BR UL B
D/L-2- W R ILEE— HLEES (15 3).,

3 LETHERBEENYEER

R A5 1 LA — 22 pH {E(5.5)FIRE (37 °C)
AN B DB R SIS ) h R TS TC LI 1Y) 5 1
KFRAE, FoRA U 8000 b e i 1k [H
Gy FEE A R = A 22 5 BT HOAS [ R VA R
Bt G Ve S R WAAE R KR 22 5% T E WA
TR TG 2 5 R D B R T B S AR O, SR
PR g E A 1 338 J5 FLVE PERRAR, TR R
WREE . pHAE . THEWREN . 855 R e . IR
IR . A R RS

OH b OH P

5 OH 1
D/L-Ins(1,2,5)p,

D/L Ins(2 S)p

p P P
P o P OH iiszH OH A7 wz
2_y g N OH _>0 OH
5 P6 g P > 5 pﬁ 50 SOH 1
Insp, DL Ins(] 2,4,56)ps D/L-Ins(1,2,56)p,  D/L-Ins(1,2,6)p, D/L-Ins(1,2)p, Ins(2)p
\ , OH s OHT /
OH-4_3 ) . OH-A YV

B 1 3-EBREN L HY AR iR 1L T 72
Figure 1

Dephosphorylation of phytate by 3-phytase.

OH OH\ Lol OH

Epe 1 = p
D/L-Ins(2,5,6)p;

D/L-Ins(2,6)p,
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P
P-4 _3 ; 2
HO, 3 P
SOH !
D/L-Ins(1,2,3,4)p,
P p P ou’
P 3 P 2 P_4 3P bl / \ 2 OH Ow
P p —’-Ul\wl; p— OH P—I-—OH OH
5 p8 1 Spe i \ SOH I Ly o !
Insp, Ins(1,2,3,4,6)ps D/L-Ins(1,2,3)p; D/L-Ins(1,2)p, Ins(2)p
P
OH 2 3P 2
OH P
5 p°
D/L-Ins(1,2,3,6)p,
B2 S-EEREXERL AT AR SRR (L 1T 72
Figure 2 Dephosphorylation of phytate by 5-phytase.
3 3 > OH _{ P 2
\w —I-HO P — OH
5 OH 1 5 OH 1 5 OH I
L-Ins(1,2,3,4,5)ps L-Ins(1,2,3,4)p, L-Tns(1,2,3)ps H 4 O:H |
/ l / 3OH \
P D/L-Ins(1)p OH
P p OH 4 30}] 2 OH 4 OH
Py ol P \WOH
P. ) . P SOH) 1 5 OH 1
: D/L-Ins(1,2)p, oH P / Inositol
Insp, OH-%_3 N
wigiim
5 OH 1
D/L-Ins(2)p
OH P OH P
PA oz 4 OH—3 2
g X1l —»ow
s po 3 P() 1
D-Ins(1,2,4,5,6)ps D-Ins(1,2,5,6)p, D- lns(],2,6)p3
B3 o6-tEEREGXEEL Y AR A ER (L 1T 72
Figure 3 Dephosphorylation of phytate by 6-phytase.
30 mE L P it 5 5 3 A 37 °CfN 55 °CtY ) {H LK
VIR B 55 T A TR T A ) DG R R R T 2 T (Actinomycete) I A1 18 T2 i fiz 18 i B2
MR G — M TE 25-70 °CYL Bl N HAT RS, @ 70 °C!), g6 — 2 IR RE TR IR, TS 1k B3 B T

T RE — B 44—60 °Cl°N A [R] e JEUAR R BB 1 1%
PR T R 3 O 1 28 S R o R e A IR Rl A i
BN 45-60 °C', Ak ) R R T — Mk
45-55 °Cl8 | Horp + 4 TE B A T (K. terrigena)

AR S, (H YR T = B2 (E(80 °C)HY,
MG PR 2 OG0 o N, JCAe R i B (4. ficunm)
FEFRE T 80 °CHIHA 3 min J& BEG FRIE T 82%,
IS min J5 IR, 010, 4k ST
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R, pH 7.8 55T, TAERIME (4. ficunm)
R Bt B 3 TR EE SN 50 °C, 5055 °CIt [l 4 i 1
B (>90%), 65 °CHY il i 14 FE 2 70%, 70 °CHY
2 55%. Wyss ZEF5 R0, 75 °ChfJH il
%5 (A. fumigatus)FNEANEE(A. niger) ) FH IR B S
PERE R 63%—73%, 85 °CHfFERE 31%—51%.
FAREFE ., B 4. niger) 9701 Ml BA
B FEEYE, 90 cChn# 15 min JE{A{R
T5% MG, 30 min J5 BEE AT R4 84%),
WK B (4. fumigatus) Fi R B & R 76 2B fh 25
(4. niger) NW205 HRiKJG, M0 RELMTE
100 °CHn#A 20 min J5 BEE(UR 10%, HA WK
Iy i R e
32 pHE

FEFR G pH BT M5l — Mk 2.0-8.5, 8
R R B M e R A pH (ETE A 4.5-6.07%
A [7) R EUAE TR T 1) il pH M 22 S 0K A W
FRREGEE Y pH EL A 4.0-6.07", Fo& pH (H
H 5.5, <4.0 8>7.0 HEREEIE AR TGS, i SRk
HYFF . BEEN . BIHEREE pH 8.0 B
PEA W, A YR RREE pH TS PV R 4
Vi, AN AR (4. niger) MR A $TE 0 pH & H
TLH(2.5-7.5, fieid pH {0 4.6)°Y, TAERHhE
(A. ficunm)fH B2 M5 iE pH {EN 7.8, pH 9.0 B i
WFEE 7%, Greiner™ W7 %0, LHZ A
(Pantoea agglomerans){AFREETE pH 2.5-7.5 Fljkh
JE 4 CHAMF R EdRE, Al pH{E N 4.5, 10 d B}
RGP TR EE 95%L) F(pH 4.5), {H pH<2.0 1§
pH>8.0 HF il i& M IVE# N F%, 40 pH 1.5 B3R
154 85%, pH 9.0 BFEIETE 24 h RN T 70%.
3.3 HIEMRM

- 38 R R P R R M a7 - TR
B ML) 2 1T W B A s i U7 R T P R B T
FEAILX IR A0 g, DT AR AT S50 1
o, KA ER A s 2] g s, HIEPEAE 8 min

WIRE T 2 0RTE MR 25%00 T, HHIiEME
Bt Ao 0] B S A T R MR ER (4. niger)iiF
AR R TS 1 80% (pH 4.5-5.5), 3K [ )5
BTG R R 37.3%7°) ¥ Bl EE (4. niger) W R i
SRR R AR TR A, R R T 2 I B (] S
KRG, TR 24 h S ERE LT 50%7°,
W 5§ I A T it A A 4 2 A 1 DTG S5 0 9 8 4
WRAEAT R, WEHLT, LEEXEmR
Bt B E pHL 4.5 BhiRerm, B pH JH&, W)
B2, pH 7.5 B R R i 58 A7 75 T 1 45
VU R R R R I TG P 7 - R
T A SR . B, 28 d s,
Jo A 3 P A R G M TR B 40%, T Zh £ s
AR 5%, BLAh, BB TS, MR
Bt M d5cd pH (ETHE Y, RS pH (HAE bk
S M A R Tl 7 - 4 rp P R R TR, Sk
i AL PR R 11 K A sk R A AR AT
34 {HEERIEHLL

Ca® 2k 45 20 i 225 H4) e 1k A A i N 2 1
i, AR E LA S R AME S S M
AR, SRAEPAR A AE KR R 3 B R
DR 1500l R i IR S Ca™ s A M A Ak
P, HE Ca*™ (5 mmol/L) il 4 & B it 3% v
10 mmol/L Ca* &k PR 58 4R 15 , FEH X —
PG R R Rt i Ca® (S R B TE PR S, BH
i R 15 4 TR 0 P 22 o R Sz g Y AR AR R
W, FRREESPEZ Ca® ik BE A RE, 24 Ca®
JEER N 1% 2%} BiHE 34K (445450 U/mL),
Ca® R Ry 3% il 7% B 755 (480 U/mL),
Ca” R A 4% BTG % 420 U/mL®,
Fefolsth, 24 Ca™ R EIK N ZE 0.1% . 0.4%F
0.9%0 , Fl R M 1 P 4 HIREAR T 52% . 67%FH
85%*, FLHIRH Ca™ W ET &, Ca’ XHH
B A s A PERR, DRI ST B Ca” AN
THEFR MG R ¥ . FSBEEE /R LA 1.1:1-1.4:1
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MR FE: T3 S E R IR R (0 1 S LR iR N 2695

A R TG PR, B B R UK LU R B R
Bt 5 PR AR B an, FSBEEER H b 1.4:1 #2055
& 2:1 B, FERREEEYERRART 7.4%; FHREEE
IRECHT 2:1 FEZE 1121 B, MRREEE RS T
5%—12%; FEEEEE/R FLE 2.1:1 R 1.2:1 1,
HRBHE PEAR R T 16%°7 P2 % B4 iy Al B
SRR : (1) 55 FERR 0T Y B RS UL vE s 85 -4
BRZE ™, SRR v A A BRI,
S M A R XA IR 1) K R T AT A A
P TG 6 MBI s (2) v 85 5 4 A TR il ) 34 M r
S, AR TR I ) T P R R AR
3.5 KYIME. SEMEMMH

LT il % M 2 K SR A TR BRI R 2 | & ot
A RV S0 . Greiner 7l 1 %) 14 FPE Y
HIIK B (37 °C, pH 4.5)/ 3T R, Bz B
(P. agglomerans)FE R XS AN R 15 M AFAE 22
5, HpoHERR . -1 -EIRRR . SkEh-AE
BEERER A 1-BE IR 2SR R B B v, KRR 4K
K 235124 0.34, 0.26., 0.98 F1 1.10 mmol/L, i
BEAVRL ke 739000 21, 101, 15 F1 6.1 57", R
TR ke Ko 73 )0 61 765, 384 615, 15 406
F15 596 L/(mmol-s). AN, FEHEREEE MY
WP RZ M, B S N R 5 RS vk 2 DA
%, UM . IR pH fEE . IRV
Ik (0—-4.8 mmol/L)i, BEAE i )i i 258 15 Jie A vk B
EIEASE, YRR 2 4.8-6.6 mmol/L i
J N R IEATCAS A, e FRUIRES; HRY)
WREAR S Th iy, WA S R ol I I R, R
W B 3R 31— 2 I VR B (6.6 mmol/L) B 2 i i
RN, DR R R A IS vk BE AR R, R F
J 7 -, 2 B R G A R R AT TR I 1 A b T
PEEA AR,

- B v R R 1 T Bl M RN A8 ek A R
il (R 7K R A — g g, PR R R 1Y
ARMEZ AR B 288 pH fi 48 Ak

SFHERFEMFmCN, o B 2R A R
P BE SR, WAL . mIa MSEA g
B P Rk R AR R A TR R
AR BRFAE Y, A AR AR R b A IR B
T CHL#E(3.8-12.7 vs. 2.4-4.6 pmol/m?), H 5
TZE SR A ALY 25 55 S8 RS E MR R 41
TUTE(logio K13-16=8.84—-20.1)) HifR 5 E 4 )8
BT BEEHENN AP >Fe*'>Mg* >Fe’™>
Ca™P7 | HAEHH logio K13 15530 12.2-20.1,
8.89-18.2, 8.76-10.5., 7.71-10.5 FiI 8.3—-8.4"%%1,
WAL, Bl pH (BT, AR R IR R U R 15
wn, pH 4.5 B R 72k S A1 3R 1H W Ff it
2.12 pmol/m®™, pH T+ & E 6.5 W f#
KT 50%°, XIEF WA Fe. Al. Ca fil
Mg 1 [ /2% 6 Fe i 5% pH 520, R (pH 5.0)
%M T 55 Fe/ALTE ULTE, BbEZ5F(pH 7.5)
T%5 caMg e 10,

4 FTEHERBEEN T ERL
B
4.1 R R AR B

N K AR 70 A TR Tl T I3 AT 3 RO X A
R T ) R B, R v TR T A U W i R E
PE, MR FETEE. EILVAEMER R, R
% JX f1 (hydroxyapatite, HA)E A —F JCAL & {4
Mok, B RAFADIAI S L s oE A A
BESFARF AL, AT AN K AURE , i S R R R
TR il 171 281 2, [T 52 3230 100% HL 171 285 G
RBRU?, HA o Ca¥" HEFH R IL A
Jof VAL, AR e EE AR A Y [ A, X A TR
e S R T B — e R R . ST
TRRBEAE LG, [ A/t 2 BR B /2 — %€ pH I
Tk 2 0 LN AT PR R s M, TR R T AT DR R
B R E . B, MECT U AR,
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T AE pH 3.0 BG4 i 40%4 555 & 90% , pH 7.0
BTG 23%3R 5 & 38%; 80—90 °CH, e
MR & A 25PE, 20 min NS85, T
FEFREAE 80 °C, 3 h #1190 °C . 20 min i}, %
5T REE 60%1 40%! 1, 40 KA1 Hek 6 284 1 i
H I 32 20 TR I 5 LB w5 1Rk A R
B A 2, Db 8 (R 2 0 E 3 ) R T Ak
R 1) PR 5T i HE Y (% 2). JRLERTE IR
W GOK AR AR R Y T g, A/
YEYIX IR R B i A 2%, DAREAR S IR A% AT
Jiti fin, [ s ARG - 3 R K IR B S e AU
AR, A S A AR i FH HUS
—EHE S, TE SRR A W iy TR AR
P —EPLH, DUKRFR AW H ARG G 58 X
FIH — 2 T . 44k A 25 4% (graphene
oxide, GO)H. A #.2 Sp2 Zufb2h#y, v F T A HL
YIRS FRIEERE 2). GO gKEREA
BRCRTHRY, AR T S A R, 17 A R il
TEPETE 42 °CHl 85 °CAyrHl# & 40 f5F1 20 £,
GO [ EF AR C T I & A 7= i A B )
BEAl, 50 SRWH G0 R 9 K 21 4 £ 2t nT 42
e P R T - 4 v (R R MRS 1 (3R 2) 191l
R T VOO0 g A A1 SR £ ML AR R N K R
RIAA RIS B EEAZ)T, 70 °CHIEA 30 min
Jo, WS REEREETE TR 21.4%, T SR EE S
H 63.3%; 90 °CHY, Vi EIEHERMERTE , 2
TR RS 11.4%. B A8, SilEsiE
FRIGAH L, 9K EF 2 B TG PR R, K IR
W K 1 34 pmol/L #2152 56 umol/L, K
I ZE Viax B 120 pmol/(min-mg) 32 & &
401 pmol/(min-mg), {H fei& pH Fli BTG i 2548
b5 GRETYE [ E RN 193%, [ bR
Ml O EAL TR VE T 3K 50.4%, FE R TS PR 045 =
A BT HF & T A 048 52 AR W i AL R R R
7 = SR 171 (1 S 5 - A U3 At - 'l 1]

FH5C BRWE 1 € AH BRI, A AN 455 5 X i
F e E TR, S5 R KM, FE BT A
MR BTG T 1665 Uo AR, 9Kk} 2l
PR AR —Fh s 2 [ 2 (B R I R R A
A RPN AT S, 767 8 FIK )™ F5 56 1
A AR AT AR, Bl R AR 4
st A A IR Y
4.2 EESEEREEX T1E pH BYIENSEE

A3 o o A PR X 398 pHL 3 L Y
PAPRFSHE R B AE AN [F] R e h A TG M . Bei 21
i 1t F 2 N SE i ES (4. niger) NRRL3135 Fl4H
5 (A. fumigatus) ATCC13073 3455875 kAl iR
fiti i Bt , RS Fk A23D5F7 Al AB345F7, H:
& pH JL RS = 2.5-5.5 f1 5.0-5.5, i PEE
ik 35-40 U/mg F1 80—-90 U/mg. fWiA: ¥y ik i
AT - RS AR LB 1) 3% VA LI AN TC AL
WG A0, DN 5t v - 38l 04 Ak A Rk (R 2)
Li 2 MO0 J6 TN — R #7 4 BR AT 1 (Citrobacter
amalonaticus){H IR M EE K AESE TR (P. pastoris)
Y b EAT RS, AR RR A PE R 300 U/g
R E 6413 Ulg, Ha@iEHN 60 °C, iE pH
FE ke, 151 pH YR i 4.0-6.0 9K
£ 1.6-6.0, HEHGPER 70%3 5 2 90%.
43 TARET

T A S AR S — i O PR A A v A R T A
FaE AL AR ik . BEE B T4
SERRME R, SRARE TR AT By #
PRSI TR, IR & . & s A R
ERk(E 2). i, Shivange 21t 5 E
FCHR IR #% R T (Yersinia mollaretii) Fi R T , 58 7%
PRIE MR 993 U/mg, H#E @ M F1 pH FoUE
WAEE, 58 °CHI 20 min 5, ZEASRRIGME
AR UK 2.4 5 (55% vs. 23%), SRERME 1T
(pH 2.8), 878 i 1 2 B A= U1 2.38 (74 % vs.
31%).
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Rodriguez 2520 15 28 KIGFFH (E. coli)
AppA FTHIRME, FEARMRIETEREFAERIN 1.5 15
(175 U/mg vs. 117 U/mg), HEiEREH 65 °C
PEREE 75 °C, 90 °CHN#A 15 min & 4H R BT 14
WA 3.14 75(44% vs. 14%)>, Zhu 20113
X RIGFFIE(E. coli AppA)VFEIREFIET T84S, A%
Pk 1408L 754 = T H7 4 KU(1 653 vs. 1 610 U/mg),
HPFEE M R, 85 CCHULBE 5 min J& i
EEFAE R 1.83 1%(51.3% vs. 28%), Kim %M
WL 55 PCR ARTHEMRES AppA2 KAk, 5
A BUM B, AppA2 HIERETERE 25%
(80 °C, 10 min), fiE LR AT A RI[660 F1 1 065
vs. 423 L/(umol-s)|#2 56%F1 152%. 2Bl
Kim "N KIGFTFR(E. coli) A4S T A R i
AppA2 RALKR, SEFATUAIEL, AppA2 (D144N/
V227A Fil D144N/V227A/G344D) ) #Fa & 12
11 15% (80 °C, 10 min), Z&ARRMEAASCR I A R
1.9 f%H1 2.9 £%[1 205 F1 1 654 vs. 445 L/(umol-s)],
Hrr D144N/V227A 34 (1 385 U/mg) bb B A= 7l
(1003 U/mg)$: = 38%. Fei 2" i 228 K
FFIEI(E. coli)FEHIRME, 7E 80 °CN# 10 min f5, %f
AR AppA TG AR bR 0BG 43 1 31.4%
70.5%, SE7E MR E I LB AR TR R 39.1%.

Tang ZU"5E ok 528 B U B3 (A, niger) R
i, 3R A9 9 48 Bk (Q172R . QI72R/K432R i
Q368E/K432R), 80 °CHUULH 10 min & HAH R
TEPE N 466 688, 438 366 Al 503 217 U/mg.
Hesampour 2" 1 13 275 24 f B A AR (A, niger
PhyA), R7Z5kk P9 Fl P12 7E 80 °CH#45E 1k %
V5, R TG 0 S R 24% 01 22.6% . B el 1)
Tt 2878 B M B (4. niger) N25 H R, 2878 Hk
PP-NP®-12D ¥ sE 45w, 78 70, 80 1 90 °C
IKVEAL PR 10 min, PEE 5382 5 35% . 40%
1 31%, PP-NP*-12G fifbiG A, MGk ik
F| 112 957 U/mL, RJFIRHE(513.4 U/mL)¥)

220 fi5. SRyilt—p N A R TR R M
i T It 2 1 S A E R, O o M BRERE E
TSR = A PR 2 A8 A o I 202000t - 1
AN BS 0 BB B (4. niger) YM-01 B 22 AR 3647 5
AR SR AMB AR AR IS B S A F) 2 204 U/mL,
RAFRE YM-16 B#G b YM-01 25 61.2%, H.#
FEPEdE R, 90 °Creii AL 3 10 min J5, YM-16
fitf 1% >h 226 U/mL, if— 20 % FL A 7 gk 1 2%
PEEATOAR, AT R - R (3R 2). BREL
AR A2 B R (A, niger) MAO21 YEAT4840 . 1
S SENTCE AR PN AT A AP, ARASAE R A 2 ™ TR
PR U-12-10, HAHRRBHSG EAF] 2 950-3 015 U/mL,
IR TR 3.6 %,

Xu M SHRER ZEATR(B. amyloliquefaciens)
DSM 1061 fEEREFHA T4, 28748 kk D148E i
PERE S 35%, MEALACRZE AT 1.5 f%, 78
pH 5.0—8.0 0 [l P4 16 P 25 T35 £E 71(7.0-20.6 vs.
6.0-15 U/mg), 1E 65 °CHf ik 20.6 U/mg,
40-75 °CHRLEJERINTE R, H2745Hk D148E
B 1 M T AR B(2.5-20.6 vs. 2—15 U/mg).
T P S U il S AR 9% AT B (Agrobacterium
radiobacter)iff 17 5 -FAHE B4, Tk
77 TR TG M v A TR AR, WS IS 18.5 U/mL, L
JE U TR R TG 2 155 47.7% 0

R Al - AT — S R AR, 1) 3
Hh it o A/ 5 AR A 0 A TR T o R 8 A IR g A
BRI, T AT AU g 48 P AR R 1 4 o A0 N gl
FAARUPT (3 2) Ban, 7 i A 4 e i e 5
Ja, BIERERR & RREAR T2 20.5%, [FIEA
RO SRR 1.22 50 seAh, R Al
i 1t T i 2 A A PR W AL PR AR il T
U200 3 ) - BN AN A PR R, R
TR A L SR 173 £, AR
RS . EORP T B MR & LA ey s i 4 R
MR 32.4%., 74.8%. 48.1%F1 30.6%,

A

o> B
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3 PhHE 4 A A W Bl A AR R I Y R T
I IEAR T R, B A PR AR
AR, AT R N PR R R A TR
W/ SR AP L e AR A3 2 ) PR 5 5 B XL
o 871 /R AL S 5 3138

5 Hh5R%

WEwEs e 52 R, LA
I 2l i JRE e A e 2l 7 A e Tl 28 (o 1 O 8 e
PEA L8, HATTEAE R T5 Y b SRR AU o
TCHLEE B A - 358 J5 A% 5 B - S5 % Bff 2 5 <5
BT MR 1 2% 5 W el AL A LI (LR
N FEZIN ), FEOLEY AT R YRR
PR B K AR PR R 1 S BE R, 7R ML A P AR R
Tl ) AR e AP e 52 PO AL R £ 7K At P e e
O E LN R . L, i ik 3 A9
FERR B PER M N R GIREE . pH . 3R
B AL RV | SR A RS,
L L 0 B e LR TS M AR E M A T A BOR
(AR B BRI . $2 F ARG pH 1E T
B e AR 5 BT SR

PR I 14 125 24 e 43 JHL D FH A S 1) S
Tl A 0 L TR T A 52 s I R AT BT — 2 R BR
P, SA, Al JLs RS (1) 1Y
R AR IR, B T e th PAS e PR L T
P g0 B P R R W 0 5 (2) B P R il
EPERRZ IR N 2, HET SR 5 A 4R s A IR T A
TIERREE; (3) AR R AR IE pH YL
& e IR T AARUE IR 5 A R T T 2 T A K
A DR T i A A A PR I 55 (4) WEE
FRLIR it RV FHAILR ,  E— 2 Db B O A R it
FATF AR AR 7 2 Fi g S XA FH 250 PR 198 1) )
FRCR SIS B A AR 27, X RARAR O
AP A I R TG G | AR A

P B A T DTS G LK AR 8 R A KU, .
AEEMILE XL
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