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Abstract: [Objective] Bacillus thuringiensis (Bt), characterized by the massive production of
insecticidal crystal proteins (ICPs) during sporulation, serves as the main strain resource for the
commonly used and safe microbial insecticides. To further explore the mechanisms of
sporulation and parasporal crystal formation and lay a theoretical foundation for the
construction of efficient strains, we compared the transcriptomes of Bt at three important
stages. [Methods] The transcriptomes of the hypervirulent strain Bt4.0718 at the middle
vegetative growth stage (T1-10 h), the early sporulation stage (T2-20 h), and the late
sporulation stage (T3-32 h) were compared. The representative differentially expressed genes
(DEGs) were verified by real-time fluorescence quantitative PCR (qRT-PCR), and the
phenotypes of the mutant strains with the knockout of specific functional genes were examined.
[Results] The number of DEGs was 2 147 (T2/T1), 1 861 (T3/T1), and 1 708 (T3/T2),
respectively. At T1, the medium was rich in nutrients, which served the sporulation and
parasporal crystal formation. The high transcription levels of kinA/D, spoOA/F, and SigE
regulating sporulation played a role in the growth and development of the cells. The
transcription of CrylAc, poly-hydroxybutyric acid (PHB), and hydroxybutanone (acetoin) were
started at this time. The substantial formation of ICPs and spores occurred at T2 and T3, and
the transcript levels of the regulatory genes were higher at T2 than those at T3. The genes
associated with spore core/coat/cortex, germination protein, and Spoll-spoVI began to be
transcribed in large amounts at T2, with the highest levels among the three stages. The
corresponding complex networks of carbohydrate, amino acid, and lipid metabolism, energy,
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nucleic acid, and peptide metabolism, secondary metabolite production, and environmental
adaptation showed differences. In addition, as the physiological processes stimulated by
nutrient signals, the two-component signal transduction system (TCS) and ABC transport
system played an essential role in the process of sporulation and ICP transcription and
expression, and their transcription levels were significantly different. [Conclusion] With the
production of ICPs and sporulation, nutrients are gradually consumed, and the high expression
of sigB, sigW, and sigM contributed to the stability of cell wall and the resistance to
environmental changes. Meanwhile, the small heat shock proteins Hsp20 and Hsp20B, as
molecular chaperones, were also important for maintaining intracellular homeostasis and may
facilitate the sporulation and ICP production.

Keywords: Bacillus thuringiens's; comparative transcriptomics; sporulation; insecticidal parasporal
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£ 1 qRT-PCR®IF5|4)
Table 1 primers for gqRT-PCR

Primers Sequence (5'—3")

crylAc-qF ATATTTCCTTGTCGCTAACGCA
crylAc-qR TGTACAAGAAATGCGTCCCATT
cry2Aa-qF CCCTTGCTCGTGTAAATGCA
cry2Aa-qR AGGAACAGGGTTTTGAGTAGGG
cwiD-gF TATCAGGGAAAGTAATTGTATTAGATGC
cwiD-qR GCACCTTGTTCTTGTAAATAGTCTTGT
sigK-qF ATCGGGCAAGATAAAGAGGGTA
sigk-qR CTCCTTATCTAGCCCAAGTCCAA
groeL-qF GATCAATTTGGTCATGCTGGTG
groelL-gR CGGAGCATTTGGATCACGAC
glnA-qF ACTTCAATCTTGGACCAGAGCC
glnA-gR CGAAGTATCCACCGTTATCGTTTAG
glyA-qF AGGCAGAACTAGGAAGACAGCG
glyA-qR ACAGAACCTTGTGCCTCCATTAC
guaB-qgF TGATATGCGCTTCATCCAAGAC
guaB-qR ACCGTTATTATCAACAAGAGGGAGT
hemE-qF CAATATAACGTAGACGCAGCAATTCT
hemE-qR CATCTTCTGGATTGATTTCCCCTA
hsp20-qF TGCTTTCTTGAAGCCACTGAAC
hsp20-gqR AACCTGGTAAATCTGCTTTCACAGT
hsp20B-qF TCTTCGCAATGTAATCGCTGAT
hsp20B-qR  CAACGAGTTCTTCACCAACTTCAT
hslV-qF ATCCGGTTCAATTACTTCTCCTG
hslV-qR CAGTTGCTGACGCATTTACTCTTT
leuB-qF ACCCAAATGTGGAAGTAGAACACA
leuB-qR CGTGAATAGGCTCGTATAATGAAGG
lysA-qF GAAATAGTGATGGCTCTTCAGGC
lysA-gqR GAATCATCTTGGCCTGTCGTAAT
odhB-qF GGTTACCAAATACAAACCGTCCTA
odhB-qR CGTCCAAGTGGGTCTGTGCTA
phoR-qF CATGCGGTGTTCGTTCAAGA
phoR-qR CAACTACGAGACAAGCAATGACAA
pyrG-qF AGATGATGGCGCAGAAACTGAC
pyrG-qR CCTAAATATTCACCGCGACGC
pgk-qF GCATCTGCTAATGCTTGTCCTACT
pgk-qR TCTAACTGGGAAGGCGTGGA
spoOA-qF CGTCCACTACCATCATTCCGA
spoOA-qF AGCGGGTACACCAATTTCATG
16S-qF AGAGTTTGATCCTGGCTCAG
16S-qR ACGGCTACCTTGTTACGACTT
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DH5a #1735 & ¥ % (1:1:1) , %}ﬁi[&%ﬁﬁx
pRP1028-hsp20UD T A Bt 4.0718, 434
[Fi] Y5 8442 4 pRP1028-hsp20UD #4%)] Bt 4.0718
BN b (2) [FFEH = RARG G R IILTE
#4H pRP1028-hsp20UD (1 Bt 4.0718 HitkH &
AFER VI N VI 1-Sce 1 /) pSS4332 Jiiki; (3)
I-Sce 1 Kk, PUNIH5Y ) [R] 1] 8 52 )5 4 2 6] 1)
I-Scel MfFDIfz s, FERIZIMRL, WiZdl) DNA
AT AR LSS 48, hsp20 FE [N F Bl e B ki
o] 5 R B A= A
1.10 HKENEMEEEMBERLSUWE
TEAL B TRFR(ODg0i=0.6)F%  1%F FLBHER2 &
BERSFEEE, 30 °C. 120 r/min B535%, MlEAK ik
£ 50h, BB 3 MEYFER., BR2hEC IR
FE, R HIN & PR ODeoo TH(TTIA A B SR
FAERZ FIXTRR), BT ALFR . ODeoo fH MM
PR AR INZ . T 100xkH22 B
.11 PAFBEFERRHERIHEEME
RTERESL AT 10 A5 B (B AR B0 PH M SR A
FIZEMIR &Y ICR B AE/KPE 10-15 ¥R(9 000xg,
3 min), 4 °C 504 F F 2.5%) % A RE E 12 he
AR BES 3 W, HEE I 30%. 50% . 70%
80%. 90%. 95%Fil 100% L BRI T K 2 1%,
FFYR 10 min, & R TKSEFTE], FEMIRR, &
kT B 5 W5 8% 4 o A BB U (Hitachi
Su8010)f%, HARATEL 5 00020 000x,
1.12  FFRER AT
Bt [ Fk & BEE: 3% 60 h (30 °C), ODgop i FE
1.0, KESRIES)EE 1 mL 4008 65 °C 4b3
30 min; FEBEEFRRE(10x), Rk 107, 10°,
107 BRI 100 pL 3 AGTE LB SEAR b, i1 a2
T B 6 75 T B3 (colony forming units, CFU),
T E 3 NMEYFER
1.13  ICP WUIREN SR E N E
FEHLICP, Bt AR GYS & B85 5% 2024 h,
it ODgoo B2 1.0 JFURAE 20 mL ¥55#W),
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8 000xg 50> 10 min, 40T TE B R £E 2% i il
(phosphate buffered solution, PBS)¥t#% 2 ¥,
25 mL PBS H&; 7K A BEG80 W, 3s, 3,
10 min), #5.0> 10 min (12 000xg, 4 °C), JiiEH
1 mol/L NaCl FITCH /K MIKBER 2 K5 5 mL &
5% B-#iJk ZBEY) 50 mmol/L Na,CO;-NaHCOs5
(pH 10.0y/A W EEVLIE, 37 °C I H 1 hinfmek
it AR F S0 10 min (12 000xg, 4 °C), |-
T W28 e Tk T M - 2R VN A T i 3¢ P Dk
(sodium dodecyl sulfate polyacrylamide gel
electrophoresis, SDS-PAGE) ] i 1k 4 #7 ,
Bradford 3£l ICPs & & .

10 pwm

1 Bt4.0718 X EZIEF A RATE)HEE B MM ER

Figure 1

2 BER540

2.1 Bt4.0718 =N EERHEAEE B REME

BN [R] & e E](T1-10 h, EFRAK;
T2-20 h, ZFMUERET; T3-32 h, ZFHIESG
WA 22 BB g . T1 Y, BEIREEFIR,
EFEAR, BRI B et Ry R, Jo2FE
W5 T2 BFH, MEPNZEMIE R, ZEMR AT
WIS, DER BRI ERER L B 54,
LEMISH BRI AL RIZETE fh ik T3 BHHA, My
EMEEA K T 564, HAREA 280 sl AR 4 14
(& 1),

Phase contrast microscopic observation of Bt4.0718 at different period. A: T1, logarithmic phase. B:

T2, pre-sporulation period. C: T3, late stage of sporulation. 1: Spore; 2: Parasporal crystal.

2.2 EERENF

PR 3 AT R RNA (BRI 3 B
SEK), FUEBRARIF ISR, WP 55%
FERH B EEXT A 69.52%, 5EFEVUHLA-E-HY
L3R 55.4%, ~F-XIRME—DLRCL L3R 68.5%, %1
PEVCHCES R R AT KA Y reads 7 35 R BEA
£ 90%LA b IR R 32 AL AT, H kRS
ih SRNA . PCA ZHEEI(1K] 2) 1, AN[RIEHUAE LAY
DB, PEESENL, s S N R R A,
REE M RLF, 4R 2S8R, Bz Rt
B RFNRK 2 ARG — RS PCL A
T FRGT PC2)MA S HL(RIX AT 22 B TTHR )
IR 55.6%F1 42.6%, PC1 Al PC2 AJ DAfERE
T T5 22O FEAS BT RIRRE )Y 98.2% , 38 Bdi Y
FRAEALIE, AUERT 24 1.8%M B RIE L

04F 199
? ijl Il‘l 1
= ool T1S3
LA
L5]
£
[}
=
b
< 00f
<
qQ Samples
5 I
g -02r « T1-3
< & T9-1
N = T2-2
: e
[ ==
B0 T3-2
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33
0.6} ol 55
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Standardized PC1 (55.6% explained var.)
2 HREAEREERE PCA S
Figure 2 PCA analysis of transcriptome samples at
different periods.
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23 EEEREREZITSH

T1 BHEIEAGI ] 3 785 44584, T2 Ml T3
73 T 45 3 549 AN 3 822 . SISk,
T1-T2-T3 SE[FEIEH S 2 783 4~ B AH B LA 1
BESEAN 211, 353, 47145 3 EFERA RO
SR A2 320, 202, 215 (] 3A), T2
AR T1 R 25 2 S RN AR 2 147 4, B
SERHCH 1250, TRZERIECH 8975 T3 AHXS T1
L] 1861 > 2 22 AL, Horp 1l
992 4, TIH 869 4~ T3 XL T2 BHY, BEZER
FERIA 1 708 4, EIH 838 4, FE 870 AN(&
3B).
2.4 GFRAGHIFIA S HRER

Bt ZEMLEMGRIEAIE , braivksr, 4HiRE
RIE, EKERMK, FEEMETE AN
(exosporium), ZFIAK (spore coat). JiZ)JZ(cortex) .
N#(core), MLRE —FREREGER (pyridine dicarboxylic
acid calcium salt, DPA) . & % ¥ 2 0 25 1
(acid-soluble spore protein) A H E4 53 3 /~HH

Tl T2

Number

215
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1400
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Bl SR A LRI B 29 ASHHOCHEA (3R 2), Hoh iRy
PEZEM A A BER 10 4>, ZEIATE B 3
15 4>, DPA & RFEE 3 /> (dapA/BID), i JZ
24 A E 2] 11~ (yabQ). DA 3R 7E
T2 1 T3 B S & 5%, H T3 B A S oKF
AEXT T2 B 91 B J A1

B bR AHSCHE R A1, 340 48 0 31 K 27 i iR 2R
W (2 LRE )& BOAH DG E IR, F2 2895 S T A R
fiff(alanine amidase) . 2l B% /K fif i (hydrolase) .
TN 2 R 2 ik (carboxypeptidase) . 4H e 45 & 25
[ (penicillin-binding protein), & 32 ~(fRFE LR
RnE& 3 fran), Hrp KRS (recognition) I
BHEE (turnover)JE IR 4% 14> 2 DA RE K A
W4 5 oK T2 I e, IR 22 KA I e 4
AR TE T2 B SRR ek, ZIEAERE
POk - PN 2 R I i AE. T3 B HH AR 0T 8 SRk oF- fe g
CWIATE 3 NI IR oI A8 1k, ewlD 4
75 T2 WA %, T owlO F2AE T1 I T3
I 5%

= Up-regulated
= Down-regulated

1250

T2/T1 T3/T1 T3/T2

B3 =AEEMHERAEFEEQMERERSIT(B)

Figure 3 Venn diagrams (A) and the number of differential genes statistics (B) which compared three periods.
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Table 2 Transcriptional levels of structure and composition of genes related to spore

Gene FPKM Description

T1 T2 T3
ssp 71.3 41 814.3 1835.8 Acid-soluble spore protein
sspE 100.7 74 330.1 10 031.3 Acid-soluble spore protein
sspl 8.7 361.9 24.8 Acid-soluble spore protein
sspH 11.6 10.5 0.0 Acid-soluble spore protein H
sspK 38.7 20 149.7 876.0 Acid-soluble spore protein K
sspN 0.0 134.4 63.0 Acid-soluble spore protein N
sspO 16.6 1613.3 75.7 Acid-soluble spore protein O
sspP 0.0 139.6 61.1 Acid-soluble spore protein P
tlp 0.0 333.6 62.1 Acid-soluble spore protein
sspB 11.4 3268.8 585.4 Small acid-soluble spore protein
safA 0.6 89.5 39.6 Spore coat assembly factor SafA
cotD 200.3 252 748.9 13 549.4 Spore coat protein
cotE 12.9 9788.8 630.0 Spore coat protein
cotF 2.8 15.7 19.1 Spore coat protein
cotH 3.9 39.0 20.2 Spore coat protein
cotM 9.1 4936.2 5541.8 Spore coat protein
cotW 0.0 16.5 254.5 Spore coat protein
cotX 2.6 419.3 57 082.5 Spore coat protein
cotX 13.7 1236.1 96 802.6 Spore coat protein
cotZ 240.1 280 324.8 52133 Spore coat protein
cotC 4.4 0.0 5.5 Spore coat protein C
cotJB 0.0 52.4 20.3 Spore coat protein CotJB
cotS 6.0 279.5 90.2 Spore coat protein CotS
cotG 32.2 32 818.9 10 399.0 Spore coat protein G
cotZ 20.4 8 640.4 451.8 Spore coat protein Z
yabQ 18.7 10.8 51.3 Spore cortex biosynthesis protein YabQ
dapA 2.8 22224 110.8 Dipicolinate synthase subunit A
dapB 5.9 3281.5 167.9 Dipicolinate synthase subunit B
dapD 256.1 64.1 353.4 Tetrahydrodipicolinate N-acetyltransferase

2.5 Sigma ¥ FRIFiITE R

ZERFN ICPs TP G b £ B2 3] sigma %
ST PR . HEEEE S 16 4> sigma 112
FORACHEIR (GR 4), FEIE sigma70 KGN,
15 rpoD/E. sigh4 il SgE-H., sigK AHCHERA 2 14,

bofA Fl bofC, %%t sigk 4 stk T, 5
HMARSHIBIL A S oKF-1) SigW, sigX il sigM f 3%
%, SgE. sigG il bofC %A T2 1 T3 Wi
Rk sk, sigha Ml sigF 78 3 M HIARRE Bl it
1M sigH 7E T1 B A0S SRR R R
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*3 FRARERXEEERKTE

Table 3 The transcription levels of peptidoglycan related genes of spore

Gene FPKM Description
T1 T2 T3
ampC 106.9 9.5 18.8 6-aminohexanoate-oligomer exohydrolase
cwWlA 57.4 55.1 423 N-acetylmuramoyl-L-alanine amidase
cwiD 2.3 31.9 7.6 N-acetylmuramoyl-L-alanine amidase
cwlJ 9.2 598.4 272.8 Cell wall hydrolase
cwlO 1101.5 74.8 406.1 N-acetylmuramoyl-L-alanine amidase
dacC 17.1 57.6 27.7 D-alanyl-D-alanine carboxypeptidase
dacF 1.7 44.1 42.1 D-alanyl-D-alanine carboxypeptidase
ftsl1 48.6 21.5 26.6 Penicillin-binding protein
lysM 2.8 6.8 7.1 Peptigoglycan-binding protein LysM
mecA 37.6 7.7 38.4 Beta-lactam-resistant peptidoglycan transpeptidase
murl 1.5 61.9 1 620.5 N-acetylmuramoyl-L-alanine amidase
pbplA 44.1 8.4 49.0 Penicillin-binding protein
pbp2D 8.5 23.1 24.7 Penicillin-binding protein 2D
PGPR 2.7 4.1 3.4 Peptidoglycan recognition proteins
sleB 1.1 11.8 34 Hydrolase, spore cortex-lytic enzyme
spoVD 50.7 9.2 51.2 Stage V sporulation protein D (sporulation-specific penicillin-binding protein)

T4 FEFRLEAS sigma FITEF

Table 4 Sigma regulators in the transcriptome data

Gene FPKM Description
T1 T2 T3
bofA 7.5 0.0 0.0 Sigma-K factor-processing regulatory protein BofA
bofC 1.7 54.1 30.3 Forespore regulator of the sigma-K checkpoint
deoR 14.6 2.9 37.8 RNA polymerase sigma factor
raiA 42 664.3 613.9 20583 Sigma-54 modulation protein
rpoD 1375.8 236.4 736.5 RNA polymerase sigma factor RpoD
rpokE 9.2 5.0 13.2 RNA polymerase sigma factor
sigh4 94.1 78.2 34.7 RNA polymerase subunit sigma-54
sigB 17.9 4.5 21.9 RNA polymerase sigma factor SigB
SigE 9.3 38.2 22.5 RNA polymerase sigma factor
sigF 509.4 182.0 372.7 RNA polymerase sigma factor
sigG 7.94 856.03 293.1 RNA polymerase sigma-G factor
sigH 588.3 21.2 50.7 RNA polymerase sigma-H factor
sigd 19.4 21.4 13.9 RNA polymerase sigma factor SigJ
sigMR 11.6 17.6 22.1 Sigma-M negative effector
sigW 3.7 0.0 0.0 RNA polymerase sigma factor SigW
sigX 2.3 4.3 3.9 RNA polymerase sigma factor SigX
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2.6 FHRAPIFHARER
ZEMOTE A S 3L 87 4, AR ZE MR AL
W . ZEMOEE R Z IR, MRIRBIEE VI B
) ZE TR A 1 5L (R (spo0—spoVl), 2R A AR
I (sbmA, spmB), LA K HiAth 2 i T B i 4

%5 SHREEERKT

Table 5 The transcription level of sporulation genes

FEH . Hrp spoOA/F FIZE MY AL B (kinAVB/E)
HAE T1 B sk . AR SN 7E T2
T3 BHHAA L oK 220 T1 B R, &
PR RIAEFF . spollAA, spol ISAVB, spoVG [
BURRRR, TE T1 B AR R (R 5).

Gene FPKM Description

T1 T2 T3
spol|AA 218.5 45.6 75.4 Anti-sigma F factor antagonist
ftsK 3.0 49.5 7.0 Cell division protein FtsK
rsfA 58.6 345.7 89.9 Prespore-specific transcriptional regulator rsfA
gerA 2.4 20.4 12.7 Spore germination protein GerA
gerD 163.4 69.3 9.2 Spore germination protein GerD
gerQ 10.0 645.3 392.4 Spore germination protein GerQ
sbmA 0.0 7.1 18.9 Spore maturation protein
spmB 6.9 15.2 13.3 Spore maturation protein
SOj 244.7 29.1 48.2 Sporulation initiation inhibitor Soj
atoS 53 4.1 10.0 Sporulation kinase
kinA 135.8 9.8 53 Sporulation kinase
kinB 283.5 50.7 435 Sporulation kinase
kinE 40.1 6.4 442 Sporulation kinase
gerM 8.8 24.0 57.5 Sporulation protein
spo0B 31.1 8.6 199.6 Sporulation protein
spoOM 13.3 43.1 46.0 Sporulation protein SpoOM
ypiB 0.0 4.2 8.0 Sporulation protein YpjB
ytaF 0.0 36.8 7.5 Sporulation protein YtaF
whiA 137.4 23.5 32.1 Sporulation regulator WhiA
yaaT 143.7 8.1 65.0 Stage 0 sporulation protein
Spo0A 679.5 131.2 132.2 Stage 0 sporulation protein A
SpoOF 363.3 35.1 33.7 Stage 0 sporulation protein F
spol 1B 1.9 1.8 4.2 Stage II sporulation protein B
spolID 3.8 91.7 19.0 Stage II sporulation protein D
spoll1AB 0.0 2.3 4.8 Stage III sporulation protein AB
spol [IAD 0.0 23.2 28.3 Stage I1I sporulation protein AD
spol 11D 0.00 740.9 111.4 Stage III sporulation protein D
spol VA 15.6 428.7 222.0 Stage IV sporulation protein A
SpoVAA 0.0 15.3 2.6 Stage V sporulation protein AA
spoVD 50.7 9.2 51.2 Stage V sporulation protein D
SpoVE/ftsW  75.6 22.2 112.2 Stage V sporulation protein E
spoVFB 5.9 3281.5 167.9 Stage V sporulation protein VFB
spoVID 0.8 48.1 31.7 Stage VI sporulation protein D
hcN/Ylad 3.7 148.8 14.3 YheN/Ylal family sporulation lipoprotein
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2.7 CrylAc M FHEERERTL

X AHBE A TR R, e 2] 8 )
REJLINGE 6), 1 3 PHHPHESRE AT 3% 5 .
hsp20B 5 crylAc %% 7Bk fa i tiA —3,
hsp20 % sk /K EAE T2 BF A, T3 A ;
dnaK . dnaJ. groEL. clpB F htpG 3 4N Hh 78
T1 BRI e sk ; R copz RI AW
oIy <RI
2.8 kiR, BEIRfEEY) PHB FEET A
B3R

phbB FI phaC 5 PHB & iAHK, H7E T1
WHA RS S, 78 T2 BFE 2 R, %) T3 i)
HA G SRR B Il T o F 05T T B R G A
A 7 AN 7)), HA oacetoin A A A A

#Fz 6 crylAc My FHBHIEE R

acuA/BIC 7 T1-T3 a5 7 .
2.9 EFEREHR qRT-PCR ik

VEH — 26 | T E S R R LA AR 3
R EAT8E SR B IAIE . LA T1 B3 Al 2 SRk -
ES MR 1. ARMIEE CrylAc, Cry2Aa,
ZEMUFN ICPs JE B sk 45 A sigmaK, ZFU R
JZIEIEEE T CwiD, BEfT397E T2, T3 W
B2 B, T E T2 R EOE S EEATE 150 %
DL b, b T3 B B (] 4). 384K qRT-PCR
S5 SR SR 0 25 S AR AR SR — B, SRR
FRUFIC A A AT A AT

HAhThREFER (8 5A), An/NRG a1 3L
hsp20, ZFEFR G AHCHEIA leuB, ginA, lysA,
E M BAHH KL spo0A . phoR, 4% 55 K - 3

Table 6 Transcription of crylAc and molecular chaperone

Gene FPKM Description
T1 T2 T3
crylAc 207.5 6547.2 5537.0 Pesticidal crystal protein crylAc
hsp20 213.1 63.0 702.9 Molecular chaperone small heat shock protein
hsp20B 31.7 11 694.1 366.6 Molecular chaperone small heat shock protein
dnakK 2 366.9 403.5 862.7 Molecular chaperone DnaK
groEL 119324 3768.1 2919.2 Molecular chaperone GroEL
copZ 48.1 68.2 170.2 Copper chaperone CopZ
htpG 28.7 32 17.1 Chaperone protein HtpG
dnaJ 264.0 101.9 126.2 Molecular chaperone Dnal
clpB 104.4 40.0 47.7 Protein disaggregation chaperone

&7 PHBMBEETEIHEXEREIER

Table 7 Transcription of PHB and acetoin related genes

Gene FPKM Description
T1 T2 T3
cCmA 0.0 1.8 6.8 Acetoin ABC transporter ATP-binding protein
acoR 21.1 2.4 2.5 Acetoin dehydrogenase
alsb 4.0 5.47 5.3 Alpha-acetolactate decarboxylase
acuB 103.3 112.7 42.7 Acetoin utilization protein AcuB
acuA 42.7 47.7 14.8 Acetoin utilization protein AcuA
0i|446390654 3.8 1.9 6.8 Acetoin ABC transporter permease
acuC 211.8 40.9 26.1 Acetoin utilization protein AcuC
phbB 230.4 11.0 46.9 Acetoacetyl-CoA reductase
phaC 598.6 80.5 2535 Poly(R)-hydroxyalkanoic acid synthase
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Figure 4 Results of qRT-PCR of crylAc, cry2Aa,
sigK, and cwiD genes at different periods. Data were
shown as the mean of three replicates, with the error
bars representing+standard error.
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Figure 5 Verification results of qRT-PCR of other

& 5

up-down-regulated genes in the transcriptome at
different periods. A: Results of gqRT-PCR of hgp20B,
leuB, lysA, hsp20, gIinA, phoR, and po0A genes at
different periods. B: Results of qRT-PCR of pyrG, guaB,
hemE, odhB, groel, glyA, pgk, and hdV genes at
different periods. Data were shown as the mean of three
replicates, with the error bars representing+standard error.
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Figure 6 Venn diagram of significantly differential
genes.
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Figure 7 KEGG analysis result of the differential genes in regions I (A) and II (B).
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Figure 8 KEGG analysis result of the differential genes in regions IV (A) and V (B).
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Figure 9 KEGG analysis result of the differential genes in regions VI (A) and VII (B).
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Figure 11 KEGG analysis result of cluster 2.
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Figure 12 KEGG analysis results of cluster 7.
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Figure 13 Identification of hsp20 knockout.
Identification of PCR amplifies. Lane 1: Wild type
strain; Lane 2: Complemented strain; Lanes 3—4:
Knockout strain; Lanes 5—6: 16S rRNA gene
sequence of wild type and knockout strain.
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Figure 14  Growth curves of the Bt 4.0718,
Bt4-Ahsp20, and Bt4-Ahsp20::hsp20 strains in
fermentation medium. Data were shown as the mean

of three replicates, with the error bars
representingtstandard error.



WIS | R P12, 2024, 64(1) 125

jvs]

A Bt4.0718 Bt4-Ahsp20 Btd-Ahsp20::hsp20

Spores number (x 108 CFU/mL)

Bt4.0718 Bt4-Ahsp20
kba M 1 2 3 1 2 3

116 —
97.2 —

66.4—~'|,!! |
- -

443 — o

D 29—
—~ 0.5 m Bt4.0718
2 £ = Btd-Ahsp20 20 —iume
& 0.4 7 *
i bl I ws
£ 03 % 1.0 :

ICP con
> @
- —
change

0.4
0.2
nn

15 Bt4-Ahsp20 EHK T MV 82 K 2F B Fn 4 B G AR T2 R BE 1 53 4

Figure 15 Analysis of sporulation and parasporal crystal formation in Bt4-Ahsp20. A: Phase contrast microscopy
of the strains at 12 h, 24 h, and 36 h, and the scanning electron microscopy of the spores and parasporal crystals
(10 000x) at 36 h. B: Sporulation of the Bt4-Ahsp20 compared to Bt4.0718, and Bt4-Ahsp20::hsp20 strains in LB
at 60 h (CFU/mL), and each experiment was carried out in triplicate, significances of differences by Student’s
t-test was indicated. **: P<0.01. C: ICPs in Bt4.0718 and Bt4-Ahsp20 strains at 20 h analyzed by SDS-PAGE. D:
Concentrations of ICPs at 20 h determined by Bradford method in Bt4-Ahsp20 compared to Bt4.0718, and
Bt4-Ahsp20::hsp20 strains, the significances of differences by Student’s t-test was indicated. **: P<0.01. E:
gqRT-PCR analysis the fold change of crylAc and crylAa in Bt4-Ahsp20 strain which compared to Bt4.0718 after
fermentation for 28 h, the significances of differences by Student’s t-test were indicated. *: P<0.05. Data were
shown as the mean of three replicates, with the error bars representingtstandard error.
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M5k, ZFMI R Z R E A gerD. gerlA
M gerQ 5 rsfA BesgE Ol IE], S 2F I LA
SRli

T2 BHARETE SZE AT ICPs, MZERTE A%
PR R B & B T, AH OGS BRI S L B B adE A 7 e
Rk . I T3 B, ZEMOIE SR SCSE R R FR IR
Fi— @5 5K, BAIRE T2 BHEA AR R R
AR, ELRIZFMR & R, A RN AR K
BUE, T3 BT, WAL TRE TR, skt
o TR AR T2 B MR =, R
T UM S BE PR 2 sk P 2 B2 I, fE0 2
WO Bk G /E T spoA/F . kinA/B (1%
KPS T2 BHATC & A8k, 300 ZF i A ICPs
TR T LR
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IR, ZFMFT ICPs BB A5 45 T 515
RE A 1 A 2% R B LA AHE I R PR . 3R -3-
YRR T IR (PHB) FI R T 1 1 & B 32 % R A7
A RXTEOW, T1 I PHB & UAHC Y phaC il
phbB %% 5 /K F-f5 i, T2 Fi T3 I HIEAE B T,
T2 A AR . 520 T & A A4 acoR [R]F:
16 T1 B %% 55 f v (al sD3 AMHHIC AR 1k, 1N
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LITFER, HLFRSWAEAE T1 A T2 BH, AR
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HEE T1 S 19 22 AR R 2 G R AR W R A it 5
B AR . 2SRRI . menE i
B A RN AR . REAR . A%
fig . MR . KRB = A R
B B B 22 AR AR, BRS040
(1) cluste 2 5% HURIRZE 1(Cry 1 Ac) % sk 3
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U ARTE 19235 o Cluster 2 FP 3L B 3228 5 4k
FFGIE ARG, Horp gk 58 H 12 ) i 1 R Ak iR
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WY 750, FEAN BRI = vy, 51k 2%
Y I 75 () Spo0 2 [ M BEIRFL AL, FLM 2
AT H B Pho #8715 F3 Res. Pho il Spo {55
55 R GUEARME AR, LiaRS WA 4> R 50
e 25 AT T b 5 S R N S 0 52 A, %o i e
P sh A BT RS, fE T2 B RO, Rt
NN b AT S0 . LytST BEN% 45 N AR 1
FIF, 4SNP IR ER 7524 LytST M4 5 REEH)
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Sia ATP 45455 1R % I R i e sk
WE L AR T HHRA R (Met)
STEEEREIR . A S WEHE (glutamine) . 2 B 2 R
(cysteine) . T & R (glycine) Fll H ¥ -3- #f R
(glycerol-3-phosphate)#H ) ABC %1z 5% 5% |
Pl A R T ICP 18 o 1 R 23 Ik Bt (peptide)
MEKEF ABC §iz T2k T, HIR R
1Rt — 209
3.2 ZFRAF ICPs i R REF

SR YEIN T sigma E/F/G/H/K 528 il
ICPs JERU R R E MR AIHGE , & B+ 491
B Sfa i B AT 45 AR — 20 HoAth 2 L [
N 4 b bofA, {UTE T1 BWHEAKPH5%, 7E T2
T3 BHCHE S, i bofC 72 T1 WHMIEFE %, 78
T2 F1 T3 BKF-4 542 m 29 50 16 £, IE474
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ZF AT A B A R T K I A O I 4 B
SigB J& — M R sk R, 5 AR YIIBIE U
K, BIA BRI il Ay B G 2L, AR S X
BEr@E R, SigW AR E ik, IEH1E
LT 5H0-SigW B+ B®E5 6, 2452 B F VK
ZRAFIY, SigW il B H R O FL 45 R i i
SEPUL R IR AEAY ; SigM 7 T IR T A0 e
BUAE IR, 76 1 4600 T e r 2 i RE i F e
SCHEVEY S SigX Al SigM [+ Ja M 5 41 2
(extracytoplasmic function, ECF)[J sigma A,
X B A A AR AR E AR K R i R A
ypuN et BRI SR SR . St AT 2,
[vi] B RE % 24028 A0 M 2R TR Y, i SigS4 &
ST R IR AN A, R4 LA
PRIl -4 K T B2 (y-aminobutyric acid,
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A FE S R L TS, 52 Sigs4 #573i, 1 AcoR
IE A RERO DL R IR R T AR 4 i 2 45
PR IE R R, DAL 1L, X270
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3.3 BtHoFHEEH

WL THE&E M ClpB. DnaK, Dnal Fil
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BAA G e BR . CopZ A WA (R 85 111 15 p B ATP
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ETFHE 170), FTREXT MNP S AR A LA
HEAE . MRS L St R 245 5, 252 3
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VAR S erylAc BIARAL, 1T hsp20 HIZE T3 B
I % SO Je s, R SR 45 2R W] hsp20 X Bt
ZE RN AY: B A R T B & 5 EE R A,

ZE BITiA , Bt4.0718 A HUFh AR (e 5k
Ko e e iR Rk, 52EHIE AL
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ST S Sl . SigB/M/W/X FlarF
PEAR R 110 2R3 1 R B 6% AR G- b 208 47 440 Jf B 1
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B o ZF AN ICPs JE A il A X 45 (8 R I
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BENR AR A Z IR AE . S 5 KR s
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