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AT 2 P W R RS B, AR IR
Wi KA1 [Cayo(PO,)sF,] . FEEEME KA1 [Cajo(POy)s
(OH,) R B8 I A 3P B F) k5 0y sl FG o )
Yo WA S W) LABRER O AR LB RO
W Fe, AIFIH,PO, #4043 Al BEpHI 284k, Hifth
T BEAL B W2 TE H E R B N AR A
AR N ] A,

TP R R R HEY), RES R AR Y XE L
WSO ] B i e A S ] I SO T RIE S, BT IX
i BE 77 1Y T3l A W0 R O 45 W 32 W) (Phosphate-
solubilizing micro-organisms, PSM). ¥&®EHAEY)
AR BENLBEAR R 2 2%, — A LR ILATS
W A HLRR M RRARVE ™, IR E MR A
PLRR AT 5 PH 1 K B AR I eSS Fe . AL, Ca,
Mg e BB T TR GBS, 928G
PRI K s AR T — 2 (EI, BUEY)
FIAE D) A2 BRI L 525 1o L Ah 53 DA P 1
BRE AR R B IR TR B 5 0 o, R iR 25 A DL
WAk, BEHCHAROE . ERERA YR E R S
SRR R B2, 3 R B A B A ] TR
RAEMEHD. IeAh, Lin " kl, —oeinn
AE 55 ) o 22 G [T P T 7 B 2 [ Ph A A B
AR . R ALIR IR IS — P R M A MR TE
2 I ZU B (GDH) IV T Bl s AL i iR,
BT 3t — 20 76 7 4 W T It A T Rl SR AR
R M B ) BT ™, SRS e 4000 1) 4 i B
MAEREZ 6], (EMEAN AR R B b =, TR AL X
IR S W RO, AR . ROV )
GDHJEMHT2,7,9- =R 1 H-ME I - k-4, 5- il
(PQQ)IMEREE I T I L 2 —", Zh & Ae 4
figg 1"

AT AEAMI T X 1 I GDHJE I T — &5
HIBFFE . 19904F Cleton-Jansen' "X 9RALE. colifiii
I GDHAER FEAT 7 sa k. Wy AR S AL
20074E Tripura' ' )\ Enterobacter asburiae itk
P& 1 2.4 kbHYGDHAED , Jfxf iz FE T 2R H
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afifk, {H5CT GDHAEM A Y vk B b i1 I
BT E AL AE VR 2 A 2 Ak . A
FEMNK AR P 33 8 B2 MRV Wi RE ) A5 Y
B, A wil 5wile XHX2BRE R T Vitek 27
16S rRNAFSN43HT, 4353 % € K Pseudomonas
sp.FllEnterobacter sp., TEFLlEE 2 PRGDHEE K 1Y
22 i R 0 A N[ B2 8% L Sl AR WX 7 22 paa
R GDHRAG SRR Rk w2, hit—2
I GDH AL PR 19 K358 B S5 I W A OCHE, 48R
W PR B ShAZ AL R (LR A

1 AR &

1.1 #¥

111 BFERE . AR AT A R S MRl
KPR GIRIG (A £:125°19° . Jb4i43°43°) K
HRFR L4, SRAERTHIH20134E3 H ],

1.1.2 FERFISE: AEERNAREG &
W HRARAEB A RA R, S skidn &l B
b X EWHARAIRAFE, 26 a#PCRIA
F|4SYBR Premix ExTaq' X PCRY A AR FH] |
I MR £ . e A pMD18-TH I A
TaKaRaAw] . A5 WM B Ad TAY TEA
Al A . ABISEHT R 8 PCRH FE [E Applied Bio-
systems £ fR 2y 7], DYY-6DHL KA 7 i 7S —14%
T, HEASAEOHIEESigma/A R, SPX-
250BS- I A Ak X5 34 T v B 7 a4 il 1 A PR
NHE), SW-CI2DENSH L TAE G N Mg ik & A
FRAE], 722N-A] WAMEBEET R AR RHM AR
KARAF],

1.1.3 SZERFTATIY: ARG I IEL,
1.1.4  RESREE. (1) IESOHLBRANER 194> B B R 2kl
NBRIP (National Botanical Research Institute’s
phosphate) K7 #7251 BEFRIL M AN . A AT HH
10 g, Caz(P0O,),5 g, MgCl,-6H,0 5 g, MgSOy,-
7H,0 0.25 g, KC10.2 g, (NH,),S0,0.1 g, Z&i&
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=1 ALIFAASI4
Table 1. Primers used in this study

Primers Sequence (5'—3") Description

16S rRNA-F AGAGTTTGATCATGGCTCAG Identification of strain
16S rRNA-R TACGGTTACCTTGTTACGACTT Identification of strain
gdhl-F CTGGATTGGTGGCAACTGGT gdh cloning

gdhl-R TCCTTGCCGGTGTAGGTCATC gdh cloning

gdh3-F TCTTCTTTGGCATCTGGCTG gdh cloning

gdh3-R ACTGCTTGCCATTCACTTCA gdh cloning

G1-F CCAGACCTACACCCGTAACTC Target genes of wjl
G1-R GCGTATTTCTCCGATTCCG Target genes of wjl
G3-F GTCTGGCGTCGTCTGATTGTG Target genes of wj3
G3-R CAGGCGTGGATTCTGCGTT Target genes of wj3
S1-F GATAACGCTCGGAAACGGAC Reference genes of wjl
S1-R GGCTGCTGGCACAGAGTTAG Reference genes of wjl
S3-F CGTTACCCGCAGAAGAAGCA Reference genes of wj3
S3-R TCAAGGGCACAACCTCCAAG Reference genes of wj3

7K1000 mL, [EARIGFRIEA NS g/LRITEIENT o
I3 LB AT H10.05% 2 11 R (NH,), SO ME A A
Ui, FRYEACALIINBRIPE; R 5L, (2) LB 37 0k
NaCl10g, EEMANRI0g, FERHEWIS g, BAKESR
FEMALS gBilig ¥, Z%i87K1000 mL, pH 7.0,
1.2 WS BE5EE

Bl g K G ABR 438 A 50 mLKE 7K, 30 °C
PERIRG 1 h, W VEBOE R RS, 43 BIEL100
uLIR M TNBRIPREMAREF2 5L 1, 30 °CHiFR48 h,
PRICEAT B v e Y TR VR A T AliAb . s alife)s
F B T—80 °CAR- £ 11 o

it Vitek 2 H 21041 R BRI T A 1R
SE 5 H AR T R IO R A SE N 4IDNA, iE
F716S IRNAFEH Y1 . PCRATHE (W2 1)551
Xt ;T KT 16S rRNAKE K (GenBank /7515 K
J01859) /72647 Fl1491-151247""" . PCR™¥p3%
A TR TR A RS WA TN, AR
SHIDNAFH, %i AGenBank, FIBLASTS%(d%

JE B R S0 AT R R F g, FIFTMEGA 5.0%%
f, %M Neighbor-Joining (NJ)¥EM E E K 16S
rRNAJFII I R Gk B W, EHEBootstrapfE 4500,
T B 20 H0.5, Kimura-2 2 500E 5, H e ¥ R
BN S8, IF 1) GenBankd 52 )7 91 3F: 3k 15 %
R
1.3 EHRBBHERENRL

SR FH Lo 5(57) B IE 212 B 68 5 1 v W o 7
AR R FR AT fE . DANBRIPES 3% 3 4y 3
fill, X 1% W/ V)R BRIE (AT . R . 22 2F
B FLBE . HEERD, 0.05%(W/V)IY R (SR
B BRREE . KRR . B, 4RE) L pHIA
(5. 6. 7. 8. 9tk FhFHe1 %M EEMT
WEFEHF, F30°C, 150 o/min#H A 71595, FIH4H
WL 0 PRV P AT R R S i, PRI
ZIECHR[17]. MCIERINBRIPE; 32 56 A5 /L
Cay(POL)MEAMEIR, 4F6 hBUEE LR, I E2F bk
96 hN I &
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1.4 GDHEREMESFHI T

W) 1 GDHEE K ORSF X9 51 it 2
WA & ¥k Pseudomonas sp. TII-51, J¥55 HAEWE
01000115.1fGDHEEHN AT FFRWI3H)
GDHZEEH RS IX P45 |1 W1k 2 I Bk Enterobacter
cloacae subsp. cloacae ENHKUO1, J#%]5 N
CP003737.1GDHZEH FEH #1111

L2 B Ak B I ZHDNA B, 43 91 LA
gdh1-Fflgdhl-R, gdh3-FAilgdh3-RN5|¥iFT
PCRY %, SIWFHHEN R, PCRIWV KR LFE
10xExTaq buffer (Mg®" Plus) 4 pL, dNTPs mixture
4.5 uL, TaKaRa ExTaq 0.3 pL, #fg1.0pL, ET
Wenl¥41.0 uL, Hdd H,O%MEZES0 uL, U 45
4. 94°C 4 min; 94°C 305, (50+10)°C30s,
72°C90s, 334MEH; 72°C 10 min, PCR=#jH
1% B REWHEE I P KA, REASI E A FUDNA B
2B AT & T S TATE B 2 ARpMD18-Ti% 4% .
e, 6 RAE TAEY TR A R T
1.5 REEEPCR

SR FH S Bt 9 ¥ 72 8 P C R ARG I 35 (4] 4 4
XfRBE, RIRMEE RS o B R A L
Ca3(PO4), A ME—BE IR A9 /L NBRIPIR {4 85 57 3 v
HEFTRER , HeRh i SOE IR AR L 3R BRI s 7
Hpythtb. HA96 hiNE kw1 Flwj3 GDHEEF %
K E LIS g/L Cas(PO,), MBETR, 12 hBEUEE
1R, HATRNASEHL . AFBEIR A BE T
JeCasy(POy),. 0.625 g/L Caz(PO,),. 1.25 g/L
Cay(PO,),. 2.5 g/L Cas(POy),. 5 g/L Cay(PO,),Hl
1 g/L K,HPO,, Z3517F-12 hfi48 hitREmI & o Bk
AL NBRIPIR A 55 52 WA i pHIE 0 A 25 . 6.
7. 8.9, 30°CH;¥:12 hF148 h)5 I E A [FpH S
PR 2R AR GDHEE R ik 5

FHANE S RNARH & R B2 ME R IRNA ,
¥ M Easy Script “First-strand cDNA Synthesis
Super Mix % st if 1l & & BicDNA . SEH 2
HPCRE S E RIXFISYBR Premix ExTaq " #1714
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WOV, HPrimer 5.0%k it H 9 EERG1Y), N
ZHEK H16S tRNA (51975 W#1).

SRR ZR H20 uL, fIFESYBR Premix ExTag'
I (2x) 10 uL, B FUi#5[491450.8 uL, ROX Reference
Dye (50%) 0.4 uL, ¢cDNA#AR1.0 uL, ddH,0 6.0
uL, PCRELW 4K 95°C 10 min, 95°C 15s,
60 °C 30 s, 40MEH, BA VK EIRER,
F| FStep One A= ¥154: FliMicrosoft Excel 43 H4k
AR EE R, SIMABIA R HEAACUHT R T Ik
THAARX Rk,
1.6 PERRREINE S R

] 2 AR IO S TS P VR N SCER 18] TR
PR R 15 5% T BURE 25 A4 TR 1.5 %86 RE BEPCR A AR 1Y)
B At . KR 10000 r/min £5.0510 min, Y4E
HiA&, A 10 mL 0.01 mol/LIpH 6.085H 2% v
W, FIMA2-Fi 3 LBEE 1 mmol/L, FIKinH,
T REIE30 min (50%5)%, TAE10s, [HJEK20s),
4 °Ciz423 h, #0158 LI, DT R
2 0PI (pH 6.0) S B 20 S b i o A AR A i
MR A Triton-X 100 2= &4 FE }1%, 7E0 °C
BREWMA3h, 4°CRESRHK, 12000 r/ming L
10 min, F 75 RI A ) 2 4 I S AL B . 25 °C
T, AL AL mLAY50 mmol/L )
pH 8.75 Tris-HCIZZ WPt , SR 5 Fi-43il il A20 mmol/L
Wy IR B R S . 6.7 mmol/L 2,6— % & &
(DCIP) L J2 1 mol/LA5 43445100 uL, JRAIE],

[ 1. EFiE 7 EiR B RR e
Figure 1. Halo of phosphate—solubilization microorganism
in solid media.
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INAGE B WERR, fda e R E3 mL, @04
600 nm NG ML, R D H 54 G-
2507 M AR SR o B B ) 5L (U L
He 25°CKAET, 7E1 minNREWS(H 1 umol (1Y #5245
BEE AL (1 umol DCIPAS JF) AR . A2 B &
it LY 3% 77 DA B SR 1 RS D AT
iy A U/Mmg.

2 HRAH

2.1 BBEERE S E

PhCas(POy,), A ME—M U5 AFUNBRIPH: F5 5E Hh i
T 2R B B R A R A R PR, 2R ali Ak )E A
T BT VWO, B 3 2 bk TR AR AR T
=80 °Crlr, Il 44 S wil Flwi 3Btk -

22 EHREEE

P43 B TR 28 Vitek 242 BAR fREE 230 45
N Pseudomonas sp.flEnterobacter sp.. B F
wijlFllwj3y16S IRNASEATPCRY 14, 155K JFZ)
N5 Ko ) o K e 91 GenBank X
Y PEHEATBLAST IR Yk Hu e, 25 2R & W T bk
wijlFE A 73 & %5 KM975675) 5 Pseudomonas
brassicacearum strain IHBB 821 (% 3¢5 KF475874.1)
PRI B 85 99% 5 TR w3 (5 SR5KM975676)
S Enterobacter asburiae L1 55 CP007546.1) #H
AL 52 12 DA 99% o 064 AR AL 250 v 11 ) J A ] ol
WHRFFA, RANTEM R G R TR (1#2). A
HORT R, BRI TR R AT R Y A A FE
e, Wk wi L FIw 33 AL T2 — AN, o0l s

Pseudomonas brassicacearum strain IHBB 821

=S

46: Pseudomonas fluorescens strain BZ64(HQ588845.1)
4 Pseudomonas kilonensis strain JX22(KF840730.1)
Pseudomonas grimontii (AB698742.1)
Pseudomonas rhodesiae strain 1A(KC329817.1)
[ Pseudomonas sp. wjl (KM975675)
10 L Pseudomonas brassicacearum strain THB B 821(KF475874.1)
Pseudomonas stutzeri (AJ308315.1)
Pseudomonas extremaustralis (AJ583501.3)
- 10 { Pseudomonas tolaasii (AF348507.1)
0.5 2 Pseudomonas lini PSB44 (HQ242757.1)

10

2 Enterobacter aerogenes strain GD19 (KF928775.1)
2 { Enterobacter hormaechei (AY995561.1)
4 Enterobacter ludwigii strain IHBB 6551 (KF475862.1)
4 [ Enterobacter sp. wj3 (KM975676)
L Enterobacter asburiae L1 (CP007546.1)
7 [~ Enterobacter cloacae strain M=5(HM030748.1)
L Enterobacter sp. BSP6 (KF360068.1)
Enterobacter nickellidurans (AJ854063.3)
9 { Enterobacter cancerogenus strain MP15 3A (JN644618.1)
05 7 Enterobacter asburiae strain E53 (HQ407230.1)

2. B #kPseudomonas sp. wjl15 Enterobacter sp. wj3 16S rRNAZL [E 5z 1L #7d

Figure 2. Phylogenetic tree of strain Pseudomonas sp. wjl and Enterobacter sp. wj3 based on 16S rRNA gene
sequences. The number at each branch points is the percentage supported by bootstrap in 1000. Bar, 0.2 substitutions
per nucleotide position and Kimura-2-parameter.
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Enterobacter asburiae L17E[R]—/337 I,
23 HHRERRER R

MRIE . AR . pHIE3H ZR S/K -1 T IE 2SI
B, DIARAAE ARG SRk . S5 2R Won i a bl
Wi, PR AENR, pH SIHABE i B i (G5 R
H7R) o DN T WRFEAS [R] 8] P9 2 5 R i Wl 1 28
b, BB AR A ADLALRINBRIPE SR 4L, g
T96 hNIEBERE . MWIEI3AT IR, 28R AR
W AL RIS TR R R B, wil Al
Wi HRTEG hm i Wit tH L B3, 70 0ilfE42 h
36 hik B RMEH, RGBT ZE . wjlHl
wiBTED A I B8 1 e ik b T LRSI R ) )

B, e 558 ng/mL5478 pg/mL.
(A) g 700

600
500 +
400 +
300 +
200
100
0

(B) 2 700,

Phosphate released P/(ug/mL)

t/h

6 121824 30364248 5460 66 72 78 8490 96

2.4 FEBRGDHERE KT XTI

A3 wil 5 wi3 TR AR JE [ 2 DN A AR i1 7
PCRY HIGDHEEHFH ., K4 LIE H, §H4"
YIS M, RESMELE, 5 H MR BOR/MESE
Iy 235 3% s W5 H Y B B /INA3 il 22007 bp il
2066 bp. ¥ FES A HIBLASTHATIE 2, 4550
EISFs, PIFES1 500 5 F 5115 hed10280 HIPQQ-
mGDHEA —B 455, KUI2HE RGDHEH
SeRERR I
2.5 BB BEE GDHERE AR M
2.5.1 96 hNEtkwjlflwj3 GDHEHREXE S
Bre I SER SO E B PCRAME AL AYNBRIPE, 5%
SR 1 T ol T ok G D 32k DR AR X6 3 36 1 B s 1] ) 3

3313600 -

6 12182430 364248 54 60 66 72 78 84 90 96
t/h

& 3. 96 hAEHkwjl (A) Fwj3 (B)iRHE
Figure 3. The phosphate solubilizing capacity of wj1 (A) and wj3 (B) in 96 h.

2007 bp 2066 bp

4. GDH EFH¥ 15

Figure 4. Amplification of GDH gene. M: DL 2000;
lane 1: PCR result of GDH gene of wjl; lane 2: PCR
result of GDH gene of wj3.
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AT G, SRME6H R, ATUEFEH, A
[ 5T E N , GDHAENFRIAEAF . 96 hiNHH
Phwjl GDHAE N 25k S AR 2/ F bk wy3, Btk
wj I 755 FE ) [E] 48 hish Feik e, Hbkwi37E
12 hisf GDHZE R ik 1 B 4 iy T LA s ]

2.5.2 AFBRESEFEPERwj1Iwj3 GDHE:
HFRESHr: HETRIAL, FEARFRBEE R IR
W, R kw1 Filwi3 GDHIE R 44 A [F) R 5 1)
%o BEFR12 hish, TERw) LTE LAKHPO /R IR Y
NBRIPH; g AT R A mm, HIR AT
Ca3(PO,),INBRIPE: #5448 hif 7 5 K,HPO,
JRIINBRIPE: SR h ik e, KNS
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1 250 500
RF +1 ——
actiue site
Trp dockimg motif
Superfamilies
multi-domains
1 250 500

RF +3 —
actiue site
Trp dockimg motif

Superfamilies
multi-domains

750 1000 1250 1500 1750 2000
PQQ_DH_like swperfamily
acido_non PQQ
750 1000 1250 1500 2008

1750

PQQ_DH_like swperfamily

acido_non PQQ

5. GDHEEF5IAblastx 577
Figure 5. The BLASTx analysis of GDH gene sequences.

(A) 210 ¢

| e

o

Relactive expressional le

12 24 36 48

t/h

60

72 84 96

12 24 36 48 60 72
t/h

84

6. 96 hIAEHkwjl(A)Fwj3(B) GDHEEFRILE LK
Figure 6. GDH genes expression level of wjl (A) and wj3 (B) in 96 h.

60

Relactive expressional level

©) Different phosphorus

10

S N~ N

Relactive expressional level

1 2 3 4 5
Different phosphorus

®)

(D)

Relactive expressional leve

Relactive expressional level

607
50¢
401
30t
201
101

1 2 3 4 5 6
Different phosphorus

1 2 3 4 5 6
Different phosphorus

7. EHEWjIRWBEARHIRIEFEPGDHERREEL K
Figure 7. GDH genes expression analysis of wjl and wj3 in different phosphate medium. A: wjl 12 h; B: wjl 48 h;
C: wj3 12 h; D: wj3 48 h.1: 0 g/L Cas(POy),; 2: 0.625 g/L Caz(POy),; 3: 1.25 g/L Caz(POy),; 4: 2.5 g/L Cas(PO,),; S:

5.0 g/L Cay(PO,),; 6: 1.0 g/L K,HPO,.
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0.625 g/L Cay(PO,) 35355 wi3kE7:12 hl48 hit
I WITE S g/L Cas(POy4),FUNBRIPH; #2551
Ca3(PO,),IINBRIPH; F= 3L Fh AR ek & ey, H
A PR IR 2514 GDHIE R ek 22 A &
2.5.3  ANEHIHEpHAINBRIPEE FEX B bkwj1
wj3 GDHERZRZ B . HIESATLIA N,
FRwj 1 w376 AN [A] 9] 5 p HAE N BRIP 1% 55 3 v
GDHIEEH B FKik . HiFE12 hf148 hif, FHHk
wi L5 BIFERI L pH SAIRIURpH Ok 1373 rh A X3
ikt R, I L GDHEE i F 1k bl 5 15 7R 5[]
FAEAEI AR, GDHEEKFRIAEAS him T 12 h
FZeikar; 12 W48 hisfwi3th /-l FE#I i pH SA
VI pH OFINBRIPH: R b R i iy, HR
pHA{E MY 35 5 5L b Rk AR LK, 1 HAH 228
/No HERRW] L RIwi3EE48 h, WIthpH ORI T
GDHZH: H Rk ik # i K ME .

2.6 AEZHT HEKRGDHEFENE

2.6.1 96 hHwjl. wj3 GDHEREIIE: h&on]

(A)

O = N Wk U XX

Relactive expressional leve

©

S =N W WUV

Relactive expressional leve

pH

®)

D)

A, B AR SRI T AR K, will5wj3 GDHIE
PER R IETH R R BERAEa, IFH .96 hiN w1
TEAREL I B T wid. wjlfE 12-48 hith S M2
FEE . 60 his g Gtk Bl e =i, H2450.57
U/mg, ZJEEEGTEZET N Bkwj37E12-36 h
NG W ETE, 36 hi Gk B R (E, M
21.62 U/mg, ZJGRlE S8 i

2.6.2 AHBHFEREFEEPGDHERENE: 7L
TSNS R W U 1 6 SN BRIPHS 752 5L S Al xt
wjlHiwj3 GDHREGH LI 1 b il . 10T LA
Fill, 7E12 hF148 hif, [R5 @0 3G 72 5 b
GDHP Y LL 6 122 5 I 2 . TR kRwj1 48 hEF Y
b 3E 1B B R T 12 hi g 1, B53R12 hibfE DL
5 g/L Cas(PO,), 1557 3 GDHEE ) L 16 15
“H671.53 U/mg. 12 hitwjl GDHEFAY TG F158 55
KR M. 5 g/L Cas(POy),. 2.5 g/L
Ca;(PO,),. 0.625 g/L Cay(PO,),. 1 g/L K,HPO,.
1.25 g/L Ca3(PO,),. JiCas(PO,), K3, 48 h
wij L E AR ETELLS g/L Cay(PO,), 1537 3 Fh GDH

O = N W ks U0

Relactive expressional leve

S =N Wk WU

Relactive expressional leve

/-
8

& 8. EHkwj1FIwWi3EAEVIEpHIABIEFEPGDHERRKILAE Tk

Figure 8. GDH genes expression analysis of wj1 and wj3 in different initial pH solubilizing phosphate media. A: wj1l

12 h; B: wj1 48 h; C: wj3 12 h; D: wj3 48 h.
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B H I S f R, H2826.82 U/mg. 48 h wjl
GDHE M LI F1 s 55 PR K R 5 g/L
Ca3(PO4),. 2.5 g/L Ca3(P0Oy4),. 1.25 g/L
Ca;3(PO,),. 1 g/L K,HPO,. 0.625 g/L Cas(PO,),.
TCay (PO, F54E . 12 h148 hibf I bkwj3 GDHI
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Figure 9. The glucose dehydrogenase activity analysis of wjl (A) and wj3 (B) in 96 h.

(A) 5,800

£ 700t

D
]
(=)

5007
4001
300
200
100t

0

Specific activity/(U

4 5
Different phosphorus

(o8]
<

©

—_— = NN
wm S O W

Specific activity/(U/mg)

1 2 3
Different phosphorus

4 5

(B)

)

a5 3500
3000 ¢
2500
2000 ¢
1500 ¢
1000 ¢
50071
0

-
-

..

Specific activity/(U/m

-
<

Specific activity/(U/mg)

[ S AT ]

Different phosphorus

10. wjlFnwj3 R ERRLEE 7= & P GDHESE
Figure 10. The glucose dehydrogenase activity of wjl and wj3 in different phosphorus medium. A: wjl 12 h; B: wjl
48 h; C: wj3 12 h; D: wj3 48 h.1: 0 g/L Ca3(POy),; 2: 0.625 g/L Ca3(POy),; 3: 1.25 g/L Caz(POy),; 4: 2.5 g/L

Ca3(PO4)2, 5:5.0 g/L Ca3(PO4)2, 6:1.0 g/L KzHPO4

http://journals.im.ac.cn/actamicrocn



660

Meiying Yang et al. | Acta Microbiologica Sinica, 2016, 56(4)

WIMEpH SHYRG IR IEEE Y HLTG F1 8, WIdRpH 6.
8. MG FRIL P EEAY LLIE I 22 AN, VIR
pH 7S5 FRIE B LG 15K w3y EL T 77
BALTwilA9TE 77, wj37E12 hisf Lhid 7% 748 hity

(A) — 2000 [
21800

Specific activity/(U/m,
)
[
[«

(©)

Specific activity/(U/mg)

(B) ~ 14000

®)

6770 wi3TRIAK 12 hiERT 4G pH A STIOMY 1 7% 25 v il
1 LU ST ARRT A, ARG pHESR SR B g )
BAK, 5375148 hi ARG HIE ARG, A
BT R, WIiRpHA wi3 B G 152 M4/

en
£12000f

—_
o
(o]
(]
<

8000 1
6000 1
4000 ¢

Specific activity/(U,

Specific activity/(U/mg)

pH

B 11. Ewj1 AW EREVIEpHIA S 7 £ P GDHEGE
Figure 11. The glucose dehydrogenase activity of wjl and wj3 in different original pH solubilizing phosphate

medium. A: wjl 12 h; B: wjl 48 h; C: wj3 12 h; D: wj3 48 h.

3

VR T Y A e A A B
L, /D T BRI AR B W [ , BN
4 BT R AR Ak e SV Bl 0 A A
WU E MR E 2, AR . H A A
W i, HROE 2 AT B AN TR 32 B 2 A
J&(Bacillus) . ML F & (Pseudomonas) . %54 [
W& (Escherichia) . AR & (Enterbacter) . BX3C
[N & (Erwinia) . T 3EAFIRE (Agrobacterium) . 1%
T ICH & (Serratia) . TR & (Flavobacterium)
[ & J& (Azotobacter) . V21 1ERTE & (Salmonella)
AR ORI A AR PR - 4 b 4 B B2 0k HAT

actamicro@im.ac.cn

SLABROR I E MR w1 FIw)3, 454 Vitek 2/ HiAE
fEF8 bR S 16S IRNAJF I L35 0 i K7€, 1Bk
wjlFwj3 438 TR AR (Pseudomonas sp.) 5
AT (Enterobacter sp.). #2054 38 IR A M B
ORI WA F24.5 pg/mL; 2% VR] FH#ERR
=ASVE MR, Zad2 dBESE R BT R T I
PERER313.41 pg/mL, AR H B kw1 FlTwj 3
RV H BT IA F558 ng/ mLFI478 ng/mL.
FW X 2Pk I BAT B R IERERE ST, R HTX 2Bk A
TR EIC A —E a1,
SashidharFlPodile" A iy 7 45 8 42 A Ak i
B 2 [CBA PR AN s A e 1) E2EHL] , GDH



Mg | MUEWZER, 2016, 56(4)

LG R AR —, W R B> GDHAI
PQQIEN, HIARfERIMEHIIfE ™, (Athg
5% R WA [ e A R W LR R TR, i i
fEEXEA S — B R, R A
K [ a5 i B A HLRTR A R, A
P RW3TE96 h N GDHIE K 26 1A & M g B
BARTwjl, S EREEM2ZEE 10065, ANFEP
HpH . ANFEBEEE, 2 PkGDHHE P Rk & 5
WS ERZEEHRL, {096 h 2R ARV B AU
AR — B, fmmEuha Z AW A e 2%
Slo hBHGDHHE PR 2 35 1 K il 17 1) 28 Ak 5 w3 T
PRIEBE A B M R R, PIRRIE T 6E
TEAEARRIBMLE, HH T GDHAY H A kikE It
ER w3 R RY 23R, X TGDH 5wl
RIS B Z A1 56 R AT Btk — Pk gT . g agty
Y BIF9E 32R W B R A A A e i A e 9 2R T
SCMAABE R . ARDFSEIE T A RIBEIE S T 1
GDHIEHF A Ak, WA —8mssie. wtk
wijl7E F s 25 N GDHIEE R Rk e fe i, s
B IS LR R R s, BRI A SRR
GDHIEF F IR AR, 1M w3 B R 7E A IR B R 4%
1 F GDHIE R 635 AR AIR

2% UM

[1] Antoun H. Beneficial microorganisms for the sustainable use of
phosphates in agriculture. Procedia Engineering, 2012, 46:
62-67.

[2] Ding HX, Yu WT. Review on siol inorganic-P fractionation
and the influential factors on P bio-availability. Chinese
Journal of Soil Science, 2008, 39(3): 681-686. (in Chinese)
TWF, TR, LT R E A BT . -
HEE AR, 2008, 39(3): 681-686.

[3] Zhang L, Wu N, Wu'Y, Luo P, Liu L, Chen WN, Hu HY. Siol
phosphorus form and fractionation scheme: a review. Chinese
Journal of Applied Ecology, 2009, 20(7): 1775-1782. (in
Chinese)

[4]

[5]

[6]

[7]

[81]

[91]

[10]

[11]

[12]

[13]

TRAR, BT, REZ, B, XU, BROCHE, BI4LT. DR
KHEAH IR di . BHAERSH, 2009, 20(7):
1775-1782.

Rodriguez H, Fraga R. Phosphate solubilizing bacteria and their
role in plant growth promotion. Biotechnology Advances, 1999,
17(4/5): 319-339.

Paul EA, Clark FE. Soil mcrobiology and biochemistry. San
Dego, CA: Acadenic Press, 1988.

Liu ST, Lee LY, Tai CY, Hung CH, Chang YS, Wolfram JH,
Rogers R, Goldstein AH. Cloning of an Erwinia herbicola gene
necessary for gluconic acid production and enhanced mineral
phosphate solubilization in Escherichia coli HB101: nucleotide
sequence and probable involvement in biosynthesis of the
coenzyme pyrroloquinoline quinone. Journal of Bacteriology,
1992, 174(18): 5814-5819.

Babu-khan S, Yeo TC, Martin WL, Duron MR, Rogers RD,
Goldstein AH. Cloning of a mineral phosphate-solubilizing
gene from pseudomonas cepacia. Applied and Environmental
Microbiology, 1995, 61(3): 972-978.

Sashidhar B, Podile AR. Mineral phosphate solubilization by
rhizosphere bacteria and scope for manipulation of the direct
oxidation pathway involving glucose dehydrogenase. Journal
of Applied Microbiology, 2010, 109(1): 1-12.

Duine JA. Quinoproteins: enzymes containing the quinonoid
cofactor pyrroloquinoline quinone, topaquinone or tryptophan-
tryptophan quinone. European Journal of Biochemistry, 1991,
200(2): 271-284.

Buchert J, Viikari L. Oxidative D-xylose metabolism of
Gluconobacter oxydans. Applied Microbiology and
Biotechnology, 1988, 29(4): 375-379.

Cleton-Jansen AM, Goosen N, Fayet O, Van De Putte P.
Cloning, mapping, and sequencing of the gene encoding
Escherichia coli quinoprotein glucose dehydrogenase. Journal
of Bacteriology, 1990, 172(11): 6308—6315.

Tripura C, Sudhakar Reddy P, Reddy MK, Sashidhar B, Podile
AR. Glucose dehydrogenase of a rhizobacterial strain of
Enterobacter asburiae involved in mineral phosphate
solubilization shares properties and sequence homology with
other members of enterobacteriaceae. Indian Journal of
Microbiology, 2007, 47(2): 126-131.

Nautiyal CS. An efficient microbiological growth medium for

http://journals.im.ac.cn/actamicrocn



662

Meiying Yang et al. | Acta Microbiologica Sinica, 2016, 56(4)

[14]

[15]

[16]

[17]

[18]

[19]

screening phosphate solubilizing microorganisms. FEMS
Microbiology Letters, 1999, 170(1): 265-270.

Habe H, Ashikawa Y, Saiki Y, Yoshida T, Nojiri H, Omori T.
Sphingomonas sp. strain KA1, carrying a carbazole
dioxygenase gene homologue, degrades chlorinated dibenzo-p-
dioxins in soil. FEMS Microbiology Letters, 2002, 211(1):
43-49.

Bakermans C, Madsen EL. Diversity of 16S rDNA and
naphthalene dioxygenase genes from coal-tar-waste-
contaminated aquifer waters. Microbial Ecology, 2002, 44(2):
95-106.

Wu CM, Gong M. Determination of nucleic acid composite
prepation by phosphorus analysis. Chinese Journal of
Biochemical Pharmaceutics, 1997, 18(1): 44—45. (in Chinese)
REH, SR ERREINE SRR PR A b E A2y
YiZeik, 1997, 18(1): 44-45.

Huang J, Sheng XF, He LY. Biodiversity of phosphate-
dissolving and plant growth-promoting endophytic bacteria of
two crops. Acta Microbiologica Sinica, 2010, 50(6): 710-716.
(in Chinese)

B, BT, (AT, B BERE T WA N AR AR AR AR R T
B R W . U e, 2010, 50(6): 710-716.
Hamamatsu N, Suzumura N, Nomiya Y, Sato M, Aita T,
Nakajima M, Husimi Y, Shibanaka Y. Modified substrate
specificity of pyrroloquinoline quinone glucose dehydrogenase
by biased mutation assembling with optimized amino acid
substitution. Applied Microbiology and Biotechnology, 2006,
73(3): 607-617.

Zhang AH, Yang QY, Chen YR, Yu GH. Breeding of P-

decomposing strain and exploration for its fermentation

actamicro@im.ac.cn

[20]

(21]

[22]

[23]

[24]

condition. Journal of Anhui Agricultural University, 2004,
31(3): 309-314. (in Chinese)

KE, MR, BRE W, BOLAR. B 5L BRPS-01PH
R IE T Bk BB IE . LR RE 224, 2004,
31(3): 309-314.

Peng S, Han XR, Ma XY, Han M. Isolation and identification
of gluconic-acid producing Pseudomonas fluorescensand
phosphate dissolution. Biotechnology Bulletin, 2011, 5:
137-141. (in Chinese)

P, #EH, DB, w7 AR YO IR M R Y o
PIMEE SRR, AR TEAR, 2011, 5: 137-141.

YiJ, Gao X, An LJ. The study of phosphate solubilization
mechanism of Enterobacter aerogenes PSB28. Chinese
Agricultural Science Bulletin, 2011, 27(27): 245-249. (in
Chinese)

DHE, W, LR P UB AT A PSB2S AR HEHL AT A
2B R, 2011, 27(27): 245-249.

Khairnar NP, Misra HS, Apte SK. Pyrroloquinoline-quinone
synthesized in Escherichia coli by pyrroloquinoline-quinone
synthase of Deinococcus radiodurans plays a role beyond
mineral phosphate solubilization. Biochemical and Biophysical
Research Communications, 2003, 312(2): 303-308.

Kim KY, Jordan D, Krishnan HB. Expression of genes from
Rahnella aquatilis that are necessary for mineral phosphate
solubilization in Escherichia coli. FEMS Microbiology Letters,
1998, 159(1): 121-127.

Gothwal RK, Nigam V, Mohan MK, Samal D, Ghosh P.
Phosphate solubilization by rhizospheric bacterial isolates from
economically important desert plants. Indian Journal of

Microbiology, 2006, 46(4): 355-361.



MEIeE | MUEYIZEIR, 2016, 56(4) 663

Phosphorus dissolving capability, glucose dehydrogenase gene
expression and activity of two phosphate solubilizing bacteria

. . *H # . . . . . .. .
Meiying Yang °, Chunhong Wang', Zhihai Wu, Ting Yu, Hemei Sun, Jingjing Liu
College of Life Science/Faculty of Agronomy, Jilin Agricultural University, Changchun 130118, Jilin Province, China

Abstract: [Objective] To identify the function of glucose dehydrogenase (GDH) and gene expression level in the
process of solubilizing phosphorus. [Methods] Phosphate solubilizing bacteria (PSB) were isolated and purified by
soluble phosphorus circle method, and identified by Vitek 2 system and 16S rRNA sequence. The phosphate
solubilization capacity and GDH activity of PSB were determined. GDH genes were cloned by PCR and the relative
expression level of both genes under different conditions were determined by real-time quantitative PCR. [Results]
Two PSB were identified as Pseudomonas sp. and Enterobacter sp. and the highest phosphorus solubilizing capability
was 558 pg/mL for the former and 478 pg/mL for the latter. GDH genes of the two bacteria were cloned and the
fragments were 2007 bp and 2066 bp. Different GDH activity and GDH gene expression were cultivated under the
condition of different phosphorus sources and pH value. GDH gene expression of strain wjl was higher than the other
under high phosphorus, and the result was opposite under phosphorus stress. However, GDH gene expression of strain
wj3 was lower in all phosphorus levels. The expression of GDH gene and the change of the enzyme activity were not
obviously related with phosphorus solubilizing capability for strain wj3. [Conclusion] There were different
characteristics of GDH activity and GDH gene expression in two isolated strains that have different phosphate

solubilizing mechanisms.

Keywords: phosphate solubilizing bacteria (PSB), phosphate solubilization capacity, glucose dehydrogenase (GDH),
Pseudomonas sp., Enterobacter sp.
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