£ o T BO% ISR AR R R P MM E AR S 2 M SR T
Chinese Journal of Biotechnology
http://journals.im.ac.cn/cjbcn Jan. 25, 2020, 36(1): 152-161
DOI: 10.13345/j.cjb.190433 ©2020 Chin J Biotech, All rights reserved

-EYEMEITZNNK -

EEL

1 R A EdRlebe T EBER R B R oy A TR PO, fmE mM 350108
2 hEBEEMAEYIIR T A S TR S SR E, Jb 100101

FRTERAA . 30 I M DA T s 7 ML s AR 194 A 22 T R 7B k. A9 T 24 4Tk, 2020, 36(1): 152-161.
Ke CR. Breeding of Hyphomicrobium denitrificans for high production of pyrroloquinoline quinone by adaptive directed domestication.
Chin J Biotech, 2020, 36(1): 152-161.

W OE: hARREL (PQQ) SR AETAMKA, RAMMEIIKE K. fP RIS, R 2ERE T4
RAATAVR G A KA, EEDH. RSk SAREA LA TE. AREBMAL LIRS
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Breeding of Hyphomicrobium denitrificans for high production
of pyrroloquinoline quinone by adaptive directed domestication
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Abstract:  Pyrroloquinoline quinone (PQQ) is widely distributed in organisms and has physiological functions such as
boosting body growth, maintaining mitochondrial function, promoting synthesis of nerve growth factor and regulating free
radical levels in the body. It has broad application prospects in the fields of medicine, food and cosmetics. In order to improve
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the PQQ production of Hyphamicrobium denitrificans FINU-6, the high-concentration methanol was used as the antagonistic
factor for laboratory adaptive domestication. The PQQ positive mutants were selected using rapid screening system by
spectroscopy. After 6 rounds of adaptive domestication, about 10% mutants were acquired with a doubled yield, and over 90%
positive mutation rate of each round of domestication was reached. Subsequently, the mutant strain FINU-R8 was fermented
by 5 L fermenter. Compared with the original strain, the expression of pqq and moxF gene clusters were higher at different
methanol concentrations and similar to each other. Meanwhile, the methanol consumption rate and growth rate were slower
than the original strain. Finally, the PQQ yield was increased by 1.42 times to 1 087.81 mg/L (143 h), indicating good
industrial application potential. The adaptive domestication combined with rapid screening system described in this study can
easily and rapidly obtain mutants with high yield of PQQ, which can be used as reference for high-throughput screening of

other high-yield PQQ mutants of methylotrophic bacteria.

Keywords: Hyphomicrobium denitrificans, pyrroloquinoline quinone, high-throughput screening, adaptive domestication

nL & s kRS (Pyrroloquinoline quinone, PQQ)
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PG, R RZITR (FMN/FAD) Finit
BEAZ TR (NAD/INADP) 2 J5 & BLRIER 3 Rl ALk
JEU G R T2 PQQ AR Sy A B S it e
THRM, HETZAETEY .. i ARA
AT, AILT PQQ & ik 140-180 pg/LP,
HAZAET, PQQ 1ERZIAUMNAIHIEG Quo 50 AN
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Jrik, WEE AT PQQ T RAK . fJn, MR
MREEAT T 5 L Rk BERERG IR, ML bk, AL
H B FEECRA PQQ iR, i HAA ALY
PQQ =it AT 142.2%, B/ TN AW 77

1 #MREAE
1.1 ##
1.1.1 R

i & Ak 221805 H. denitrificans FINU-6 S A
RILZH DA 48 SR N T EE2E YR N TS R Y ST A
Hh 5 1k 345 2,

1.1.2 I3

e R FE e (g/L): (NH4),S04 3, KH,PO, 2,
Na,HPO,-12H,0 3, MgSO4-7H,0 1, CaCl,-2H,0
0.5, FeSO4-7H,0 0.1, pH 6.8; [I{AREFEILTshn
2% B NE K

KEERE TR HEE 25 g/L, (NH,),S0,2 g/L,
Na,HPO,-12H,0 5 g/L, MgSO47H,0 1 g/L,
KH,PO, 1.4 g/L, fHEICEMW 1 mL/L, ARl
W 2mL/L, pH 6.8,

k6 % P(mg/L) : FeSO4-7H,0 80,
ZnS0,-7H,0 22.5, MnSO,4-4H,0 40, CuSO,-5H,0
5, NaCl 15, (NH4)sMo070,4-4H,0 0.3, Kl 0.3,
CoCl,-6H,0 0.03, H3;BO3;3, CaCl,-2H,0 300,

i tf F RN Q/L) A 0.2, I K 0.4,
W% 0.4, ZHER4S 0.4, MR 0.4, XHaFLAH
iz 0.2, WK 0.02, HEZ 0.02, JIFE2,

1.1.3 B

=1 AAVIEM ARSI, ¥R AllelelD
6.0 it
12 REEFEMMHEYLMERTE
1.2.1 BB

B X P IR EE R 8 000xg 5.0 5 min,
Fv b, SRR O A K IR A0 2 1k,
SRIGHARS B BRI, BT 30 min
LHMT (3% 15 W) F 30 cm LbiRE S dkes b
(50 r/min) HE&F 40's, 8000xg B.0> 5 min, F Fik.
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%1 RT-qPCR H{EMRISIHM
Table 1 Primers used in RT-gPCR

Primer name Primer sequence (5'-3") Size (bp)
recA-F AGGTCGTCAAGAACAAGG 18
recA-R CGTTATAGGACATCCAAGC 19
gapdh-F CGACTTCAACCACGATGC 18
gapdh-R TCATACCAGGCGAGAACG 18
pqgA-F ATGGAAAGCAGTTACCG 17
pggA-R TCAGATGAGGTTGATCTCAG 20
pggB-F ATCGTAAAGCCAGCAAGTC 19
pqgB-R ATCATCTCGCCGTCTTCG 18
pgqC-F AAGGACGCAGCACTCATC 18
pggqC-R TCATCAGGAAGCAGACCATC 20
pgoD-F GCGACGAGTGTTGAGGAAATC 21
pggD-R TGTCAGCGAGGATCTCTTGC 20
pqgE-F TCGGCATTCTCCAAATCC 18
pggE-R GATGAGGTTCGTGTAGAGG 19
moxFa-F ATCGGGATGCGTCAGAAG 18
moxFa-R CAAGATGAAGTTCGGCTACC 20
moxFp-F CCTTGCGAGACTCAACCTG 19
moxFA-R CAACTGCTGGGAACCGAAG 19

1.2.2 NTG &

IOEFR A E PR RS SR 8 000 29,0 5 min,
F FIE , SR ARTR A Jo i A BRER K TR STV 2 1k,
SRIGTA 5 g/L NTG BE BAHE 1.1 9/L,30 C .
150 r/min #&EYEE 7 60 min, 8 000xg &.0> 5 min,
AR, RN PBS S ik (pH 7.0) &,
HE Ll
1.2.3 R EGEMHEYML

F IR UV I NTG 1548 Jy 32 0] i b R 85 5% 2 %6F
BUER WMWK, SROABENHEREEES
PTG 8 K e 35 F B, 30 °C L 220 r/min 388
FE % o WG W RER B R 2%, F AR WAL S Wk B2 1S
1%; WItREEFREY 5d, YR 1d,
1.3 PQQ SFEMHEIBE L
1.3.1 Ry o ZARR I P i

AL AR UEAT 10 48 Nt YIME , AREE T
A5 B SRR 5 B . REAR B MR B R PQQ
i, IR TR BE R REIR A T A 4% P B [ AR
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VR FR R M 8537 7 do PREOE B Y B VR 5L
P TRA 1 mL RBER SRR 16 96 YRALA T,
30 °C .500 r/min Pz % 1557 5 d.8 000xg #i.0> 5 min,
W HR 13 2 I 96 fLAR h, E ok YA b
WA PQQ &t

1.32 REEFREMR

K PR T T AR AT 1 7 B R TR e R
30 mL KEERiFREER 250 mL P, 30 C.
220 r/min JR3%453% 6 d. 8 000xg B> 5 min, ZH |
W, M HPLC WAEH s 5 - i PQQ i,
1.33 #ERES

V8 S R AFA 1) ¥R 7 R A MR AE R e b 77 P A
RRILGELAER 9 W, AR BENLPRIR 5 SR
EHATRERE R, DE L PQQ i, TR AR Y
WA EE
1.4 St ZEWIES R PQQ &

K R A R 55 B R bk FINU-6
M5 RE FINU-RS, #2 10% (V/IV) $ERb&, Bifb
TWAEAWIREA 3 L K IR L0 o B e
30 CHiFF 143 h, WM EIRE R 5 o/lL, RIEH
fil7E 0.5 g/L /4y @S : 2.4-3 Limin; /% :
0.05 MPa; pH: XJ%A4: K BT 6.2-6.5, Z )18
N 7.0; BEHEEEOCHE A, FEHITE 40%.

1.5 pqq #1 moxF BEE & RiEEF D

Wt R R R FINU-6 FIZE 28 Bk FINU-R8 J3 1 78
TH 2%, 4%, 6%, 8%. 10%F1 12%H FEALs S
KBS 60 h, B0 AR R AT NeleoSpin RNA
A G RNA, S5 3k45% cDNA, LABRIR Y
cDNA Jg#siA , PEF59¢ 65 i PCR 434 pag A1 moxF
SRR FIA 2 S, R LightCycler® 96 SW 1.1
B, LA recA Fi gapdh NS EEDH BRIk 2 R
Sybridad 2 A T

2 ER5AW

21 PQQ 5FEIREMIEAEBEL
PQQ /LA pqgA 2 it i) & A3 4% 2 R A s 2 iR

&: 010-64807509

BRI Z JIKEE PggA SATHITA , 4 PgqB .PqqE #i1 PqqD
WA . FALRSAIE B R Y AHQQ,
SRIG#E PaqC MIYER Tt 3 0 F O, 2 5ilktT 8 14~
L P 1 A AL B BT A PQQ. [HItE, AHQQ J24%
IR R e e S Qg P TS 2 A
FAREFEI 0 5% 5% 3 B A5 AT n] B St ) g A e
AHQQ 7 275 nm A4 &8s i i, FINU-6 B
FW T SHE AHQQ FHE M5 £ k& il il =
Yy, (A7 B4 254 nm F1 330 nm #1> PQQ $#AiE Ik
Wewd (1 1), ik & —FioiE 25 B 1) PQQ &
R S T ARG T e, ELME A R 2 B R R A 4y T
128143 I FH HPLC B FIYEiE7: (ODass 5 ODago)
M7E FINU-6 5 55 #Erp PQQ &A1k, Kigf
W PQQ & 5 254 nm 1 330 nm Ab (W S 1E
HIEARSE, HAX R T R>0.999. B
TE 330 nm Ab R IRSGAE A7 55 SR AR T AR B ]
R =g g /0N, H 4L P9 R0 A BE i 22 45 /)N
F 2%, [HIL, 3 330 nm 1y BEFRAN A 57 16 I
K (Cpoo=35.40x0D330+0.844 4, R*=0.999 5).

22 ENMEYIHERXEHE
PRI R HEAT 10 B8 YL, TR R K

RIF, Wk EZLE S, FRRAREIRT

0.8 g/L (Bl 2A). Mihf I FEM T 6%, Bk

—e—PQQ standard
15 |\ —— AHQQ standard

" Blank medium
4—Culture supernatant

Absorbance (10 nm)
=]

Db b 4

250 300 350 400 450 500 550
Wavelength (nm)

1 FJINU-6 H5F% LiEm Skt
Fig. 1 The full-spectrum scanning curve of culture
supernatant from H. denitrificans FINU-6.
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Fig. 2 The content of methanol and PQQ, ODgs, in the process of domestication.

A KR, 4558 BT ODeso X4 IR IE Y K F 1.1,
FRAY W R FEAR T 0.4 o/l W0 HA H vk i HAA %
T 8%Int, PIALI F PQQ Y 5 kA il FH e Ji 14
e R . ALl PQQ P (K 2B) ArrEE
B, a0 B B A B R, A7 200 T ) L
PQQ Tz AHtm; MRk 5%, A
PQQ it 0.2 mg/lg DCW, AL 4ifiLAY PQQ
3 UA T U TR /L o R v v Y RN AR
T PQQ WA AL, WA T PQQ M4, I,
FH A ALk FEifi 2 6% . 7%. 8% 9%.

—_

2.3 EFERTHRETGIE

ek 5. 6. 7 F1 8 F Uk 0 TR B IR A
T 4% EE B, 49 E 100 A A V& 4 TR i
e, S5RE 3 s, WEFATLIE H, KEE Y
AR R SE I, S8 78RR PQQ V- X5 & i Fll fi =y
RTINS, LRI
T e PR (o B Ol v A, v P TRV
2K PQQ Ay i,

4 YL Rttt (% 2) RII, &k
YAk JE— N IER AR R, AR IE AR R
M 80%#i = EI| 98%. B YL BIPEAT, FEAR T B
TR, o ROk N

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

24 EFERTHREBEEREMESH

PREL 5 By 5 d5 i 1 28 AR R 3T 72 2%1
BV bk S RIZRALAC 9 Wk, AR PRI T V& 0t
FHEMIGIE PQQ =i (K 4). SR AP, it 8
YAk LA 7 356 3R A5 119 28 A8 R HLAT 48 s i A 1k
EAREEFRN PQQ FP i 22 R 1E 6% N8, A
Pk FINU-R8 1) PQQ /=iy, 9 fefeEss:m
PQQ & 7E 65 mg/L b Fifish. HIbiE£E 5 A8tk
FINU-R8 #4734t A IS IE .

25 SrFERTHRES A
K 90k Wl 5E FINU-6 I FINU-R8 (/4] 5).

MBI, RS E R — R 5 R B o e 5 I3
BEIHFE , AP AXTECE R, & P FINU-6
B AERCER, 31 h W) H SR 0.13 g/L, T %
ASTRFEAE 39 h PI4G I EEAH 0.10 g/L, THE (143 h)
BF, HR R FINU-6 iAW 45.41 g/L, HAE
KR 0.19 hhs e48kk FINU-R8 A9
i 41.83 g/, A KRR A A 0.16 h™, W%
FH L H M. PQQ EZEAEXTHA: K W Hh 5 AN AR
EME I, SHEEERATE2RD . TR (143 h)
iF, &% # Rk FINU-6 (19 PQQ 7=y 487.6 mg/L,
FoA B e d Kl 4.22x107% bt BRLfr 40 i P
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4y 10.74 mg/g DCW; %78 Hk FINU-R8 1) PQQ 7
wik# 1 087 mg/lL, HAMERKEEADT
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R 142 5.

70 ¢ 7% methanol

il
L

20 40 60 80 100
9% methanol

Different strains
20 40 60 80 100
Different strains

60 |
50
40 |
30

20 I

PQQ production (mg/L)

D

60

50

40 |
30

0 HH ‘

PQQ production (mg/L)

Fig. 3 Screening results of mutant strain under different methanol concentration.

*2 HEEKRBIRETRSNR
Table 2 Mutation rate analysis of mutant strains

Methanol Positive mutation Maximum ~ Minimum
concentration (%) rate (%) yield (mg/L) yield (mg/L)
6 80 53.85 16.09

7 91 68.74 18.21

8 94 65.31 20.27

9 98 55.56 18.66

2.6 FHEMIET PQQ & BN HAE: X HEKE
A 5& B FRIE D4

B X 2848k FINU-R8 HIBETHFEF PQQ A Ak
BRI L, HE—2 il %Ok B PCR 4T fEAS
[] FH v B b pag AR (9 B 4% 2 Ik PqgA .
AL PagB . “AfLEE PqaC. 4> 7115 PggD A

&: 010-64807509
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Fig. 4 Genetic stability of mutant strains.
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Fig. 5 The culture curves of H. denitrificans FINU-6 (A) and FINU-R8 (B).
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Fig. 6 Gene expression of moxF and pgq gene cluster under different methanol.
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3 Wik

PQQ J& T8I )5 & rem ™, HAEYA
WA AR O ARG, (R IR B 5 oA
B, P TR AR BT T B ik — ek
JUAS paq BEDR 3R 7S PQQ 117 B MR AT H 558 PRIV
Tina % M7E 4% b % 45 B B2 4T % Gluconobacter
oxydans 621H il Fik paq L, PQQ i
0.04 mg/L $2F5 % 1.49 mg/L. HIt, B FIE
S PQQ HELE SR M R FH L (R 3).
s s LTI Aoy 1 412805 5 ARTP 5 R XL
HIJEAT T M. extorquens #1778, FI A Yy i
T 72 g0 g U AN R S e 2R AR I 22 A5 bk E-F3 I
1-C6 7£ 3 L & [ ) = 1 H A5 54 mg/L (168 h) #
208.7 mg/L (228 h), j= i M= A K E] PQQ T
WA A= IESR . HET, PQQ Tk Ak A 7= iy i
Ik A 2273 )& Hyphomicrobium,, Teizi 2517
TE 30 L A& B2HEF £5 3% Hyphomicrobium sp. TK0441
10d, PQQ F=Hik#| 1 000 mg/L. A%}
Hyphomicrobium sp. 1112-NTG-1953 (TK0415 )
UV AR E) #E4T NTG 748, ™ 48 bk
1112-NTG-2318 £ 80 T K H 115 7% 240 h,PQQ
PPk 1783 mg/l, SRT, FiRE T PQQ AYH
BRI T YR A E LA, F1EIE
GEAR AR L O 3 T AR ik RORIRE I 55 ] R L 2
1 B B P O A S S A

AT R B H & # Pk H. denitrificans
FINU-6 7EFEI 15 5% 88 h, PQQ /=& nf LIiAF

*3 HEEFESTRENRRIPQQ™E

121.4 mg/L, E—#RARE Tl bR A 615 1 PQQ
7 R PSARAE PQQ YRR W YOG 1 L K R
TR BE R IETRE AR A, BT ISR S5 G WA
Ik PR I L PQQ w7 5B bR Y E BT, 42
T R AR AR AR . B H RS B
%, RKIER TIERZRA LG, 4% 7 RA2
PRIV ZERT ], 6 #89IML 5 MIE A2 4355 80%
DL A7 BALRE P G 5 7 PQQ R
PR, WRET L PQQ MR/ RS, REME N PQQ
AWy R A S SR A R X R SO B A
BT PQQ & AL 1 1 A o A AT e 7 %
T G Y R 81 R PQQ B AEKR, FEXF
FIEAF I AR (FINU-R8) #E4T 5 L & BERED
KRR, RIZTERRIG AL A 5 | HiEfE AL
1328 PQQ ML T H L Witk , R A
bR I ST o ASCHEEE W R R I PQQ & AL
IR B SR A S e — A B R A R,
eI 1) FH B RE RS I3 PQQ A1 HH et S Aty 7] 2 6
T B, 3k e e 1 Y R I T 2 v i Y I S
PQQ WIZEARES, 1AL PQQ F=HE AR, 52
e e it PCR AN E %, = e A H R AE A 4R
= paq Fl moxF EEEFERIFRIE, KiFERE PQQ
Feat . PRI, 38 I B M A2 A T T e A5 TR B
PR b AA) R 1 T S AR AR AR IR, I A s AR
1R AR, AT S AR . RE 25
i 16 FR G0 5 B 5 AR R A o AN SCHR AL T —F iy
P L = 7 PQQ I E IR A ik, RPFARIE
FHF Tl AR AR 7™ B 1) 8 77 TR B9 T kit

Table 3 Production of pyrroloquinoline quinone using high-yield methylotrophic bacteria

159

Strain Positive mutation rate (%) Titer (mg/L) Increase rate (%)  Reference
H. denitrificans FINU-R8 94.00 1087 (5 L fermenter) 159.70 This work
Hyphomicrobium sp. 1112-0-36 0.27 1783 (80 T fermenter) - [29]
M. extorquens 1-C6 3.04 208.7 (3 L Fermenter) 98.02 [28]
M. extorquens E-F3 31.60 54.00 (3 L Fermenter) 142.30 [27]
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