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SUMMARY

Control of insect pests in agriculture is mainly achieved using chemical insecticides.
However, the use of these chemical pesticides has led to several problems, including
environmental pollution and increase in human health effects, such as cancer and several
immune system disorders. The selection of insect resistant populations has also caused
significant and major outbreaks of secondary pests. Although microbial insecticide have
been proposed as substitutes for chemicals their use is limited since most microbes show
a narrow spectrum of activity that enables them to kill only certain insect species.
Moreover, they have low environmental persistence and they require precise application
practices. The most successful insect pathogen used for insect control is the bacterium
Bacillus thuringiensis (Bt).

Bt is the most widely used environmentally compatible biopesticide and produces
insecticidal Cry and Cyt proteins active against different insect pests. The mode of action
of the insecticidal proteins includes ingestion of the protoxin, activation by midgut
proteases to produce the toxin fragment, and an interaction with receptors displayed on
midgut epithelial cells, followed by forming pores that cause osmotic shock, burst of
midgut cells, and insect death. The insect midgut epithelium is protected from abrasive
food particles, digestive enzymes, and pathogen infection by multiple layers of peritrophic
membrane (PM) consisting of high chitin and chitin—binding protein content. Solubilized
Bt toxins traverse the PM and reach the midgut epithelium in several lepidopteran
species. Another report demonstrated that Bt toxins can bind the PM. These studies
suggest that many Bt toxins can be trapped by the PM before it reaches the epithelium.
Thus, removing the PM may increase insecticidal activity of the Bt toxins, indicating that
disrupting formation of the PM is a potential strategy for insect control.

The known agents with PM disruption activity are chitinases, mammalian galectin—1
and plant lectin. The agents are candidates for eco—friendly biopesticides, but their
agricultural application is limited by difficulty of mass production. In this study, We have
overexpressed the forementioned agents in Bacillus subtilis, and confirmed their activities.
Also we conducted active inclusion body formation and spore display of the agents, and
expression the agent in a plant growth—promoting Bacillus strain.

To obtain Bt chitinase genes, we collected the gene sequences from CAZy and NCBI
databases and conducted multiple alignment of the sequences. From the result of the
sequences alignment, we designed and synthesized degenerated primers. Bt chitinases
genes were obtained by polymerase chain reaction with the primers from 62 Bt strains.
To overexpress the Bt chitinases genes in Bacillus subtilis, we have developed Bacillus
expression system using a promoter of Bacillus thuringiensis crystal protein gene (cry).
The cry promoter was improved through three steps, consequently that the promoter

strength was increased 40 times. By using the improved promoter, Bt chitinase genes
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were successfully overexpressed in B. subtilis. Bt chitinases were improved by DNase
I—based directed evolution technology, and several Bt chitinase genes were constructed
with improved activities. B. subtilis strain containing the Bt chitinase or an improved one
showed enhanced antifungal activities.

Pathogenesis—related (PR) proteins are produced from plants as the defense strategy
against stresses including attacks by microorganism, fungi and insects. Current PR
proteins are classified into 17 families. Among them, tobacco PR3 chitinase, PR4
chitinase and PR8 chitinase were selected for the overexpression in B. subtilis. The
genes were chemically synthesized with the optimization to the Bacillus codon, cloned
under the control of the cry promoter, and introduced into B. subtilis. The genes were
successfully overexpressed in B. subtilis. The expressed PR3 was conducted bioassay
against whitefly. The result showed that number of insect on the leaf treated PR3 was
significantly reduced, indicating that the PR3 functioned as a repellent against whitefly.

galectin—1 (Gal) is a mammalian sugar—binding protein with an affinity for
b—galactosides, and a wide range of biological activities. It is reported that purified Gal
from recombinant Escherichia coli interacts with the chitinous component of the PM and
disrupts the protective function of the PM, and consequently kills the target insect.
However E. coli is not an eco—friendly host for agricultural application because it
contains lipopolysaccharides (LPS), which are endotoxins and pyrogenic in humans and
other mammals. In this study, we overexpressed Gal in an environmentally friendly
microorganism, Bacillus subtilis. The gal gene was chemically synthesized, cloned under
the control of cry promoter, and introduced into B. subtilis to overexpress Gal in B.
subtilis. The genes were successfully overexpressed in B. subtilis. The expressed Gal
was conducted bioassay against whitefly. The result showed that number of insect on the
leaf treated Gal was significantly reduced, indicating that the Gal functioned as a
repellent against whitefly. Also, we examined whether Gal can increase Bt toxin activity.
The results of bioassay against Plutella xylostella revealed that the diluted cell lysate
containing Gal increased Bt HD1 toxicity by 4.6—fold. This result indicates that Gal can
function as a Bt toxin synergist.

For the agricultural application, crystal form of enzymes has advantages for the
stability and uptake by insects. We found that overexpression of Paenibacillus polymyxa
PoxB in Escherichia coli induced the formation of inclusion bodies. An enzyme assay
showed that the inclusion bodies exhibited PoxB activity, indicating that they were
biologically active. Fusion of GFP and B. subtilis AmyE to the C—terminus of the PoxB
also induced the formation of biologically active aggregates when they were
overexpressed in E. coli. Therefore, P. polymyxa PoxB can be used as a fusion partner
to promote the formation of active inclusion bodies in E. coli. Fusion of the Gal and Bt
chitinase to the C—terminus of the PoxB also induced the formation of IBs. The purified
PoxB—chitianse IBs showed chitinase activity, indicating that the IBs are active IBs.

Bacillus spore is a very stable material, and has great advantages for storage and
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delivery. When PM-—targeting enzymes are displayed on the Bacillus spore, the enzymes
can interact directly to the PM. To monitor the Gal display on the Bacillus spore, Gal
was fused to Gfp. When the Gal—Gfp was overproduced in B. subtilis, the fusion protein
was detected on the spore surface by flow cytometer analysis.

Introduction of chitinase into the plant growth—promoting (PGP) Bacillus may give a
synergistic effect on the bacterial function. We investigated PGP activity of our Bacillus
strains, and selected one which showed high PGP activity against Arabidopsis thaliana.
When the Bt chitinase gene was introduced into the PGP Bacillus strain, the antifungal

activity of the strain was increased.
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- Bt oA {23 chitinase’} BtAl o] AF&A4-S
Sl 7Hg A3 2aE 3] 918
622 Bt T¥FEZ5H chitinase FAAE 437 st o]E 9& CAZy$t NCBI9
3 dA7FA NCBIO| &€ 58708 Bt f+#ie] 7|9 F3 &a A9
nucleotide @ amino acid A€ HolHE FH3FAS. 3 Holy F HE sequencing ¥
AAY #H3d Ames ALt 46719 dolHE de + A= 36709 endo-typedt
10719] exo-typel. & & F AL

databaseZ

- Chitinase® nucleotide A€ ¥ E £ A%
endo-type 718 3] &A% exo-type 7|89 3] &

o]—},\ o .

S

A2] degenerate primerS Al &

5 1
>

F

LA

- AZE primerE o] &3le] B ApHEHolA FHII Y= Bt T*F F AR UE 62F2 Bt
T+ (¥ 2) choromosomes oz PCRS F33te] 717} endo—/exo-type 718l #3f =&
22 FAEE °F 2 kbet 9F 1.2 kbe] PCR AHE-& 99l Endo-type 719 #3] &49 4

F 5771, exo-type 71¥l 3 @49 A% 62719 PCR 4Heg 39U S (29 3).

- endo-type chitinase PCR 4t&E9] Q7M1 <E-& AAS G (I8 4).

o

- 7 Ay active sitex= Z HFo] FHo] 9910w N-terminal catalytic domaine %A o] =
2 HFH C-terminal chitin binding domain< A o2 Asdo] ks, o] substrate

specificity 7} A2 ©& 7ol A&

- endo-type chitinase®] W #Wd-S 9&] vl el dHA~ES ).

- B. subtilis® GRAS v Eoju <A o] otddlar, whuwld Fuja]Aelo] 2 wakyo] gl ou
ARz 49 3, A 2o 41 HEAY] THEIU= F 5 HASFEHN
e AHE 7HA AL .

- dA A AANA ALEE L Q= A 9] 60% 7} vl el oA ABAE G s HAER

01 (Schumann 2007).
I TS BEe] npA
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& 2.8 Al AHeE Bt 5 E
subsp. strain subsp. strain
1 kurstaki HD 1 22 entomocidus NRRL 4047 43 jsraelensis HD 567
2 kurstaki Dipel 23 entomocidus HD 9 44 jsraelensis 922906
3 kurstaki HD263 24 subtoxicus HD 109 45 indiana HD 521 (W)
4 Kurstaki Thuricide 25 aizawai 46 indiana HD 521 (B)
5 kurstaki Biobit 26 aizawai/pacificus  HD 11 47 dakota HD 511
6 kurstaki HD 648 27 aizawai HD 137 48 tohokyensis 4V1
7 kurstaki HD 73 28 morrisoni HD 12 49 kumamotoensis HD 867
8 thuringiensis HD 2 29 morrisoni HD 116 50 tochigiensis HD 868
9 thuringiensis HD 2 30 morrisoni NRRL 4049 51 colmeri IS 720
10 finitimus HD 3 31 sandiego 52 colmeri HD 847
11 alesti HD 4 32 ostriniae HD 501 53 berliner
12 alesti NRRL4041 33 tolworthi HD 537 54 kurstaki HD 203
13 softo 34 tolworthi NRRL 4050 55 thuringiensis Bt 996
14 dendrolimus HD 7 35 darmastadiensis OHBA 56 moritai
15 kenya HDB 23 36 darmastadiensis IPL 57 kurstaki 4D11
16 galleriae HD 29(R) 37 darmastadiensis HD 146 58 thompsoni HD 542
17 galleriae HD 29(S) 38 toumanoffi HD 201 59 morrisoni HD 518
18 galleriae NRRL 4045 39 kyushuensis HD 541 60 aizawai HD 133
19 canadensis HD224 40 thompsoni HD 542-1 61 entomocidus HD 198
20 canadensis NRRL 4056 41 pakistani HD 395 62 canadensis HD 30
21 entomocidus HD 635 42 jsraelensis IPS 82
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(B)

18] 3. Bt endo- (A), exo-type (B) chitinase?] PCR At&-.
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1

Query seq,

Specific hits
Superfanilies
Hulti-donains

active site A F A A A

19 4. Bt endo-chitinase A A+ 4 7] 44 2] multiple align.
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- Bacillus thuringiensis (Bt)?] =A@ d F4d2 (ay)e AEZAA T35 25 A 30% A
o] HHGS Holy AXAAHY AX| 7oA Eoldoz WA E autoinducible systemel
A ge (Agaisse, 1995).

- 32kl A ANGE ory Z2EH| Gip W3
Al LY FUHE 19l (1| 5.

H

tio

—_—

w3 A3} x7] wild-type ZZXE] Bl <F 40

- A7 AgE npAdE A GEHA A" o] 83l Bt chitinaseE9 #HAHS FE3YS
SDS-PAGEE &3lol T@FS 243 A3t Bt chitinase?t 2 A H A& FA8A S (2

# 6.

&8 7V Trichoderma harzianum chitinase (& 3)Z A2be7] siA
Aspergillusol Al AZ3 43 AT7S 34395

- Aspergillus vt Al b3} GRAS e]™ homologous protein® 73-¢ A g/L
heterologous protein®] 4% + g/L A% ¥ @wld HHALE VeI yeast B
coli ¥IM 25~ 30% e AT ANFH WFOR N3] Novozyme, DSM 5 F2
e T Akl go

(1) T. harzianum chitinase &3 &-<1

)
oo
Ol
O
=
acs
dlo

- T. harzianum KCCM1763, KCCM11279, KCTC 60435 #% W& = ZopAzoA] vjekst
A3 Chitinase LH 2 KCTC 6043 oA @A38 =4 Ldgs Sd% (19 7, &

4).

(2) T. harzianum 39 719 B &4 F4A%9 nucleotide & o}v| A A]E 8w 4

- T. harzianum KCCM 11763, KCCM 11279, KCCM 6043°.2F-E 77} RNAES 4|3}
nagl, echd? 2 chit36P 3&9] chitinase FdAE o2 PCR3e ZA ¥ KCCM 6043+l

Al PCR productE &0 & 5.

- T. harzianum TM 2] Chit36P AAK 54377 @@ A o) 2383l Zelo|HE A &35l
Ad 74 5 opv| gt AaE FA48

O
Ol

RNAZFH 1.04 kb PCR product® W35, 917
A3t DNA d7I1MEelAM = 12708 A717F vge &9 ed, @iz Ader= AAK
543773 100% LS A AAK 54377 WAL Botrytis cinerea XAl WolE

AB}aL, Fusarium oxysporum, Sclerotium rolfsii 7374 A& sk 280 AL

T

- T, harzianum ATCC 74058 21 Ech42 AAAIRIE7 T A Ao 483l Zolo]HE A
Z+3to] RNAZH-E 1.27kb PCR productE H3E L. A7AE 4 F ofu|ilt Ads
A8 43 AAKISI673 100% =3k fdxes Feolgt

- T. harzianum P12 Nagl AAB50829 whild A Ao &3l ZElo]HE A 2Hsle] RNA

= (o}
ZHE 1.74kb PCR product®E 435S, dA7|4d B4 3 oluxgF AEs B43 Ay
AABS08299} 57 olwl:ab M Aol uES g T atroviride ATCC 740162

AATA2229 = 100% =39 <
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18 5. GfpE o] &3 cry ZEFE O WY v
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18 6. SDS-PAGEZ Bt chitinase
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¥ 3. Trichoderma harzianum 3 chitinase

Endo-type Endo(exo)-type Endo-type

Locus number AAAI18167 AAK 54377 AAB 50829
Gene Name echd?2 chit33,36(P),37 nagl
Domain GH18_Chitinase GH18_Chitinase GH20_HexA
Protein Size 42.6 33.1, 36.2, 36.8 62.8
A pH 4-6 4-6 4-6
24 Temp. 40-45 - -

. Cu,Mn,Fe,K,Co,Na, Zn, B
Inhibitor EDTA, Urea DMSO, AgHg
Activators Mg2+Ca2+ - -
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200

116
97

45

31

a8 7. T. harzianum 72 Z82= v kel-S SDS-PAGE= #2413t 189, M, marker; 1,
KCCM 11763; 2, KCCM 11279; 3, KCCM 6043. 3}4FiE, $915-H Nagl, Chit36, Chit33.
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X 4. a3 49 a3 T harzianum ¥ 35 2] Chitinase &4 &<l
o T B U/ml mg/ml

KCCM 11763 1.2 012

KCCM 11279 - 0.02

KCTC 6043 10.6 0.33
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(3) Chitinase Integration vector

- Az ¢z a8 93k promoter® A. niger GF1019A4] #2]3 glaA 7§ & promoters}
terminator 2= A. nidulans A4 7525 H X3 pdcA FAAE ol &39S, 98 vz
W A A8 0 2 signal peptide ¥ propeptidey® T} F= A e wEt A EEd
U Havh lermw A niger 3l glaA signal peptide®} propeptideE o]-&3le] 2T
F A+ pASP31 vector®t native signal peptideE o|83fe] wd & 4 9= pASP33
vectorg %89S (29 Q). Chitinase FAAELS PCRS %53l HE n3d AAS
pASP31, 33 vectorol] Stul/Notl ©. 2 cloning3dl$ls (28 9).

(4) Chit36P &

- pASP31-Chit36P vector ¢ pASP33-Chit36P vectorE A. niger ACKA4TTFFo] & 2 d 53}
o] hygromycin 100 ug/mlolA AFAES Holx FAASDANEZ v TS, iAo
AMU-NAG-S- overlay3dt & A7]= g9 37]% Hlaske], i do] dids = JFEASAE
7247y &3 Fud dAASAZEY 47 oDNAE F=3t9] PCR 3+ 23} target gene©|

1
W5 integration ¥ %152 &olgh

- Z823 W 23 glaA signal peptide ©]EAlolE WHEO] HAAD] ko™ native
signal peptide & A YdEo] =5& AT, o] % 33Chit36P 2, 3H FJHdeA o =z
23 AF 23 B4 FA4L 65 UmlE 09U SDS-PAGE 23 36kD &.47}
glycosylastion® & <18 45kDo] -2 &<l (2 10). pASP31-Chit36P vector & 2 A3t
A 100715 v Fudte] AMU-Nag overlayE Eaf #}d #5 16718 AW dS (19
11). A¥sd 167] 75 Zg42=3 dest 23 33Chit36P-12 9] chitinase &3
1055 U/mlE ¥ la(29 12, 13). HAstd mj A @00z Wazo)a vjgst 2, 35
U/mle] & 2485 BAS(2d 14).

(5) Ech42 &

- pASP31-Ech42 vector 2} pASP33-Ech42 vector (L8 15)E A. niger w9 32 A 2314
hygromycin 100 ug/mlellA A& Hole FAMIMAE 242 10718 s, 2%
chitine] X3t wjx| oA #35& Hwd A3} glaA signal peptide ©]-& Aloli= %5:1%0]
HA 3 ¥k o ) native signal peptide ©]-8& Al @A H-S F2g (19 16). FH3o] & 7
Mel w75 Zehiaa wigs A3} 33Ech9 o H dd o] 250 U/mlz &213 (19
17). pASP33-Ech42 vector®] A ASA 7047ME ] ¥4 A} 33Ech46, 599 57}
Zebaa oA 500 U/ml 2@ E-ES &3k (19 18).

|

- Ech42 #Ael| 93e +F3+= Inhibitor® Cu, Mn, Fe, K, Co, Na, Zn, EDTA, Urea, DMSO
5ol &uA Ao, Activator=:= Mg2+. Ca2+ 5o ¢#A S+ wjA gl et HEHH
= e F2 F ;}"} g = GM HHX] ol A 69 F (ZL¥19). Echd2+ =4 Hj
A z2de A Hl 1,100 U/ml AB4F 7Hs3-s glsh (29 20).
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EcoRI(1) pUC ori
pUC ori gpdA
Y gpdA
@ AmpR
o pBla
: pASP33
HindIl (5141)
pGPH31 7775 bp
BmgBI (4922)
7844 bp
pBla Smal (4755
EcoRI(2448) glaAP Hyg B
glaAP Hyg B Stul(4328)
EcoR1(4599) Not1(4317) BamHI (3248)
glaASs TrpC pdcA T TrpC
pdcA T Xbal(3967)

% 8. A nigerol A chitinaseE d

[6)

71 93k vector AlZ. A, glaA signal peptide; B,

native signal peptide.
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(AO pUC ori (B) pUC ori

AmpR
pBla ' AmpR
Hindl (6314) Lot pEla
¥ pASP31-chit36P pPASP33-chit36P

EmgEI (6095) HindIll (6304)

8048 bp 8038 bp
Smal (5028) BmgBI(6083)

— —

glaAP Hyg B Smal(5918) Hyg B
glaAss BamHI (3248) glaAP "BamHI (3248
M Chit3gP_____ = \ Trpc F chitaefF \ Trpc
EamHI (4632)F_F = Xbal(zgh7) BamHI (46325__; Xbal(z067)
HindIll (4504) pdcA T HindIll (4504) pdcA T
Notli(g4317) Notl(4317)

a9 9. A nigeroll A chitinaseE Wd3}7] 9138k vector A, A, pASP31-Chit36P, glaA
signal peptide ©]-&3% 4 1= vector; B, pASP33-Chit36P, native signal peptideS- ©]-&3F <

o] =

SxT vector.
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pASP31- chit36 pASP33- Chit36
M 1 2 3 4 I 3 2 3 4

200

116
a7
66

45

31

21
1% 10. Signal peptidec] w2 Chit36P W& & v] 2L,
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19 11. pASP33-Chit36P vector @2 A3 A 2By awrd w5 A, A Chitin 2% 7} ¥3+
wl#]; B, 4AMU-Nag®] overlayell )3 pASP33-Chit36PP A A A =8y spdd 5 A,
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24

200
116

45

31

ol

2% 12. pASP33-Chit36P vector &2 A A v FA5 N el SDS-PAGE +4.
3} 2F3E | Chit36P.
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fjuy/n) Anaey

19 13. A. niger
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40 35

M 47h 63h 68h 72h 87h 92h 35 /..\’/: L3

116 e L 25
97 23 / / L

== /ml == mg/ml
% 14, 33Chit36P-12 oAl E £33 A 2 L Ba $ Y8 e 74,
Iz e A

SDS-PAGE #4; B, A4 @il d F5% 2 chitinase &4 &
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pUC ori pUC ori BmgBI (375)

& gpdA & gpdA
AmpR AmpR
pBlaﬁ pBlaﬁ

pASP31-Chit42 PASP33-Chitd2
. 9776 bp §L . . 9785 bp A /}/ i
HindIII (7143) Hygromycin B HindIII (7152) N Hygromycin B

glaA P

glaAP \/ trpC T BmgBI (6470) L \ TrpC T
Smal(6294) Xbal (4053) Smal (6303) ) ~ Xbal (4053)
glaA SS pdcAT F Ech42 pdcAT
F Ech42 Not I (4403) Not I (4403)

HindIII (4541) HindIII (4541)

19 15. A. nigerol Al chitinase® T&d3sl7] 93k vector A% A, pASP31-Ech42, glaA
Signal peptide ©]& 3t < 9+ vector; B, pASP33-Ech42, native signal peptideg ©]-& 3t

o] =

SxT vector.
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1% 16. chitin ¥l Ao Al Ech42 8@ w5 AW A, pASP31-Chit42 ¥ 2424 B and C,

pPASP33-Chit42

- 44 -



200

116
o7

45

31

1%l 17. pASP33-Chitd2E 2 3H5E w59 Seha=a vieF e ele] SDS-PAGE #4.
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600 1
,,-"'
500 17
E 400 17
3
Z 300 Vv
=
L]
< 200 v
100 e
0
Host 33ECHS 33ECH10 33ECH13 33ECH46 33ECHS9

2% 18, pASP33-Chit42 vector @2 A 3+A 9] chitinase &4 &9

T- .
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200

116
97

43

31

¥ 20, HA w24 A 33Ech46€

M 23h 38h 64h 86h 95h 110h 134h 162h

= X

Activity (U/ml)
g

Ech42
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(6) Nagl =3

- pASP33-Nagl vector (28 21)Z A. niger o] & A W33l hygromycin 100 ug/milel
A AEAAS Holx HAAINAE 100ME FHF S AMU-NagE overlaydte] Naglo]
Hddy 755 S AdS FAASAE Zehaa uged A 21Nagl-108 X
shet 359 chitobiase &2 101.2 U/ml= S5 &. da oA &4 2 A4
upg} dH o] FAB Ao|7f wow, I F M1, M2 H#| ZACA I =4 wdEs &

18k, 650rpm¥ 950rpm o= Bl k3t A3} 950rpmo Al 28] =A S EUS (LH 22).
-~ A 2 W Ex A4 240]4 500U/ml, 5g/L Chitobiase AAEE A e (718 23).

(7 AAE A

=t

==

—

- 7 Ea% spray drying€ A ERE Axsglon, HA=w GF-Chitizyme &2 AAF

]l Z=Al§lod o

zd
%Zﬂ ,ﬁ]oldxu-

2 BAAE &S ol T AW BT AP

- Bt endocitinase®] Q7|4 s H3= 57719 sequence data ¥44-S 3T Ay} H7)A
9 data? alignmentE %3 FE sequencing H Aoy 3 FF el FHI A&

sequence datas A Ldte] HE 31719 #FEFEH 3 3170 endochitinase®] nucleotide
sequenceE M E3A S

- MY % endochitinase % 3t stop codon®] A7 37E A3 28712 endochitinased]
amino acid sequenceE W], 43k A3} A4 o2 Bt endochitinase 7Foll ¢F 671 <]l
93l= amino acid’} #o] Y= 502 vl random mutagenesisE 3 A X # ofF &
WEo] 7 natural library®] EA4S HS. &9 H3lo]7]= 3l nonpolardl A polar®,
polarol]l 4] charged® %:+= negatively chargedol]#] positively charged amino acid group £
2 b= T 9 S WEEo] doljy U5 dEAe]l =AW cloningd 7] H e &4
chitin agar plateol A thFst @4 48 H .

- Bt chitinaset> A o] "9 =& 7F2d 9 A= nucleotide ¥ amino acid A1 G AFell A x}o]
& HolH, I AAZE natural diversityZ} Wl ol¥ AAHom YPAH A Bt
chitinase®] natural library scales ¢19ld o= wWa|d Egurl o vhsdksta 723 @4&

AW = chitinaseE 22 F A-S A,

- Chitinase 7| %2 13 family shufflings aliAls WA vpAde] A S35 g3k

o

o

1}
P

2 = o]l 7FA Al YE  restriction—modification
(RM) Al w91 d] o] 9] DNA F 9S8 A3t #7] DNAE HE3E 9as

- uhebA oY RM Al&dle] #ojdts FdAES AAstd dAAFEL0] Fr)der F
7hgthE Bz o 9
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pUC ori
gpdA
AmpR

&

HindIII (7174) pASP31-Nagl — =
9808 bp

Intron 1

Smal (6788) Hygromycin B
glaAP BamHI (3333)
glaA SS \y\PolyA Site 1
\ PolyA Site 2
M Nag1 Variation 1
Xbal (4052)
pdcAT
‘NotI (4600)

a9 21. A nigerol A chitinaseE W&#3}7] 9% vector A&, A, pASP31-Nagl, glaA signal

peptide ©]&3 4 A=

vector; B, pASP33-nagl, native signal peptideg ©o]&38 &

BglIII (138)

Stul (465)
gpdA

pUC ori

AmpR

o

pASP33-Nagl

9799 bp

HindIIl (7165)/T Hygromycin B
Smal (6779)
glaAP BamHI (3339)
trpC
Xbal (4058)
pdcA

Not1 (4606)

2~

vector.
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S teui (E) Nag!
LA 35‘:
H -
; %0 E I.bg
g 7 2
I —— 111 = Tl i 134 s N D
¥ :: —— b ] e ¥ -—:-.5--:
: i
> 3 -
u: e TR ] 14 44 7 S 110 184 188 197
N Tme
oy 220 YR ZFo|A 21Nagl-10s E3s PAAgA ) A =4 F rpmel wE
NaglA2beF nl, A, vl®] 24 w2 dada vw (AAPo A MIL Yeast extract ©] &
M2:= = ©]§); B, rpmel whE A v
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(A) (B)

Madh Tih 93k 105h 139 De63h 1535k 210h 153k
0
116
"

i

Aoty | U

s 8 EEEEE

45

o L] LR Led L] E20 44 LREE 1E3 J1& Dy
Fame

il
% 23, 950rpm, M1 media WEZ A A 21Nagl-102 £33l J A A3 A F uj
21, A, chitinase activity; B, SDS-PAGE #4

o2

2,
ol
2
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Chitinase 71 %% 93 family shufflings 9siAE WA wpAe A 309 e FJAA3S
BES FEGoF g olE I SFaro] 7FA L %li= restriction—-modification (RM) Al 2~
S single—crossover integration® in vivo recombination 7S ©]&3}%] marker—free 3}
Al AASAS. RM Al ~=d"lo] AAE w5+ JAAS &l HA 109 ol F7Fstad+

(¥ 24).

o it

AR 8 7] o] 83 Bt chitinase?] 71#-& 913l DNase IS ©]&3% 7|&& A&39 5
(9 25).
g3 3 Bt endo—chitinase Q3 T AGAES Holx= 147 FAAE AASAL o]EE T
&F
i

=
AFo 2 family shuffling-& 337 =
ol 93 olE FHAAXE E33le] DNase 12 A& 3+ & reassembly 3t Ee}o| W& ALg
3lo] tbA] PCRS 3isto 24 shuffling® chitinase -4 AF fragmentE 2$1S (18 26).

shuffling® DNA fragment+ 7] 7ld v e~

s RM A] 28]
AAE B. subtilis] FAAE 3 Ay opgst 344

| 5
S Hole FES A4%s (¥ 27).
plate Aol A FH3lo] AiHow 2 F2YES AASY 4-nitrophenyl N,N'-diacetyl-
-D-chitohiosideE 7] % 3}9] chitinase &4 A4S =4 2 Ay of 15728 A% &4
ghdo] FUkE WolAE g BN S (LY 28).

= 3

v HEd wpdes 7S Rhizoctonia solani R Pythium
<! ek X o] FUbe A eS s S (1E 29).

] 37 fske] Al#E<2l glucanase}t

2l Mg 7hed-e Ebxlst 4
=3 & FRadA e S-S L 29 glucanaset 7|HIEHAEAE SHAOE Ay
ghole wes FAdEAHe] gAY FIAR F IAE Esey gl YEhe
Aoz Hol 7R 8| B4+ glucanase®t synergistic antifungal activityZ} a5 &¢13HS
o (7
& (1% 30)

4. AT A

7}. pathogenesis—related protein

232 gdoly 52 A4S o wojzrgo] dslo =z pathogenesis-related protein

S W=+ ol F= glucanase, chitinase, proteinase, proteinase inhibitor 5 2.2 & #|
7FA 17 family 7} $8 2 1S (& 4, van Loon, 2006).

PR protein-g ©]-&3F A ok Y 75AS A8 938t BacillusE 592 PR
protein®] A&
o] ¥ PR protein & B¥olA &A= PR3, PR4 2 PRR chitinase +dAE Bacillus %5
o] o] I =& HAFSIY FAASAw. FAAE dA= 7] S ¥ Bacillus TE A

o.
2dlg ol &3to] RS A3t B subtilisel Al Aol AEsiils (21E 31).
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Wild-type Mutant
B. subtilis B. subtilis
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Natural library EP-PCR DNase [ X2| Reassembly

TEE— e e —

—— — e —_——

—_— ————— = e o ———k—

—_— e _— ————

_—— B e T e . B

—_— _— R —w—h—

—_— e —= = -

G e - — — -

: : e R

Bacillus chromosome0| £ colt Vectord ligation

Plasmid purification

integration transformation .

1Y 25 Tld R g FAA Folr e A RAE
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(A)

(€) (D)

——
—
—
—
o
=
—

19 26. endo—chitinase®] DNA shuffling. A, endo—chitinase PCR product; B, DNase I ] &];
C, reassembly; D, PCR with primers.
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13 27. evolution® endo-chitinase screening.
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B
=

=t
]

=t

=
a]

chitinase activity (A415)
= =]
- ca

==
¥

pAD123 MCMT MCSES 1 MCSES 5 MCSES 7  MNCSES 10

29 280 BARAAE EFEHA &2 HE (pADI23), shuffling 3F7] A BAFdA (NCM7)

2 shuffling®d WolAl FAAE 233k 772 vl g5 N9 chitinase 84 =4,
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WT NCR1 NCSEST

Rhizoctonia
solani

Pythium

ultimum

19l 29. Rhizoctonia solani 2 Pythium ultimum-s ™72 2 Bt chitinase”} &3 H

Bacillus 2] 3w S44A.
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Glucanase@}
synergistic effect

(Fusarium solani)

(0.5 mg/ml)

Glucanase

Glucanase
(0.5 mg/ml)
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i 4. Recognized families of pathogenesis—related proteins

Family Tyvpe member Properties Gene symbols

PR-1 Tobacco PR-1a Unknown Yprl

PR-2 Tobacco PR-2 B-1,3-glucanase Ypr2, [Gins2 (*GIF))

PR-3 Tobacco P, Q Chitinase type L IL IV, VL VIL  Ypr3, Chia

PR-4 Tobacco ‘R’ Chitnase type I, II Yprd, Chid

PR-5 Tobacco 5 Thaumatin-like Ypri

PR-6 Tomato Inhibitor 1 Proteinase-inhibitor Yproé, Pis (*Pin’)

PR-7 Tomato Pgy Endoproteinase Ypr?7

PR-8 Cucumber chitinase Chinnase type 111 Yprs, Chib

PR-9 Tobaceo “lignin-forming Peroxidase Ypr¥, Prx
peroxidase”

PR-10 Parsley “PR1™ Ribonuclease-like Yorlfi

PR-11 Tobacco “class V" chitnase  Chinnase, type [ Ypril, Chic

PR-12 Radish Rs-AFP3 Defensin Ypri2

PE-13 Arabidopsis THI2.1 Thionin Yprl3, Thi

PR-14 Barley LTP4 Lipid-transfer protein Ypri4, Lip

PR-15 Barley OxOa (germin) Oxalare oxidase Yprls

PR-16 Barley OxOLP Oxalate-oxidase-like Yprls

PR-17 Tobacco PRp27 Unknown Yprl7
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218l 31. Bacillusell A tobacco 1 PR proteins® #}&&-S SDS-PAGEE o] &3] AA.
C, control; 1, PR3; 2, PR4; 3, PRS.
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|
i)

iz

R

i)

-

=

&

5

=

S

rlo

= rlo
>,

N

N

!

o

whitefly) & o=z A=x HAS 34319
|

=
-3 FAAE A3 9x
[e)

5 oA A TFF ool ATt triton X-100%HS A 2] 3 ol H]A =

97w FE A g e vl oF 39 Ak FojEo] dv AR H
oF PR3 wtujzdo] A7polel el 7|9 a7t sl Aoz Abmd (719 33).

1}, Galectin-1

- Gall®- carhohydrate £3] B-galctosidesd] Eo]& o 2 ZA3s}= mammalian sugar-binding
protein® 2 X7, YA, o7, A, #30] 59 AsEaols dy A e A
AZAA 14709 family7} €81 Ad A+ F2 ¥, 25, 95, 3 T E3i7F &gk A2
cell-cell interaction®] ¥#oj&lil Qo™ M E9} extracellular matrix AFo]2o] F-2ol & o] &)
= Aoz ¢4EA & (Camby, 2006).

O

- T3 Galle 7|"o = 2 Age=d E5 2% 549 peritrophic membrane (PM)e]

A%

gto] A3 PM g4 Wel e Galle HEg FolA = PM Fo] Tas A &an il
=] M ] St

<

ChFS Bl gEo] PN WA= PM o uite] glojgo s 239 o v
gl U Bl o] 47l BAL wel A% wFe] %7 @ (Chen, 2009). Z Gall
$5F HFEYS AN S (1Y 34)

- e BEA Galle () AEBEC] Bd SHo §lu Q) audonz 8414 AgA
W As 5 oEel dojunz wRIA Ga (3) B ARe WP 3] Ha
gonz 4EF 2AEYe] Yol AU FFHGFOoR F85] AP F 9oH wE mE
BoAISH HolA AT 4 9e R

- olst o] FEA Galle AW ARFFOEA ole spx FRAE BTFHI chgael
ojg grz AQFd oH gl ANS

- ol @ FAWS TR st PPNl AL wAPE HFFS o §e] Gall T
G A & 0B A8 gall FAAE WHIH L ST YFe] HOES HAH
ste] FABAL. THE FAAE 7 EE npaes RAAAS ol Sete] WA A

B. subtilisell A & o AF3A e (28 35).

- AEdE Galle 470l (whitefly) S o= AEA HAAS FIES. UxXT
(triton X-100 =¥ gall FAAE 7FA 2 dx && Wy (pAD123) ws 718 #5)¢9
Gall-S A #F vjFRe Q0] ¢ S s & 4o AH o Eo] e &
A7LRole MFE FANE S (I 36).

- I A¥ Galls HEd deA] 247FolY A7) triton X-1005HS A 2|8k Slef
= oF 7ol Ax JYv 7b o FE A s Yo v of 4v] AR o5 T ALE

Hol Gallo] =4A7pFoelel sl 7|9 &7t 9= Ao Aksd (1 37).

N
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pAD123

1% 32. PR3 @y e 247
control, 15 (pADI123)&
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2500

200 -
‘"
o
[+1]
5 150 +
: T
o M triton X-100
E HpAD123
£ 100 L
‘s R3
G
=
50 -+ ' i

day 1 day 2 day 3 day4d

-19 33, PR3 @A o] £av15o]e] td AEAAA. triton X-100, triton X-100%HS A 2);
control, Y18 (pADI123)E X383t B. subtilis 79 H1%< x2]; PR3, PR3 @ &2
A B, subtilis 72 Al gl X,
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—&— Control
—0— G139
—%— GALI extract
100 | —— GAL1-0.1 mgmL" _{__-———
-1
—&— GALL-0.2mg mL_’ i"_ g
—— GAL1-0.4 mg mL
80 ~
o
o=
£ 60
3
—
-]
E
40 A
20 -
U 4
T T T T T T 1

0 2 4 6 8 10 12 14 16
Days after feeding on GALI1-containing leaf

Figure 1. Effects of GAL1 on the survival of Plutella xylostella larvae.
Third- to fourth-instar larvae were fed diets of cabbage drenched with
various cencentrations of GAL1 protein. Mortality was calculated daily. The
results are presented as the means of three independent measurements;
mortalities for control insects and GAL1-treated insects are significantly
differentat P < 0.0001 according to repeated-measuras ANOVA,

1Y 34, Galle] wjFE el ek A4 A4 (Chen, 2009)
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9 35. B. subtilisol A gall &d. 343, @9 Gall. lane 1, control; 2, codon
3,

optimization 3}X| &2 gall; 3, codon optimization 3+ gall.
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pAD123

Galectin} |

19 36. Galle] 2A7FFolof thalk A=A A, triton X-100, triton X-100%-S 3 #]; control,
HE (pADI23)E X3t B, subtilis 752 wWlFH X 2]; Galectin, Gall- & ZEAS B,
subtilis w572 v A=,
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250

200 T
[Ty
[1-]
2
[:H]
< 150
5 B triton X-100
1]
E B pAD123
c )
= 100 B Galectin
[=]
o
z

50

D -
day 1 day 2 day 3 day 4

9 37, Galle] 2A7FFolof ik A=A A, triton X-100, triton X-100%-S 3 #]; control,
HE (pADI23)E X3t B, subtilis 752 wWlFH X 2]; Galectin, Gall- & ZEAS B,
subtilis 2] Hj%Fe] A,
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»

- Gallol 714 92 AEEE A2%oR) Bt toxing $4& FUA7IEA Lol fstol

FEER 843lal o7 Galls s
5 1% Triton? E3H3F T, 274 4dem AY ol A

A AL Qo] 39r)e) FEIE 45 0 AEST, 728
A

]
&. 1 A3 Gall2 Bte] d5@4de of 469 S/

o
=t
N
=

@ M
[o

t}. Lectin

- Lectin® carbohydrated] ZA3sle AAES 7Hd dwid=zx AEA de] &35t &

E =, HFo, Al e RAEE SozREH ES ol
AgkS Fdtal oS, o] H 3 Ho]FE&E lectino] EA A F 53] PMeol Agsle] &4
S Yt EH 59 A9 AFEdo] s (Hirabayashi, 2009).

Fe A AEEF xR AHG v om gigkdslto] of %

olH 7 LA at7] flgtol thEFAdate] AR mEdHA S5E o]§3 o] lecting
&

FANSILA SISl E. o E S8 lectin FAAE v E s St SiFe] He=S HA
g3lo] AL AANE FAAE 7] A" npde s B A AES o] f5le] wEd A
3} B. subtilisol A pEd o] A eEgkS

Gal& & @de] £98 oS fusion partner® AbEE 5 vl Bl gl
of (Pasek, 2010) Lectin® #I}2#-& H7] 98] Gald} lecting fusion A7 gal-lec &34
A5 A ZsH L ol & vpdE A £

(Z1% 39).

4ol PMS BHASR b= a4 3 e Fg 5o skl PMol & mdd)
| A= freedt @] FefuvhE Bt 54 AAEAF Agad
durd o g thArol A @RS I EH inclusion body (IB)E #Ad=d o] IB:=
misfolding T o] AFAEN Lol gl Aol Azl dsigl.

gy Ho 2Y BadA] IB7F 48 7HATE AR o] B A S (Garcia-Fruitos, 2012).

W M¥oA ¥rwo| Fgko g =5 central metabolic pathwayE €3l acetateE
B3k acetatei= acetyl-CoAZF-H AckA % Pta @49 98] MAHIYAY pyruvate=5-H
PoxB &0l 9& vz A== 7]3te] & (Wolfe, 2005).

Paenibacillus polymyxa PoxBE td+foll A Iitasld IBE A (1 40).

o] IBE +¥sle] PoxB EAEH S 543 A3 IBel PoxB &40l Sl+s (28 41). o=
PoxB IB7} active IBY-& 2]u| 3},

PoxBE o] &3dte] tf& w@wld o] active IB P/do] 7ledt A dolr 7] 9ste] PoxBe| C
et Gfp L B. subtilis AmyEE fusion 3l <. ©] fusion constructE t&arel A 3}
THA 7| IB7F A Es S5k

N
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LCs0 (pg/ml)

0.7 1

=
=
1

=
Ln
i

=
e
i

=
Laa
i

HD 1+vector control

21 38. Galectin®] Bt Ar=gA
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HD1+Gall
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2% 39. Bacillusl A 2= Lectin®] &, lane 1, Lectin; 2, Galectin-Lectin fusion

protein.
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¥ 40. Paenibacillus polymyxa®l poxB7} t&stol A drd s o] IBE A3 dulyd ALzl
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0.3
0.25
0.2

m
g).IS

AO.1
0.05

BW25113 poxB poxB(pUC- poxB(pUC-
pox)-sol.  pox)-insol.

2y 41, ok ATt (BW25113), E. coli poxB A< Wo|F(poxB), P. polymyxa poxBE
E9lgk 59 4E H(poxB(pUC-pppox)-sol), & 3 E(poxB(pUC-pppox)-insol) o] 4] €]
PoxB &4 @48 =AHe 19,
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o

PoxB-Gfp IBE @Fdvdez 23 23 33 YehdE (29 42). o] o] Gip7t
IB otoll A A= folding®] ¥ active IBY S & n] &

PoxB-AmyE IBE &3 £ amylase 24874
(29 43). WA PoxB-AmyE IB 94| active IBY
o] PoxBell Gall %% Bt chitinaseE fusion*|#H &. ©| fusion constructE wj7gto A
AA714 IBE AT (29 44).

O

o

o] #&HAUH

i

S A3 a4
o]

KeN
=
KeN
=

d

o

°]% PoxB-chitinase IBE 4#2 3 & S 543 A3 chitinase &84S SA S
A+ (219 45). WEkA active IBY S &<l

Bacillus XA+ 4, <% Ax {7184 5 ¢F 2Ed 2 Z Ave d-¢ sk
vz B} guke] w9 fF8E o]y d HAL Bacillus ¥AE 7wroz 3 A3
st& &olstAl &

Bacillus A& PM A @A o] gulpgd oz o] &317] 98iA & PM EA @
ApE W displaysts Ao] £ %

Galectine XA W displaydt & display AF& €A #AAs 7] 9139 GipE fusion Al
A,
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