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Abstract

A high production mutated strain Bacillus thuringiensis X023PN (BtX023PN) was screened from the wild strain Bacillus
thuringiensis X023 (BtX023) after atmospheric and room temperature plasma (ARTP) and nitrosoguanidine (NTG) mutation.
BtX023PN grows faster than the wild strain, and its lysis of mother cell was 6 h ahead BtX023, but the ability of sporulation
was significantly reduced. Bioassay indicated that compared with the wild type strain, the virulence of BtX023PN against
Plutella xylostella (P. xylostella) and Mythimna seperata (M. seperata) increased to 2.33-fold and 2.13-fold respectively.
gRT-PCR and SDS-PAGE demonstrated that the production of CrylAc increased by 61%. Resequence indicated that the
mutated sites enriched on the key carbohydrate metabolism and amino acid metabolism. This study provides a new strain

resource for the development of Bt insecticides and a feasible technical strategy for the breeding of Bt.

Key points

o Atmospheric and room temperature plasma used in breeding of Bacillus thuringiensis.

o Less stationary phase time with more ICP production.

o Semi-lethal concentration against Plutella xylostella reduced by about 57%

Keywords Bacillus thuringiensis - ARTP - Compound mutation - Insecticidal crystal protein - Resequencing - Metabolic

pathway

Introduction

Bacillus thuringiensis (Bt) is a ubiquitous bacterium that
can produce different insecticidal proteins that show toxicity
against a wide range of insect orders (Bravo et al. 2007; San-
tos et al. 2022), including Lepidoptera, Diptera, Coleoptera,
Hymenoptera, and Nematodes (Melo et al. 2016; Sayed and
Behle 2017), but tend to be much less toxicity to taxa out-
side the range (van Frankenhuyzen 2009). These insecticidal

Zirong Zhu and Wenhui Chen contributed equally to this work.

P4 Xuezhi Ding
dingxuezhi @hunnu.edu.cn

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

School of Minerals Processing and Bioengineering, Central
South University, Changsha 410083, Hunan, China

substances are accumulated during sporulation phase and the
vegetative phase, which were classified in insecticidal crys-
tal protein (ICP), vegetative insecticidal protein (Vip), and
secreted insecticidal protein (Sip) (Bel et al. 2020; Jouzani
et al. 2017), among which the Cry insecticidal proteins were
the most widely applied in insecticidal sprayable formula-
tions and transgenic Bt plants (Crickmore et al. 2021; Yang
et al. 2021).

Bt has been widely used in biological control of pests for
the advantages of high insecticidal activity, environmental
friendliness, and harmless to humans and animals (Kumar
et al. 2019; Pefia-Cardeifia et al. 2018; Quan et al. 2020).
Commonly, a novel Bt strain was obtained from the nature
(soil, water, etc.), and the combination of mutation and natu-
ral selection is the key driving force for the evolution of life
in the nature (Zhang et al. 2015, 2014). But the natural evo-
lution process is often not efficient enough and time-costly to
obtain a novel Bt strain with good performance or function
due to the low spontaneous mutation rate (Drake et al. 1998).
Since the demand of the public and farmers for the use of
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safe and more efficient pesticides is increasing in the world
(Ricietto et al. 2022), accelerating the mutation process of
current resource strains to quickly obtain new high-virulence
strains is an efficient strategy.

Therefore, artificial mutation methods are widely used to
improve the rates of mutation, such as physical mutagenesis,
chemical mutagenesis, and physical-chemical compound
mutagenesis (Wang et al. 2016; Zhang et al. 2016).

As for physical mutagenesis, atmospheric temperature
plasma (ARTP) mutagenesis technology is a new type of
mutagenesis breeding method that could be used in micro-
bial breeding and it has successfully finished the mutagene-
sis on bacteria, such as Clostridium butyricum, Corynebac-
terium glutamicum, and Streptomyces albus (Yang et al.
2019; Zhang et al. 2019, 2018). Various microorganisms
could be mutated by the charged particles, free radicals,
excited neutral substances, high electric fields, and ultravi-
olet radiation in ARTP; moreover, ARTP is driven by radio
frequency power, which can be produced under atmos-
pheric pressure without vacuum system, and its plasma jet
could be controlled at room temperature, which facilitated
the operations in microbial mutations (Dong et al. 2010;
Fang et al. 2013; Jiang et al. 2014).

As for chemical mutagenesis, chemical mutagens such
as ethyl methanesulfonate (EMS), nitrosoguanidine (NTG),
and n-ethyl-n-nitrosourea (ENU) were used in microorgan-
isms (Yang et al. 2019), which directly act on the microbial
genome by substituting purine or pyrimidine bases. Among
them, NTG, an alkylating agent in chemical mutagens,
known as super mutagen, is one of the most widely used
chemical mutagens. Moreover, GC-AT conversion, small-
scale DNA excision, frameshift mutation, and GC pair
deletion could be induced when the cells were under NTG
treatment (Harper and Lee 2012; Harper et al. 2011; Velicer
et al. 2006).

Although chemical or physical mutagenesis is promising
in strain breeding, the low mutagenesis efficiency caused
by single type of mutagenesis often dissatisfies the need of
scientific research (Li et al. 2014). Therefore, combinating
chemical and physical mutagenesis may be a potence for
successful acquiring highly mutant strains (Du et al. 2007;
Sivaramakrishnan and Incharoensakdi 2017).

BtX023 (CCTCC No. M2018283) was isolated from
the soil of Jinxia Mountain, Xiantan city, Hunan prov-
ince, China. Its insecticidal protein has been identified, in
which the main insecticidal proteins are Cryl, Cry2Aa,
and Vip3Aa (Liu et al. 2020b). As a result of the increas-
ing demand for safe and more efficient pesticides is in the
world, we were trying to accelerate the mutation process
of the current resource strains BtX023 and further expand
its applications. Therefore, BtX023 was treated by random
mutagenesis combined ARTP and NTG mutagenesis to fur-
ther improve its insecticidal virulence. So far, this is the
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first report on the development of Bt with higher toxicity by
ARTP and NTG compound mutagenesis.

Material and methods
Strains and culture condition

The wild strain used in this study was previously isolated
from the soil in Jinxia Mountain of China and named as
BtX023, which could produce three types of ICPs, namely,
Cryl, Cry2Aa, and Vip3Aa. The most common ICP was
Cryl. CrylA was the most significant among the Cry1 pro-
teins, particularly CrylAc. The amount of other Cryl pro-
teins, such as Cry1l, CrylF, and Cry1E, were low, although
they also have high specific toxicity to Lepidoptera (Liu et al.
2020b). The obtained highest virulence strain was named as
BtX023PN (CCTCC No. M2020264). The Luria—Bertani
(LB), 5 g/L yeast extract, 10 g/L tryptone, and 10 g/L. NaCl,
was used for the seed culture. The fermentation broth is as
follows: 18 g/L glucose, 14.5 g/L tryptone, 2.5 g/L. K,HPO,,
0.02 g/L FeSO,-7H,0, 0.02 g/L. MnSO,-H,0, and 0.25 g/L
MgSO, 7H,0.

All the broths were autoclaved at 115 °C for 30 min to
confirm the sterility of each batch of broth. The strains used
in this study are listed in Table S1.

BtX023 was cultured at 30 °C, 120 rpm in 20 mL LB
broth. Subsequently, 300 pL of the overnight bacterial solu-
tion was added into 300 mL shake flask containing 30 mL
fermentation broth to produce ICPs with 120 rpm at 30 °C.

Preliminary virulence assay of mutational strains

The larvae of P. xylostella were fed with artificial feed at
28 °C with a light/dark cycle of 12 h. Artificial feed com-
prised flour 60 g/L, yeast extract 20 g/L, bean flour 120 g/L,
vitamin B, 2 g/L, vitamin C 2 g/L, ethyl p-hydrobenzoate
2 g/L, sorbic acid 1 g/L, and agar 15 g/L. Transfer 300 pL
fermentation products (fermentated for 48 h, concentration:
1 x 10° cfu/mL) of wild strain and mutated strains (blank
control: 300 pL sterile water) into 20 mL artificial feed and
mix. The mixture was added into three 24-well cell culture
plates (Corning, USA). The larvae were cultured in the
24-well cell culture plates (one larva per well), with three
replicates. The survival percentage of the larva was recorded
after 24 h.

Semi-lethal concentration assay of wild type strain
and mutant strain

After the wild type strain and mutated strain fermentated
for 48 h (1 X 10° cfu/mL), the fermentation products were
collected and diluted to 1.25, 2.5, 3.75, 5, and 10 (pL/mL)



Applied Microbiology and Biotechnology (2022) 106:4211-4221

4213

mixed well with the artificial feed. The mixture of per con-
centration was transferred into three 24-well cell culture
plates. The larvae were cultured in the 24-well cell culture
plates (one larva per well), with three replicates. The sur-
vival percentage of the larva was recorded after 48 h.

Mutagenesis by ARTP

ARTP mutagenesis was carried out in the ARTP biological
mutagenesis system (Wuxi Yuanqing Tianmu Biological
Technology Co., Ltd., Wuxi, China). With 99.99% helium,
the working radio-frequency power input, treatment dis-
tance, and gas flow were set to 100 W, 2.0, mm and 8.0 SLM,
respectively. Ten microliters of the original bacterial solu-
tion at its exponential phase (1x 10° cfu/mL) was dropped
onto a sterilized stainless steel plate. In order to get the opti-
mum treatment time, the wild type BtX023 was treated in a
range of 0-120 s (the first ARTP mutagenesis) and 10-60 s
(the second ARTP mutagenesis); the untreated strain was
used as control. After that, the stainless steel plates were
transferred to 1.5 mL centrifugal tube with 1 mL LB broth
shaken for 2 min to resuspend the cells. One hundred micro-
liters of each resuspended cell was diluted and spread on
different LB agar plates, cultivated in 30 °C for 12 h.

Choose the treatment time that caused strain mortality in
60-90% as the optimum treat duration; the resuspended cell
broth was diluted and spread in agar plates and cultivated in
30 °C for 12 h. Each clone on these plates was re-cultivated
on a slant medium for 48 h, and each sample in 3 random
sights was selected to count the number of their crystal
protein under microscope observing; the strains containing
more crystal protein than the original strain were screened
out. The screened strains were cultured in LB broth and pre-
served in — 80 °C.

Mutagenesis by NTG

The screened strain with the highest virulence against P.
xylostella was used as the original strain in NTG mutagen-
esis. The strain was cultured in LB broth until its expo-
nential phase (1 X 10° cfu/mL), 1 mL strain of which were
collected and suspended in 5 mL PBS buffer (13.6 g/L
Na,HPO,-12H,0, 25.28 g/L. NaH,PO,-2H,0, PH 6.8-7.2)
in which NTG was added to make the final concentration is
500 pg/mL. The cells were collected after being incubated
at 30 °C, 220 rpm in the dark for 1 h. Wash the cells 4 times
with PBS buffer to stop the reaction.

Warning: NTG is a strong carcinogen and highly toxic.
The bacterial liquid treated with NTG and the tools used in
the experiment should be soaked in 1 M NaOH buffer for
24 h. When operating, it is necessary to wear rubber gloves,
overalls, and masks. Avoid contact with eyes or skin. In case
of contact, wash immediately with potable water.

Growth curve determination and morphological
observation

500 pL bacterial solution (1 X 10° cfu/mL) of BtX023 and
the mutated strain was inoculated in the fermentation broth
(50 mL per 500 mL shake flask) and cultured at 30 °C,
120 rpm. The growth curve was measured to 60 h with three
biological repetitions. The ODg,, was measured by spectro-
photometer (DR600, HACH, USA), and the samples were
taken at each 2 h in time. The cells are observed with phase
contrast microscope (AXIO Scope Al, Zeiss, Germany) 12 h
intervals.

Preparation of scanning electron microscope
sample

1 mL fermentation liquid of BtX023 and BtX(023PN fer-
mented for 48 h was collected in 1.5 mL centrifuge tubes
respectively. After that, the cells were suspended and washed
with sterile ultrapure water 10 times (9,000 X g, 2 min),
fixed with 2.5% glutaraldehyde for 6 h at 4 °C. Afterwards,
washing three times with sterile ultrapure water again, the
samples were dehydrated gradually with 30%, 50%, 70%,
80%, 90%, 95%, and 100% ethanol, which was conducted
twice for 10 min each subsequently. The samples were
evenly applied on the cover glasses and freeze dried soon to
sputtering gold plating, imaged with the scanning electron
microscope (Hitachi Su8010, Japan).

Genome sequencing and assembly

The genome of BtXO023PN (accession number:
SAMN24619035) was sequenced using an Illumina HiSeq
4000 system (Illumina, San Diego, CA, USA) at the Bei-
jing Genomics Institute (Shenzhen, China). Genomic DNA
was sheared randomly to construct three read libraries
with lengths of 6,334,170 bp by a Bioruptor ultrasonica-
tor (Diagenode, Denville, NJ, USA) and physicochemical
methods. The paired-end fragment libraries were sequenced
according to the Illumina HiSeq 4000 system’s protocol.
Raw reads of low quality from paired-end sequencing (those
with consecutive bases covered by fewer than five reads)
were discarded. The sequenced reads were assembled using
SOAPdenovo v1.05 software.

The variation sites between the query sequence and ref-
erence sequence are found out and filtered preliminarily to
detect potential SNP sites. The sequences with the length
of 100 bp at both sides of SNP in the reference sequence
are extracted and aligned with assembly results to verify
SNP sites by using BLAT. If the length of aligned sequence
is shorter than 101 bp, this SNP is considered incredible
and it will be removed; if the extracted sequence can be
aligned with the assembly results several times, this SNP
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is considered locate in repeat region and it will also be
removed. Blast (http://blast.ncbi.nlm.nih.gov/Blast.cgi),
TRF (http://tandem.bu.edu/trf/trf.html), and Repeatmask
(http://www.repeatmasker.org/) software are used to predict
SNP in repeat regions. The credible SNP can be obtained
through filtering SNP located in repeat regions.

With LASTZ (http://www.bx.psu.edu/miller_lab/dist/
README .lastz-1.02.00/) software, the reference sequence
and query sequence are aligned to get the alignment results.
Through a series of treatment with axt_correction, axtSort,
and axtBest, the best alignment results are chosen and the
Indel results are preliminarily obtained. 150 bp (3*SD) in
the upstream and downstream of Indel site in the reference
sequence are extracted and then aligned with the query
reads. The alignment results are verified with BWA (http://
bio-bwa.sourceforge.net/) and samtools (http://samtools.
sourceforge.net/).

Preparation for qRT-PCR samples

BtX023 and BtX023PN were fermented for 28 h; 1 mL
fermentation liquid of each strain was collected in 1.5 mL
centrifuge tubes (9,000 x g, 2 min). 2 mL TRIzol Reagent
(Invitrogen) was added for grinding until the cells becomes
clarified liquid. After that, 200 pL trichloromethane were
mixed thoroughly and centrifugated (13,000 g, 4°C,
10 min); take 400 pL of the upper liquid into the new cen-
trifuge tube and add the same volume of isopropyl alcohol,
centrifuged at 13,000 x g at 4°C for 10 min. Water with 75%
anhydrous ethanol twice (13,000 x g, 4°C, 10 min). All the
materials used in RNA extraction are exclusive. The total
RNA was reverse transcripted to cDNA using RevertAidTM
First Strand cDNA Synthesis Kit (Fermentas) according to
the manuscript. The cDNAs were used as templates to per-
form relative quantitative real-time PCR with 16S rRNA as
endogenous control.
The primers used in this study are listed in Table S1.

Extraction of crystal proteins

The wild strain and BtX023PN were fermented for 48 h.
Their CrylAc protein was extracted as previously reported
(Wang et al. 2013). The dry weight of Cryl Ac was weighed
and the concentration of CrylAc protein was measured by
Bradford method and purity was analyzed by SDS-PAGE.
The gray scale analysis of the strips was performed on Gel-
Pro analyzer 4.0.

Stability analysis of highly virulent strains
In order to test the genetic stability of the selected high-

virulence strains, the strains were successively passaged in
500 mL fermentation broth for five times (the transduction
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was performed once every 48 h), and each passage was
subjected to microscopic examination, semi-lethal (LCsg)
concentration of virulence bioassay, and crystal proteins
extraction.

Statistical method

The mortality of larvae (%)= (A —B)/24 X 100%, where A
is the count of dead larvae in each 24-well plate and B is the
count of dead larvae in blank control group; the LCs, was
calculated by the SPSS software (Inc., version 20, USA). The
lethality rate of ARTP mutagenesis (%) =(A —B)/A X 100%,
where A is the number of colonies in the each controlled
(without mutagenesis) plate and B is the number of colonies
in each experimental group (mutagenesis by ARTP) plate.

Results

Improvement of insecticidal virulence by the first
ARTP mutagenesis

The lethality of bacteria was in a dose—effect relationship
with treatment time (Fig. 1a). The mortality rate of the strain
after 20 s of ARTP treatment was nearly 20%, which then
followed a significant increase over time and reached about
60% after 40 s of treatment. As the treatment time increased
from 40 to 60 s, mortality rate was increased to around 90%.
Therefore, the optimal treatment time for the first ARTP
mutagenesis in this study is 40 ~ 60 s.

Three hundred sixty-eight colonies were obtained and 45
of them were screened for bioassay. The screened strain A4
had the highest insecticidal activity among all strains, so it
was selected as the starting strain of the second round ARTP
mutagenesis (Fig. 1b).

Improvement of insecticidal virulence by the second
ARTP mutagenesis

As shown, the mortality rate of A4 increases with time
(Fig. 1c). When it was irradiated with ARTP for 30 s, the
mortality rate significantly increased to 61.7%, and then
reached 91.9% after 10 s more treatment. The optimal treat-
ment time for the second ARTP mutagenesis is 30~40 s.
Twenty-eight of 249 obtained colonies were selected for
bioassay. The mutant strain a24 showed the highest insecti-
cidal activity (Fig. 1d), but the difference was not significant.

NTG mutagenesis further improved the insecticidal
virulence

As aresult, a24 was subjected to NTG mutagenesis. Four
hundred seventy-three colonies were obtained, 48 of
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which were selected for bioassay experiment. BtX023PN
emerged to the highest insecticidal activity mutated
strain that increased by about 31% when compared with
BtX023 (Fig. 2).
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Fig.2 The lethality of mutated strain BtX023PN against P. xylostella,
**P <0.005. CK, fermentation broth from the original broth. Each
point represents the mean and standard deviation of three independent
experiments

Semi-lethal concentration of wild strain
and mutated strain

The LCjs of the wild strain was 7.421 pL/mL and 13.816 pL/
mL against P. xylostella and M. seperata respectively, while
BtX023PN was 3.189 pL/mL and 6.476 pL/mL, which was
determined by probit analysis demonstrating that the toxicity
of BtX023PN against P. xylostella and M. seperata increased
to 2.33-fold and 2.13-fold respectively (Table 1).

Changes in growth and phenotypes
after mutagenesis

The growth curves of the two strains showed that
both strains entered the stationary phase at 14 h, but

Table1 LCs, analysis of the toxicity of wild strain BtX023 and
mutant strain BtX023PN against P. xylostella and M. seperata

Strains LCs, (pL/mL) 95% confidence interval
Pest
P. xylostella M. seperata P. xylostella M. seperata
BtX023 7.421 13.816 6.272-9.268 10.960-
17.116
BtX023PN 3.189 6.476 1.122-4.711 3.832-8.703
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BtX023PN grew slightly faster than the wild strain,
and there was no significant difference in biomass. The
curve of BtX023PN suddenly dropped at 32 h, demon-
strating the entering of decline phase, which was 6 h
earlier than wild strain whose curve dropped at 38 h
(Fig. 3). At 32 h, many released spores and crystal
proteins appeared in BtX023PN but still not visible in
wild strain (Fig. 4).

—=— X023
10 |- —e— X023PN
8
E o
(=]
(=]
e
g o
2+
0 " 1 " 1 " 1 L 1 2 1 2 1
0 10 20 30 40 50 60

Time (h)

Fig.3 Growth curve of wild strain BtX023 and mutated strain
BtX023PN in the fermented broth for 60 h

Fig.4 Phase contrast micro-
scope and scanning electron
microscope observation of
BtX023 and BtX023PN at

32 h. a BtX023 observed by
the phase contrast microscope.
b BtX023PN observed by the
phase contrast microscope.

¢ BtX023 observed by the
scanning electron microscope.
d BtX023PN observed by the
scanning electron microscope.
White arrows refer to spores
and black arrows refer to crystal
proteins

mm x8.00k SE(U)
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Analysis of resequence and qRT-PCR

The whole genome sequence of BtX023 (accession
number: SAMN13118470) was set as the reference
sequence of BtX023PN. There were total 66 SNP
in BtX023PN, among which 19 were non-synony-
mous mutations (Table S2). Forty-two Indels were
obtained, 15 of which were located on CDS and the
other sited on intergenic region (Table S3). These
mutated sites are rich in asparagine synthetase B,
fatty acid desaturase, serine O-acetyltransferase,
succinic dehydrogenase, and etc.

gRT-PCR analysis of related genes was performed
on these two strains fermented for 28 h according to
phenotypic differences and resequencing analysis
results. Differential gene analysis showed that aspB,
cysE, and fadD were upregulated while sdhA was
downregulated. The sigE and sigF were downregu-
lated and upregulated respectively. The genes crylAc
and cry2Aa were upregulated to 1.83 and 1.85 times,
respectively, and the cell lytic gene cwlC was upregu-
lated to 1.7 times (Fig. 5). The analysis of sporula-
tion-related genes showed spolIR upregulated, spollA,
spollGA, and spolVA downregulated, and spollID had
no significant change. The active spore amount analy-
sis showed that the sporulation ability of BtX023PN
was weakened (Fig. S1).
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Fig.5 gRT-PCR analysis of 30
selected genes. qRT-PCR was
used to substantiate the expres-
sion levels of crylAc, cry2Aa, 25 |
spolIR, spollAA, spollGA, spol-
1ID, spolVA, cwlC, cysE, fadD, I
sdhA, sigE, and sigK. mRNA
levels after 28 h fermentation
of BtX023 and BtX023PN were
analyzed as values relative to
the 16S rRNA gene. The ratio
value for BtX023 was set to 1.
Error bars are calculated from
four independent determina-
tions of mRNA abundance

in each sample. Two-tailed T
test, P> 0.03, **P <0.005,
%P <0.001
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Effects of mutagenesis on Cry pesticidal protein
biosynthesis

The crystal protein of the fermented 48 h optimal strains,
obtained after each mutagenesis, was extracted and ana-
lyzed by SDS-PAGE. Mutated strains had stronger 130 kDa
(CrylAc, Table S4) band (the IDOs from lines 2 to 4 were
818.01, 909.12, and 1094.8, respectively) than that of the
wild strain (the IDOs of line 1 was 670.42), which indicated
that the mutated strains were 1.22-, 1.36-, and 1.63-fold of
the wild strain respectively (Fig. 6a). In addition, the bands
of the mutagenesis strains at 65 kda (Cry2Aa, supporting
information Table S5) were also significantly wider (the
IDOs from lines 2 to 4 were 370.26, 379.9, and 493.04
respectively) than those of the wild strain (IDOs=158.52).

Fig.6 Effects of mutagenesis on kDa
the production of crystal protein
content. a SDS-PAGE analysis 200
of crystal proteins. Lane 1: wild 116 ——
strain BtX023; lane 2: mutant Q7] w—
strain A4; lane 3: mutant strain 66.4
a24; lane 4: mutant strain '
BtX023PN. b Dry weight of
CrylAc proteins of BtX023 and 443 ——
BtX023PN, ***P <0.001
29 ——
20.1——

Type of gene

The CrylAc protein of wild bacterium and BtX023PN
fermented 60 h was extracted and weighed. The dry
weights of CrylAc protein of BtX023PN and the wild
strain were determined to be 0.393 g and 0.244 g, respec-
tively (Fig. 6b), indicating that the CrylAc protein yield
of BtX023PN increased by 61% times compared with wild
strain.

Strain genetic stability analysis

Mutant strains obtained by mutagenesis breeding may
undergo back mutation, so it is very important to test
the stability of the mutated strains. The morphol-
ogy, LCs, against P. xylostella, and yield of CrylAc

0.5 ET TS
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04|
—
03}
N
=
2]
‘'
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o
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0.1
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X023 X023PN
B
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of BtX023PN were steady after 5 times of passages
(Fig. S2, Table S6).

Discussion

ARTP is a powerful and novel breeding technology, whose
high concentration of neutral active particles has effects on
microorganisms, such as the excited He, O, N,, and OH par-
ticles (Fang et al. 2013; Li et al. 2015). Compared with the
molecular genetic modification and traditional mutagenesis
technology, ARTP mutagenesis technology has the advan-
tages of simpler operation and higher efficiency.

The optimum ARTP treatment time is distinct in dif-
ferent strains. Liu et al. obtained a mutated artp-aleBC15
with the improvement tolerance to pH 2.5 and 0.3% bile
salt with a survival rate of 22.4% after 15 s of ARTP muta-
tion (Liu et al. 2020a). While Li et al. reported that their
optimum time to Clostridum acetobutylicum for ARTP
was 140 s (Li et al. 2014), and Liang et al. chose 120 s as
the best ARTP time for the treatment of Saccharomyces
cerevisiae (Liang et al. 2014). It seems like that the fungi
are less sensitive to the exposure time of ARTP treatment
than bacterium, which maybe caused by their differences
in biochemical characters of cell walls that act as a natural
barrier against environmental changes.

In this study, BtX023 was set as the start strain treated
with ARTP and the best time for ARTP mutagenesis was
determined. As is reported, when the lethality of the bac-
teria is in the range of 60-90%, it is beneficial to produce
positive mutant strains (Qiang et al. 2014). Therefore, 50 s
and 35 s were selected as the best ARTP treat time of the
first and second mutagenesis respectively.

ARTP mutation shows its superiority in some respects.
In the process of mutant strains generation, costs are
greatly reduced, operations are significantly simplified,
and safety is dramatically improved. In addition, more high
frequent random mutations induced by the helium-based
ARTP could generate desirable stable genetic phenotype in
a simple to operate manner (Yu et al. 2022). However, as
single ARTP mutagenesis repeatedly performed on strains,
the positive mutation rate decreases gradually under every
round of mutagenesis. In this study, the number of positive
mutated strains greatly decreased after the second ARTP
mutagenesis, but it significantly increased after the NTG
mutagenesis. Therefore, we speculated that the single
repeated mutagenesis may result “fatigue effect” in strains,
which caused a decreasing in its positive mutation rate.

In our case, the compound mutation of ARTP and NTG
was first applied to screen Bacillus thuringiensis with
high insecticidal virulence. Our results illustrated that
compound mutation of ARTP and NTG caused in much
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higher DNA damage levels and positive mutation rates
when compared with single mutation method.

Accelerating the mutation process of current resource
strains to quickly obtain new high-virulence strains is
an efficient strategy to meet the demands of the public
and farmers for the use of safe and more efficient pesti-
cides. Obtain a novel Bt strain with desired performance
or function by artificial mutagenesis is a quicker and
more targeted method. On the basis of our original strain,
whose physiological and biochemical features have known
clearly, would facilitate the integration of all good charac-
ters into the same strain. In addition, the commonness of
mutated strains with improved performance in the same
batch can be studied through genomics, which provided
bases and directions for the directional modification of
Bt strains.

Melo et al. reported that the insecticidal crystal proteins
were formed during sporulation, which were occurred in
the stationary phase, and the spores and crystal proteins
were released in the lag phase (Melo et al. 2016). As for
the morphological observation, many released spores and
crystal proteins appeared in BtX023PN that fermented 32 h
but still not visible in the wild strain BtX023, which maybe
associated with cwlC. As shown, the production of Cry pes-
ticidal proteins increased while the stationary phase was 6 h
reduced. So, we selected many genes related to sporulation,
crystal protein, and cell lysis to explain it.

cwlC is a newly discovered cell wall hydrolase, which
plays an important role in the lysis of Bt mother cells, the
expression of cwlC is dependent on sporulation sigma fac-
tor K (), and disruption of the cwIC gene completely
blocked the mother cell lysis without impacting sporulation,
crystal protein production, or insecticidal activity (Chen
et al. 2018). The upregulation of cwlC results in early lysis
of BtX023PN cells. However, three sporulation-related
genes (spollAA, spollGA, spolVA) were downregulated
in BtX023PN, while the spolIR gene, which was required
for the processing of pro-sigma-E, was upregulated. The
downregulation of these sporulation-related genes may be
the direct reason leading to the decrease of the sporulation
ability.

The expression of most Cry and Cyt proteins is accompa-
nied by the sporulation. There are four main factors associ-
ated with Cry pesticidal protein transcription: 6%, o', oF,
and o®. Stages II to IV of sporulation (septal-cortical forma-
tion) are responsible for 6%, and 6X becomes active in phase
IV. Meanwhile, virulence genes such as Cryl, Cryl1A, and
CytlA also depend on the RNA polymerase of ¥ (Wana-
paisan et al. 2013; Wang et al. 2006; Yang et al. 2012). As
the process of sporulation, the sigma factors and the corre-
sponding regulators of sporulation at different stages were
activated.
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Fig. 7 Proposed metabolic changes associated with spore development, crystal protein formation, and mother cell lysis of Bt cell due to ARTP
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SNP site functional annotation is mainly focused on
carbohydrate metabolism and amino acid metabolism in
metabolic pathways. The final effects of all the changes
promoted the improvement of the yield and activity of Cry
pesticidal protein in high-virulence strains. We described a
metabolic pathway: the upregulation of gene cysE caused
more serine transferred into OAS (O-acetyl-L-serine) and
further reduced the yield of pyruvate which is the feed sup-
ply of sporulation and the binding of CysK and CysE was
inhibited, which means the synthesis of cysteine synthase
was affected. The upregulation of gene aspB in amino acid
biosynthesis caused the increase of feed supply in ICPs, and
downregulation of sdhA in TCA caused the accumulation of
succinate and reduction of acetyl-CoA, which further weak-
ened the ability of BtX023PN in sporulation.

Meanwhile, the upregulation of fadA in fatty acid metabo-
lism may provide more energy for the processing of ICPs.
The slackness of sporulation ability may be caused by the
downregulation of sigE. Moreover, the upregulation of 3%
caused the upregulation of cwlC and further regulated the
expression of crylAc and cry2Aa, causing the increase of
Cry pesticidal protein production (Fig. 7). In our previous
study, the results of differential proteomic analysis between
Btx023 in original fermentation broth and in optimized fer-
mentation broth (the production and activity of Cry pesti-
cidal protein were improved) showed that the asparagine

synthase B were upregulated while the cysteine synthase
was downregulated (Liu et al. 2020b), which was consist
with the results in this study.

In conclusion, a mutated strain BtX023PN was devel-
oped in this study by compound mutagenesis (ARTP
and NTG), showing 61.1% higher production than that
of wild strain. The growth curve showed the stationary
phase of BtX023PN reduced by 6 h, but the production
of ICPs was increased to 1.6 times, which is a problem
worthy of further study and may be also an opportunity
to promote the development of Bt insecticide industrial
production.
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