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W E. RAFEZFRF ST (atmospheric and room temperature plasma, ARTP) # % B R AR £ ML (Pseudomonas
denitrificans) FtAP ik # g A F B REM, HAF BT HERKALLEE 75s mBohE 100 W. @i X s
BUH 45 A A 4B T £ (riboswitch) Bk B T 3 52 R AE VA 65 )6 & F B4k, 5HAR 48 JUM 58 3355 & B |, B4R
Mk temg & B, 2, AZ R ENERESHEFMHAIAK L. BT 4 4 ARTP # X, i F3)69E T4k PA320-
M4-1B1 & 250 mL A B 6d $&H T, %4 % B, 4% (103.2+2.1) mg/L, 474 A4k PA320 #9(71.9 +
1.8) mg/L 3 & T 43.8%, A4 HIRAE 7.
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Mutation by Using Atmospheric Pressure and Room Temperature
Plasmas and High-throughput Screening Method for
Improving Vitamin B, Production

CAI Yingyingl’2 , XIA Miaomiao®, DONG Huina’, ZHANG Tongcunl , ZHANG Dawei
(1. College of Biotechnology, Tianjin University of Science & Technology, Tianjin 300457, China;
2. Tianjin Institute of Industrial Biotechnology , Chinese Academy of Sciences, Tianjin 300308, China)

Abstract: Atmospheric pressure and room temperature plasma (ARTP) mutagenesis system was used to induce Pseudomo-
nas denitrificans. In order to obtain mutant strains with enhanced ability to produce VB, the optimum conditions for muta-
tion were determined, which were 75 s as the mutagenesis time and 100 W as the output power. A method was constructed
with flow cytometry and riboswitch to efficiently identify positive mutant strains which were cultivated with 48-well mi-
croplates and detected by microplate reader as high-yielding mutants. Thus, a screening system for vitamin B, high
throughput was built. Through four rounds of ARTP mutation and high-throughput screening, PA320-M4-1B1 mu-
tants (103.2 + 2.1) mg/L were obtained, which increased the contents of VB, by 43.8% compared with the control strain
PA320(71.9 + 1.8) mg/L, when the strains were cultivated on a rotary shaker at 30 “C for 6 d.

Key words: ARTP; vitamin By,; riboswitch; high-throughput screening
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Ml = ER, Sl e R B YRR R B A
WiFhH T2, —F & AR BRI (Propionibacterium)
FRFEIRERBE T L 5 75— Fh2 UG AR S T
(Pseudomonas denitrificans) JCF M5 & T
ST R T DRl T 9 B R K
AR N R SRR, AT LI 4 TR
ZRIE SIS IR UMk SR ST 28 52 K, A2 ER 80%
DL By Esk A 2R .

ML E AR B, AR T 2y, T
Wi 30 RAEMIEEILRIVER , HAEZ A E
wARPL L, RBRA ML A 4R R By (Y
HERAEEEM. HEIHAC I, KA TER A
TARBFFER B A s A2 PR ML, Sum g Pl
PRI AR A T P A A ] s IRfE R B, 25,
AT MR R E Y R A R By, B
TI RS ET- B, AR F A A S5 AR
A, B H R % R 4 % TR (atmospheric and room
temperature plasma, ARTP) 17578 & Fh e R 7E LA HEAE
fil &y H AR AN A 38 1, 7T DGR B — IR IB Sl pE 3R
5 2 TALL B RAR R K 2 sl Ap ) Hege
AR ARTP BORE T 1Z W HF AT Tl
KW e R

o i O S A AR A R R AR R Y oy — G D
UR. HETELEA 2R By, S Wbk ny Jrikid HR R T
U VAR ek SEAR 58 s, S SR PR A TR0 7
PRI A3 H 0 T AR T R R B A S e I I A 7
MRAEAER B B, RANZO AT 20 5 TR PR
SR TAERROR | & i B 3 B RICR AL, T
WEAE mE R e, EA R NEN], 4 R B,
18 AN -FT WA BT 278,361,550 nm AbA5
AR, H 361 nm ZAWRISIEIEIIR , THEZED,
AENYEA R B 77 i BRI 7, (R TR s+
Ferh B %, MRy g BT, S BOCER
MO HE BRI E R AR B, MH
i, SURBAE AR W DB R PR s A I ) - B

BRETT K (riboswitch) — 7 F mRNA [3E 45
X (UTR) , H@E {25+ X 35 (aptamer domain, AD) Fl1
2R IR 25K X 38, (expression domain, EPD) 4320
S B A IX AT LA B RS A/ IV AR, FERERS
I Py vk FE AR Ak, HAT & BE SRR DL K e S
P, MiE AR X G SR B S kARG, X
MG B 2B H Z FRIR XA LY iU PR 2R R 254, i
T R LD A kT Bl RO T 56 A A T F

98, A5 CTEARF AR P A T 200 RF4EA R By,
K IT 8| 20N BRI (Propionibacterium freuden-
rechii) 4% B, AR cbiB H:K mRNA [ 5'-
UTR FETEm BEIRST IR, B RS B4 S 44 & Bis
() 4 B 5 BB T &N e R (5'-deoxyadenosy-
Icobalamin, Ado-Cbl) , I3 T ek A f 2517 A
R AL 2m3A ARTP B, Xprege &
B, WA R A TS B R, Bl S LA ALk
B5 3% R W L BAZHETF O3k — I 1, T i 28 v 3 ot
TE, IR 15 REARSOM 256 B SR A Iy i, T
WIS AR R B SRR, P45 TR
R YA R By HRSER.

1 HESHE

1.1 E#RSRM

48 A& R B A7 WM B OA R R
(P. denitrificans) PA320 A" 4EAE R By, WM AR
NI PA320-L. JTC4ErE R B A7 e AR AR
I PA320-Z ., KIAHFTA (E. coli) DH5a, $ 0N TR
W (P. freudenreichii) 3 FIt FA I WA AT B — i 2005 B0 0 v
ZERM TR pBHR (it <R EE Z) . pPBBRIMCS-A (fiif 22
NHER) WAL E R
1.2 IEFEHE

AR B SR (g/L) - Bk S0, HiAE BE 20,
(NH4) , S0, 2.0, K,HPO, 8.0, E5fl§ 20; pH 7.0 ~ 7.2.

Pl 755 R 5 (g/lL) « EoKR¥K 50, #i& BE 20,
CoCl,6H,0 0.15, (NH,),SO, 2.0, K,HPO, 8.0; pH
7.0~7.2.

KBRS (glL) « R 50, & BE 20,
CoCl,6H,0 0.15 , ZnSO,7H,0 0.1 , DMBI 0.1,
(NH,)»S04 2.0, K.HPO,4 8.0;5 pH 7.0 ~ 7.2.

BRI AL (g/L) < #4354 120, CoCly6H,0 0.3,
DMBI 0.3.

1.3 RAFI 5L

PR il )N VI B , Thermo Fisher Scientific 2 H] ;
DNA E4& T PrimerSTAR Mix, Takara /Al ; 2 x Tag
PCR MasterMix, Jb 5t RARAEALBHE AT BR A 7 5 AL
Jle 2%, Sigma 2\ ] 5 FER 4] DNA $#EHGXF] £ (DP302-
02) | Tk /NI F] £ (D6943-02) | 12 181 Seiak 5] £
FX PCR = #4lifbifin & (D6492-02) , OMEGA A
Al , HAMER AR AT Y06 RN 5 AR 4N |
N UKBEFR | SN B~ 38 Sy [ = A .
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ARTP U8 R E RS & T RFEZF L, Jeat i
W RAE VIR A FR A ] 5 Spectra Max M5 RIEZE K
ZIIRERFHRY , 3£ [E Molecular Devices 2\ ; 2WY—
2112B AUEER SRR, LIRS AR A B A
A ; Agilent 1260 7SS0 AH (1% 0BT, ZHER R}
He A7 BR 2> Al 5 S810R Y &5 X iy 1 B 0 ML, 1 =
Eppendorf /A ] ; SW-CJ-2FD HIHEE TAE R, SgdE
A 95 M & Ze 28 SR A BRA R]; PTC-1148 7 PCR
1%, 2 Bio-Rad /A7 ; V-1600 Fa] AR,
SRR AT PR F.
1.4 LEHE
1.4.1 AR LS MERE AR

IR X NBRE (P. freudenrechii) 3R 41 &
DNA J##, {#i il Ribo-F (TGTACTAGGGTCAATG
TGCTGG) #1 Ribo-R (CTCGGACAAGAACCTCAAA
TCCACG) A5|¥ PCR ¥ HIEH4H E 213 bp 1Y
Riboswitch FBt, SEY A 59Ut 20 ~ 30 bp
HEARGGN Lacl 7B ([FH514) lacl-F: CGTGGATT

TGAGGTTCTTGTCCGTGAAACCAGTAACGTTAT
ACGAT , lacl-R : TGAATCCGTAATCATGGTCAT

AGC ¥4, Q2 A4k R [R5 A BE) iz ] Overlap PCR 4%
A1 P E SR DNA ZBRIK, 353k Ak
pBHRI iz Jf] Gibson assembly %Az, 540 A
E. coli DH5a B3z754, 15 8| B4 ikl pBHR1-r (P) -
lacl J& 2% PHAE se RS A WY, 55 —F AL kit A 1
MR 7 Ab g, YA A ST AR T 2 R 4 R
AEEAY D AR R RETRT (P. denitrificans) .
142 ARTP # & £t o9 4 5

FE b 1 25 < B BB S MU TR (P denitrificans)
PA320 F IR Gk, BT 30 C fHRIG 4G
Kige 48 h. i BRIV I, PRI R R R T
5mL Ff 35 95 B 0 v 8 3R 2= X0 I (46 =
2.0), M1 mL R, FHJCREAEFRER K phdk 2 Wk, FEH
2mL % 10% HMag oA BEE K E 8, B 10 uL 4k
PRAF R S E RS 14T ARTP 575,

RS AOHE - B 10 pL F3RAC PR A B A
SIRMEC L RKEME A L% ARTP A1
DI B 100 W, 205 550 F I s B
4 mm, SARFE RN 10 L/min. 32535 18 5T 18] 4051 R
0.15.30.60.,90, 120 s. ¥ FiRZEHT SR FiF B A IR
S B A TR AR R R A 1 mL A B
ok, iR 1 min, BUE 2 9R3% 1Y B IR BRI
AR, TN 30 CHEIRIGFRAE ISR 2d. & Bk S
B, THBE- AR AR A, B 3 RIS,

AEHEAREEE H33% FH20

i R ES O] R HESS
143 ZH@FimafRds

R T RO PGSR IR R F A R By, RS
PR, AT G R E R vk S 48 fLARE
K EANLE AR ik (B 1) . % ARTP A28 5 O T
WIRA KSR, B 200 pL WA PBS Mk 3 U5
FERBEE 10°mL ", Frfilfs rFE LR A T 4
PRGBS RIHT 1% FIANI, R PR UEAATE R
3L R 48 FLARAY 1 ANFLH R BERE SR 6 d, L
K EW AT AL BRSA I H: 361 nm N WGRE LU K4k
AR B B, fea il B & R A HPLC &
W75 2 R 5 AR TR AE A= 28 B )7 i

S |

S A Fluorescence
(R EES Ilzlilkﬁ‘ﬁﬁ:

AN

Wavelength/nm
JRS e S Al ik

Counts

ARTPIfEAS

Fluorescence

B 1 BE{REEE ARTPIFEIHERRE
Fig. 1 ARTP mutagenesis and screening process of
Pseudomonas denitrifican

144 AR BABELM

[P A FRIE T « 5 BRI FRIETC AR RS 73
(R B4, B B AR 25 3, B AR I 75 5 92 5644
30 mL, FEPAREERE LU BT 4 C kA £ .

PP % < W DR T P S 85 TR L/ R
WA E AR SR E, BT 30 CHEIRE MR
48h. FERK AR EZ G, PRECAE K M T 5
30mL FPF¥EFREEN 250 mL =i, 30 CHE
(220 r/min) $55% 36 h. PP 1532 4% 10% Ll
Fh =2 30 mL ZEERTFRIERY 250 mL =R, 30 C
PR (220 r/min) 5535, 39T 72.48. 120 h kbR
FiEL 3 mL, 4EZEREFE 144 h S WCEE R IR 4 A=
R B .
145 RERBAERBTESHT

TE AR TR AR 6 ATk s =44 K B
ITR IR , 4 LA B AR T 5 32 5 A T — b 7
WRE TR, IPE S B BOK , B TR R I, Lo
R YA TR By, RE T AR E T
1.5 H#EZEB.AENNER X
1.5.1 AR/ on 4] &

KRR 1 mg ARAfERIAMT 1 mL BAiK 6



2018 4 4 A

BRAZ, W E R TR (ARTP) 175708 K il it Ui e e A= 3R By, )7 IR =23 -

B, B 0.001., 0.005.,0.01,0.05. 0.1,
0.2 g/L HFE.
1.52 kA E+*

G35 R R SR bR A T A3, IF
MEHPE K 361 nm FAMOGEE, &l 4L R By, i
U R AR AN e, RPE i 2k (v = 0.0165x +
0.166 6, R* = 0.987 3) FIas B35 #5355 1 % I
HAEE R By IR
1.53 HPLC @& 3%

BRI : IR WA 10 mL, fiIfA 2.5 mL
8% AN R AN MUK ES IR 2.5 mL, {RA1E BT 95 ~
100 ‘C/KIRIZ N 30 min, BHI EERGHKERE
50 mL, 10 000 r/min #5.0> 1 min J5 B F3f W, 37
0.22 pm FHALUEMELEIE. HBUEW 1 mL, LA 2% 5k
AR 20 puL, B 35~ 40 CIEIEN 1 h, fHignee
i HAS TRD T 2204 il e 3% 349 P Ak R U e, e L
20 pL T HPLC M@ Hi 2 .

HPLC #& il 451F: C18-250A {4} (4.6 mm x
250mm , Sum) , ¥ 81 A 1 & KH,PO, % W
(50 mmol/L, pH 3.0) , Wil 1 N M. e 551
0 ~5min, 10% ZHEMEBPEM ; 5 ~ 15 min, 10% ~
20% Ak BE BRI 5 15 ~ 20 min, 20% Z fiF 15 3 3%
WL M By 361nm, KRR 35°C, Wi
0.8 mL/min, JEEER 20 pL.

2 HERE5HH

2.1 #HEFF RS AR IEIE
AELEZR By WEMKBUIZEIT G chiB J2—Fhil

TR AR OC, YA R By, WREZREF mE, 5
HAHE BT e R R 2 2RIV E L, iz A i T
KR FLR 96 6 1 (green fluorescent protein, GFP)
et SR B Rk R SRR AE R By WREE W FH =T
REATG , SRS T 0 328 T v (R N7 Ry R Ik ) A
WITAZHEFT & PF-cbiB AU dE oA Ak £, anfEl
2 s, FIH S GSFLBE A lacl FERAHZES, B
AR WHEA R B I, AZWEITSIE it ik
F, FR NI HE E A AL lacl | lacl 5 lacO 4546
J& , GFP #feiti BRI ok 3Rk s AAERE - e A R
Biy B, A SCIE BZAEF, Wi s & lacl 1)
77, GFP it BRI AT 2Rk (1 2).

P1:riboswitch+/acl

-l @JM Kei)
+ +— lac] P
P41 RBS S5 P, P +112cO RBS

VB, riboswitch

P2: lacO+gfp

B2 ZHEFFK PF-cbiB JURALTH % ST HEE R R E
Fig.2 Filter components construction of the double
plasmid of riboswitch PF-cbiB

W 3R i A % SBR[ e ACAS [R] 7 o 1) TR R
H, FEDOE I U T T EDUIE S A B R Rk A
2 (B 3). WK 3 ATAL: T4EE R B Bk
IR PA320-Z 7E5SCRAEE TR 75 S 30
PR A8 B 2 DGR I , LA TRV 41 T o FE A H
Kregid & B, BB PA320-L M@ =44 & By,
FITRAR PA320 TEZOGRME T, 2Ot i 5 PG 4E
AR B WERMT R, 2Ot IR FIAER. 4
RRUACF WLEAER By T IR R 4EE R Byo
59 R I BUE LAY oK.

5.0 um 5.0 um
[ | S|

(a) MR PA320-Z

(b) Wtk PA320-L

(c) Ttk PA320

B3 AREFEERERALIRE

Fig. 3 Fluorescence intensity of strains of different yield

18 FHRSUN I B SE B ) 25— AP IE4E A R By,

LR R, JER R A RE R 1% AOTR A,

Pt T FSE FAYE. FE IR CRE XT3 Bk K I

FAE R4S R Summit 5.2 3RS, Horb i e T
ki PA320 SR 81.6% (& 4) , 45 H R i
A 10 BE I A v, mT AR g5 AR S v A o O 3 1)
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L 8 S I IT U AL R T MR A 44 O PA320-
Mybi.

4000
-l
3000 F
<
2 PA320
= 2000F PA320-L
" PA320-Z
1000
Top 1%
[ al
100100 10° 10°
YR L

B4 RAHMNIIEZIET X PF-cbiB BA] Atk
Fig. 4 Availability of riboswitch PF-cbiB verified by flow
cytometry

2.2 ARTPIFLEIEE fh 2 A0iE

SRS TR B i, 45 HE 1.4.2 XA
5 BT A P BB SR AT I E , S5 SR N S PR,
ARTP Ab3 30 s RAMRAMIEBILEAIEFH] 80% |, &b
P60 s JGBUERRETE 85% AiAr, AT A] 120 s
B, BOEREEHE 100% , BEEH ARTP ZLHEEE] 75 s,
A 90% e VE NGB PR A5 .

100

80

60

HIEHI%

40 |

20 F

0 20 40 60 80 100 120
Aib BT[] /s

B5 BERBAMER ARTPH LR ML
Fig.5 ARTP lethal rate curve of P. denitrificans

2.3 ERE EFENRTHREZBENIE

AR S S PR BAR SR FH o1 B o B B B A 9 0
AT 48 fLAUREERT, MM 1.0 mL . JEFRIRE
30 °C . 400 r/min ZAFT, #5537 6 d J5 i HPLC il
YA Z B, R 20 ~ 30 mg/L, KB R
BT St BCFLAR ™ B AN BE VA S e B R A 1 R 1Y
TEOL. A3 BT B 15 0 ) S R P BB S« B e, R R T
PRYEAE R By bR, AU P RO AR T SR A
K, 48 FLARAE S ARFRER /N, 3 BOAE i ] 5 11 O
T, FLARCR B A B S P R R R 5 ok, 7
REFRILMBERE AT R Sk, 25 FRCR R85 77 4
AT R, BEA A KB, (A S B8RS TR
A3 T ™ R AR A T O, T BRI R P R P 5%

AEHEAREEE H33% FH20

B, 2 P ER AL KRB ZIG R TE O R, Xt
48 FLHR A B i AT SR B A T4 , AR R FLAR
S e R e (4 ] SR, SR ANTET6 BT,

50

40

30

20

VB,,"#t/ (mg-L™")

10 [

0
0.75 1.00 1.25 1.50

et /mL

6 IEFEMERSXTEK 48 FLIEHELEE B, FEW
Al
Fig. 6 Influence of medium and its volume on VB, yield
in 48 deep-well microliters plate

A 6 A 2E i A R SRt 48 fLARH
YR By 7= A WRE M, 2E0EN 0.50 mL,
KRG E R By Wit M i,
B35 6 d PP REAlIA (44.98 £ 1.20) mg/L, 43 BIETERIRE
BEWHLAVIE LT BRI A5 5 5 (iR B ™
HOA 2145 mg/L) 19 2.09 £ K RIAAF T SR &
B R 5L (AR By /Wi h 23.05mg/L) i 1.95
5. BEAMHRALIE R BESE R - TR A B 5L R e
F, AR 0.50 mL, $EFRIRES R 30 °C,
7 400 r/min, ¥5FEHFE] N 6 d.

SRR ARAR & P 25 1 I 9B RRAE 48 FLAR BE Y
PR B [ AR S, BRIETE 361 nm 2 BUAR[H
WEOGEERY 30 MBS BARVE A T 48 FLAR R, [RIET
BIX 30 BB TEF IR 1.4.4 D TRk B, 54
FIMELAEE 2R By W=, SFAS A EES 7 Bl
FEorHT (B 7) , FP AR 45 SR R AR S e 2 7 1) vy il 7 1B
5B ] SRS IE.

100

a y=1.734 1x-0.441

% gl R=0.925 A

E

B 6ol

g 40

S

= o)

s .
0 . . . . .
0 10 20 30 40 50 60

LA K FEVB = it/ (mg-L™)

E7 48FLIARES 250 mLIZMABEAMEXE
Fig.7 Correlation between fermentation in 48 microliters
plate and fermentation in 250 mL flask
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24 REEMIFELER
241 FHEREIRGW T

B 48 fLHUESFE 6 d ROLTERGLIR 1.4.3 kit
ATALEE A 361 nm WG RE Ak v p= g A %
By MIZARBARE , FER P e I 0 e 15 21 19 28 4% T
BRA BRI HPLC ik giA R B, /7. &

80

1.4.3 JEXWIGA MR PA320 #E4T 4 % ARTP 7804
BE, AN 8 PR, WITHiAFE] 6 #RAEER By AHXT
FrAEE R 20% DL ERIRASKE, XX 6 BRR AR (4-
1B1.,4-1D1,4-1D3,4-2E5, 4-2F3 Hl 4-2H2) #£7 54k
BIESEE.

40 |ram iy

VB,,7 i/ (mg-L™)

8 ARTPIFTIEIEEINE 48 FLIRE B LS B, "8

Fig. 8 VB, concentration of 48 microliters plate fermentation mutants obtained through ARTP treatments

242 FHEREMG LT

U & AR Sl R i 2 6 MRS AR B Rk iE
17 250 mL $EIFA BERRAIE , 30 °C L 220 r/min & KT
7%, IR HPLC KAk &I 144 h J54E2E R Bis
PR, WA 9 Bk, 78 ARTP 7575 K 253 i 615 5]
) 6 BREASRRH, 3 ¥k (4-1D1.4-2E5 F1 4-1B1) X
FPEIRE T 20% , H PA320-M4-1B1 2875 tk4ErE %
B PP (1032 + 2.1) mg/L, WA H R PA320
ILELEE By, P (71.9 + 1.8) mg/L $255 1 43.8%. Xt
ek R By P HHEE 20% LA FAY 3 MRS TR
SR AL RN 2 S

110

VB,” &/ (mg-L™)

B9 #IFEFB{REREKERZEBLIE
Fig. 9 Shake flask fermentation validation of screening of
mutant strains

243 FAERE ML

Xof i T A i 7 R AR MR A T i AL R e MR I,
SRk 4-1D1 ., 4-2E5 Fll 4-1B1 #47 8 fRIELHLALRE
FE, IR 1.2.4.6.8 IR L BERM4EAER B,

pREE, MELR IR 2. R 2 Al B AR
B, GRRAEFGEAE R B BRI R AL, HE
% 8 WA BB TR E. GARVIADI 4 ARTP
ASARATH 0 5 7 SR AL PR BAT B R A AR E .

F2 REKRBBEEREESNT
Tab.2 Analysis of the genetic stability of the mutant

strains

AR PR B RE k%

UL ZASK 4-1D1 GASKE 4-2E5 Ak 4-1B1
1 100.0 + 1.23 100.0 + 1.16 100.0 + 1.31
2 99.2 + 1.03 98.6 +2.01 98.4 +1.21
4 98.9 + 1.34 98.8 + 1.89 98.1+0.78
6 98.5 +2.04 98.5+1.08 97.9+1.59
8 98.7 +1.92 97.9+1.26 98.2+1.58

3 & it

ARTP /575 RERE S R = 5B i 2 B,
He PR AR B AR M TR (P. denitrificans) , T H 2878
ROR RAF. F RO T AR R B e 1256 i = 2
AL 15 3 S 5 A i RRAE TR A L 48 FLAR KE % &
JEHEE R B AL ETHESE 361 nm FIRGEE AR
PP R R4 R By, 7o, @ —E 5
FE R R T TS, it 4 48 ARTP 4 K%
ik, #4157 4-1D1,4-2E5 1 4-1B1 3% 3 BRE7A8kE,
e R B oI E 20% DL E His e raEa e, H
H PA320-M4-1B1 7E 250 mL BRI EE 6 d IOSIET
4% By, PP EEIAF] (103.2 +2.1) mg/L, BV IR HIbK
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PA320 MI4E4E B 5 (71.9+ 1.8)mg/L 5T
43.8% . WM EST WA TR g4 R B, UK
Hofth 4 A= 2R ) el B e i it T 5%
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