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Abstract: [Background] Phosphorus is a macronutrient for plant growth, but most of it cannot be
absorbed by plants. Phosphate-solubilizing microorganism (PSM) can secrete organic acids to dissolve
the insoluble soil phosphates, improve plant growth, crop yield and quality by increasing phosphorus
utilization. [Objective] The research aims to study the physiological functions of pggFE and GDH genes
in the Pseudomonas fluorescens CLW17 strain. [Methods] Bioinformatics analyses have been done for
two gene encoding proteins using bioinformatics software. We obtain two deletion mutant strains
(CLW17ApgqE and CLW17AGDH) of pqqE and GDH gene by homologous recombination technology,
and the corresponding supplementary strains (ApgqE/pgqE and AGDH/GDH) were obtained using the
combined transfer method. The phosphate solubilizing abilities and organic acid production abilities of
wild-type, mutant strains, and complementary strains were detected by NBRIP medium, molybdenum
anti colorimetry method, and high-pressure liquid chromatography (HPLC) method, respectively.
[Results] The numbers of amino acids encoded by pgqE and GDH genes were 390 and 803,
respectively. There is no signal peptide for both genes. pggE had no transmembrane domain, while GDH
predicted five transmembrane domains. The pggE and GDH genes are the phosphate-solubilizing genes
of the CLW17 strain, and the deletion of the two genes greatly reduces the phosphate-solubilizing ability
of this strain, moreover, the complementary strains of these two genes can restore the
phosphate-solubilizing ability. Wild strain CLW17 can secrete a variety of organic acids, among which
gluconic acid content is the highest, followed by acetic acid. The ability to produce organic acids in the
knocked-out strain was greatly reduced, especially the ability to produce gluconic acid and acetic acid.
[Conclusion] The pggE and GDH genes are the key genes for the phosphate solubilization of the CLW17
strain, the phosphate solubilization ability of the strain is closely related to the production of organic acids,
especially gluconic acid and acetic acid. This study laid the foundation for further study on the interaction

and phosphorus solubilization mechanism between the strain and Taxus chinensis var. mairei.

Keywords: Pseudomonas fluorescens, phosphate-solubilizing gene; gene knockout; homologous
recombination; Taxus chinensis var. mairei

i (phosphorus) ALY AL K T b B E IR0 RIAEYIME LA A BERe A6 D rT A ROTE 25, AT
RZ— EHYERAT SN AR E 256 8 HA XM AE 1 00 32 W BR O ¥ o AR W)
FEMERY, D, AL ARG (phosphate-solubilizing microorganism, PSM)?!,
P S IRIE A, b REBEARRWAEY)  PSM RIS EZE AR R #E T XA—+F
A, SEAEY N SBET AR A KA T L HATCARIE B9 D15 D20 B R PR 07 DAL B0k
M K A TR BERE T AU, BB D R AR (gluconic acid, GA)IZMIBY,
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b, WBRANTE AR 2 GA SR H AN # A b
FALERIR S —2, T LA A I = (glucose
dehydrogenase, GDH)Yf{Efk., 1M GDH i H 77 L5
B ARt GA MERL, HEIEZ R
rh % PR & KT (pyrroloquinoline quinone , PQQ)
YE2h GDH 18kl Bh R 1, 8 2 H R IrlaE i
7 GDH 4l B B AR 1Y) pgq 2 ABIRTEA L 500 GA
(RE ST, DL PQQ A4 it 14 T 2 11 85 4 i o S ity
5 PQQ Z54G MEA I 0 A5 {5 R b %
WAL GA . AEYIIY PQQ & BUAH G AL LA
FERFBERIERAELE, ARRIER pgg FEREH A
[]%), E IS 1497 PQQ 4H ¥ B pggA paqB.
pqqC.. pqqD. pqqE T pgqF X 6 IR,
TE— S B QO IRMIE Bl6 iR H pgqG .
PaqH. pgql. pqqJ. pqgK F pggM FERP, I,
pqqE %F PQQ B A A i 2 e F gl

2¢ 6 AR B B (Pseudomonas  fluorescens)
CLW17 J&41 & A F T 4L B AARBR I — bk S 805
RS, IZEREA T ER R L B A
FERR . AR OSSR AR AR, XTR T4L A
AR AR ER, BT ER s R R,
CLW 17 BtRA BRI ICHLBERE 77 , (BB

1 ARR R ERNE KRR
Table 1

Strains and plasmids used in this experiment

il UL (ST RS = G 1N P37 7 N e e SE EX R DB
AR, i RN TR, CLWIT Bk R
Hi GDH l pqqE 55 . 55T I, ABFFEXT CLW17
WPk GDH Fl pgqE SRR PIReHA 105, AN
75 CLW 17 TR R 15 B 02 A DL 25 5 Lk, JF:
Sy e 3 T A A5 FE ) AR PR AR A= TR (plant growth
promoting rhizobacteria, PGPR)#EUEFIEILA .

W ELVE

1.1 ##l
1.1.1 B E KRR R

ARSI iR FH R TR R B BRE AN 3R 1 TR o
1.1.2 FERXFIFLES

B SR &, EAEY TROGE) AR
Nl BRI BGRAT G L B Ak S D
R MR &, KRR dE ) A BRA
) 3 BRAIYE N YIEE BamH 1-HF, EcoR I-HF, Hind
III-HF, Nhe I-HF 1 Spe I-HF, dt.5¢ NEB A+l ;
RRER . A vHE&ESR, LIF Sigma A+,

EORAR TR, LEER R A A ]
PCR 1%, Eppendorf /23] ; BEI 41, Bio-Rad
ocwls MRS, BB —EREA AR &

Strains or plasmids Description

Reference or source

Strains

Pseudomonas fluorescens CLW17 Wild-type isolated from rhizosphere of Taxus chinensis var. mairei Lab collection

CLW17ApqqE pqqE in-frame deletion in CLW17 This study
CLW17AGDH GDH in-frame deletion in CLW17 This study
ApqqE/pqqE CLW17ApgqE complementation This study
AGDH/GDH CLW17AGDH complementation This study

Escherichia coli S17-1 recA, thi, pro, RP4-2-Tc::Mu-Km::Tn7 Lab collection

Plasmids
pEX18Gm Suicide vector, sacB, Gm® Lab collection
pIN105 Replenishment vector, Gm"® Gift from University of

S17-1/pEx18Gm-pqqE
S17-1/pEx18Gm-GDH
S17-1/pIJN105-pgqE
S17-1/pJN105-GDH

pEx18Gm containing pgqE upstream and downstream, Gm®
pEx18Gm containing GDH upstream and downstream, Gm"®
pIN105 containing pggE, Gm®
pJN105 containing GDH, Gm®

Washington
This study
This study
This study
This study
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GMAT LA AR, B iR s A FRA F .
1.1.3 ERE

LB: BiEAM 10 g, BRI 5 ¢, NaCl
10 g, 7&K 1000 mL, pH 7.0-7.5.

NA: 4WNE3g, AP 10g, NaCls5 g,
Z£187K 1000 mL, pH 7.0-7.2, Bifl§ 18-20 g.

NB: JCIHEEH NA.

LAS: B 10 g, BEEHEI) 5, 15%
REWE, ZEM87K 1000 mL, pH 7.0-7.5,

NBRIP: #ZibE 10 g, BER —45 5 g, MgCl,
5g, KC1 0.2 g, L/KBIREE 0.25 g, 7&K
1 000 mL, pH 7.0,

1.2 ik
121 EYEEESH

FI ProtParam. SignalP 5.0, TMHMM
SOPMA . Motif Scan #1 Conserved Domains ¢ 7E
LA, ST IOGIRERMIE CLW1T Bk
pqqE 1 GDH FEH gt 1 pg: i, [l
MEGA 7.0 X HAmRSEE i T RS R B RREL

*2 RPEAY
Table 2 Primers used in this study

1.2.2 HHRIAE ZHURENIK

B R AN CLW17 B A B Rk B R T
(10° CFU/mL)4% 100 L, 43 5446 F & b
M LB [BASE IR b, JHEIE T 30 °C fHIk b
FiA 24-36 h Ji, WEHA KR, DABf e iR
RATAS Rl He A= 2R ) Ukt
123 BbRERBIE

DL CLW17 WAk AL 41 DNA MBiAR , >R
F% 2 H) CLW17 DpgqgE FW/CLW17 DelpggE
FW. CLW17 DpqgqE RV/CLW17 DelpggE RV .
CLW17 DGDH FW/CLW17 _DelGDH FW
CLW17_DGDH RV/CLW17 DelGDH RV 5|¥)
Xf, a3 3 1 PCR iR F , it PCR
244:(94 °C 5 min; 94°C30s, 60°C30s, 72°C
50's, 30 MG 72 °C 5 min)¥ 14 pggE I GDH
LR E L R RIIEE R B SRR 2 19 CLW17_
DpqgE FW/CLW17 DpgqE RV .CLW17 DGDH _
FW/CLW17_DGDH RV 5|¥1%}, #| ] Overlap PCR
AR b T BOEHAE— &, ] Hind TII-HF

Primer name Sequence (5'—3’)

CLW17 DpqgE FW
CLW17 DelpgqgE FW
CLW17 DpqgE RV
CLW17_DelpgqE RV
CLW17 DpqgE SQFW
CLW17 DpggE SQRV
CLW17 CompDpgqE FW
CLW17_CompDpgqE RV
CLW17_DGDH FW
CLW17_DelGDH FW
CLW17 _DGDH RV
CLW17_DelGDH RV
CLW17_DGDH_SQFW
CLW17_DGDH_SQRV
CLW17_CompDGDH FW
CLW17_CompDGDH RV
M13 FW

M13 RV

GGCAAGCTTAGGCTACGAATATTTCCGCA
AAAGGCTCAGCCTTTGGCGATCGATGACTCAGGCAAGTTCGA
CGCGGATCCCGGAAAATCCTTTCTCGGAG
TCGAACTTGCCTGAGTCATCGATCGCCAAAGGCTGAGCCTTT
GATCCGGATCAATTGCGTTCCCAAGAACTG
CTAGCTAACGGTTGCAAACCATTTGCCGAC
CCGGAATTCTCATGGAGGTTGCCCATGC
CGGACTAGTTCAGCCTTTGGCGATGAGGC
CCCAAGCTTGAACTCTATTACGGCGTGCACG
GCCGCCGGCGGTGACGATCGAGGCGTACAGGCCCAATGCCGC
CCGGAATTCTGGTCGACCAGGGAATGGATAC
GCGGCATTGGGCCTGTACGCCTCGATCGTCACCGCCGGCGGC
ATCGACAACTACGTCCAGGCCAGTCTGGT
TCTTTGAATCGGCGGATTCGTAGGGTGAG
CTAGCTAGCACGGAGAACCACACTATGAG
CGGACTAGTTTATTCCGGCAGTTTGTACG
TGTAAAACGACGGCCAGT

CAGGAAACAGCTATGACC
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% 3 Q5 polymerase PCR Z f K&
Table 3 QS5 polymerase PCR reaction system

Component Volume (puL)
5xQ5 Reaction Buffer 10.0 pL

10 pumol/L dNTP Mix 1.0 uL

10 pmol/L primer FW 2.5uL

10 umol/L primer RV 2.5 uL
Template DNA Variable

Q5 Polymerase (2 U/pL) 0.5 uL

H,0 To 50.0 pL

Ml BamH 1-HF Xt pqqE 3:H & & R B Al skL
pEX18Gm #47XU Y], Al Hind TI-HF F1 EcoR I-HF
Xt GDH 3[R 8 & F BOFJFRL pEX18Gm 1 7AL
B, 5 F B R A B i Ak i KA TR 2 2
b, JE O A B R A . R AR 4
S17-1/pEX18Gm-pgqE #11 S17-1/pEX18Gm-GDH.
124 RPRIREIHIE

P A A S17-1/pEX18Gm-pggE F1S17-1/
pEX18Gm-GDH 439l 5 CLW17 A= BRI #R k4 7
A BL0.5 mL AR, 9 000 r/min Z5.0
3 min PR, LB A 2 ), WK,
B 0.5 mL SZKFFR, 9000 r/min &.0> 3 min, F
F¥E, 050 uL LB Hkk, Kz kw5 A IR
It EMEBEATHAERMN LB i,
30 °C HiFEat i, it w 7% PCR Kk ik HAg
e B vk , 5 T8 T 1 A B SE 40 BH M v )
LAE LAS A kA RIIEE AL, IR 15% 50
SEAR R BE AN sacB FERELL T, 25 H
CLW17 DpgqE FW/CLW17 DpggE RV HICLW17
DGDH FW/CLW17 DGDH RV 5|¥%ti#4F PCR
95 UE , B 5 IE OE 9 0 BR Y% CLW17_
DpgqE_SQFW/CLW17 DpggE SQRV HI CLW17
DGDH SQFW/CLW17 DGDH SQRV 5|4¥y%} ik
7 PCR B&AIE, 5 5631 1E A A4 BAL TR v 25 5 )
WY IE B i R AR IR A 44 ApqqE ! AGDH.,

1.2.5 [El*MRayE
DL CLW17 AR, 435 °R I CLW17_Comp

DpgqE FW/CLW17_CompDpggE RV Fll CLW17_
CompDGDH FW/CLW17_CompDGDH RV 5|4¥)
X pggE M GDH 3R, ] EcoR 1-HF/
Spe I-HF Hl Nhe I-HF/Spe I-HF X Ji¢ [0 Wi J5 (49 7
PRI pIN10S 40 5IEA T XUEEY], FF(E T4
DNA ligase i1 73% 4% o W 3% 4% 7 138 2od PG 1 e
ABIRIGAFE S17-1 B2 841 arh, 37 °C ¥k
TR PRk TR TR PCR Bk, 45
TEAff B B B R I N LA 1 [ b 3 A
#1444 S17-1/pIN105-pgqE F1 S17-1/pIN105-GDH.

Bk S17-1/pIN105-pggE F1 S17-1/
pIN105-GDH il & #% & %5 %% 09 J5 16 40 il % A
ApqgE 1 AGDH Tw tk, BV a] 45 3] [a] £h
ApqqElpgqE 1 AGDH/GDH , X Ffi5 %) M13-FW
1 M13-RV X [BIAME#EFT PCR HLIKAGI
1.2.6 AEEE SRR

(1) s MR FHEFEH CLWLT
B¢ E B Rk . ApggE . AGDH . ApqqE/pgqE F
AGDH/GDH Ttk s #%F NBRIP [ {AEE 557
UL, 30 oC fHIREESRAA TR REIR 7 d 5, WA
W A R A 7 AR i W

(2) TV PEBE S A E K B AR TR PR
CLWI17. ApgqE . AGDH ., ApqqE/pqqE 1 AGDH/
GDH WMRTE NA Ky k& 4k, 30 °C 180 r/min
BiFRa e, JEar IR F NB KigRIE, 30 °C.
180 r/min PRy EFE 18—24 h HliFh Tk, B
0.5 mL AT 5 50 mL NBRIP B3 52 1
100 mL =i, LI 0.5 mL %5 ARl
NBRIP gL AXIIE, B 3 ANEE .
30 °C. 180 r/min #ZHi % 4 d J5, WEEKBEK
T4 °C, 12 857xg &5.0> 10 min, B FiHW, R
FRARBAHT LTI 35 W A 0 5 ko
1.2.7 F=HEHNENE

B o IR A CLW17 B4Rk . GDH K
pqqE FEDREBRAR S IR T4 B B RS 7
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3 28 °C. 180 r/min 3535 1824 h il il i ,
Fit 1% Fh B 32 A NBRIP 55355600, LIRS BEE 1Y
ReFpFL AXF AR, 30 °C. 180 r/min JR{%E53E 72 h
J& .6 000 r/min B> 30 min YA & B, B 5 mL
RIEW EIE R 0.22 pm FLAR BT IE, R
o ORI E A ML R 2R A & i, 8
WA EISHCAIER T C18 K, Zilh
0.05 mol/L @R — % (pH 2.0-3.0), F:ikN
30 °C, Wi A 1.0 mL/min, %K A 214 nm,

2 ERSAM

2.1 pqqE 1 GDH EEREREILEARE
MIEEZD
2.1.1 BAERS

{ii F ProtParam 7R 34X} pggE Fl GDH 3

x4 CLWI7 BfRABERMERE LR

AT b, S5 RN 4 FR, pggE HEA
B TF R ) EHE N 1 188 bp, Zwfd i 7E IS4
F i N 44.03 kDa, pl & 6.04, ~FIJEIKIEEL
0391, Mg ds 2 7810, 1N
Clo40H3035N5400575S21, AERE $5 KL (PT)A 36.59,
NTERE S F1 s GDH BN (T OB EAE A 2 427 bp,
It i) A e TR 86.35 kDa, pl b
6.13, P KFEHCN—0.079, IEIA TR EUE 85.54,
7 F 3 Cigr9He0asN103401137831, AT AE $5 £ (PT)
H35.14, ARRREEH.
2.1.2 fESHRTN

fifi [ SignalP 5.0 ZEZHK 4% pqqE 1 GDH
It VAT S SRR T, SR AE 1, K 2
FI7R, 2 A5 R A gm i B 1 pqqE A1 GDH ¥ 6f5
SR

Table 4 Basic physicochemical properties of CLW17 phosphate-solubilizing gene

Gene Gene Theoretical relative Theoretical

Instability Average

Lipolysis Molecular formula

name length (bp) molecular mass (kDa) isoelectric point (pI) index (PI) hydrophilic index index

pqu 1188 44.03 6.04 36.59 —0.391 78.10 C1949H3035N5490575821
GDH 2427 86.35 6.13 35.14 —-0.079 85.54 C15790He046N103401137531
SignalP-5.0 prediction (Gram-negative): pqqE
SP (Sec/SPI) —
08l TAT (Tat/SPI) --
’ LIPO (Sec/SPII)
CS
0THER
0.4+
0.0F Lavcusspmmsums BNNRS N =~ SN ARG R A AR AR R DR R RNRRARARRANANY
MRSTGSNLPESSVQVPAKPEVGLPLWLLAELTYRCPLQCPYCSNPLDFAEQGKELSTEQWIKVFREAREM
[XXXXXXXXXXXXXXXXXXXXX XXX XXX XX XXX XXX XX XXX XXX XXX XXX XXX XX XXX XX XXX XXXXXXXXX
L L | 1 L 1
0 20 40 60

Protein sequence

1 pqqE ZB81ES BTN
Figure 1 Signal peptide prediction of pqqE protein.
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SignalP-5.0 prediction (Gram-negative): GDH

SP (Sec/SPI)—
08F TAT(Tat/SPI)"
’ LIPO (Sec/SPII)--
CS
0THER
0.4}
0.0 Ldeddtdubsttatststdsdaabobaudadded bt L UL LU L L
MSTEGASSRSRLLPNLLGILLLLMGLAMLAGGIKLSTLGGSLYYLLAGIGITLTGILMLMRRRAALGLYA
[ XXX XXXXXXXXXXXXXKKXXXXXX XXX XXX XXX KX XX XXX KK XXX XX XXX XXX XXX KKXXXX KK XXX XXX
L L 1 1 L 1
0 20 40 60

Protein sequence

2 GDH ER{ESHKMN
Figure 2  Signal peptide prediction of GDH protein.

2.1.3 EERRZE I TMHMM posterior probabilities for pqqE
i F§ TMHMM 7EZ 5k 4% pqqE Fl GDH 2 13 i

HE 78T, a5 3. B 4 iR, pqqE & ik

FIJCEs s fy e, 2—FhoEER; GDH HH 06k E:ilzlimembrane

WA 5 A e Iahty i, NEsEEN . 0.4} Outside

214 EBERAR-REHD SN gi i

[l SOPMA 7E£k#K/:%+F pqqE 1 GDH %&
FHEA T A S B, 25 ikl 5 Kl 6 TR, pqqE
Il GDH 1 &4 o-180E . B-8E . B-IFE L
FWAE T, 78 paqE 153005 40.0%.39.0%
3.9%7F1 46.1%; 7E GDH & 405915 18.6%.
22.2%. 8.1%H1 51.2%.,

50 100 150 200 250 300 350

3 pqqE EBEEL N
Figure 3 Prediction across membrane region of
pqqE protein.

TMHMM posterior probabilities for GDH

2.1.5 BAEINAEMIE D ]
iz il Motif Scan FEZ3KFX) pqqE 1 GDH é'g “
EEETOT, BREY . pagE EETNEEN o6l Tansmembrane
VA TR LA 4 0y 78-81.321-324, 344347, 041 o
351-354, N-W HEREAGI AN 108113, o R I
100 200 300 400 500 600 700 800

144-149 . 212217, 330-335, HEMA8F K Bizfk
f7p5N 32-34, 145-147. 172-174; GDH EH
W, N-BEEEARA SR 374-377. 701-704, A
WG IR AL SN 646—649, TR [ 11 B2

4 GDH EZRFERLEHTN
Figure 4 Prediction across membrane region of
GDH protein.
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10 20 30 40 50 60 70
I I I I I I I
MRSTGSNLPESSVQVPAKPEVGLPLWLLAELTYRCPLQCPYCSNPLDFAEQGKELSTEQWIKVFREAREM

eccccccccccccccccccccccchhhhhhhhecceccccccececceccccccccccccchhhhhhhhhhhhhh
GAAQLGFSGGEPLVRQDLAELIREARQLGFYTNLITSGIGLTEQKISDFKKAGLDHIQISFQASDEQVNN
tceeeeeccccccchhhhhhhhhhhhhttceeeeecttcccchhhhhhhhhttccheeeeecccchhhhh
LLAGSKKAFAQKLEMARAVKAHGYPMVLNFVTHRHNIDKIDRIIELCIALEADFVELATCQFYGWAQLNR
hhhhhhhhhhhhhhhhhhhhhttcceeeeeeechtchhhhhhhhhhhhhhhhhhhhhhhhhhhtcchhhh
VGLLPTKEQLVRAERITNEYRAKLEAEGHPCKLIFVTPDYYEERPKACMNGWGSLFLTVTPDGTALPCHG
hhcccchhhhhhhhhhhhhhhhhhccccccceeeeeccccccccccccccecccceeeeecttccccccce
ARQLPVQFPNVRDHSMQHIWYDSFGFNRFRGYDWMPEPCRSCDEKEQDFGGCRCQAFMLTGDASNADPYVC
cccccccccccccchhhhhhhecchhhhhhcecccccccccceccccccecctteccchheeeeeccccccccce
SKSEHHGVILKAREEAEHATQTIEQLAFRNERNSRLIAKG

ccccchhhhhhhhhhhhcccccccchecccccecchhhhhe

b et e

100 150 200 250 300

B 5 pqqE EBZREMHSH h: o MRIE; e: B-EE; t: BATE; o NG

Figure 5 Secondary structure analysis of pqqE protein. h: a-helix; e: B-chain; t: B-fold; c: Random coil.

10 20 30 40 50 60 70
| | I I | I I

MSTEGASSRSRLLPNLLGILLLLMGLAMLAGGIKLSTLGGSLYYLLAGIGITLTGILMLMRRRAALGLYA
eccccccchhhhhhhhhhhhhhhhhhhhhhttceeeecttceeeeehhhhhhhhhheehhccchhhhhhh
IVLFASTVWALWEVGLDWWQLVPRLALWFVLGFVMLLPWFRRPLLLNGPAPMGTGGLTVAVVLAGVTALA
hhhhhhhhhhhhhttcchhhhccthhhhhhhhhhhhhhhhcccccccccccechhhhhhhhhhhhhhhhh
SLFTHPGETFGELGRDTADTTSTAPQMPDGDWQAYGRTEFGDRYSPLKQITPANVGKLQEAWRIQTGDLP
hhccceccccccccccccccccccccccccccceeetccctteccccccccccccchhhhhhheeecccccce
TADDPVELTNENTPLKANGMLYACTAHSKVLALDPDTGKELWRFDPQIKSPVGFKGFAHMTCRGVSYYDE
cccccccccccccceeetceeeeecttceeeeectttccceeeecttcccccccccchhhecttceeecc
AAYAKSENAASAVISEAGKAVAQACPRRLYLPTADARLIALNADTGKICEGFGTNGVVDLTQGIGPFTAG
ccccececccccccccccccccccccccheeeeeccthheeeeetttccccccccecccceeeehtecccect
GYYSTSPAAITRDLVIMGGHVTDNESTNEPSGVIRAYDVRDGHLVWNWDSNNPDATEPLAPGQTYSRNSA
eeecccccceetceeeeecccccccccccccceeeeeettttceeeeeccccccccecccceccccccecccccc
NMWSLASVDEKLNMVYLPLGNQTPDQWGADRTPGAEKFSAGVVALDLGTGKVRWNYQF THHDLWDMDVGS
cceeeeehcttteeesecccccccccecccccccchhhhhhheeeeehtttceeeeeeecchheeeccccc
QPTLLDMKTADGIKPALIAPTKQGSLYVLDRRDGTPIIPIQEIPVPQGAVKGDHTAPTQARSDLNLLAPE
cceeeeeccttcccceeececcttteeececetttccceeeeccccccccccccecccccccecccccceccecece
LTEKAMWGASPFDQMLCRIQFKELRYEGQYTPPSEQGSLIYPGNVGVFNWGGVSVDPVRQMLFTSPNYMA
cchhhhhcccchhhhhhhhhhhhecttccccccecccceeeccecccccccccceeecttceeeeecccech
FVSKMVPREKVAAGSKRESETAGVQPNTGAPYAVIMHPFMSPLGVPCQAPAWGYVAGIDL TTGKVVWKRK
hhheecccccccccccccccccccccccccceeeeeccccccccccccccccceeeeeectttceeececc
NGTSRDSSPIPIGFTLGVPSMGGSIVTAGGVGFLSGTLDQYLRAYDVNTGKELWKSRLPAGGQATPMTYT
ccccccccccccceeecccccccceecttceeeeehhhhhhhhheettttceeeeecccttccccceeee
GKDGKQYVLLVVGGHGSLGTKMGDYVIAYKLPE

ctttceeeeeeetcccccccccccheeeseecct

0 100 200 300 400 500 600
El6 GDHE&EB_-REMHM  h: ol e: B-E; t: B-FE; oo THIEM

Figure 6 Secondary structure analysis of GDH protein. h: a-helix; e: B-chain; t: B-fold; c: Random coil.
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A 11 PQQ-syn-pqqE FHHESEL, J&—Ff LAY 1k
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W1l 4Fe-4S 5 S-HRTT H B 24 R (S-adenosyl
methionine, SAM)J‘EEET%éﬁé’F'ZQE HH3., B
T RRE & — DR SF Y CxxxCxC FE 7, %R F
PR T ORSF RO BR AR I 7 . MAHLEE B, e A3tk
[ F B 7 AR B FR B6 F2 3) SAML |, 5L
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A
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FAA . AHAE SAM B AL ACT . DNA
B Ak R AR RS A S 2 iR R
H A& BURVE (BT 7))

GDH HHEA 4 DMoRes, 43510 PQQ-
membr-DH . PQQ-mGDH . Ged fil PQQ; A
2 MR IEE AL, B FEME PQQ-DH-like
superfamily . PQQ-membr-DH I REIs H A 5[
PQQ WA ML E MM RE LT A, W
WA RGERT IR, EEBERATE N 5ilX
A 22100 0 5 AR E , B 5 R T TR g s 2
1 ) 28 W 0 S0t RS S AT T O TR 2 R TR T
fit ADP1; PQQ-mGDH IjjREI A4 41 A W i
fitg )& T LA PQQ M4+ 1 AR, e —
SRS G R . W SRR D- % b
A D-HIAIRE-1,5-E, 7EE 22 [RPIPE R
NN N i f R L SRS
PQQ_DH_like #F % H (1 K& PQQ 1E Jy i

DAl A O AL B, 0 T YRR 5 5 2
P 2 BE(A 8)o
200 250 300 350 390

2Fe-28 cluster binding site 4 H
4Fe-4S cluster binding site AL A4

PRK 05301
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Elp3
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SkiB

rSAM_NF038107
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\
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Figure 7 Conserved domains of pqqE.
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|
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8 GDH fR-F4&H4EH
Figure 8 Conserved domains of GDH.

2.1.7 REBRFIIELREMES

il MEGA 7.0 #{Fpys it e, 45540
K9, & 10 fiias, Btk CLW17 ) pqqE Fl GDH
B SRR B 1 R 4 e Rl .
2.2 FORIBREBAAE CLW17 i HEURUEN

XF CLW17 Wik TA N ER R . KKER
X 2 AT R BUSRPEAI , SCah st R,
PRI CLW17 LG R AR 500 &
AREER. KRERDN LB BIASFRE I,
CLW17 JFUR AR A KIS, BEITZ B bRXT
2 P b A REURR . X I JE ] LICR A5 R
KE R EPRIC ) pEX18Gm Fl pIN105 4 1E
A7 CLW 17 T AR A 35 R B [T
2.3 ENFAEREYTFIE

18 o [6) YR 4B R 4 ) Ak A ApggE Fl
AGDH WK 7Lk, 45 RaE 11 Fon, 1-4
VKB HG 1 25 K/ 2R 1300 bp, W SE/NT
BRI XoF BT A R KN, BRI pgq E R TR Bl 2k 5%
AS AR R UK IE 510 4788 B 45 RN
1500 bp, B2 /NTF BHM: X BT A R B DN,
I ek — 2 R W GDH FE DR 5k 58 A5 (kA

R
2.4 [EIFMEBEYTFIE

mE 12 ATE, SHEMEXECKHMEE, 7k
T 1-6 473 W R /NHEE I F5t , U0 BH [mTRR TR 2
WA ApgqE W, BIRNERE ApgqE/pqqE ¥t
B VKIE 1217 9784 15 B B/ MHSERY
iy, DI IERNTORL E T 3 AE AGDH 14,
[ %N F ¥k AGDH/GDH #1511 .
2.5 AMBENAVELE

43K CLW17 RSP BIPR . ApggE .AGDH .
ApqqElpgqE M AGDH/GDH ik /5 Fh-F NBRIP
BEFRIAR |, 30 °C fHEEE AP R 7 d S,
W 13 FR , Bk ApgqE 1 AGDH 7 NBRIP
BRIk FAR RS, VR R L e B, T
Bf 4 AR CLWI17 . I8l #b %k ApgqE/pqqE #1
AGDH/GDH A5 W] & i) ¥ W &l s 81, o
ApqqElpgqE M AGDH/GDH 771 s W P8l L B
AR CLW17 B R —2t | Ji R o8 4. XUt
M pqqE Il GDH &R A R B ff CLW 17 iRk JL-F-
T T IEERE T, MR G R 2 N IER T EE S
VWA OC

Tel: 010-64807511; E-mail: tongbao@im.ac.cn; http://journals.im.ac.cn/wswxtbcn



XL 9P CLW 17 E K pggE 1 GDH FE I K T g 539

99 [~ Klebsiella pneumoniae subsp. rhinoscleromatis SB3432 (CC176646) 176646

99 L Pantoea ananatis LMG 20103 (ADD77024)

30 Bacillus sp. THG-D6.12 (WP158175382)

Actinosynnema pretiosum subsp. pretiosum (AXX30206)
Pseudomonas plecoglossicida JUIMO01 (QCE31470)

59 Streptomyces sp. CB01881 (TYC76534)

99

99

99

—

0.2

9 RLREME CLW17 Btk pqqE EB S5 HEMAREE# pqqE EAMFHLX R

Methylocapsa sp. S129 (WP158817786)
98 Mycobacterium avium subsp. paratuberculosis K-10 (AAS06703)
Pseudomonas syringae pv. tomato str. DC3000 (AAO540520)
99| Pseudomonas fluorescens CLW17 (GJ1D46P016) 4—
F[Pseudomonas sp. B26 (WP085697729)

Pseudomonas sp. SK3 (QQZ41632)
— Pseudomonas fluorescens Pf0-1 (ABA76898)
Streptomyces sp. RLB3-17 (QD0O43772)
Streptomyces sp. AgN23 (AJZ83807)

Ddisphaem sp. S103 (WP158922850)
Xanthomonas sp. WG16 (Q0X01929)

PIAEM R RS

KER; WA PSR interior-branch {E; 155 N FR/REHK GenBank 55 &k P A3 H () CLW17

ks PR IR e

Figure 9 The evolutionary relationship between pqqE protein of Pseudomonas fluorescens CLW17 and pqqE
protein of other strains. The phylogenetic tree was constructed by neighbor-joining model; The number on the
node indicating the interior-branch value; The GenBank accession number of each strain was indicated in
brackets; The CLW17 strain used in this study was indicated as black arrow; Scale bar indicates nucleotide

substitution rate.

535 R FHER B BT B €835 000 7 AN [R) T AR T
4 d ) NBRIP L35 T im0y & &, 255880
225 Fin. CLWIT HPAERR . RBRIE ApqqE .
Fr¥k AGDH . [I*ME ApqqE/pgqE Fl 8] % ¥k
AGDH/GDH W] ¥ B 1) & 5t 43 J & 289.074 .
146.860, 144.983 . 398.198 F1 409.462 mg/L, 5
A RRAH LG, REBRER ApggE 1 AGDH % BRI
AT PERE S W TR, RN ApggElpgqE
1 AGDH/GDH [/ r] P& K I A W
HHE T, VA ESSRWU T pgqE 3ENF1 GDH
DR TE 12 TR PR 1) T e o R v 7 32 0 S 2 DG B
EH

2.6 THREHE CLW17 E=EHEENE
KF HPLC X} CLW17 HpA#k . @itk
ApggE. AGDH 1 NBRIP 3555 5Kl 4d 1y |
W A HLRTE LTI . 3R 6 AT LA
CLW17 B E BRAE A B R vp o3 W T A LR
It HA PR 4> W BN 5 534.77 pg/mL, B3
BT SR L2 IR R (716.66 png/mL), M T
672.30%, 156 W1 9% IA bk 20 W6 1 G ML IR 75 1
YR EREEMEN . CLWL7 B A #k 4
WHEDLERA 4 F, 2B NER . GA. &
R AR, M T X, GA MR & &
B, RER . ERMRS A (O B HoAH 22
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861 Pseudomonas sp. B26 (WP085699779)
99| Pseudomonas sp. B15 (WP 085701746)

99 Pseudomonas fluorescens CLW17(GJ1TU9VHPO13) +—
99 &| Pseudomonas plecoglossi.ci.da JUIMO1 (ATW63843)
Pseudomonas plecoglossicida (ATW63843)
Pseudomonas frederiksbergensis JIW-SD2A (LC74307)
Pantoea sp. At-9bA (DU68910)
i 99— Enterobacter lignolyticus SCF1A (DO49843)
99 L— Enterobacter soli (AEN63477)

99 Cronobacter sakazakii (PQV66305)

95 Paraburkholderia phymatum STM815 (ACC74637)
4{ 99 Acetobacter pasteurianus NBRC 3278G (CD61495)

| Acetobacter pasteurianus subsp. pasteurianus LMG 1262G (CD49030)

96 Methylobacterium sp. GXS13K (ST57227)
Mesorhizobium opportunistum WSM2075A (EH88023)

99

B 99— Burkholderia glumae LMG 2196A (JY63775)
95 L Burkholderia gladioli (KGC13087)
99 - Komagataeibacter diospyri (GCE89524)
— ! Komagataeibacter oboediens (GCE79248)

0.2

10 FEE#ME CLWI7 Btk GDH ZH 5 £t FEEM GDH BEMHILXR  SHakWE RS
KEW; 3 E FECF R interior-branch {8 ; 5 N E/RE M GenBank 55 &7k frfg M A3 H i) CLW17
Btk HOIR R R R

Figure 10 The evolutionary relationship between GDH protein of Pseudomonas fluorescens CLW17 and GDH
protein of other strains. The phylogenetic tree was constructed by neighbor-joining model; The number on the
node indicating the interior-branch value; The GenBank accession number of each strain was indicated in brackets;
The CLW17 strain used in this study was indicated as black arrow; Scale bar indicates nucleotide substitution rate.

A CK+CK-1 2 3 4 Ml bp B bp M2CK+CK-5 6 7 8 9 10 M3 bp
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11 ApqqE F1 AGDH PCR WiEZ5 R kB M1, M3: DL2000 DNA Marker; M2: DL5000 DNA
Marker; 1-4: IR ApggE B T8 MR PCR 45 B IKIE; 5-10: LIAN[EN AGDH 1475 J kit
i) PCR Z53RHLIKIE ;s CK+: DUBF AR BUB RO ) PCR 97155 CK—: Jofitiiy PCR 471

Figure 11 PCR validation of ApgqE and AGDH. M1, M3: DL2000 DNA Marker; M2: DL5000 DNA Marker;

1—4: Using different ApgqE single colonies as templates of PCR; 5—10: Using different AGDH single colonies
as templates of PCR; CK+: Use wild type strain as template of PCR; CK—: Without template of PCR.
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4 5

6 CK+ CK— M2

12 ApqqE/pqqE 1 AGDH/GDH PCR ¥E45 R B %kE  M1-M4: DL5000 DNA Marker;
W1/ ApgqE/pqqE A4 AR Y PCR 45 Rk A

M3 12 13 14 15 16 17 CK+ CK-M4 bp

5000
3000
2000
1500
1000
750
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250
100

1-6: DIA

12-17: IRE AGDH/GDH A% ik i PCR

SERABIKE; CK+: LARCKMEAH AR Y PCR 9731 ; CK—: JoBitiAy PCR 934

Figure 12 PCR validation of ApqqE/pgqqE and AGDH/GDH. M1-M4: DL5000 DNA Marker; 1-6: Using
different ApqqE/pqqE single colonies as templates of PCR; 12—17: Using different AGDH/GDH single colonies
as templates of PCR; CK+: Using complementation vector as template of PCR; CK—: Without template of PCR.

0, T GA ly 4 429.33 pg/mL, A HARER (1
R ERT, W O R IR 1079.63 pg/mL,
I 7E X B AR A 3] 218 . REBR AR ApgqE .
AGDH 7= A7 LR K I 25 R i — 25 ok 73X 2 Fp
AHLERMIVE o 2 BREBRARER 758 1 By FLIR
(87.80 ug/mL, 44.39 ug/mL), ;= HLERIFISFIE

 ApgqElpqqE

AGDH/GDH

ApgqE

13 NBRIP # L& B R K /)
Figure 13 Solution circle of inorganic phosphate on
NBRIP.

o5 [ xF BEAEL, 7= GA B9E40510 516.95 pg/mL
#1560.25 pg/mL, 5XFHR(679.42 png/mL)Z=5Il4L
/N, HREH BART R A RR (4 429.33 ug/mL) 754k
i SRR B R TRV AR A I B 1R . i — ]
GA FZPRA]RETE CLW17 -H%E’J/ﬁﬁék SRR
FEEE

RS5 CLWI17 54E B ApgqE. AGDH. ApqqE/
pqqE 1 AGDH/GDH B ¥k B AT RE

Table 5 The ability of soluble phosphorus of
original bacteria strain, ApqqE, AGDH mutants,
ApqqE/pgqE and AGDH/GDH complements

Manage Phosphate-solubilizing quantity (mg/L)
CLW17 289.074+0.007¢

CLWI17ApgqE 146.860+0.003d

CLWI17AGDH  144.983+0.010d

ApqqE/pqqE 398.198+0.029b

AGDH/GDH 409.462+0.033ab

CK 6.993+0.001¢
T AF/NG PR IR 225 8.3 (P<0.05)

Note: Different lowercase letters represented significant
difference (P<0.05).
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£ 6 TWHIBREM CLWI7 544K, RiFR#E ApgqE
1 AGDH 573 B9 B W BR P K A0

Table 6 The kinds and concentrations of organic
acids excreted by wild strain and knocked out strains
ApgqE and AGDH of Pseudomonas fluorescent
CLW17

Organic acid Content (pug/mL)

CK CLW17 ApgqE  AGDH

(Wild type)

PR Oxalic acid  29.42  22.35 27.10 2491
A% ER 679.42 442923 51695 560.25
Gluconic acid
AR 399 - 333 487
Tartaric acid
TR Acetic acid  — 1 079.63 - -
FLBR Lactic acid - - 87.80 4439
SEIRER Malic acid  3.82  3.56 469 275
H X Formic acid — - - -
Total acid 716.66 5534.77 639.86 637.17

Note: —: Not detected.

3 WhE5E#h

TE RN PSM 2 AN B i £ R
YA B A RGEE, AR EY AR, 12
s AR AL BT, AT RAYE, PSM 2 JEHLBHE
) Bl AR ), A BT 0 R A R Y
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i, /NZE kR R R R S B B E ST
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T GA I 2-F k- AR e R LA LR . A
[Fi) B9 95 M R ™ 2B O AT AL IR A S LA AN [

— 8 Burkholderia sp. WAL =4 GA. 4R .
FrEmR . TR . FLER . BRI . VIR . OB
M. &5, N, WIREZMANLER, Wi
{32 288 TR BR TE V5 A AN T MR IR 6 D7 T HA AR
IR BN, Zeng SETE MR AN A TR
IRPEIRT WS-FI9 BB R h 8 5 4o i rp oA ) 39
GA FIREIER" . H i 2 38 i 20 5 s i i
BEREMRT, GA B RIS WA I ™ A 1y 32 22
ABLER . BN, Chen &5 i 1% 31| — bk fii 5 M BT
PSB12, #F5¥ & 8L PSB12 T #k )™ A= 1 HLRR 41 AL
B TBERIE R, YW 6 PV PEBEA LI GA 2
FEAAHRR; SO A ERER, PR, TR
A B e 2= A EZEA LR . FoA1mE
HPLC & MZCIERAME CLW17 7l A LR
FEIE GA FILTR , X W /N AR B ae 1 ]
RE)™ GA FILIRA K.

AT 5 B 1) 775 1l 0 T 2 2 G LV A 1)
BN FER S A NIRA B RSOR
FHRIIED o ANV Bt 200 AT T o 7 ) 2 R 50 S I
GDH Fl4f B 7L ig Mk PQQ (3[Rl 1E
T, Ry GA, FEK pH fH, M
REVA M TCHLEE R A R P M. Bharwad 4%
HIWFIR 45 2 B, BRHIER XS Acinetobacter sp.
SK, B AL 28 4 1 i) mGDH #1 sGDH )
T PRI B R AR Y . PQQ R R AL A il
B —FI GG, A s — B HAT pggA . pqgB.
pqqC. pgqD. pggE F pggF iX 6 P3LH, HAL
G B T 4 B TR B H R R AR AT R
Goldstein 55 5 M\ RE AR WS IR T H 4 12545 3
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pqqE VEBEIREIR, i SER BB AR E 40 R X TC ML
W, UER TN AT A B AEY . Tripura
LGN AR I 7 T GDH R, #k
GDH J:H MR R 228 GDH 6 PE, Bff
AT R e A MEE BRI SR Y. A
3 2 ] 5 2 N e A T T I A T
TR AT CLWL7 Wtk pggE 1 GDH K i
Wackk Bz [l kb o 83 CLW 17 TR A i 58 2
PRI BERE I e . e R, 2 ML
o R S BRI T IR TE AR T B RE T, (BRI
AL BERE 1 58 AW 2%, RIS [m] Rk (o L ol
RE IR BRI A i . X U2 LRI pggE
M GDH J:HAE CLW17 H kIR B B b 0 1%
B SCHEMEAE R, (R AT BB A7 A2 oAt 19 1 W &
2o AWF5EE T HPLC X9 GRS M H CLW17
U A R R B AR A I R T A LR S e B
CLW17 P A BRAE A BRI R 0 T 4 R #L
iz, 20 RERR . GA. ZERASERER ., H,
BRI SE SR TR KOE 5 28 U BRERF, T e B ik
Sy GA W& R R, 525 A BRERE, TR
B R TR P ARG B 18, HOBr B T LR o
ARG R T GA 2R &9 R i 18
CLW17 FEAMMANIR, TEIXR RS
bl RE LA AR .

R T A5y KE BLOE 8 R 28O AR H I T
CLW17 WPRAEBALE, fEfaZettoid, oA
(T BEAR ST e CLW 17 bk HAb 25 H 5 S RE BT
FE, PRE XL L ae 1 nsg e, SR
HALRT REME B IR AR . AL, 38 XSO A
B CLW17 LR Hp SR 08, BT A HL
BRI A AR 0 A AR A PR R R
SRR 21 G AZ AR SR AL, T EL AT S
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