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Abstract: [Objective] To express the truncated fragments of enhancin gene from Pseudaletia
unipuncta granulovirus-Ps (PuGV-Ps) in Bacillus thuringiensis (Bt) and provide a theoretical
basis for the construction of Bt engineering bacteria. [Methods] The codon of the truncated
fragments of enhancin gene was optimized for the construction of the expression vectors of
enhancin and the expression of fusion proteins. Then, the expression levels of enhancin under
the guidance of two promoters were analyzed, and the synergistic activity of enhancin on Bt
was determined. [Results] The expression vectors pHTP..,;4.CoEn8l, pHTRHCoEn81, and
pHTNCCoEn81 were constructed in the study. SDS-PAGE showed that pHTP,,,;4.CoEn81 and
pHTNCCoEn81 produced recombinant proteins of 81 kDa and 134 kDa, respectively. There
was no significant difference in the expression level of enhancin or the yield of recombinant
protein under the guidance of promoters P4 and P.,se. Furthermore, the recombinant
enhancin significantly increased the insecticidal activity of Bt against Plutella xylostella.
[Conclusion] The codon-optimized enhancin of PuGV-Ps can be expressed in Bt and has
significant synergistic activity, which provides theoretical guidance for the construction and
application of Bt engineering bacteria with high efficiency.

Keywords: Pseudaletia unipuncta granulovirus-Ps; Bacillus thuringiensis; enhancin; synergistic
activity
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89—110 kDa, ] AR fif 75 32 B2 HU R 25 11 (insect
intestinal mucin, 1IM), 3 i34 hn = 17 Fl & fR
(peritrophic matrix, PM)JiEBEME, f JE9% 5k
F RGO yin SV ROE B A S
I A LR B L AT R, AT DR U
HRRAEE, R TG R 8 L R,
A, TER T Z /K95 7 (nuclearpolyhedrosisvirus,
NPV) HlJ #5 B (entomopxvirus, EPV)H 1 % ¢
AR 1 R R AR 0P SRR TR
REFE i 2 Fh NPV ({2 Ye g 1), 2B m] DL o8
Bt [ HUg 101,

AR FAZ R IR W RO U0 Bt A 0
P, Hi T HFRER, EHRKAEA—E
MERE, BRA THE RE A R AR SR
Han 455 i % #0805 19 PuGV-Ps R 111
PEUEAT 3 M, RBRER N ¥ M60-like 4544185k
C b A 1 455 Jal i 39 20 P OOk B B 800E
Mo HJE i T AR s HA B i A 7 AR

x1 ERSHRE

T Gk KRB B AR 7 i SRR I AR
FUW TR i A o PRI, A58 1 X PuGV-Ps
(W SNERINE S & o = B ISIB o B L A T
B FTE Bt HF R ROKF Lot Bt RIS S0E T
PREM R R G IR TR, A
) Bt TR $R AL SOy

1 MHE7%

1.1 LI

A5 B AR BRLE R WL 1. Kip
FFH (Escherichia coli)FE#k Topl10 F1 ET 4351
T AT o0 F s B AN Bk 5 FH AL S0 B, IR TE
37 °CEM N R53% . Bt PEWIHE s WFN(B. thuringiensis
subsp. kurstaki, Btk) ¥4 ¥k HD73 FIJC Sl AR 28 A8
Pk HD737, 7E 30 °C4F T #5535 . /N Mk (Plutella
xylostella) 4] KU R SEB6 2= N TR /NG 40
%, W 25 °C, MXHRE 60%-70%, Y6/
] 14L:10D,

Table 1  Strains and plasmids
Strains and plasmids Characterization Resource
Escherichia coli strains
E. coli Topl0 Molecular clone Lab stock
E. coli ET Demethylation Lab stock
Bacillus thuringiensis strains
HD73 Wild type containing crylAc gene Lab stock
HD73" Acrystalliferous mutant strain Lab stock
HD™ (RHCoEné81) HD73" with recombinant vector pHTRHCoEn81 This study
HD™ (NCCoEn81) HD73" with recombinant vector pHTNCCoEn81 This study
HD™ (P.y14.CoERSI) HD73" with recombinant vector pHTP,,,;4.CoEn81 This study
HD™ (PseCoEn81) HD73" with recombinant vector pHTP,,,szCoEn81 This study
Plasmids
pHT315 Expression vector, 6.5 kb, A", E" Lab stock
pHTRHCoEnS1 pHT315 containing CoEn81 and crylAc This study
pHTNCCoEn81 pHT315 containing CoEn81 and part of crylAc This study
pHTP,y14.CoEn81 pHT315 containing P4 and CoEn81 This study
pHTP,,,s:CoEn81 pHT315 containing P.,,sz and CoEn81 This study

<l actamicro@im.ac.cn, & 010-64807516
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1.2 BYEAERMK

FRAEHTHA PuGV-Ps 14808 1 45 38070 B 4
SRUS R C v B AR 145 A i AR
FF 5 (En8 D) AT B 5 7004k o A1) A 2 500 ds %2
Codon Usage Databass (http://www.kazusa.or.jp/
codon/)3RHX Btk Ay RS HIAT R 3, FIHFE
28514 DNAWorks (https://hpcwebapps.cit.nih.gov/
dnaworks/)%f #4808 1% AS i1 Ak . DLk e
1 3 25 B R R 7 81 (CoEn8 1 48 FHAE W R 50
(ZBOA RAFHIT AN T AR, A UG TE 5
B 2 5okl pUCS7 H(pUCS7-CoEnS T Ia %4
LN AN [afE 8
1.3 PCR ¥ i

e TaKaRa 2> @] B PrimeStar [iff, § 1
J¥°M: 98 °C 4 min; 98°C 10s, 55°C 15's, 72 °C
1 kb/min, 30 A~EFF; 72 °C 10 min, 5| Hiil

=2 Sl¥F5

Table 2 Primer sequences

AV CEBOBA A R A EG R, 519575 I
%2,
1.4 BYEAFRIEHKGE

R A RIB BRI EE S RN 1 R
14.1 #EHEBS CrylAc fiERIE

Pl HD73 B4 itk 1AcPF/1AcR H5|
Y1, ¥4 CrylAc Ja 87 X G i X (JC L F 2%
) R BE 3 925 bp (cry). ABTRL pUCS7-CoEnS|1
BIHR, RHF/RHR A54, ¥ 136808 (5L
2 103 bp (CoEn81-1). LAY 1474 cry Fl CoEn81-1
SRR, 1ACPF/RHR M5|9, #4578 & PCR, ¥
14 cry Il CoEn81-1 il Bt 6 028 bp (RHCoEnSI).
kL pHT315 Ze R4 N U1l Hind TIAT EcoR 1
MY e, R TR) D B 235 6 (R i P R A )
FHE B A FR 2 W) 5 ElG R Bt RHCoEnS81 47
B, ERTYRALE Toplo WikH, &y

Primer names  Sequences (5'—3")

Restriction sites

1AcPF GACCATGATTACGCCAAGCTTTTGCAGGTAAATGGTTCTAACATGT Hind 11
1AcPR CGGAACAATTACCTTATAACTCATAAGTTACCTCCATCTCTTTTATTA

1AcR GGAACAATTACCTTATAACTCATTTCCTCCATAAGGAGTAATTCCAC

RHF GTGGAATTACTCCTTATGGAGGAAATGAGTTATAAGGTAATTGTTCC

RHR TTGTAAAACGACGGCCAGTGAATTCTAACTGTAGTTGTCTAGGAAAGC EcoR 1
1AcS’ CGGAACAATTACCTTATAACTCATAATTGGATATCTTCTACTATCATA

1Ac3’ GCAGCTTTCCTAGACAACTACAGTGTCATTAAAAATGGTGATTTTAAT

1ACTF GCTTTCCTAGACAACTACAGTTAATCTCATGCAAACTCAGGTTTAAAT

1AcTR AAATAAAGCACTAATAGGGTGTTTTTGGAATTCACTGGCCGTCGTTTT EcoR 1
PT1 TAATAAAAGAGATGGAGGTAACTTATGAGTTATAAGGTAATTGTTCCG

PT2 ATTTAAACCTGAGTTTGCATGAGATTAACTGTAGTTGTCTAGGAAAGC

PT3 ATCTTGTGTATGTATAGGAGGAAAATAGATGGATAACAATCCGAACATCAATG

8EPF GACCATGATTACGCCAAGCTTAATGCACCTCCAATTGTTAATTATGT Hind 111
8EPR CATTGATGTTCGGATTGTTATCCATCTATTTTCCTCCTATACATACACAAGAT

gatB F AGCTGGTCGTGAAGACCTTG

gatB R CGGCATAACAGCAGTCATCA

qcrylAc F CGCAGAATCTTTTAGAGAGTGG

gcrylAc R CATGTCATTGAATTGAATACGC

qCoEn81 F GCAATCTTCCTAACAAAGCAGCAT

qCoEn81 R CGTTGGACTAATTCGCAAATAATC

http://journals.im.ac.cn/actamicrocn
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cry CoEn8l1 cryN  CoEn8l

cryC P

CoEn81 T

cnlu

41\81' COEV[S] T(/\/AL

u)lu

SOE PCR SOE PCR SOE PCR SOE PCR

NCCoEnS1

RHCoERS81

RHCoEnS1 NCCoEn81

pHTNCCoEn81

pHTRHCoEnS]

14 COENS] P, CoEn8l

BamH |
Ava |
Xma 1
Sma |

EcoR |

P, 14.CoEn81 P, CoLn81

pHTP,,,, . Coknsl pHTP,, CoEndl

1 EHRH pHTRHCoEn81. pHTNCCoEn81. pHTP,y14.CoEn81 1 pHTP,,,5:CoEn81 HIt3E

Figure 1
pHTP,,,spCoEn81.

ERfE , $EECE A R pHTRHCoERS1 . B4 5
w2z ET Wtk AW EAE, midif bz HD73”
wtkt, RIS EUAE HD (RHCoERSI).
1.42 E¥EBS CrylAc N ig#l C gl & Rik
PL HD73 JERIZH MR, 1AcPF/1ACS R3]
V1,971 CrylAc i sl FIX 38 5 N 56551 1 186 bp
(cryN); 1Ac3'/1AcTR HJ51¥1, ¥ CrylAc C
Uit L 2 11T 741 934 bp (cryC). LAFRL pUCS7-

P4 actamicro@im.ac.cn, & 010-64807516

Construction of recombinant plasmids pHTRHCoEn81, pHTNCCoEn81, pHTP ry14.CoEn81, and

CoEn81 Jt5Ht, NCF/NCR K5|¥), P ik
A 2 100 bp (CoEn81-2) (Jo&& 1 BT,

SN S P28 cryN | CoEn81-2 ., cryC M,
1AcPF/1ACTR N 51%¥), #17HEZ PCR, K15 Hl
4 Bt 4 172 bp (NCCoEn81). JFki pHT315 2
BRI E N YIS Hind RN EcoR TE§YIE , ) H[F]
VR 2 SRl & Bt NCCoEnSI WhAT B,
AL E Topl0 Wbk, SMFIEME, 12
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HUE 41 Foki pHTNCCoEnS1 ., B4 ki %4 ET
MREH AL, ik Z: HD73 Rbk, 3k
HEHHE HD (NCCoEnSI).
143 cryldc B FHESEBHERRIE

Pl HD73 JE[HZH itk , 1AcPF/1ACPR H
5191, ¥ eryldc JR 8T IX38 415 bp (Peyiac);
PL 1ACTF/1ACTR M54, ¥4 crylde 1+
X3, 328 bp (Teryiac)o VAKL pUCS57-CoEnS1
it , PTI/PT2 M54y, ¥ ¥GEaeE 5L
2 103 bp (CoEn81-3)c 43 MVAY B =W Peyyrac
COEn81-3 . Teyiac NIEHR, 1AcPF/1ACTR 1514,
AT E & PCR, KAGE A A B 2 798 bp
(Pery14cCoEn81). JEki pHT315 22 BRI Py LI
Hind TIUFN EcoR 18V, FIMIFIEE A 565
R B PepiacCoEn81 AT, =W E
ToplO TEFkHT, 2P IEW )5, Ik
pHTP,,14.CoEn81., B TR BT [tk 2 H Ak
tbia, Wik ®E HD73, KA EHAE HD
(PeryracCoEn8I),
144 cry8E BaiFHRESENERRIE

L HD (Psp-lacZ)3E R4 NHEH , SEPF/SEPR
FE, P8 erySE JA B IX 3K 891 bp (Perse)o
LI HD (Peyy14.CoEn81)JE F 41 AT , PT3/1ACTR
JEIY, VIS eryldc 2k AR G RE
FI5EH 2 435 bp (CoEnS81-4). LI SEFEH) Pepyss
1 CoEn81-4 ¥t , 8EPF/1ACTR N5 ¥, #EfT
#& PCR, 3A3flA F B 3 272 bp (PeyseCoEn81).
JiUki pHT315 £ BRI VIl Hind TIAT EcoR 1
MY e, A FIE S 24 5 a5 R B PeyseCoEnS1
AT, EETYELE Toplo Witkd, &
Wy IER 5, $EECE A ER pHTP,, szCoEnSI
FAFRZ ET WHREH LS, iz
HD73 @tk , PRAGE AR HD (P,ys:CoEn81) .
1.5 EBYEBARKHE

WECE PUAR R  A R A BR G PR A

wl A o A U R R4S B 1 E A A R
P, G 2 HUBTE 24 15 (2.0-2.5 kg), KT
g% 400 pg/K, 2-3 JEHPE 1 IR, Frbii i
Xof A B AR A R T 1:50 000 B FEFT R
i, HEEHCMTE . 4 E A SCE A SRR
JoT A B T A L i SR A Al AR 2 AT AT, K AR B
3% 5 PBS FF&iRA R 28 LA, fRviksss
J& FH SRR Ve i 22 vPol e i, R4S 3 i s 4l Ak
PR, S RITE PBS FRiEAT 4 °)CiENTId 6, —80 °C
A
1.6 EFHEHERARIEKLN

HA WS SSM HiFrH@® g/L EFHRNT,
0.12 g/L MgSQ,, 1 g/L KCI, 0.5 mmol/L NaOH,
25 pg/mL £1 8 F) 597 25 h I (ML 25 A0 & 1A
C &P, (HR R AR 2R ), B 50 mL By Rk,
10 000 r/min #5.0> 2 min, F* 3, BIA S mL JE
] 7K A TR A TR B CR ) BioSafer i A AT,
SREE 10%, 3 s/5 s, 1817 5 min S8 A RS,
B2 100 pL B%#F 10 000 r/min &0 5 min,
YERCAS R, DTN 100 pL JG 7K 54
I3 IO . EVEWR . RS 100 uL, AIA
25 uL 0.5 mmol/L [¥) NaOH ¥, I E 5 min
J&, A 75 pL 3% FAREZE M, 100 °C& 10 min,
10 000 r/min #.0> 5 min /&, B3 10 pL 53531
4T Western blotting 1 SDS-PAGE 5l .
1.7 KRR EE PCR

HAHTE SSM KEFR L b 5 55 2 T fl T it
K H TRIzol (Invitrogen)i:#EHUE RNA, f#i FH
gDNA Eraser (Perfect Real Time) (TaKaRa)¥ 4
fLHY) RNA %558 cDNA. 4% garB 1E R
S R BRI 3 2. R TaKaRa
N A E 50k 5] & TB Green Fast gPCR Mix Al
ABI /A H] 4 StepOnePlus SZiF PCR R 48 iE4 752
B} %€ 7 PCR (real-time quantitative PCR, qPCR).
FIBE 3 MR ER 3 MY EEL, B

http://journals.im.ac.cn/actamicrocn
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WS YRR e My W aoR, IR 274
Pt B AR (1B DR R R ek
1.8 FHENELNMSL

PRIBCATEIE T 5 mL SSM K535, 220 t/min
30 °Cal 8557, H BRI 1:100 A9 He il fin A 21
50 mL B ) SSM K5 37391, 220 r/min. 30 °C
B % B R 58 A7 . BUE SR 10 000 r/min
250> 10 min, 3 &, 435141 2 mol/L 1 3 mol/L
(1) JR 28 043 Ve ULUE , $5J5 F 8 mol/L [ JR R %+
fRUTE . KA EAEAMNIRRBEW, MAF
aE N, KA 6, 4.2, 1, 0.5, 0 mol/L
MR BT, 201 4 )CHFH 12 h it 7R
P, BEPEJE R E AR B T80 °CIRA T
1.9 H£#MNE

Fikk HD73 7E&BER F:IEQ%IEH, 4.5%
SRR, 2.0%E K, 0.1% MgSO,, 0.1%
CaCOy, 0.1% KH,PO4)H', 220 r/min. 30 °CH;
FEMEBEATERN . KBERAEHERBER
4.2, 1,05, 025mL/L J5, H 4 cmx4 cm K
NS F, SEARE TR S min, [F]
B, SE— AR EER R, AR EERE R A
LR BEN 500 pg/L (AR 1, LAAH A Y
BB R . BB E T EAES
I 2 Tk R, Fr R T BEAR N 90 mm 557
I, FMEEA 20 Sk 3 B/NEkad, HEF
25 °ClE R B 7246 1 , 48 h 5 K ik HUAE T 1R 00
LCso {1 95% & {55 X [] (confidence intervals,
CIs)HI 201K ] PoloPlus #fH2 Hat by Jig
FLAE (L Cso ratio, LCR)AY BA5 X M ANEL & 1 A,
T LCso (H A B 512 7 1(P<0.05),

2 BRS04

2.1 PuGV-Ps @M ERQZL T
B R AR R RS EE R 2 100 bp,

<l actamicro@im.ac.cn, & 010-64807516

ity 700 DRI, FHIEL T H Compute
pI/Mw f B HE 1K/ R 81 kDa, 5 FARAL
B3 LN (EnS DY GC SN 47%, %
Wi AL 5 S8 28R L B (CoEnS ) GC & i
7 38% (K 2)
2.2 F4H PuGV-Ps M E L RhitaiE

2 PCR i, HMAA K/NER), KUY
MRS CrylAc @il & ik 3A& pHTRHCoERSI |
WS 1S CrylAc N Ml C il A ik 3k
pHTNCCoEn81 . crylAc Jii 8 F45 SIESUE 1 R
KUK pHTP,,,4.CoEn81 Fl cry8E J3 8 T %
R AR IXEAE pHTP,,y5:CoEn81 YR,
i 3).
2.3 EiH PuGV-Ps W ER RIEKE N

4 ikl pHTRHCoEn81 . pHTNCCoEn81 |
pHTP,,14.CoEn81 5355 A HD73 h R34
# HD (RHCoEn81). HD  (NCCoEn81)#1 HD
(Pery14c:CoEn81) . FE A1 1 RHCoEnS81 |
NCCoEn81 Fl COEN81 (P, 14c)53 T K /N3 5]
2556 214, 134, 81 kDa, % Western blotting £
W, BFREEI(E 4A), {HiE SDS-PAGE #i
A 1) 5 2H 19 4% 5 11 RHCoEnS 1 Y2214 (/& 4B).
2.4 PuGV-Ps 3 EHE Bt PRIFIAK
kil

SERE f PCR 25BN, 78 To Fl Tg B,
crylde WRIRTETHEIRNF Poprae 8T
CoEn81 Fik it () 3.6 5 F1 2.6 5, J& )5 81 F Pse
1683 CoEn81 Fikw11 2.9 f5F1 2.3 £i5; Jash
T Poryrac Fl Porpse 18T CoEn81 WIFRIEH G
FEZ (A 5A). @i X HD (Pey14.CoEnSI)
M HD ™ (P.seCoEn81)h 3 REE F By 7= 5 7 Mr
AJAL, SR AITE Bt P LA A B A TE
2 PR FHES FMMMEA R TES, A
PR T CrylAc (B 5B).
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A 100
80+
=
&
= 60
=
o
2
=
S 40
&)
Q
201
0 L L L L L L L L
—_— N >~ N = N n ~ e = o n >~ = o W - =
c o & = = - —= =4 @& &6 & & & ¢ ¢4 6 6 6 O
- &l o+ N o -~ W o0 o — o oo T ¥ o -~ o o =
e e T e T e = T e Y o |
Sequence length (bp)
B 100
80t
&
=
S
= 607
o
2
=
S 40
u [
Qo
20 ¢
0 L " L s L L L s
— v >~ & —~ N I~ O — 0w~ o~ o =~ O =
S 2 2 2 - = — = = @ o «o o & @ o & ¢ o o
-~ a @& F w & ~ ® & S = & <n o+ »n e N ®w o =
e T T R e e R T — R Y o |

Sequence length (bp)

2 EEEH PuGV-Ps I E R BB FMIL

Figure 2 Codon optimization of short-enhancin. A: En81. B: CoEné§1.

bp M 1 2 3 4

6 028 bp
4172 bp
2 798 bp

3272 bp

B3 PCR#NELH PuGV-Ps 1B E H Rk
Figure 3 The recombinant plasmids were detected
by PCR. M: Marker; Lane 1: pHTRHCoEnS81; Lane 2:
pHTNCCoEné1; Lane 3: pHTP,,y;4.CoEn81; Lane 4:
pHTP,,,sCoEnéS1.

2.5 PuGV-Ps
v

X /NS i ) R I E S5 AR R W, HD73 1Y
LCso fH>} 1.004 uL/L, M@ LR E A 500 pg/L
PEEAIGHER )G, L LCs (AR 0.269 uL/L
(% 3)o FE5E AR5 (hypothesis of equality)ifi i
(P<0.05), ﬂﬁqzﬁ?‘@ﬁ%&(hypothesis of parallelism)
K (P>0.05), 60 2 43 11 A i £ F A7 A
HHEE(E 6, 3 3). BOELHE FLIE(LCR) A 0.268,
95%EAE X [E] N 0.210-0.341, A 1, FH
240 LCsoHHEA W& ZES . Wik, AL
B AT LAME SR Bt XJ /NS0 i S H s

EHERI Bt BB
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A kDa M 1 2 3 kDa BkDa ™M 4 5 6 7 8
S e {5
150 — i — 134
100 —

100 — -
, 8]

75— — 70—

N ' P

B 4 FH PuGV-Ps M E R FKIEKRN

Figure 4 Expression detection of recombinant proteins by western blotting (A) and SDS-PAGE (B). M: Marker;
Lane 1 and 4: RHCoEn; Lane 2 and 5: NCCoEn81; Lane 3 and 6: P, ;4CoEn81; Lane 7: CrylAc; Lane 8:
En-BL21. The recombinant enhancin in lanes 5 and 6 were marked with blue and red arrows, respectively.

A g B kpa M 1 2 3 4 5 6 7
5100 _ns_ —
f =]
7 90 = crylde el - 81 kDa  81kD

L - a

g 50 % P CoEnSl 100 — = o =
e | :
B2 & .. EOP, CoEnSI — - .
] % 70 — . L R o= %
£ a2t & P ‘ |
k= R i | ol
° 0 . - -
4 T, Ts b . ¥

Time

5 PuGV-Ps I E B Bt FRIRIAKTF

Figure 5 Expression level analysis of enhancin in Bt by qPCR (A) and SDS-PAGE (B). Tj is the end of the
exponential phase and T, is n hours after the end of the exponential phase. Three technical replicates and three
biological replicates were performed. Error bars represent one standard error of the mean, P<0.05. *: Significant
difference, P<0.05. ns: No significant difference, P>0.05. M: Marker; Lane 1: En-BL21; Lane 2 and 3: CrylAc;
Lane 4 and 5: P,,14.CoEn81; Lane 6 and 7: P,,,5-:CoEn81. Lane 2, 4 and 6 are sediment; Lane 3, 5 and 7 are supernatant.

%£ 3 Bt Ek HD73 /et X RFY

Table 3 Insecticidal activities of Bacillus thuringiensis strain HD73 against Plutella xylostella

Strain LCs0 (95% CI) Slope+SE ¥ (df) LCRs4 (95% CI) Hypothesis of Hypothesis of
(nL/L) equality (x%, P) parallelism (3%, P)
HD73 1.004 (0.852—1.186) 2.382+0.234 2.037 (3) - - -

HD73+CoEn81 0.269 (0.227-0.323) 2.245+0.228 2.030(3) 0.268 (0.210-0.341) 78.43, 0.001 0.17,0.676
—: No data.
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Figure 6  Toxicity regression curve of Bt to
Plutella xylostella.
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