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AHAAN3 OOPEKTUBHOCTHU ®AKTOPOB
SAEKTPOTPAHCOOPMAIINUN KAETOK BACILLUS SUBTILIS
AASL THAKTUBALINU I'EHA aroK IIYTEM
T'OMOAOTUYHOHN PEKOMBUHAIINN
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ONTUMH3HPOBAH METO THITEPOCMOTHIECKOH AIeKTpoTpancdopmarun i mramma Bacillus subtilis. B cocta runep-
OCMOTHYECKON CPEJIbI JUTSI SJICKTPOITOPAITH M CPEJIBI JIIST BOCCTAHOBIICHHS ObLUTH BBEACHBI COPOUT M MaHHUT. D(HHEeKTHB-
HOCTh TpaHchopmMaluu mramma B. subtilis 5434 (ae TpaHcHOpMHUPYEMOro XUMUISCKUMH METOaMu) Bo3pocia B 430 pas,
ee MAaKCHMAITbHOE 3HaueHue cocTaBuio 8,6 - 10° KOE/MKr unTerparuBHoii miasmumHoii JIHK. TIpy coxpaHeHHH napamer-
poB 25 Mx®, 23 kB/cm, 200 Om MeTox OBbIIT ONTUMU3UPOBAH CIICTYIONIMM 00pa3oM: a) OaKTepHaIbHYIO KYJIBTYpy MpH
KyJITUBUPOBAHUHU BbIPAIMBAJIU 10 JOCTIXKEHUS 3HAYeHHH onTudeckoi miorHoctu ODg, okomno 1,2, uTo cymiecTBeH-
HO TIOBBICHJIO BEDKHBAEMOCTh OAKTEp i M KOIWYECTBO KU3HECIIOCOOHBIX KIIETOK B. subtilis 5434 mocne smekTpomnopa-
UM, 0) YUCII0 AIMIONPOBAHUN TPOMBIBOYHBIM PACTBOPOM (THIIEPOCMOTHYESCKON CPEeIoN IS AIEKTPOMOPAIINHN) dIEKTPO-
KOMIIETCHTHBIX KJICTOK YBECJIHNYECHO C 3 a0 5 pas3, 4TO NpPUBEJIO K 3HAYUTCIbHOMY CHMKXCHUIO JJICKTPOIIPOBOANMOCTHU
THIIEPOCMOTHYECKOM JNIEKTPOIIOPAIMOHHOM CpeJibl, ColepKalleil KOMIIETEHTHbIE KJIETKH (DJIEKTPOKOMIIETEHTHOW KYJIb-
TypHl), U 3PPEKTHBHOMY yBEIMUCHHIO BPEMEHH UCTEKaHUSI MMITYJIbCa MIPU TOW K€ HANPSHKEHHOCTH HJIEKTPUIECKOTO
T10J151; B) TIOBBILICHO KOJIMYECTBO MHTETrpaTuBHON TurasmMuanoi JJHK, BHOCHMOH B rHIIEPOCMOTHYECKYIO AIICKTPOKOM-
MIETEHTHYIO KynbTypy. IlomydeHHble pe3ynbTaThl CBUACTEIBCTBYIOT, YTO YBEIWUICHHE YHCIIA KU3HECIIOCOOHBIX KIIETOK
B. subtilis 5434 v yMeHbIIIEHIE KOJMYECTBA HOHOB METAJJIOB B CMECH PAaCTBOPOB TSI AEKTPONOPALINH (MHTETPaTHBHAS
wiazmuanas JJHK, kommnerentHeie kinetku B. subtilis 5434, cpena uist SICKTPOTIOPAIIUK) ObUTH YCIICUIHBIM PEIICHHEM
JUts TTOBBIIEHHs 2(h(heKTUBHOCTH TpaHchopmanuu mramma B. subtilis 5434.

Knrouegwie cnosa: Bacillus subtilis; TomonorndHasi peKOMOMHALUS; THIIEPOCMOTHYECKAsT IIEKTPOTpaHCHOPMAIIHS;
IIMKHAMAT.

bnrazooapnocms. ABTOpbI BEIpaXKaloT OaroilapHOCTh Kanauaary ononornyeckux Hayk E. O. Kopuk 3a nomorips B rmpo-
BEJICHUH HCCIIEJOBAHMS METOJIOM BBICOKOI((PEKTHBHOM )KUIKOCTHOH XpoMarorpadum.

OO0pa3en UUTUPOBAHUS: For citation:

Yao 1O, Jlaromma AB. Aranms s¢dextuBHOCTH (PAKTOPOB K-
TpoTpaHchopmamu Kietok Bacillus subtilis 1 MHAKTHBALMK
rena aroK 1myTeM roMosorndHoi pexkomouHamu. JKypran beno-
pycckozo 2ocydapcmeennoeo yHueepcumema. buonoeus. 2021;
2:64-73 (na aHri.).
https://doi.org/10.33581/2521-1722-2021-2-64-73

Chao Y, Lahodzich AV. Analysis of the efficiency factors of
electrotransformation of Bacillus subtilis to inactivate the aroK
gene by the method of homologous recombination. Journal of the
Belarusian State University. Biology. 2021;2:64-73.
https://doi.org/10.33581/2521-1722-2021-2-64-73

ABTOpBI:

HOii Yao — actimpaHT Kadeapsl TeHETUKH OHOIOTHYECKOTo (ha-
KyabTeTa. Hayunslit pykoBogutens — A. B. Jlaroguy.

Anexceit Bukmopoeuu Jlazoouy — xanauaar OMOJOTHUECKUX
HayK, JIOIICHT; JIOIIEHT Ka)eApbl TeHETHKH OHOJIOTNYecKoro (a-
KyJIbTETA.

Authors:

Yui Chao, postgraduate student at the department of genetics,
faculty of biology.

cygoodluckl989@gmail.com
https:/lorcid.org/0000-0002-1647-3377

Aleksei V. Lahodzich, PhD (biology), docent; associate profes-
sor at the department of genetics, faculty of biology.
lagodichav@bsu.by

https:/lorcid.org/0000-0002-6837-2439

64

(523 — molemHrARL Mmafam Jr/n/&,wu

@nole

BY _NC



BuoTexHoI0rusi 1 MUKPOOHOJIOTHS
Biotechnology and Microbiology

— YWV
ANALYSIS OF THE EFFICIENCY FACTORS
OF ELECTROTRANSFORMATION OF BACILLUS SUBTILIS
TO INACTIVATE THE aroK GENE BY THE METHOD
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A hyper-osmotic electrotransformation method was developed for strain Bacillus subtilis. Sorbitol and mannitol are
included in the hyper-osmotic electroporation medium and recovery medium. In this study, the hyper-osmotic electro-
poration method was optimised to increase the transformation efficiency of B. subtilis strain 5434 (non-transformable by
chemical methods) by 430 fold, with a maximum value of 8.6 - 10° CFU/ug of integrative plasmid DNA. With the electro-
poration setted 25 UF, 23 kV/cm, 200 €2, the method was optimised as follows: a) the ODy,, value of the bacterial culture
solution was increased to about 1.2, which significantly enhanced survival of bacteria and quantity of viable B. subtilis strain
5434 cells after electroporation; b) the elution frequency of washing solution (hyper-osmotic electroporation medium) for
complement cells was increased from 3 to 5 times, resulted in significantly reducing the conductivity of the hyper-osmotic
electoporation medium with competent cells (electrocompetent cultue), and effectively extending the pulse time under the
same electric field strength; ) quantity of integrative plasmid DNA added to hyper-osmotic electrocompetent culture was
optimised. These results indicate that increasing the number of viable B. subtilis strain 5434 cells and reducing the number
of metal ions in the electroporation solution mix (integrative plasmid DNA, competent cells of B. subtilis strain 5434,
electroporation medium) are useful approach to improve transfomation efficiency of B. subtilis strain 5434. Concentration
of shikimic acid in the fermentation medium was quantified by high performance liquid chromatography. Quantification of
shikimic acid revealed that B. subtilis strain 5434p4SA produced 403.98 £ 9.1 pg/mL of shikimic acid.

Keywords: Bacillus subtilis; homologous recombination; hyper-osmotic electrotransformation; shikimate.
Acknowledgements. We thank PhD E. O. Korik for helping us with HPLC analysis.

Introduction

Bacillus subtilis has been widely used as a model organism for converting exogenous DNA in the past deca-
des. Genetic transformation with exogenous genes allows the improvement of important industrial microorga-
nisms. Exogenous genes could be integrated into microorganisms by this technology [1; 2]. Generally, E. coli
as a gram-negative bacterium has a higher transformation efficiency than B. subtilis. This is due to the influence
of the cell wall of B. subtilis as a gram-positive bacterium B. subtilis has a strong ability to secrete proteins
without endotoxin, thus, carbohydrase and protease enzyme preparations from B. subtilis are GRAS (GRAS is
an acronym for the phrase «generally recognised as safe») for use as direct food ingredient [3]. Therefore, it is
more suitable to choose B. subtilis as genetically engineered bacteria. And it is necessary to select the most ef-
fective transformation method for B. subtilis and optimise it. The low competence exhibited by several strains
of B. subtilis [2; 4] has led to the development of several strategies, including biochemical transformation [5],
phage transduction [6], protoplast fusion [7] and electrotransformation [8]. Compared with other transforma-
tion methods, electrotransformation can significantly improve the transformation efficiency of gram-positive
bacteria. This is due to the temporary weakening of the cell wall and cytoplasmic membrane that requires
electro-transformation, so that DNA can effectively penetrate bacterial cells [1]. Therefore, electroporation
a more commonly used method is widely accepted and conducted for the transformation of gram-positive bac-
teria. However, electroporation can permanently damage the cells, resulting in a low transformation efficien-
cy [9]. The B. subtilis strain 5434 is characterised by low physiological competence, thus, the most acceptable
method is the introduction of exogenous DNA into the cell by electroporation.

For the chemical and pharmaceutical industries, shikimic acid (SA) is an essential raw material. In specific,
SA is an intermediate for the anti-viral influenza synthesis of Oseltamivir (Tamiflu®). In 2009, Tamiflu® sales
is estimated at 3.5 bln US dollars, with a manufacturing potential of up to 33 mln treatments per month and
400 mln packages per year [10]. Although current commercial production is mostly accomplished extracted
from the Illicium plant, the isolation method is tedious and expensive [11]. Microbial fermentation from in-
expensive carbon sources such as glucose [12] or glycerol [13] for the shikimate production as an alternative
method has gained more and more interest. Moreover, shikimic acid is one of the products in the metabolic
pathway of B. subtilis. Therefore, the gene of shikimate kinase aroK (SA was metabolised by shikimate kinase)
can be inactivated, allowing SA to be accumulated in the fermentation medium from B. subtilis.
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Fig. 1. Design of the integrational vector pMUTIN4
with the homologous sequence (trmB-aroK) inserted into the bacterial chromosome

In this work, by increasing the number of living competent cells and decreasing the concentration of
metal ions in the electroporation solution mix, electroporation efficiency was significantly increased. So
optimal method makes it possible to screen viable transformants obtained by homologous recombination.
The shikimate kinase gene was inactivated by homologous recombination, which SA was allowed to ac-
cumulate and secreted into the medium. The integrational vector pMUTIN4AaroK containing homologous
sequence (trmB-aroK) was integrated into the strain B. subtilis chromosomal DNA by the method electro-
transformation and homologous recombination, in order to inactivate the shikimate kinase gene (aroK) to
accumulate SA in the fermentation medium. Pspac promotor regulated by IPTG was on the integrational
vector pMUTIN4AaroK. The aroK was found to be located downstream of the Pspac promoter, which could
be blocked in the fermentation medium without IPTG (fig. 1). Thus, those B. subtilis cells had a capacity to
accumulate SA via modification on this specific metabolic pathway [14].

Materials and methods

Bacterial strains and plasmids. E. coli XL1-Blue was used to amplify all the vectors in this study. B. sub-
tilis strain 5434 obtained from the collection of VKMB (Moscow), high-yield tryptophan, Cm"; B. subtilis
strain 168wt (wild type).

Plasmid vector pMTL21C was used for cloning the homologous sequences (trmB-aroK) in E. coli XL1-
Blue.

Plasmid vector pMUTIN4 is unable to be replicated in B. subtilis, containing the Pspac inducible promoter
induced by IPTG, which was used as an integrational vector to inactivate the aroK gene by the method of
homologous recombination [14]. To construct the integrational plasmid pMUTIN4AaroK, the homologous se-
quences trmB-aroK was amplifified by polymerase chain reaction (PCR) and cloned into the pMUTIN4 vector.
The resulting plasmid was subsequently linearised using Notl and Sacl and then the amplification products
with the Notl and Sacl cohesive end were ligated into the pMUTIN4 vector.

B. subtilis strain 5434p4SA (Em®, Cm") is a B. subtilis strain 5434 derivative containing the aroK gene
under the control of the Pspac promoter by insertion of integrational vector pMUTIN4AaroK (with Pspac
promoter) in front of aroK. B. subtilis strain 5434p4SA was constructed by introduction integrational vector
pPMUTIN4AaroK into B. subtilis strain 5434 cells and resulted in the inactivation of the aroK via homologous
recombination.

Vector pMTL7-1 [15] is able to be replicated in B. subtilis, so when confirming the effectiveness of trans-
formation, pMTL7-1 was used as a positive control of transformation in this study. The vector pMTL7-1 with
chloramphenicol resistance could be able to use for screening transformants.

Construction of the vector pMTL21CAaroK containing homologous sequence (trmB-aroK) — TA clone.
The homologous sequences (target gene sequence trmB-aroK) was obtained as described in the paper [16]
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with modifications. For PCR using primers F1-EcoR1 (G GAA TTC CGG TAT GTA TCT GTC AGA GAA
G (5'-3")) and R1-Sacl (C CCG CGG AAC GGT TAT GCA GTA CAG GGC (5'-3")) with Taq polymerase
(Thermo Scientific, Lithuania). PCR were carried out with the conditions described by the manufacturer using
the following program:

1) denaturation: 5 min at 94 °C;

2) annealing: 10 cycles of 30 s at 94 °C, 10 s at 55 °C, 25 s at 54 °C and then 1.5 min at 68 °C;

3) extension: 25 cycles of 30 s at 94 °C, 30 s at 55 °C, 1.5 min at 68 °C, 5 min at 72 °C.

The PCR product was amplified by Taq polymerase. Therefore, the 3" end of the PCR product carrying
the base adenine A. The vector pMTL21C was digested by restriction enzymes Smal (Thermo Scientific),
then a smooth end was formed. Then digestion products with smooth ends was treated with Taq polymerase
and dTTP, 3’ ends of the digested product formed a sticky end with a base thymine T. The fragment of vector
pMTL21C after digestion by restriction enzymes Smal with the end base thymine T and the fragment PCR
product with the end base adenine A were ligated by the T4 DNA ligase (Thermo Scientific). The PCR product
(homologous sequence trmB-aroK) was cloned in the Smal site of the vector pMTL21C.

Construction of the vector pMUTIN4AaroK contaning homologous sequence (frmB-aroK). The
vector pMTL21CAaroK containing homologous sequence (trmB-aroK) were digested by restriction en-
zymes Notl and Sacl (Thermo Scientific), and then cloned into the same digested vector pMUTIN4 by T4
DNA ligase (Thermo Scientific) and PEG4000 solution (vector: insert ratio 1 : 5, 10 °C, 18 h). Restriction en-
zymes, T4 DNA ligase and other DNA manipulating enzymes were used according to their manufacturer’s
instructions. 5 nL ligation products were used for transformation competent cells £. coli XL1-Blue in order
to replicate the integrational plasmid pMUTIN4AaroK. Then the transformed E. coli XL1-Blue strains were
selected on LB plates containing 100 pg/mL ampicillin. The recombinant plasmids DNA were extracted
using the TIANprep MiNi Plasmid Kit for introduction into the B. subtilis strain 5434 cells by electrotrans-
formation method. All plasmids constructed in this study (pMTL21CAaroK and pMUTIN4AaroK) were
verified by DNA sequencing.

Transformation of B. subtilis strain 5434. An overnight B. subtilis strain 5434 in medium LB (tryptone
10g/L, yeast extract 5g/L, NaCl 10g/L) [17] was diluted in growth medium LBS (LB containing 0.5 mol/L sorbi-
tol) to a final ODy,, of 0.01 and shaken at 37 °C, 200 r/min with an ODy, of 0.5. The cells were cooled for 10 min
on ice and then centrifuged for 10 min at 5000g. After four washes in the ice-cold hyper-osmotic electroporation
medium SMG (1 mol/L sorbitol, 0.5 mol/L mannitol and 1.5 % v/v glycerol), the cells were suspended in the
electroporation medium 1/80 (v/v). If it is necessary, the competent cells were stored at —80 °C for future use.
60 uL of the competent cells were combined with 1 uL. vector DNA (60 ng/uL) for electroporation and then
moved to an ice-cold electroporation cuvette (1 mm electrode gap). After incubation for 5 min, the cells were
exposed to a single electrical pulse using a GenePulser Xcell™ (Bio-Rad, the USA) set at 23 kV/cm, 25 pF
and 200 Q, 1 mL of recovery medium (LB containing 0.5 mol/L sorbitol and 0.38 mol/L mannitol) was then
directly applied to the cells, resulting in a pulse duration of 4.0—5.5 ms. After incubation for 6 h at 37 °C, the
cells were placed on an LB plate with 5 ug/mL of the antibiotic erythromycin and preserved overnight at 37 °C.
Then positive transformants were chosen [1; 8; 18—20].

Preparation of SA solution for HPLC analysis. Overnight cultures of B. subtilis strains 5434 and
5434p4SA were separately inoculated (5 % v/v) into fermentation medium: 4 mL Spizizen minimal medium
(0.5 % glucose, 1.4 % K,HPO,, 0.6 % KH,PO,, 0.072 % anhydrous MgSO,, 0.2 % (NH,),SO,, 0.19 % Na cit-
rate, 0.02 % acid-hydrolysed casein) [5; 21] with 10 pL glutamic acid (5 mg/mL), 10 puL tryptophan (5 mg/mL),
10 uL phenylalanine (5 mg/mL), 100 uL 20 % glucose, and then shaken at 37 °C and 200 r/min for 72 h. At the
end of cultivation, the culture was centrifuged at 13 000g for 10 min on Thermo Scientific® Heraeus Fresco 21
centrifuge to remove bacterial precipitation. Supernatants contained SA were passed the CHROMAFIL® Xtra
PES-45/25 0.45 um filter (Macherey-Nagel, Germany). The injection volume was 5 UL, triplicate injections
were performed.

Preparation of SA standards solution for HPLC analysis. Sample of SA standards, dissolved in metha-
nol to achieve 2 mg/mL concentrations. Syringe filters with a pore size of 0.45 um were used to filter the solu-
tions. There have been triplicate injections of 5 uL [22; 23].

Quantitative analysis by HPLC. LCMS-2020 liquid chromatography (Shimadzu, Japan) was used to de-
tect SA. Absorption spectra were recorded in a flow using a detector based on the SPD-M20A photodiode array
detector (Shimadzu).

The supernatants were analysed by HPLC (C18 Allure column, 4.6 X 150 mm, 5 pm), the column temperature
was 40 °C. The HPLC was run with mixture of methanol and formic acid at a flow rate of 0.5 mL/min, the run-
ning time was 20 min. SA was detected at 210 nm by the SPD-M20A photodiode array detector. The following
gradient was described in the table 1 [22-24].
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Table 1
The condition of following gradient
Time, min H,0, % Methanol, % 1 % formic acid, %
0-12 88—-80 2-10 10
12-13 80-0 10-90 10
13-15 0 90 10
1520 88 2 10

Results and discussion

Optimisation of growth conditions. The optimal growth conditions for preparation of electrocompetent
cells of B. subtilis were determined by the growth phase (ODy, is equal 0.2 (lag-phase), 0.6 (exponential-phase)
and 1.6 (stationary-phase)), before washing steps. The cells were grown in LBS medium until OD,, = 0.2—1.6.
Some reports confirmed that an effective electrotransformation protocol also depends on the quantity of viable
cells to be transformed [25]. Different phases of culture (lag-, exponential- and stationary-phase) were mea-
sured and noticed that cells grown in SLB until OD,,, = 1.0—1.6 produced around 9 - 10°~9.4 - 10" cells/mL
strain with the highest number of viable cells.

The highest transformation efficiency was observed at ODg,, = 1.2 (fig. 2). A moderate improvement one
was attributable to ODy,, = 0.8—1.4. The hyper-osmotic electroporation medium with glycine supplementa-
tion was proved to be the best combination for electrotransformation [1]. The most living cells of B. subtilis
strain 5434 could achieve 4 - 10° CFU/ug of plasmid DNA. The transformation efficiency at the ODy, = 1.2
was 50 fold higher than that at OD,, = 0.2.
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Fig. 2. Effect of growth phase on the electroporation efficiency of B. subtilis strain 5434
using the high osmolarity method. The values shown the means of several transformations.
The transformation efficiency at different growth phases of B. subtilis strain 5434.
Cells were grown in LBS medium to various ODy, densities for the electrocompetent
cell preparation, using SMG solution as the electroporation buffer. 60 ng plasmid pMTL7-1
as a positive control of transformation were used for electroporation
with the settings 25 uF, 23 kV/cm, 200 Q

Improvements in transformation efficiency of B. subtilis by increasing the elution frequency. In study [1],
mainly by adding trehalose to the electroporation media for improving the survival rate of competent cells,
to achieve the purpose of increasing the electrotransformation efficiency. But by the method described in
the study [1], couldn’t obtain the transformant of B. subtilis strain 5434 via homologous recombination (be-
cause usually the probability of successfully obtained homologous recombination is generally only one ten
thousandth of the transformation efficiency). Therefore, the electrotransformation efficiency by the method
described in the study [1] is still lower for obtaining transformants via homologous recombination, and this
method is not sufficient to successfully obtain transformants via homologous recombination. So it is neces-
sary to optimise the method described in the study [1]. «An important factor in achieving high transformation
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efficiency is to wash competent cells thoroughly to reduce conductivity» was noted in the study [8]. Inspired
by this, in our study, the purpose of reducing the conductivity of the electroporation media was achieved by
increasing the elution frequency.

Figure 3 indicated that under the same electric field strength, the longer pulse time is due to increase the elu-
tion times of competent cells with the electroporation medium for washing. The reason was deduced, because
the conductivity was reduced by reducing the number of metal ions in the electrocompetent culture. According
to research, have validated that for the electrocompetent culture, the optimum field strength is 23 kV/cm for
transformation of B. subtilis [1; 8]. Therefore, it is not proper to increase the electric field strength for in-
creasing the pulse time, because higher electric field strength will markedly reduce the cell survivability [26].
To a great extent, exogenous DNA could penetrate through the cell wall when using a longer pulse time, resul-
ting in better transformation and homologous recombination efficiency.
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Fig. 3. Effects of elution frequency on the transformation efficiency of B. subtilis strain 5434
using the high osmolarity method. The data demonstrated the means of three transformations.
The optimised protocol of high osmolarity defined in section «Materials and methods»
was followed. Also 60 ng of plasmid pMTL7-1 as a positive control of transformation
were used in the transformation with the settings 25 uF, 23 kV/cm, 200 Q

Although, efficiency transformation could be significantly improved by increasing the elution frequency
within a certain range. It is worth noting that the more elution frequency, the fewer living competent cells,
resulting in a low transformation efficiency. Under the condition of ODg,, = 1.2, the highest transformation
efficiency was observed at the 5™ time elution (see fig. 3). At this moment, a distinct equilibrium between
the elution frequency and the number of living competent cells was attained with 6.0 - 10° CFU/ug of plas-
mid DNA.

This factor was founded that increasing the elution frequency from 1 to 5 times resulted in a 300 fold in-
crease in the transformation efficiency of B. subtilis strain 5434. Therefore, this is a useful approach to improve
the transformation efficiency of B. subtilis by increasing the elution frequency to reduce the conductivity of
electrocompetent culture under the condition of ensuring a higher cell survivability and by effectively exten-
ding the pulse time under the same electric field strength.

The conclusion could be derived from fig. 3: the pulse time is inversely proportional to the conductivity
of electrocompetent culture. Under the same electric field strength, the pulse time is directly proportional
to the transformation efficiency. Therefore, the conductivity of electrocompetent culture can be reduced by
increasing the elution frequency, thereby achieving the purpose of increasing the transformation efficiency.
Increase of elution frequency as a novel applied methodology could significantly improve the efficiency trans-
formation.

Quantity of integrative plasmid DNA. Significant amounts of plasmid DNA are usually used in protocols
to acquire transformants of B. subtilis and other gram-positive bacteria [25; 27]. To evaluate the optimum con-
centration of plasmid DNA for B. subtilis transformation in the electroporation solution mix, a does-dependency
for plasmid DNA ranging from 1 to 140 ng was conducted (fig. 4). Among of them, 65 ng of plasmid DNA was
necessary to obtain the most living transformation strain (fig. 5). However, the highest transformation efficiency
could be achieved when 20 ng of plasmid DNA applied under OD,, = 1.2. Competent cells were washed 5 times
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by the electroporation medium, reaching 8.6 - 10° CFU/pg of plasmid DNA. A 2.2 fold reduction in the trans-
formation efficiency of B. subtilis strain 5434 was observed in this study by increasing the quantity of plasmid
pPMTL7-1 from 20 to 140 ng (3.9 - 10° CFU/ug of DNA at 140 ng integrational plasmid vs 8.6 - 10° CFU/ug
of DNA at 20 ng of plasmid pMTL7-1). Transformation efficiency was inversely proportional to the quantity of
plasmid DNA [26; 28].

The reason can be explained that plasmid pMTL7-1 as a positive control of transformation was extracted
from E. coli XL1-Blue with metal ions, this situation is unavoidable. Therefore, if the plasmid pMTL7-1 was
excessively added to the hyper-osmotic electrocompetent culture, the metal ions in electroporation solution
mix and the conductivity of electroporation solution mix were increased, resulting in shorter pulse time and
reduced electroporation efficiency. Obviously, the concentration of metal ions introduced to the electroporation
solution mix is directly proportional to the concentration of plasmid DNA.

When comparing the efficiency of transformation of B. subtilis strain 5434 on the amount of introduced
DNA and the total number of obtained transformants (see fig. 5), the following regularities were revealed.
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—8- Transformation efficiency
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Fig. 4. Effects of plasmid pMTL7-1 quantity on the pulse time and transformation efficiency
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Low concentrations of DNA (1.083 ng/UL of electrocompetent culture or 65 ng of vector DNA per 60 uL
of electrocompetent cells) are optimal for efficient transformation of B. subtilis strain 5434. Decreasing
concentration of plasmid DNA in the electrocompetent culture leads to a significant increase of the trans-
formation efficiency and a sharp decrease in the total number of transformants (presumably due to the deficiency
of introduced DNA). The increase in the amount of introduced DNA (concentration more than 1.083 ng/uL of
electrocompetent culture) leads to an increase in the total number of transformed cells and a strong decrease
of transformation efficiency. For further work, as the most optimal quantity of plasmid DNA, the concen-
tration of 1.083 ng/uUL electrocompetent cells or 65 ng vector DNA per 60 UL electrocompetent cells was cho-
sen as suggested [1]. It should be noted that the key point was not the total amount of plasmid DNA in the
electroporation solution mix, but the equivalent ratios between the number of vectors DNA and the number
of electrocompetent cells. For different sizes of vectors, this value may be differential. This assumption
required a further investigation.

Application of the method for construction of B. subtilis strain 5434 to increase the yield of SA
from B. subtilis strain 5434 and determination of SA concentration by method HPLC. In this study,
the B. subtilis strain 5434 was successfully transformed with the higher transformation efficiency of
8.6 - 10° CFU/ug of DNA by integrative vector pMUTIN4AaroK (65 ng) with the method described above.
In result, via the inactivation of aroK by homologous recombination strain designated as B. subtilis strain
5434p4SA was obtained. The fig. 6 shows the elution of SA was detected at 210 nm, resulting in a retention
time of 2.9 min.
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Fig. 6. HPLC chromatograms of the SA production in fermentation liquor.
The peak of SA was indicated by the arrow and the inset is HPLC chromatograms
of the SA standards solution (the concentrations of SA standards solution was 2 mg/mL)

Quantification of SA revealed (table 2) that B. subtilis strain 5434p4SA produced 403.98 = 9.1 pg/mL of SA.
This indicates that the method is also appropriate for other B. subtilis strains genetic transformation.

The supernatants were assayed and quantified by HPLC, and the values shown for the production of SA are
means * SD of three experiments.

Table 2
Concentration of SA in the fermentation medium
was quantified by HPLC
B. subtilis strain Concentration of SA + SD, ug/mL
5434 Not detected
5434p4SA 403.98 £9.10
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Conclusions

We have established a reliable and highly efficient electrotransformation method for B. subtilis. On the ba-
sis of the approach mentioned in our work, B. subtilis strain 5434 was successfully designed to achieve higher
levels yield SA. We expect that this approach would be wide used in the transformations of some gram-positive
bacterial species which are able to grow in a high osmolarity medium.

References

1. Guogiang Cao, Xiaohui Zhang, Lei Zhong, Zhaoxin Lu. A modifified electro-transformation method for Bacillus subtilis and
its application in the production of antimicrobial lipopeptides. Biotechnology Letters. 2011;33(5):1047-1051. DOI: 10.1007/s10529-
011-0531-x.

2. Kai Chen, Jie Dou, Shirui Tang, Yishun Yang, Hui Wang, Hongqing Fang, et al. Deletion of the aroK gene is essential for high
shikimic acid accumulation through the shikimate pathway in E. coli. Bioresource Technology. 2012;119:141-147. DOI: 10.1016/j.
biortech.2012.05.100.

3. US Food and Drug Administration. Carbohydrase and protease enzyme preparations derived from Bacillus subtilis or Bacillus
amyloliquefaciens. Affirmation of GRAS Status as direct food ingredients. Federal register. 1999;64(78):19887-19895.

4. Duitman EH, Wyczawski D, Boven LG, Venema G, Kuipers OP, Hamoen LW. Novel methods for genetic transformation of
natural Bacillus subtilis isolates used to study the regulation of the mycosubtilin and surfactin synthetases. Applied and Environmental
Microbiology. 2007;73(11):3490-3496. DOI: 10.1128/AEM.02751-06.

5. Spizizen J. Transfomtiom of biochemically deficient strains of Bacillus subtilis by deoxyribonucleate. Proceedings of the Na-
tional Academy of Sciences. 1958;44(10):1072-1078. DOI: 10.1073/pnas.44.10.1072.

6. Yasbin RE, Young FE. Transduction in Bacillus subtilis by bacteriophage. Journal of Virology. 1974;14(6):1343—1348.

7. Vehmaanperd J. Electro-transformation of B. amyloliquefaciens and B. subtilis. In: Harwood CR, Cutting SM, editors. Molecu-
lar biological methods for Bacillus. New York: John Wiley; 1990. p. 156—-157.

8. Xue GP, Johnson JS, Dalrymple BP. High osmolarity improves the electro-transformation effificiency of the gram-positive
bacteria Bacillus subtilis and Bacillus licheniformis. Journal of Microbiological Methods. 1999;34(3):183—-191. DOI: 10.1016/S0167-
7012(98)00087-6.

9. Dunny GM, Lee LN, LeBlanc DJ. Improved electroporation and cloning vector system for gram-positive bacteria. Applied and
Environmental Microbiology. 1991;57(4):1194—1201. DOIL: 10.1128/AEM.57.4.1194-1201.1991.

10. Martinez JA, Bolivar F, Escalante A. Shikimic acid production in Escherichia coli: from classical metabolic engineering stra-
tegies to omics applied to improve its production. Frontiers in Bioengineering and Biotechnology. 2015;3:145. DOI: 10.3389/fbioe.
2015.00145.

11. Herrmann KM, Weaver LM. The shikimate pathway. Annual Review of Plant Physiology and Plant Molecular Biology. 1999;
50:473-503. DOI: 10.1146/annurev.arplant.50.1.473.

12. Jian Yi, Draths KM, Kai Li, Frost JW. Altered glucose transport and shikimate pathway product yields in E. coli. Biotechnology
Progress. 2003;19(5):1450—1459. DOI: 10.1021/bp0340584.

13. Ming-Yi Lee, Wen-Pin Hung, Shu-Hsien Tsai. Improvement of shikimic acid production in Escherichia coli with growth
phase-dependent regulation in the biosynthetic pathway from glycerol. World Journal of Microbiology and Biotechnology. 2017;33(2):25.
DOI: 10.1007/s11274-016-2192-3.

14. Vagner V, Dervyn E, Ehrlich DS. A vector for systematic gene inactivation in Bacillus subtilis. Microbiology. 1998;144(11):
3097-3104. DOI: 10.1099/00221287-144-11-3097.

15. Lagodich AV, Cherva EA, Shtanjuk YaV, Prokulevich VA, Fomichev YuK, Prozorov AA, et al. Construction of a vector sys-
tem for molecular cloning in Bacillus subtilis and Escherichia coli. Molecular Biology. 2005;39(2):345-348. Russian. DOI: 10.1007/
s11008-005-0043-7.

16. Chao Yu, Shonina MY, Lahodzich AV. Design of the general concept of regulated inactivation of the gene shikimatkinase for
modification of the shikimat way in bacteria Bacillus subtilis. Journal of the Belarusian State University. Biology. 2017;3:45-53.
Russian.

17. Guérout-Fleury AM, Shazand K, Frandsen N, Straiger P. Antibiotic-resistance cassettes for Bacillus subtilis. Gene. 1995;167(1-2):
335-336. DOI: 10.1016/0378-1119(95)00652-4.

18. Yanglei Yi, Kuipers OP. Development of an effificient electroporation method for rhizobacterial Bacillus mycoides strains.
Journal of Microbiological Methods. 2017;133:82—-86. DOI: 10.1016/j.mimet.2016.12.022.

19. Dorella FA, Estevam EM, Cardoso PG, Savassi BM, Oliveira SC, Azevedo V, et al. An improved protocol for electrotransforma-
tion of Corynebacterium pseudotuberculosis. Veterinary Microbiology. 2006;114(3—4):298-303. DOI: 10.1016/j.vetmic.2005.12.010.

20. Miyagi T, Kaneichi K, Fukumura M, Karita S, Sakka K, Shimada K. Electro-transformation of Bacillus subtilis for expressing
a ruminococcus albus cellulase gene. Nikon Chikusan Gakkaiho. 1993;65(5):407—415. DOI: 10.2508/chikusan.65.407.

21. Kenneth FB, Gary AW. Development of competence in the Bacillus subtilis transformation system. Journal of Bacteriology.
1967;94(3):562-570.

22. Fengli Chen, Kexin Hou, Shuangyang Li, Yuangang Zu, Lei Yang. Extraction and chromatographic determination of shikimic
acid in Chinese conifer needles with 1-benzyl-3-methylimidazolium bromide ionic liquid aqueous solutions. Journal of Analytical
Methods in Chemistry. 2014;2014:256473. DOI: 10.1155/2014/256473.

23. Cigdem A, Burgin EO, Mehmet LA. Quantification of shikimic acid in the methanolic extracts of three alnus taxons growing in
Turkey. Turkish Journal of Pharmaceutical Sciences. 2016;13(1):71-76.

72 (52@ — molemH AR umofzm Jw«/&m


https://doi.org/10.1016/S0167-7012(98)00087-6
https://doi.org/10.1016/S0167-7012(98)00087-6
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC182867/;
http://doi.org/10.1021/bp0340584
https://doi.org/10.1007/s11274-016-2192-3
https://doi.org/10.1016/0378-1119(95)00652-4
https://doi.org/10.1016/j.mimet.2016.12.022
https://doi.org/10.2508/chikusan.65.407
https://doi.org/10.1155/2014/256473
https://www.researchgate.net/journal/1304-530X_Turkish_Journal_of_Pharmaceutical_Sciences

BuorexHosi0rus 1 MUKpOOHOI0TUS

Biotechnology and Microbiology

— YWV

24. Dong-Feng Liu, Guo-Min Ai, Qing-Xiang Zheng, Chang Liu, Cheng-Ying Jiang, Li-Xia Liu, et al. Metabolic flux respon-

ses to genetic modification for shikimic acid production by Bacillus subtilis strains. Microbial Cell Factories. 2014;13(1):40. DOI:
10.1186/1475-2859-13-40.

25. van der Rest ME, Lange C, Molenaar D. A heat shock following electroporation induces highly effificient transformation of
Corynebacterium glutamicum with xenogeneic plasmid DNA. Applied Microbiology and Biotechnology. 1999;52(4):541-545. DOI:
10.1007/5002530051557.

26. Zhi Zhang, Zhong-Tao Ding, Dan Shu, Di Luo, Hong Tan. Development of an efficient electroporation method for Iturin
A-producing Bacillus subtilis ZK. International Journal of Molecular Sciences. 2015;16(4):7334-7351. DOI: 10.3390/ijms16047334.

27. Bonamy C, Guyonvarch A, Reyes O, David F, Leblon G. Interspecies electro-transformation in Corynebacteria. FEMS Micro-
biology Letters. 1990;66(1-3):263-269. DOI: 10.1111/j.1574-6968.1990.tb04008 .x.

28. Songer JG, Hilwig RW, Leeming MN, Iandolo JJ, Libby SJ. Transformation of Corynebacterium pseudotuberculosis by eletro-
poration. American Journal of Veterinary Research. 1991;52(8):1258—1261.

Received 21.03.2021 / revised 20.04.2021 | accepted 03.05.2021.

EQGJ — MONeMMH AL uuomo]om Jr/w;oo./


https://doi.org/10.3390/ijms16047334
https://doi.org/10.1111/j.1574-6968.1990.tb04008.x

