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Improvement of the virulence of Bacillus thuringiensis to
lepidopteran pests by ARTP and NTG mutagenesis

PENG Jinli#, ZHU Zirong#, CHEN Wenhui, LUO Sisi, ZHOU Pengji, QUAN Meifang,

SUN Yunjun, XIA Ligiu, DING Xuezhi’

Hunan Provincial Key Laboratory of Microbial Molecular Biology, State Key Laboratory of Developmental Biology
of Freshwater Fish, College of Life Sciences, Hunan Normal University, Changsha 410081, Hunan, China

Abstract: [Objective] Bacillus thuringiensis (Bt) D18 is virulent to agricultural pests of Lepidoptera
and Coleoptera. This study aims to improve the virulence of D18 by compound mutagenesis.
[Methods] After four rounds of atmospheric and room temperature plasma (ARTP) mutagenesis and
one round of ARTP-N-methyl-N’-nitro-N-nitrosoguanidine (ARTP-NTG) mutagenesis, highly virulent
mutants were screened out by microscopy and virulence bioassay. To reveal the reason for the increase
of virulence, we detected the Cry proteins by SDS-PAGE and key cry genes by qRT-PCR. [Results]
Two highly virulent mutants, An-L5-1 and An-L5-7 were screened out, compared with the wild strain
D18, An-L5-1 and An-L5-7 demonstrated slightly early decline, improved ability of sporulation,
80.47% and 88.31% rise of Cry protein expression, and significantly stronger virulence to Plutella

xylostella and Mythimna seperata. |Conclusion] The increase in the virulence of An-L5-1 and An-L5-7

was mainly attributed to the significantly up-regulated expression of crylda, cry2A4a, and sigk.

Keywords: Bacillus thuringiensis; insecitcidal crystal protein; ARTP; compound mutagenisis
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1.1 8
1.1.1 Ek. SIYMAEEFEGE
AW T HERAS PR 1. Bt /) LB

FEFRHE(10 g/L EEE IR, 5 o/L BEBEKG, 10 g/L
NaCl)Fl & BERE 37318 /L HiZiHE, 14.5 g/L ik
E MM, 2.5 g/L K,HPO,, 0.02 g/L FeSO,4-7H,0,
0.02 g/L MnSO,4-7H,0, 0.25 g/L MgSO, 7H,0),
30 °C #5557,
1.1.2 K7

0.9%4= BEEL 7K 3 0.5 mol/L NaCl; 5% il ;
NTG.

&1 EKIGY

1.1.3 {35

ARTP (# JE %0 55 8 1K) 75 28 & Fh X
(ARTP-1IS), Jo8 il R AR A R
1E BG4 WA AXIO Abserver A1, 1 [E £ H]
Zeiss ] 2 F Y Microtek Bio-5000,
BB ; SpectraMax® M5 i AR AL, £
Molecular Devices.
1.2 ARTP T

ARTP FEAS(E ARTP WA RS T,
AWM AR 99.99%0, TAEHIR I R AN
100 W, 2L FEFE 55 2.0 mm, AR 24 8.0 SLM.,
B 10 pL A T B K (ODe0o=0.6-0.8) T K K )5
PIRNEEANAR 4T ARTP 2031 BRSNS

Table 1  Strains and primers

Strains/primers Relative description Sources

Strains
B.thurinhgiensis D18 The wild strain used as starting strain Lab store
AR-L1-3 One round of ARTP mutation from D18 This work
AR-L2-6 One round of ARTP mutation from AR-L1-3 This work
AR-L3-2 One round of ARTP mutation from AR-L2-6 This work
AR-L4-3 One round of ARTP mutation from AR-L3-2 This work
AN-L5-1 One round of ARTP and NTG compound mutation from AR-L4-3 This work
AN-L5-7 One round of ARTP and NTG compound mutation from AR-L4-3 This work

qRT-PCR primers Sequences (5'—3")
16S-qF CTTGACATCCTCTGAAAACCCTA This work
16S-qR GACTTAACCCAACATCTCACGAC This work
crylAc-qF ATATTTCCTTGTCGCTAACGCA This work
crylAc-qR TGTACAAGAAATGCGTCCCATT This work
cry2A4a-qF CCCTTGCTCGTGTAAATGCA This work
cry24a-qR AGGAACAGGGTTTTGAGTAGGG This work
spollIGA-qF TGTAACCTTTATGGTTGGCGG This work
spollGA-qR TTGGATCACCGTAAGAAATTGAC This work
spollID-qF CCAGAAATTAATCCAGAGCTCG This work
spollID-qR GTTGCTTCTCCCCCTCTTAAAT This work
spolVA-qF GCGTTGTTTGGCAGTTTAGTCA This work
spolVA-qR CTGTTTGCTTAACCATACGCAGT This work
sigK-qF AGTTAATGGAGCAAGGTGATGC This work
sigK-gR CTGCATCTTCTCCTGTGTTCTCA This work
cwlC-F AAGTTAAAGATGCCGTGGCG This work
cwlC-R CAGCATGGGAATTGCTATTCC This work

<l actamicro@im.ac.cn, & 010-64807516
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BF| 1.5 mL .08, ITA 1 mL LB IR+
5, &% 2 min, HAIEEHST. MEGE
LB BUIEFhe B34, 30 °C 1537 12 h, B
BV VKN ARTP BAE%, LIFET RIE
60%—90% 114 b B Ay S5 A [R] o BRI A% Ak B A
(] FA SE R, RHEHFRTG SR 48 h, WSS
AP AR, WP O e S AR R AT AR
Wies 3 o B Je B 0 38 1 R R HURE T TR R
TE LB WA R b 55 5%, —80 °C A7
1.3 NTG &%

240k 4 % ARTP 57428, ik th Xt /N 2%
B PE R S B ERAE I NTG 175728 18 10 )5 46 1
Mo 7E LB AR H 15 5% 245 8001(ODgoo 17 0.6-0.8),
WAE | mL 7, &F 5mL PBS ', LA NTG
R E N 500 pg/mL, REAAIFE 1 h, FABIS
PBS PE¥ 4 Ik, 15 1R,
1.4 FHRFEMEDNE

BT AE TR D18 FE AL R AE K IS 5% 48 h 5
BRI 20 mL A TR, BEFES 5154
SEIAE] 24 fLARY, BAFEMEE 3K BAL
IIA—2% 3-4 I/, 78 25 °C M5 FR4H
HRFE, WSS 48 h 4 s T8, dEFRstT:
Hi e MACRPEERAE N T —% ARTP 152511
R Tk
1.5 HKMZENEREFRITH

S3M7E LB AR 55 5 b i 0 AL B i T
2 R A R 1528 W AN-L5-1, AN-L5-7,
DL 1% L% 8 25647 30 mL R BEEERHEM
=M, BAIRE 3 AT, 30 °C IRG R R
D7 FE] 0-60 h, HEFE 6 h BL— @ R &
B, B 6 IR ODggo o FI
OriginPro 9 #Xf, DUKGFRETRINREALSR . Kk
Y ODgoo [HL RPN b 22 i) A= 4 HR 28

ST R AR T Bt D18 K& 2 R A B JiA78 1
AN-L5-1, AN-L5-7 #4781, PRECHR wiET

LB WARIE SR, #i 1% fh i i 42 28 2 T b
FRIF, 30 °C H5 3R B JE WIZE Mo Rk, Bk
S . ME BRARTA L 2 ARIEAE TR ODgoo A0 IR
B, SRIEK B ELIRE ODso M 1.0, 539l
BUSRTE . 2 MRBZZ R B 1 mL 78 80 °C #ukb
H 20 Srh, HATEREERIREE 107, HL 100 pL
PR R AT LB SR, B A & T 30 °C {5 &
UK LS S B Tl ol R BT i i
1.6 FRMERRKESIRTIZE

DA 1 %2 A B e B0 15 AL A TR AR 31 30 mL
R, IR 5% 48 h, XRS5
i, B L2 R I R R R OIS O . 45 K
10 mL Bk A BT 15 mL .04, 9 000xg
B0 10 min, WCAETTHEH NaCl (0.5 mol/L) k%
2 W, FEAGEIK, BIF S RERK
4 °C A, B FE 3 s#E A 3 s, LA H 6 min,
FHEE 2 W, BRI FE 2-3 min. &.0RETTE,
FAAEFRER KR 2 YK, T 5% D5 i FTER 24 K 4%
VeV 2 Wk, ULTE RD A ZE AP IR A AR TR A
SR ILIR G T EP &, -80 °C IRAF# .
1.7 qRT-PCR

BT 20 h, B 1 mL ZFEHE K T 1.5 mL
B, 8000xg B0 2 min, AR, N
A 2 mL TRIzol il (Invitgen)WF B B &, $2HK
RNA . A} RevertAidTM First Strand cDNA
Sythenesis Kit (Fermentas)§ RNA ¥ ¥4 5% A,
cDNA. Dl cDNA JHitl, 16S rRNA J:P 4 A
%, #17 qRT-PCR. firG 1T qRT-PCR 434
B3I 16S IRNA K JF 5 L3 1.

2 BEREAW

2.1 FTETEHE

Pl Bt D18 iy ARTP BRI —4E H & #
¥, 3B 0, 15, 30, 60, 120, 240s, 15
FN IR L . Bt D18 (LT K EEH ARTP &b
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BB [F] R 8 0T o, AR R BOE AR b B
] SR RO R o Y YEAR A R 30 s B, EL
FeEWRARTE, S 65.2%; YEAERTE R 60 s B,
FOLAN 89.8%; ALK 120 s B, HALHE
H96.9%; WHASHIE S 240 s B, BIEFRER
100%. AHFREINNEIEBIEE N 60%-90%
AR F A IE R, A8F5E ARTP 578
1 A A EE AL BRI E] 2 30-60 s, %5 R FI] A FEAL
PR AR PE R, P 4055 s (K40 RIS E] E A 7
54 ARTP 745,

2.2 FTEKHIGE

23l 5 AR, AIEHT 4 KW ARTP 64
KRB K5 —IK K ARTP-NTG & &5, 7
BIPRIC 956 v, RHARESE 48 h, FIAAM
22 WA R R 1, % 2). 45 E
AN, RS PR Y5 AR R AR A P IR SRR
MO SR B A S5 R ARE B ] 8
B R SR AR B o 2 IS R I A A I 15
A R TR RAE g A2 00 5 A DL A DA b s Ik A=
K | AR | JCA AR R

1 HEEDISMETHIEF 4Sh HERERHIBEREWE

Figure 1

Phase contrast microscope observation of D18 and mutant strains cultured for 48 h. A: D18§; B:

mutagenic | ; C: mutagenic I ; D: mutagenic III; E: mutagenic IV; F: mutagenic V.
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x2 FLEKBEERE
Table 2 Main types of mutagenic strains

Strains Proportion of lysis strains/% Shapes of spores  Shapes of crystal proteins Main changes of mutants
Bt D18 98 Oval Diamond None

Mutagenic [ 96 Oval Diamond None

Mutagenic [T 93 Round Diamond Larger crystal proteins
Mutagenic [T 98 Oval None No crystal proteins
Mutagenic [V 20 Oval Diamond Lysis delayed
Mutagenic V.. 0 None None Poor growth

St 5 RERER AR LBIGER 3)E
B, ARTP #EMGIFEAET, 525 ARTP L
R H A 5 5, B A2 T AR B 10% 484 o
UAE &8 % ARTP/NTG & &57280F, I
PR IR L A BB B4R R . AN 956 BRIEAERE
AR ECT 197 #RIEAT N —Fe 4R Kk 1
23 FTLEKRER

AR THT B 77 B AR A A e 2 5 e i AR
AL G AR 2L AR B 4 /N T TR VIR, R
D25 B AR AR R A T AR N o BRI I )
BRI IR KR 48 h, DL 5 uL/mL B9 K B Hk
JEHATAYIIE . 5850 LKA,

®3 hRFRABEKREH

TEPE/INEIRBET RIS 0 IE R AR, Gt
— BN IERAR R (R 4), RERY, 5
PR LA AR AR RL, BUBEHE ARTP AIERARH
W, K% 30%LL b, BB B RIE AR KR
B, HRREES 4. SIU% ARTP 542,
RBLIE RAS R B W AL, eSS ffe R A
ARTP/NTG &G54 URINEAAE AL A5, 1E
GEAR RGBT AT o

HPAE T D18 AIEAR Y & AR o B
BRI A R R E I EE, BT8R4
) R TR AR . BRI AT B A R B IR m
B B A2 0 7 0 I A R an ] 2.

Table 3  Proportion of dominant strains in five rounds of microscopy

Rounds Methods Amounts of selected strains Amounts of positive strains Proportion/%
First ARTP 230 48 20.87
Second ARTP 169 41 24.26
Third ARTP 210 38 18.10
Fourth ARTP 168 20 11.90
Fifth ARTP, NTG 179 50 27.93
x4 IRFLEMERTREI

Table 4 Statistics of positive mutation rates in five rounds of mutagenesis

Rounds Methods Amounts of tested strains Amounts of positive strains  Proportion/%
First ARTP 48 15 31.25
Second ARTP 41 14 34.15

Third ARTP 38 11 28.95

Fourth ARTP 20 4 20.00

Fifth ARTP, NTG 50 19 38.00

http://journals.im.ac.cn/actamicrocn
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Mortality of P. xylostella/%

G ™ © Vv ™ N A
Q\ N\' ,X(J; ,\?}/ ,\)b( ,\3)/ ,\iy
¥ FF
Strains

2 BRBRESIHRESHESHERIT/)
RIKALTE 48 h HIBITEE

Figure 2 48 h virulence bioassay of the every
round of mutagenized strains (the highest virulence)
against Plutella xylostella. Error bars are calculated
from three independent determinations of 24-well
pate in each sample.

XoF b3 B e 175 74 LR TR PR 1) A% PR T AR
fh(GR 5), BEESARRE A, kM)A R
TR R . X RS AR BL T TR R ST — 4R T
PRXT /N A IEAE T ek A7 A i, R B
S5 VUSSR R AR-L4-3 Xt /NSRS IEAE T
RGH =K E R AR-L3-2 25 A0 8, H
AR S AT — Mt R B e, o
— B B AR B AR T R m R A, 5 IE AR
FARRARRL , B IEFE T 2R A B v I B 7S — 48
S VUAC B WREAR, M 2 A A AR A B
Bia, PSR SRRV B . A F
55 T B bR AN-L5-1 3 /NS Mk i IESE TR
T H AR DIS 25 T 159%, AN-L5-7
Xof /NSRS ESE TSR AR T 1 L BBk D18 42
BT 170%.

RS5 IR ARTP FTHEEFHRI DRI 48 h FEIFER
Table 5 Mortality of five rounds of ARTP mutagenesis against Plutella xylostella at 48 h

Rounds Strains Lethality/% Adjusted lethality/% Remarkable analysis  Improvement/%
Original D18 26.39 24.26 None None
First AR-L1-3 34.72 32.86 * 35.45
Second AR-L2-6 44.44 42.86 * 30.43
Third AR-L3-2 50.00 48.57 * 13.32
Fourth AR-L4-3 52.78 51.43 ns 5.80
Fifth AN-L5-1 63.89 62.86 * 22.23
AN-L5-7 66.67 65.71 * 27.77

Two-tailed T test, ns: P>0.05, *: P<0.05.

2.4 HACHZE K SRR R EE S ELER

M5 T IR PR Bt D18 A1 2 ¥k A L EE
AR MR AN-L5-1 5 AN-L5-7 7£ 60 h N 4R K
Mk, 25 R BN 3 HREAEY =R 2R,
H 2 BRI 3 T A RS SR AT (B 3). Xt 3 4k
RHEAT T ZF MR, LB 2 BRI N 2 M
T IR ) 2 g e (K] 4)0
25 LCsoEMEFEHME

S0 e DL — R RO AT Y,
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XA b 2 BREAR R R UBE TR AN LCso Bt
FEAT R AT KE . X A T D18 K
ST AN-L5-1. AN-L5-7 4] LCso (3% 6), 455
KB A TE B F] LCso fHN 9.998 uL/mL,
AN-L5-1 18 JJ LCso {5l 3.858 puL/mL, FHEL
PP A RAR ) 61.41%. AN-LS-7 IR HREET)
LCso {5 3.419 pL/mL, #H WA B AR
65.80%. Z5ALULHT 2 RiF5AR TR A9 R HLEE T B
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6 ll0 2I0 3I0 4I0 SIO 6I0
t/h
3 JRIFEH Bt D18 5RTET
AN-L5-7 60 h B9 4 < i 4%
Figure 3 Growth curve of wild strain Bt D18 and
mutated strains AN-L5-1 and AN-L5-7 in the
fermented broth for 60 h. Error bars are calculated

from three independent determinations in each
sample.

&k AN-L5-1 #0

10 ¢

Active spores amount/(x10%)

D18 AN-L5-1 AN-L5-7
Strains

4 BtDI18. AN-L5-1 1 AN-L5-7 4B 60 h 5
YA S AR IT A

Figure 4 The active spores amount of Bt D18,
AN-L5-1 and AN-L5-7 fermented 60 h. Error bars
are calculated from three independent
determinations of spores amount in each sample.

2.6 fmRIAE B SDS-PAGE 7347

P HCE AR T DI RN AF & i T A AR
AN-L5-1,AN-L5-7 ) fui& & (1317 SDS-PAGE
(¥l 5). Gel-Pro JKJE#AF 43 B {78 , AN-L5-1 (i
I 2) B AR A &R D18 (JKIE 1A 1.80 1%,

A REE T AR T4 80.47%; AN-L5-7 (Uk
1B 3) AR & ESE DIS B 1.88 1%, A H
TS T ) 88.31%, IR AIAE M5
HBits, S5ARET Lcsoﬂhtj%%ﬁ .
2.7 qRT-PCR 7 X< 52N &E

AW EE 1 2 A1 SDS-PAGE £ %i%@% PN
RRR Cry S mMEE a8 T,
PEFRATTHEAT T AHCSE R Y qRT-PCR, DhitE—2
B IF X S gk B 5 WE AR T MR A L, AR B
AN-L5-1 1 AN-L5-7 ) crylAdc #%F 3Rk 5t 53 51
BT 17 A5 16.7 45, T cry2da WA R IR
ORI T 5.7 45 3.7 5. kA, SR
WA spollGA . spollID FEIN, 5 41 ffg 24 fi
AR ewlC FEH LA K sigK FE DR A AR X 36 ik 10
WIGHn(E 6).

&6 FLEEDIS 5FE
RHEFN LCs

Table 6 LCsg analysis of the toxicity of wild strain
D18 and highly virulent mutant strains against
Plutella xylostella

B N E R/ A

Strains LCs0/(pL/mL) 95% confidence interval
D18 9.998 7.790-14.503

AN-L5-1 3.858 3.258-4.589

AN-L5-7 3.419 2.914-4.048

97.2 — .
66.4 — m
44.3 — . |

29— “«m ;

5 HEESHEERRIKER SDS-PAGE
Figure 5 Crystal protein SDS-PAGE of wild strain
and highly virulent strains. M: protein marker; lane
1: wild strain D18; lane 2: mutant strain AN-L5-1;
lane 3: mutant strain AN-L5-7.
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Genes

6 crylAc.cry2Aa.spollGA-spolllID.spolVA-.
sigK. cwlC B qRT-PCR 3 iE

Figure 6 Real-time qRT-PCR analysis of selected
genes. Error bars are calculated from four
independent determinations of mRNA abundance in
each sample.

2.8 BEHREFEREMESHR

VAR B ARSI 2 AR bR FT R 2 R A Il A7 58
AR DR T BRI A T A A S B B R R
SR AR R R IS 43 0K R A A BT
Pk AN-L5-1. AN-L5-7 E2Rfe0855% 5 1, i
TR . PR T . R A VI AR I
£ 1 LCspo AN-L5-1, AN-L5-7 BRIEICESS 5
SRR . ZERIR R TC AR, AR R
5, KRB REt, RABA T
b A = 1 B R R 0

3 & #

BT IRGHIR AL AL T IROR AR M EE AL
SEVEVEURL , 2 R T LR TR 20 e R R B
SE A SRRN S, I o0 200 B A A T 1
WAL RRERS, (AR, R FAR IR SR AT A A
WML, Fk, 8 T4 Bt DI8 X/hE
WA ATy, W T U ARTP i HiFEAE S
—% ARTP-NTG ML G, I 956 58748
R T 197 DNTEMRIEAT T AEW 8 1 E .
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SRR T IE T /N BRAE T A
X RV HA —E M BERYE.

Zat IR E R G, BPAFT 2 bk
A R AL Re I i B 28 B TR fR AN-LS-1 Al
AN-L5-7, qRT-PCR B/~ cryldc WIAIXT#EK
SEARRIBEIN T 1.7 £5A0 16.7 15, cry24a 4y )i
s fER 3.7 A%, BosAYEE D E
SDS-PAGE Z5 5 MH—3; crylde Fl cry24a W3R
IRKAP B e S R R R T O R . AR,
5 2R TE A S 1K) spollGA I spollID R, 5
I LA AH D ) ewlC FERI L) J2 sigK 5 PR A AR )
FEIRTLAIGIN, 35 AR 4R DL 2 250
JE [ 52 5 48 R R A A5 1Y o A SCHRHGE , Cry 1
Cryl1A LK Cyt1 A 25 & AR T sigma
T K fY RNA B4/, i sigmakK A GH 255
T MR Z RS ewlC LR it 40 i RE K
T , 7E Bt BRAH R 0 S247% th 4 s B A A £
ewlC W RIBKFF T sigma [T K (sigK), A 5
il , cwlC SR RAE R Bt BRI SR (HA
S 2 A A AR B 1 PR B, A M LR R R
PR R G R0

PN 7N =R BN L LS T VST 5] FR 7 L
Je WP D PR RR , SR PR 22 S SV 0 3 A i 284 e
FREE 5y, 25 LR b R ) S0 A TR R A Ry B 0 1Y) 2
WPk, 2l PUsE ARTP 55728, L3RRI LL 3%
WA . SRR, 2R V0%E ARTP 3578 TR
) BH P 2 728 S5 /NS M S AE BB T R i 1S A
A I R O e P R R T R A X T B
S BT I B — 75728 5] 5 RS 1Y) 57 00
B RBUEG , B AN TR TG g R S R
RO, FESLPRE =, A TR EIRBLS, R
PR A 5 ok i — 204 v TR AR 19 175 28 24
AR MRS, ABFSCR A ARTP-NTG & &
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