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Impact statement

The use of Bacillus subtilis to produce
recombinant proteins with medical, bio-
technological, and industrial value is a
growing activity that presents an enormous
potential for exploration. This host has
been standing out and gaining notability
because it offers laboratory safety and
excellent yields. Such elements stimulate
more and more the development of
expression systems that use particular and
unconventional genetic engineering strat-
egies. We revised the wide availability and
screening of several efficient promoters, in
addition to the use of economically viable
chemical inducers and self-inducible
expression systems, which are increas-
ingly in demand today for their practicality.
We hope this article clarifies recent sys-
tems that comprise the technological
arsenal available for this expression plat-
form and that may be useful to various
research groups as reliable alternatives to
the worldwide need for bioactive produced
by a scalable source of production.

Abstract

Bacillus subtilis is a successful host for producing recombinant proteins. Its GRAS (generally
recognized as safe) status and its remarkable innate ability to absorb and incorporate exog-
enous DNA into its genome make this organism an ideal platform for the heterologous
expression of bioactive substances. The factors that corroborate its value can be attributed
to the scientific knowledge obtained from decades of study regarding its biology that has
fostered the development of several genetic engineering strategies, such as the use of
different plasmids, engineering of constitutive or double promoters, chemical inducers,
systems of self-inducing expression with or without a secretion system that uses a signal
peptide, and so on. Tools that enrich the technological arsenal of this expression platform
improve the efficiency and reduce the costs of production of proteins of biotechnological
importance. Therefore, this review aims to highlight the major advances involving recom-
binant expression systems developed in B. subtilis, thus sustaining the generation of knowl-
edge and its application in future research. It was verified that this bacterium is a model in
constant demand and studies of the expression of recombinant proteins on a large scale are
increasing in number. As such, it represents a powerful bacterial host for academic research
and industrial purposes.
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Introduction

Bacillus subtilis is a Gram-positive bacteria host qualified by
the Food and Drug Administration (FDA) as being a gen-
erally safe microorganism (GRAS) that is free of exotoxins
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and endotoxins." The reading of its codons is remarkably
diverse and contributes to the expression of heterologous
genes that do not depend on additional steps.” The appli-
cations of B. subtilis include food fermentation, cell division
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studies, development of biofilms, production of secondary
metabolites, and it is also a potential host for vaccine pro-
duction, and a delivery vehicle.?”

In addition, it has established itself as a robust cell host
and an efficient technological platform for the expression of
bioactive and high-yield protein production, with the
potential for scaling in a bioreactor. The main challenge in
the production of recombinant proteins in B. subtilis is that
of how to choose a relevant expression system.® Different
expression systems have already been developed, and pro-
teins from prokaryotic or eukaryotic organisms have been
synthesized and purified.” The best strategy depends on
the protein to be expressed, though always with the aim
of cost reduction, efficiency, and high-yield production.'®
New strategies include the use of constitutive promoters,
double promoters, functional synthetics that are capable of
directing transcription, efficient signal peptides, and induc-
ible and self-inducing expression systems."!?

These improved characteristics, together with the grow-
ing demand for biotechnology products, contribute to the
increase in the use of this bacterium, thus endorsing its
widespread use in the field of genetic and metabolic engi-
neering.'>'* Since the first report of heterologous overpro-
duction of recombinant proteins in this strain, the mass
production of an infinity of valuable bioactive molecules
has been performed on a relatively large scale."

Recognizing the importance of metabolic engineering,
systematic biology, synthetic biology, and evolution-based
engineering in B. subtilis, this review first summarizes the
importance of technical knowledge and the construction of
improved strains suitable for industrial production. Next,
we present an overview of the B. subtilis secretion system
and its crucial role in heterologous protein production.
Finally, we review the versatility of the application of pro-
moters and others expression mediators as strategies that
aim at production efficiency, also recent advances inductor-
free expression vectors construction.

Therefore, this review covers the latest and the principal
expression systems developed in B. subtilis and the strate-
gies inherent to the multivalence of this expression plat-
form and confirm its wide capacity and its recognition as
an important host in the modern biotechnological industry.
The bibliographic survey of indexed publications was per-
formed wusing the PUBMED, Google Scholar, and
“Periédico Capes” databases. Only publications in the
English language and from 2015 to 2020 were included.
The keywords used for the search were “Bacillus subtillis”,
“Expression Systems”, “Promoters”, “Induction”, “Self-
induction”, and “Recombinant proteins”.

The B. subtilis expression platform

B. subtilis is constantly referred to as a reference system and
a collection of biochemical, genetic, and physiological
knowledge of Gram-positive bacteria.'® Its sequencing
was carried out by Kunst et al.'” in 1997 using strain 168
and involved more than 30 laboratories worldwide.
Subsequently, other research groups carried out a complete
sequencing of the genome that included criteria that
ensured the characterization of its genes and products.'®

Bacterial preservation centers around the world have
conserved numerous strains of B. subtilis, including the
auxotrophic strains 23, 122, 160, 166, and 168, which were
derived originally from B. subtilis Marburg.'® The 168 strain
has been extensively used in academic research and indus-
trial production.?® Given the availability of an increasing
number of cloning vectors and mutant host lines that are
provided by the Bacillus Genetic Stock Center (BGSC),*!
many strains can be transformed using systematic metabol-
ic engineering to obtain mutant strains that meet produc-
tion requirements.”> For example, B. subtilis WB600 and B.
subtilis WB800 were constructed from B. subtilis 168 by
knocking out six and eight protease genes, respectively.”"*
Although some proteases may be of interest to the industry,
their activity generally limits the overall efficiency of het-
erologous protein production.” However, the use of these
strains becomes attractive, as it partially solves the problem
of proteolysis of secreted target proteins.24

These sequencings and the emergence of powerful
genetic tools culminated in the rise in popularity of B. sub-
tilis, mainly in the industrial segment.* It is one of the most
frequently used bacterial hosts for producing high-value
recombinant pro’ceins.26 Furthermore, there has been an
unprecedented increase in the number of molecules pro-
duced in this model, which has provided it with a promi-
nent role in the industrial production of proteins
worldwide and has transformed B. subtilis into the most
studied species of the genus Bacillus.*> Several examples
are shown in Table 1.

The production of some protein classes can be difficult,
for example when it comes to proteins with multiple sub-
units or with a high molecular weight that faces problems
relating to transport across the cell membrane. This
requires the use of alternative transport routes which the
determining mechanisms related to these types of non-
classical secretory pathways are still limiting and
unclear.® The sequences of synthetic genes also need to
be optimized to achieve the best possible expression,®”
since, in the same way, that occurs in other species, some
codons are rarely used, and the selection of synonymous
codon is restricted by the efficiency of translation. Highly
expressed genes are almost always more dependent on the
tRNA content and tend to have a strong predisposition of
codons usage.®®®” From a structural point of view, unlike
other bacterial hosts, B. subtilis does not have an external
membrane or periplasmic space, which gives it a greater
capacity for protein secretion directly into its surrounding
environment.”’ And based on proteomic analysis studies,
B. subtilis has already demonstrated the potential to export
approximately 300 proteins.”

The secretion system in B. subtilis

The steps for producing recombinant proteins in B. subtilis
are relatively simple (Figure 1(a)). To ensure that the pro-
teins are properly directed to the pathways and thus initiate
the translocation process, specific signal peptides are pre-
sent at the N-terminus of each protein and must be cleaved
by a peptidase for later release of the mature protein to be
exported to the medium, retained in the cell wall, or



2445

Recombinant protein secretion in Bacillus subtilis

Souza et al.

vo B ¥ NN Jw/n o098 Le (O"deog) auliexe ssesjoid suleg 0099M sinans g SUON Loddamd Jejowoud [enQ Auieedy Auese y
qw/nd 8'GLF 2 LEY (MN) eseunjopeu pue MN-yHggd pue

eg /€ 10 UEH pue JW/NL'0F6'8 (vsnp) esepiuoinon|f-g VNE sinans g SUON vsnho-yHggd SAIINYISUOD PHE o

20 B 19 OB qw/ne Lyl aseuneal) LS/VL sinans g aso)eN SvINd ajqronpu My

1o B 18O Bw/n 5908 OENdH ZLoL singns g O1dl 66€.1Hd ajqronpu gz oeiby

oo B 18 sowey Brisz 1 /veby /veby-3gd syngns g SUON s-3gd SANIISU0D iy

vz 1B 18 BUuBA —16¢g aulueay}- 89lLsinqgns g SUON 1-8Land SAINYISUOD Iredy

o 1B 18 Ieyowoid qw/nL'e dd4o 0089M siigns g yes GHdesx3yesd ajqronpu vwndoy

g5 /8 10 Bued w Bwiyzg aseue|n|ind 0089M siians g SUON ey dd SANYISUOD |

,oTe ¥ ung /B ole dings 89lsinans g SUON 60VIAd a|qronpulony vy

o /B ¥ N4 Bw/n 92 (91) sseuiwen|Bsuel | 0099M sinqns g SUON 0geamd SANYISUOD amiy

o512 #o Bueyz B 2 04-Hd NOOSEM siigns g aso)EN grLrod ajqronpu My

g 1B 18 Bueyz /6w i9g av wido.os) NOOSEM siigns g ST 8rLrod ajqronpu My

o [B 19 J9|pIayos ,-1bwg IN-EENVIN 20X singns g 91dl gLd SAIINYISUOD s304b

2g1e 10 Buex Bw 0zo1 1 sa|pogoueN NOOSEM siians g O1dl €v1Hd SAINYISUOD 30184

L 18 18 youuleH Bwol Youd-ONNS-lidens 0089M sinans g 91dl FOLHd SAIINYISUOD 2eiby
0099M pue

oL [E 18 JlueH Tw/6u 0oz ednauyd 908 sinans g OLdl ev1Hd SANYISUOD by

og /8 38 1D /NG esepiuoinon|6-g 89Lsinans g aulliAydosy . g.50nd v.50nd a|qonpu| (SR

o[e 19 InesoH Bw/n sy aseue|n|indosN VNE siiqns g aulpAoenelOpIUY glLznvMd a|qronpu ey

oy 1€ 10 UBND w/Nsoe (dv) esepndadouiwy 0099M sinans g SUON INOQUA-vgDsad Jejowoud [eng 120 -8By

o 18 39 UBH qw/nELel (vdse) ssepedsy 891 syngns g SUON ¢oosgd SANISU0D g

., [e ¥o Bueyz M 962 M6L N 0089M siiqns g ST M61-250Nnd ajqronpu My

o 12 30 Buey ,Bwnzzok (lwy-wg) ssepiwy M 008dM SIiqns g SUON 0z-gPpHSad Jsjowoud feng ppo-3hurey

o [B 18 B9L0D G0 = %°qao uineyoqy L0M stnagns g SUON xnjpesgd a|qronpulony Py pue &y

oy 12 $0 BejyosweH ,_low-D jow-9 LgL'0 proe-ojwen|B-A-Ajod 89Lsinqns g 9s00N|9 6¢€.8-30rd SANYISUOD by

(493Y) 40308} YmoiH

e 210 NS /6w L¥'6 F 09€ [ewuspide uewnH Gld siugns g SUON LLNad SANIISU0D g

2 1B 18 Uy Jw/N 00gZPUE ZGEL SAwy JAwy 1€2v 1 sians g 9s0JAX SvINd SANYISUOD ek

1y 18 19 BN ,-lwng/8e vdi esedr VN4 siiqns g SUON IeLdHd SAIINYISUOD g

osepisouuew-* | -opus

oy 12 #0 Buog Jw/n L022 ueuuew gLNSA 2dVS.V L singns g 91dl SvNd SAINIISUOD ey

e 18 10 BuaQ Jw/Ns9e aseue|n|nd 008aM siqns ‘g asolong LLeovINd a|qionpu 8985

e 12 #0 UBYd SHUNJBIIIAL O¥8°LE asepisojoe[en-g clLoLsiugns g O1dl 00}LHd ajqronpu o0roeiby
9£5'910°C N

,¢'[e 18 Bueyz qw/Nez LS aseJajsue}|AsooA|Bulixepoloho-¢g 99109 singns g QUON yp19HDd Jayowoud [eng OAwe _i1edH 4

BAIIN1ISU0D

oc 12 10 ©H V/N asesowids-¢ 9s00ISd-p LS.V singns g BUON olrand Jajowoud [eng Evg-iedHy

oc 18 39 Uy Jw/N 680k ase|Awy-o LS.V L signs g SUON GvInd aAIINNISU0D ey

e 12 19 UBND Jw/nes .8 aseplidedouly 89lLsinans g 8s00N|9 €0osad alqronpulony vy

ec [ 19 NA Y/N V/N snioydsoydoueblio aseueln|ind 0099M Ssingns g QUON 6Lognd OAIIN}ISUO) iy
(crL'ee DOLV)

e 18 NN 1/BW90F0€9 aseulwe)n|Bsuel} [elqoIoIN 89lsinans g SUON €v1Hd SAINYISUOD =iy

g 12 Jo Buog JW/NE0FS e aseue|n|ind 0099M siians g BUON LL60BWd SANYISUOD g

o 18 10 Buag qw/Ne6v.e aseulbesedse -| 0099M siians g SUON MAINEPdd SAINYISUOD &g

2 B 18 oryZ w/N 05 (L04ds) esesjold auljex|y 0099M siHqns g SUON ¢-0860Nd SANIISU0D erd

gz 12 10 Buem Jw/ne gzl (8e62ND) usdAiy 9MOS simans g SUON 8e62IW-0869Md SAINYISUOD &g

sz B 19N UNY6LLEF9080€2 (Se41) eseyiuhs ssofeyail NO008dM siHans g SUON L01Hd SAIINYISUOD &g

saoualajey paulelqo uoljesjuadsuod suigjoid Jueuiquooay 1SOH Jaonpuj plwse|d adA) Jajowoid

‘0202 01 G1L0g WoJ} sijigns snjjioeg Ul padojensp swaisAs uoissaidxy °| ajqeL



2446 Experimental Biology and Medicine Volume 246 December 2021

Recombinant
Plasmid

Transformation
of competent
Bacillus subtilis cells

Induction

or self-induction

>> >

P
.q, s
P

Figure 1. Steps for heterologous expression in B. subtilis and the four protein export
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pathways through the cytoplasmic membrane. (a) Binding of the gene of interest

to an expression vector, a transformation of competent cells, and subsequent induction or self-induction of expression. (b) In the Sec path, the precursor protein
containing a signal peptide is recognized by the signal recognition particle (SRP) and interacts with the FtsY protein, directing the protein to the membrane trans-
locases (SecA, SecDF, and SecYEG). The TepA clidase peptidase, the signal peptide, and the PrsA lipoprotein aid in protein folding. Another form of transport is
through a soluble SecA that guides the protein to the translocation channels, with subsequent removal of the signal peptide. (c) In the Tat pathway, the protein is
entirely folding into the cytoplasm with the aid of chaperones, being leaded to two different translocation systems (TatAcCd and TatAyCy). (d) In via ABC, proteins can
use the Sun T and SpaA T export systems to facilitate their secretion. These two classes of translocators have a dual function: proteolytic activity in addition to
transport activity. (e) In the pseudopilin (Com) export pathway, proteins are exported in a specific way and can be retained at the cell membrane wall interface. (A color

version of this figure is available in the online journal.)

retained at the cell membrane interface.”®”" B. subtilis con-
tains a strict quality control system for protein-dependent
on its machinery and performed by intracellular and
extracytoplasmic chaperones, cell wall proteases, and
extracellular proteases.”””> And several different protein
export systems have been identified in this bacteria so far.”

The general secretion pathway (Sec)-dependent trans-
port system and the “Twin-arginine” (Tat) translocation
system are generally studied and used for the secretion of
recombinant proteins in the extracellular medium in B. sub-
tilis.*** The general secretion pathway (Sec) (Figure 1(b))
includes components that convert energy in the form of
ATP and transmembrane protons as the driving force to
direct proteins through channels incorporated in the mem-
brane.”* The general secretion system (SeC) is considered
the main route for the secretion of proteins in the growth
medium and has the characteristic of transporting proteins

across the cytoplasmic membrane in an unfolded or weakly
folded conformation.”””® In the co-translational export
mode, the protein is synthesized ribosomally as a precursor
protein containing a signal peptide in the N-terminal
region, being helped to maintain its competent state of
translocation by cytoplasmic chaperones, with the subse-
quent recognition of the signal peptide by the particle
signal recognition (SRP), as well as targeting membrane
translocases.”” The targeting of the pre-protein by this
SRP complex also involves the presence of the FtsY protein,
a highly conserved GTPase that also acts in targeting the
SecYEG transmembrane channels.”® In this way, the PrsA
lipoprotein is necessary for the subsequent folding of the
mature protein, in the assistance for providing stability, and
avoiding non-productive interactions with the cell wall.”’
Another strategy in the post-translation export mode, SecA
transfers the precursor proteins to the membrane



translocation channel, then the SecA motor protein trans-
locates the pre-proteins through SecYEG using metabolic
energy from ATP hydrolysis.®’

In Tat (Figure 1(c)), before the translocation of the recom-
binant protein through the cytoplasmic membrane, they
become completely bent in the cytoplasm with the help of
intracellular chaperones, in a strategy capable of reducing
proteolytic degradation.”” On the other hand, in the Tat-
dependent pathway, secreted proteins usually contain a
typical highly conserved cleavable signal peptide that
directly affects secretion.®! The precursor protein strongly
folded by intracellular chaperones is transported through a
channel formed by the translocase complex.®? In B. subtilis,
two separate translocation systems work in parallel:
TatAdCd and TatAyCy. TatAdCd is expressed as a translo-
case under phosphate-deprived conditions, while TatAyCy
is expressed constitutively.”””" TatAd and TatCd combine
to form the TatAdCd complex, while TatAy and TatCy form
the TatAyCy complex. As shown in Figure 1(d), proteins
also can be exported to the medium via ATP binding cas-
sette transporters (ABC).”” In contrast (Figure 1(e)), small
numbers of proteins are exported by the pseudopilin (Com)
export route.”

The constitutive promoters in B. subtilis

Notably, many efforts have been made to identify strong
promoters for transcription control. In this sense, Py; is a
promoter that meets widely used requirements. P43 was
first described in the studies of Wang and Doi in 1984
and best characterized by Song and Neuhard in 1989.5%%*
It was used to produce methyl parathion hydrolase and to
develop an expression system for B. subtilis based on food-
grade expression plasmids.®%

In a recent study, the Ps3 promoter was successfully
fused with other promoters to construct a series of plasmids
to extend the screening of signal peptides (SPs) and to
obtain promoters suitable for secretion of BcaPRO (alkaline
serine protease) from B. clausii. The signal peptide “DacB”
and the dual promoter “Ppsy,-Ppasm,” demonstrated the
best performance, with a high expression level of BcaPRO
(27,860 U/mL).** Liu et al.”’ regulated the extracellular
activity of the TreS enzyme (trehalose synthase) using the
P43 promoter to produce trehalose, a stable non-reducing
disaccharide. In this study, a TreS mutant was successfully
expressed and secreted in B. subtilis WBS0ON.? Currently,
P43 is regularly used in comparative studies to measure the
strength of different promoters in B. subtilis, showing that,
although new stronger promoters can be identified, it is an
important parameter for studies involving screening of
promoters for the improvement of fermentation conditions
and expression levels.?*?

Several other promoters have been characterized to
increase heterologous expression in B. subtilis. These char-
acterizations arise from the accumulation of genetic, bio-
chemical, and structural information on the molecular
mechanism underlying promoter stimulation.*” It is impor-
tant to emphasize that strong promoters are necessary since
their characteristics lead to more efficient transcription of
the genes encoding the protein of interest. Seo and Schmidt-

Souza et al. Recombinant protein secretion in Bacillus subtilis

Dannert in 2019 used the strong promoter P, in combina-
tion with regulatory elements of Pseudomonas putida to
investigate and control the expression of green fluorescent
protein (GFP) in B. subtilis.®® This new system has proved
promising and useful for studies of metabolic engineering,
synthetic biology, and production of proteins of industrial
interest.®

As a result of numerous studies, the repertoire of tech-
niques has expanded, and improvement of the efficiency of
promoters via chromosomal integration has become an
option. For example, Zhou et al.** improved the activity
of the promoter P,j;, and optimized the central region -35,
-10, and the upstream sequence (UP) by replacing both
sequences with consensus sequences.®” The final promoter
exhibited almost 26 times the activity of f-galactosidase
(BgaB) and 195 times the intensity of the super-folded
green fluorescent protein (sfGFP).

The dual promoters in B. subtilis

Another promising approach for increasing productivity
that has received widespread attention due to its high effi-
ciency and continuity is the use of dual promoters.”” In the
study of Guan et al.* satisfactory results were achieved
with the dual promoter Pgp-Prparr, which showed better
performance and increased the production of aminopepti-
dase (AP) after 45h of fermentation. Another dual promot-
er system that presented remarkable applicability was
Pripatr-Pamyg, which produced f-cyclodextrin glycosyltrans-
ferase (f-CGTase), and mediated the expression of substan-
tial extracellular pullulanase and the expression of
a-cyclodextrin  glycosyltransferase («-CGTase).”” These
enzymes were also produced using the Psua-psa=amye
triple promoter.”*> Kang et al.*® used a system containing
a Puyye-caq dual promoter and a (Pac) signal peptide to
increase the expression of a recombinant amidase (Bm-
Ami). The extracellular activity of Bm-Ami containing the
plasmid pBSHdd2-20 reached 10.72U/mg ' pcw after 52 h
in a scaling fermentation that, according to the authors, was
the highest secretion obtained from Bm-Ami to date.*®

The functional synthetic promoters
in B. subtilis

One technique that has proven to be useful is the develop-
ment of functional synthetic promoters. Synthetic pro-
moters are more resistant to imperfect growth conditions
such as biotechnological processes that cause cellular stress
or metabolic load and generate a strong transcription of
target genes.”” This makes them an important alternative
since natural promoters are often not universally character-
ized due to their poor performance.”* Han et al.®®> devel-
oped a new strategy called gradual evolution for
screening robust B. subtilis bacterial promoters that was
aimed at the promoter center spacing sequence
(SETarSCoP). A series of mutant promoters was obtained
that overexpressed f-glucuronidase (GusA) of E. coli and
nattokinase (NK) of Bacillus natto. The mutant promoter
Pgps was identified and verified as an exceptionally
strong synthetic promoter. In this same study, this
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technique was successfully used to increase the strength of
the constituent promoter P,;p and the inductive promoter
by xylose Py,;4 and proved itself to be a new method for the
manufacture and screening of promoters.®’

The inducer-dependent promoters in
B. subtilis

The first inducible expression system reported in B. subtilis
was described after pioneering studies by Yansura and
Henner in 1984, in which the spac promoter was induced
by isopropyl-8-D-thiogalactoside (IPTG).”” This system is a
combination of a B. subtilis phage promoter SPO-1 and the
lac operator from E. coli that deactivates the constitutively
produced lac repressor (Lacl).?

Yang et al.>* transformed the modified strain WBS0ON
with the pHT43 vector, which contained a strong promoter
derived from the B. subtilis operon groE converted into an
IPTG-inducible promoter.>® This study reported for the first
time the secretion of fragments of heavy chain antibodies or
nanobodies of camelids (Nbs). The yields of Nbs were esti-
mated at 15 to 20mg from one liter of bacterial culture,
which is comparable to the yields in systems for producing
Nbs in E. coli (15 to 20mg).”®

Scheidler et al.>® pioneered the development of an effi-
cient amber suppression system in B. subtilis by using IPTG
as an inducer. This system enables the expression, secre-
tion, and direct purification of a target protein carrying
non-canonical amino acids (ncAAs). The authors expressed
the light chain variable domain of a murine monoclonal
antibody fragment (MAK33-VL) and obtained 2mg L~ of
culture. The reported expression system creates the possi-
bility for producing therapeutically and biotechnologically
significant proteins containing bio-orthogonal groups sub-
ject to chemical decoration.”

Le et al.®* used the robust promoter Pg,,c212, inducible by
IPTG, to overexpress human rhinovirus protease 3C
(HRV3C) in the cytoplasm of B. subtilis cells. In the study,
the proteases His-HRV3C and His-GST-HRV3C were over-
expressed in the cytoplasm of B. subtilis in 11% and 16% of
total cellular proteins, respectively. The largest specific pro-
tease activities were 8065 U/mg for His-HRV3C.,°" which
indicates that it is an effective method for producing recom-
binant proteins in the cytoplasm of B. subtilis.

Although the IPTG inductor has been amply used,
models with other chemical inducers, such as the carbohy-
drates sucrose, mannose, xylose, maltose, and starch, have
been developed and are considered efficient and cheap.
The IPTG inductor is not consumed by bacteria and this
is an advantage over inducible sugar promoters such as
Poain, Poanp and P,u4.°7° However, using the carbohy-
drate glucose as an inducer proved to be efficient in strains
built to express biopolymers of industrial interest such as
poly-y-glutamic acid (y-PGA). Using the constitutive Pycg
promoter, the yield of y-PGA increased by 129% when
using glucose as the sole carbon source.**

In the case of the maltose-inducible Py, promoter, which
was used to secrete T9W, a variant of pig myeloid antimi-
crobial 36 (PMAP 36) with high antimicrobial activity, this
system proved to be an economical and environmentally

correct approach for biotechnological production.*”
Furthermore, maltose was likewise the inducer in a safe
method to produce Cecropin AD (CAD), a hybrid peptide
with biological activity.”*

Other important induction systems are the ones in which
induction is based on the signal peptide, such as the system
LIKE (from the German “Lla-Kontrollierte Expression”)
that is based on the lial promoter, and the system SURE
(subtilin-regulated gene expression). Both systems are
strictly controlled by the addition of bacitracin and lanti-
biotic subtilin after the exponential phase of cell growth,
thus preventing leakage of transcription in non-inductive
conditions."”

Studies involving the signal peptide have become
increasingly viable since this mechanism can guide secre-
tion of the heterologous protein to a specific area with more
precision and thus effectively increase the solubility of the
protein.”® Previous studies have shown that the signal pep-
tides SP sacB, SP amy, SP aprs, and SP aprl simultaneously
guided the expression of pullulanase, with the guidance of
SP sacB being the most efficient for secretory expression.'""
Su et al.*® described six SPs to guide the secretion of the
human epidermal growth factor (hEGF). The highest level
of production was obtained when the hEGF gene was fused
with SP xynD (360 & 9.41 mg/L), which revealed an excel-
lent system for the expression of proteins of cosmetic and
pharmaceutical interest.*®

Heinrich et al.”" identified a signal peptide coding region
with a high capacity for protein expression and secretion.
Based on the plasmid pHT01, an expression vector was
constructed for encoding a fusion protein. The cassette con-
structed in this study demonstrated great efficiency in
encoding the YoaW-StreplI-SUMO signal peptide in B. sub-
tilis and gave rise to a system capable of maximizing yield
as well as improving translocation, folding, and stability of
heterologous proteins.

The inducible expression systems controlled
by riboswitches in B. subtilis

As known inducers, there are a variety of synthetic ribos-
witches that have been developed to control heterologous
expression and which represent relevant engineering tar-
gets for the biotechnological production of com-
pounds.’®*!% In this perspective, a system with great
compatibility and robustness was obtained in the studies
of Cui et al.,”® in which a new genetic element composed of
the promoter P43 and a theophylline-riboswitch was devel-
oped and characterized in B. subtilis from the union of the
constitutive expression characteristics of P,3; for a dose-
dependent induced pattern of theophylline.”® The authors
noted the system overexpressed f-glucuronidase with an
induced expression level higher than three other strong con-
stitutive promoters, including Ps,a, Pyprr, and the native Pys.

The conditionally activating promoters in
B. subtilis

One of the simplest induction systems already described
are temperature change controlled. Li et al.'* characterized



two temperature-sensitive promoters, P, and Py, isolated
from B. subtilis. The production of f-galactosidase con-
ducted by these promoters was higher at 45°C than at
37°C. In a later study, aiming to improve the overproduc-
tion of “difficult to express” proteins, Welsch et al.'>> devel-
oped a low-temperature expression system in B. subtilis that
was based on the cold-inducible promoter of the des gene.
The improved expression system was validated by the
overproduction of xylanase, as well as an «-glucosidase
from Saccharomyces cerevisiae, thus confirming the adequacy
of this host organism for the overproduction of critical
substances.

Recently, self-inducible expression systems have been
attracting more attention due to the practicality of their
services.”1% Self-inducible promoters, such as P, and
Pcry3aq can express the target gene from the late log phase
to the stationary phase without the need for an inducer,
which facilitates the efficient production of low-cost pro-
teins and peptides.””'”” An inductor-independent self-
induction system was developed by Wenzel et al.'®® using
the mutant strain TQ356 to further improve cost efficiency
and product yield. In this system, glucose prevented induc-
tion through repression by carbon catabolism, creating
ideal conditions for self-induction. This technique led to
an almost three-fold increase in production and reached a
14.6% yield of recombinant protein (eGFP).'%

Guan et al.** built a self-inducing and self-regulating
expression system by simply adding glucose, using the
quorum detection-related promoter (Pyz). In this case,
the central sequence of -10 and -35 was replaced by consen-
sus sequences. In the end, the system proved its efficiency
by the successful production of aminopeptidase. In later
studies, Guan et al.'” demonstrated that it is possible to
integrate the corresponding genes downstream of the pro-
moter in the plasmid or chromosome in the BSG1682 strain
of B. subtilis. The results revealed that the P; promoter,
derived from the P,z promoter, presented the best perfor-
mance, and was almost twice as strong as Pg,za. Two heter-
ologous proteins, aminopeptidase (AP) and nattokinase
(NK) were overproduced in this study.'”

In addition, Correa et al.** developed a method of
dynamic regulation by detecting quorum in B. subtilis,
which was capable of self-monitoring and inducing expres-
sion without human supervision. The promoter response
was 2.5 and 3.2 times stronger than the well-characterized
promoters P4 and Py, respectively. The researchers even
applied the strongest self-induction device to produce vita-
min B, and self-induction proved to be modular and adjust-
able.*® Furthermore, Correa et al.'*° presented a set of data
to analyze different growth parameters of ODg, fluores-
cence measurement of GFP, luminescence, and riboflavin
production. The purpose of this validation was to support
the efficiency of this self-inducing device for the expression
and control of genes in B. subtilis."*°

The inducer-free expression vectors base
on pgrac

The study of expression vectors without inducer is still a
challenge due to a series of industrial production
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bottlenecks, but there are already some promising investi-
gative studies."’ In this regard, Tran et al.''? generated
inducer-free expression vectors using IPTG-inducible pro-
moters in the absence of the Lacl repressor and containing
the strong Pguc100 promoter. The levels of expression of
p-galactosidase (bgaB gene) were at least 37 times higher
when compared to the inducible constructions in the
absence of IPTG. These plasmids may also be convenient
for studying gene expression at different scales for recom-
binant protein production.'?

Tran et al."® demonstrated the great potential of using
strong promoters from the P, family in the overproduc-
tion of recombinant proteins through the construction of
integrative inductor-free vectors, capable of integrating
into the B. subtilis genome in both the lacA locus and the
amyE locus. In this study, the promoters P4 100-4048 and
Pgrac 212-ngap yielded 20.9% and 42% of intracellular proteins,
respectively. Whereby, after the incorporation of Pg,
212-bgap N both the amyE and lacA loci, the expression of
p-galactosidase (BgaB) was observed in up to 53.4% of
intracellular proteins '*?

In another strategy that aims to support fundamental
research studies in B. subtilis, Chu et al."** constructed
inducer-free expression plasmids containing the hybrid
promoter Py, inducible by IPTG, suitable to express in a
controlled way and at lower levels proteins with specific
functions in the host cell and reporter genes. As expected,
the BgaB and GFP + target genes were expressed at low
levels compared to inducer-free plasmids with the strong
promoters Pgqc01 and Pyyuc100, about 16.2 to 20.3 times for
BgaB and 24.7 to 34.3 times for GFP +, respectively. The
authors concluded that the use of these inducer-free vectors
containing the P, promoter enabled the constitutive
expression of heterologous recombinant proteins at low
levels desired in B. subtilis.""*

Conclusions

In summary, the literature consulted expands the knowl-
edge regarding the functional expression systems that are
commercially available and developed from different line-
ages of B. subtilis. We note the existence of a large arsenal of
precursors and recent studies that accredit this bacterium
as one of the main platforms for the expression of heterol-
ogous proteins, thus promoting progress in bioproduction.
Furthermore, its wide use is justified due to its genetic and
metabolic characteristics that allow proper planning and
provide experimental security. The success of this model
in expressing biocomposites is due to the development of
massive strategies aimed at creating and constantly
guaranteeing the efficiency of its promoters, plasmids, the
use of low-cost varied inducers, and transcriptional self-
regulatory elements, among others. As a result, the high
technological status achieved increasingly encourages the
improvement of existing genetic engineering techniques, as
well as the search for the development of new efficient
approaches, which makes the Gram-positive B. subtilis bac-
teria a robust and promising host with biotechnological
excellence for the optimal expression of different recombi-
nant proteins with valuable applications. Although the
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advances in omics studies are clear and decisive for the
affirmation of this robust biotechnological host, and many
strategies have culminated in the expression of various
recombinant proteins, future studies need to focus on over-
coming many limitations regarding the understanding and
exploration of secretion pathways. New strategies must
need to be developed to overcome current bottlenecks,
e.g. expression of medical and industrial importance mul-
tiple subunits proteins.
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