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Abstract: Acetaldehyde dehydrogenases are potential enzyme preparations that can be used to
detoxify acetaldehyde and other exogenous aldehydes from pharmaceuticals, food, and biofuel
production. In this study, we enhanced the expression of acetaldehyde dehydrogenase sourced from
Issatchenkia terricola (istALDH) in Bacillus subtilis using a combinatorial strategy for the optimization
of signal peptides, promoters, and growth conditions. First, a library of various signal peptides
was constructed to identify the optimal signal peptides for efficient istALDH secretion. The signal
peptide yqzG achieved the highest extracellular istALDH activity (204.85 £ 3.31 U/mL). Second,
the aprE promoter was replaced by a constitutive promoter (i.e., P43) and an inducible promoter
(i.e., Pglv), resulting in 12.40% and 19.97% enhanced istALDH, respectively. Furthermore, the tandem
promoter P43-Pglv provided a better performance, resulting in 30.96% enhanced istALDH activity.
Third, the production of istALDH was optimized by testing one factor at a time. Physical parameters
were optimized including the inducer (e.g., maltose) concentrations, incubation temperatures, and
inoculation amounts, and the results were 2.0%, 35 °C, and 2.0%, respectively. The optimized medium
results were 2.0% glucose, 1.5% peptone, 2.5% yeast extract, 1% NaCl, and 0.5% (NHy),SO4. The
extracellular istALDH activity was 331.19 & 4.19 U/mL, yielding the highest production reported in
the literature to date.

Keywords: acetaldehyde dehydrogenase; Bacillus subtilis; signal peptide; tandem promoter; optimization

of fermentation

1. Introduction

Aldehyde dehydrogenases (ALDHs) can catalyze the oxidation of endogenous and
exogenous aldehydes to their corresponding carboxylic acids [1]. The oxidation is coupled
with a reduction in either NAD+ or NADP+, with some ALDHs displaying dual-coenzyme
specificity [2]. Aldehydes (e.g., acetaldehyde (AA)) are widely present in nature, and
most are toxic, mutagenic, or carcinogenic [3-5]. AA can be found in food, tobacco smoke,
beverages and industrial products [6]. ALDHs can oxidize acetaldehyde to acetic acid,
which is an effective way to eliminate acetaldehyde [7]. However, most natural ALDHs
are extracted from animal liver, pancreas, or microorganisms, making it difficult to achieve
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large-scale production. Gene cloning, heterologous expression, and microbial fermentation
of the enzyme are the best ways to obtain purified ALDHs.

In previous work, Issatchenkia terricola acetaldehyde dehydrogenase (istALDH) has
been expressed in Escherichia coli with a productivity of 442.3 U/mL, which have higher
ALDH activity, as compared to other ALDHs [6]. It is well known that E. coli strains contain
endotoxins that may cause pyrogenic and shock reactions in mammals, including hu-
man [8]; therefore, they are not suitable for producing enzymes for use in the food industry.
The safety of bioengineered microorganisms and their transformed products in the food
industry has attracted more and more public attention [9]. Therefore, developing a host
strain that is food grade and stable is essential. Bacillus subtilis is well known as a “generally
regarded as safe”(GRAS) strain in the food industry and can be used as a microbial factory
for large-scale modern industrial fermentation and production [10]. B. subtilis also has
advantages, such as the absence of significant codon bias, non-pathogenicity, and high
amenability for genetic engineering [11]. In addition, a highly efficient secretory signal
peptide and molecular chaperone system result in B. subtilis having a superior ability to
secrete homologous proteins [12]. Many high-efficiency expression systems have been
constructed to achieve the expression of target proteins in B. subtilis [13,14]. However, at-
tempts to produce foreign proteins using Bacillus strains have failed or led to disappointing
yields [15], and the expression of ALDHs in B. subtilis has not yet been reported.

Expression components, such as signal peptides (SPs) and promoters optimized for
homologous proteins, can improve their expression levels. To enhance the secretory pro-
duction of recombinant proteins, strong promoters and efficient SPs are essential. It is
particularly important to use a high-throughput platform to identify expression elements
suitable for the target protein expression from a large number of samples in order to find
the optimal SPs and promoters for the expression of specific heterologous proteins [16].
Feng et al. increased the extracellular production of L-asparaginase (ASN) in B. subtilis by
SP screening, promoter mutation, and N-terminal deletion [17]. Employing the screening
of SPs, the N-terminal structure and substitution, and the gold and silver knockout, Su
et al. increased the yield of the target protein (i.e., /3-cyclodextrin glycosyltransferase)
in B. subtilis, which was 2.3 times higher than the control [18]. Guan et al. constructed a
secretory expression system with a dual promoter (i.e., Pgsip-Prparr) and an efficient SP
(i.e., yncM) with an extracellular aminopeptidase (AP) activity of 88.86 U/mL [19].

In this study, we constructed a panel of istALDH expression conditions in B. subtilis
that screened for various SPs to find which SP could offer an optimal secretion of istALDH.
To further investigate the expression level, the promoter, the physical parameters, and the
medium components were investigated and optimized. By directing the tandem promoter
P43-Pgyy, the yqzG signal peptide, and the optimized fermentation conditions, a high-level
of istALDH was achieved in a shake flask (331.19 £ 4.19 U/mL), which is the highest
ALDH production level reported in the B. subtilis expression system, to date.

2. Materials and Methods
2.1. Strains and Plasmids

The bacterial strains and plasmids used in this study are shown in Table 1. E. coli DH5«
was used for cloning work. B. subtilis strain RIK1285 and the pBE plasmid (Takara Bio,
Dalian, China) were used as the host to express istALDH. The pET32a/istALDH plasmid
vector [6] was used to clone the istALDH gene. The pHCMC04-pPy, plasmid vector [20]
was used to clone the Py}, promoter. The pPSQ plasmid vector [21] was used to clone the
P43 promoter. All the chemical reagents were purchased from Solarbio (Beijing, China).
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Table 1. Bacterial strains and plasmids used in this study.

Strains/Plasmids Characteristics * Source
Strains
. deoR endA1 gyrA96 hsdR17 (rk-mk+)recAl relAl supE44 .
E.coli DH5a thi-1 A(lacZYA-argF)U169 ®80lacZ AM15F-A- Vazyme Biotech
B. subtilis RIK1285 Marburg 168 derivative; trpC2, lys1, aprEA3, nprR2, nprE18 Takara

B. subtilis BSO00
BS-1
BS-2
BS-3
BS-4
BS-5
BS-6
Plasmid
pMD19T
pHCMCO04-pPglv
pPSQ
pET32a/istALDH
pBE
pBE/istALDH
pBE/istALDH-1
pPglv/istALDH
pP43/istALDH

pP43-Pglv/istALDH
pPglv-P43/istALDH

derived from B. subtilis 168, amyE::promoter-signal peptide
RIK1285 harboring pBE/istALDH
RIK1285 harboring pBE/istALDH-1
RIK1285 harboring pPg, /istALDH
RIK1285 harboring pP,3/istALDH
RIK1285 harboring p Py3-Pgy /ist-ALDH
RIK1285 harboring p Pgjy-Ps3/ist-ALDH

TA clon vector, Amp*
Pg1 promoter
P43 promoter
istALDH
Kan*, Amp*, PaprE, SPaprE

Kan*, Amp™, Pap:k, SPaprE, istALDH
Kan*, Amp*, Popig, SPyqzG, istALDH
Kan*, Amp™, Pglv, SPyqzG, istALDH
Kan*, Amp*, P43, SPyqzG, istALDH

laboratory stock
current study
current study
current study
current study
current study
current study

Takara
[20]
[21]

6]
Takara
current study
current study
current study
current study

Kan*, Amp™, P43'Pglw SPyqzG, istALDH
Kan*, Amp™, Pgiv-Pus, SPyqzG, istALDH

current study
current study

* Amp™ and Kan* indicate resistance to ampicillin and kanamycin, respectively.

2.2. Media and Growth Conditions

The bacterial strains were grown in LB medium at 37 °C under agitation at 180 rpm.
When appropriate, B. subtilis growth medium was supplemented with kanamycin (kan)
at 10 ug/mL, and E. coli growth medium was supplemented with ampicillin (amp) at
100 pg/mL. B. subtilis strains were grown at 37 °C under agitation at 200 rpm to produce
istALDH in the medium containing 10 g/L glucose, 15 g/L peptone, 25 g/L yeast extract,
10 g/L NaCl, and 20 g/L (NH4)2SO4 (pH 7.0) [20]. The volume of seed culture was 30 mL
in 100 mL Erlenmeyer flask, and the volume of fermentation culture was 50 mL in 250 mL
Erlenmeyer flask.

2.3. Construction of a Plasmid Library of istALDH Fused with Different SPs

The istALDH gene was amplified using primer pairs P1 and P2 (Table 2). The amplified
DNA was inserted into the Sac I-BamH I site of the pBE to yield the recombinant plasmid
pBE/istALDH.

Table 2. Primers used in this study.

Primer Sequence (5’ to 3')
P1 GAGCTCCTTAGAACTGCAACTAGAAC
P2 GGATCCTTGTGGGCCATCGTTAATGGC
P3 CGCGTCCCTCTCCTTTTGCTTAAGTTCAGAGTAG
P4 GGCCGGTGCACATATGGAGCTCCTTAGAACTGC
P5 GCCGTCTGTACGTTCCTAAACTAGTGGCATGTATCCGAATC
P6 GTTTGATCATCATACGCGTACGACCTCCTTGATAACG
pP7 ATGATGATCAAACAATGTGTGATTTGTC
P8 TTAGGAACGTACAGACGGCTTAAAAG
P9 CTTTTAAGCCGTCTGTACGTTCCTAAACTAGTATATTCCTTTTGATAGGTGG
P10 GACAAATCACACATTGTTTGATCATCATACGCGTATTCCTCTCTTACCTATAATG
P11 GCCGTCTGTACGTTCCTAAACTAGTATATTCCTTTTGATAGGTGGTATG

P12

CTTTTGTACGATTCGGATACATGCCACTAGTATTCCTCTCTTACCTATA
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Table 2. Cont.

Primer Sequence (5 to 3')
P13 GGCATGTATCCGAATCGTACAAAAG
P14 ACTAGTTTAGGAACGTACAGACGGCTTAAAAG
P15 CTTTTAAGCCGTCTGTACGTTCCTAAACTAGTGGCATGTATCCGAATC
P16 CCACCTATCAAAAGGAATATACTAGTACGACCTCCTTGATAACG
ALDH-RT-F CAGAGGTGAGCACTTGATGAAAC
ALDH-RT-F CAGCCCAACCAGCACAATACTTA
165 rRNA-F ACGGGAGGCAGCAGTAGGG
16S rRNA-R ACGGGAGGCAGCAGTAGGG

The linearized-expression plasmid was prepared by PCR amplification using primer
pairs P3 and P4 (Table 2) to replace the SP aprE randomly with one of the 173 different SPs
by using B. subtilis Secretory Protein Expression System Kit (Takara Bio, Dalian, China),
which thereby yielded a mixture of recombinant plasmids. The plasmid mixture was
transformed into E. coli DH5x. The colonies on the plates were then collected and mixed,
and an aliquot of the mixture was used to inoculate LB-medium-containing ampicillin to
prepare a recombinant plasmid library.

B. subtilis RIK1285 was transformed with the plasmid library, and approximately
2500 transformants were examined in 96-deep-well plates. After 36 h of incubation at
37 °C under agitation at 250 rpm, the extracellular activity of istALDH was determined,
as described previously, at ODsgg [22] by using nQuant™ Microplate Spectrophotome-
ter (BioTek Instruments, Inc., New York, NY, USA). Each 200 puL reaction mixture con-
tained 20 pL supernatant, 30 puL dilution buffer (50 mmol/L pH 9.0 Tris-HCI buffer), and
150 pL of reagent solution (dilution buffer contained 300 pmol/L NAD™, 300 pmol/L
acetaldehyde, 300 pmol/L nitroblue tetrazolium, and 30 pmol/L phenazine methosulfate).
Finally, the suspected positive clones were re-tested as above in shake flasks and then
confirmed positive clones that could obtain higher istALDH activity were selected for
further sequencing analysis.

2.4. Construction of Plasmids Expressing the ist ALDH with Different Promoter

First, the gene of Pglv was inserted into the pBE/istALDH-1 to yield the recombinant
plasmid pPglv/istALDH by using an In-Fusion HD Cloning Kit (Takara Bio, Dalian, China)
and primer pairs P5-P8 (Table 2). Second, by using primer pairs P7-P10 (Table 2), the
promoter Pglv was replaced by Py3, yielding the recombinant plasmid pP43/istALDH.
Third, primer pairs P7 and P11-P16 (Table 2) were used for the recombinant plasmids pPglv-
P43/ist-ALDH and pP43-Pglv/ist-ALDH. After sequence verification, all the recombinant
plasmids were used to independently transform B. subtilis RIK1285.

2.5. Assay and Detection of Secreted istALDH

The activity of istALDH was determined, as described previously with minor mod-
ifications, using a UV-2450 spectrophotometer (Shimadzu UV-2550, Tokyo, Japan) at
40 °C [23]. The 3 mL reaction mixture contained 2000 uL. 50 mmol/L Tris—HCI buffer
(pH 9.0), 100 pL 1% acetaldehyde, 400 pL 2% NAD*, 400 uL 0.75 mol/L KCl, and 100 L
enzymatic extract. One unit was defined as the amount of enzyme producing 1 umol
NADH per minute. The activity of extracellular istALDH was determined after centrifuga-
tion, and the activity of intracellular istALDH was determined after the strain was broken
via ultrasound.

2.6. Quantitative Real-Time PCR Analysis of ist ALDH Expression in Recombinant B. subtilis
Total RNA was isolated using TransZol Up and reverse-transcribed into cDNA with the
Hi Script II 1st Strand cDNA Synthesis Kit (+g DNA wiper) (Vazyme Biotech Co., Nanjing,
China). Quantitative real-time PCR analysis was performed, as described previously [24],
with ABI Step One Plus sequence detection system (Applied Biosystems, Foster City, CA,
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USA) by using HieffTM qPCR SYBR® Green Master Mix (Yeasen, Shanghai, China). The
2-AAC method was used to calculate the relative expression lever of istALDH (primers
were listed in Table 2).

3. Results and Discussion
3.1. Heterologous Production of Secreted istALDH in B. subtilis Strain RIK1285

The istALDH was a highly active enzyme and has the potential to be used for ac-
etaldehyde detoxification in the food industry. The enzyme has been expressed in E. coli [6].
In this study, the istALDH gene was first cloned to construct the recombinant plasmid
pBE/istALDH, which was expressed under the control of the aprE promoter. The ex-
tracellular istALDH activity in BS-1 was 113.71 &+ 3.62 U/mL at 36 h (Figure 1a). The
heterologous expression of istALDH in the B. subtilis strain RIK1285 was confirmed by
SDS-PAGE, which showed an extra band of the estimated protein size of 57 k Da in the
culture extract (Figure 1b). To the best of our knowledge, this may be the first time the
heterologous secretory expression of istALDH in B. subtilis has been reported.

(a)
—_ ist- ivi - 0D600
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Figure 1. (a) The recombinant istALDH activity and growth curve of B. subtilis RIK 1285 harboring
pBE/istALDH. (b) SDS-PAGE analysis of expression products for the recombinant istALDH at
the fermentation supernatant expected molecular mass of 57 k Da (indicated by the black arrow).
Lane M is the molecular mass marker (26610, Thermo). Lane 1 (negative control) is the fermentation
supernatant of RIK 1285 harboring pBE. Lanes 2 is the fermentation supernatant of RIK 1285 harboring
pBE/istALDH. The experimental data were expressed as means + standard deviations (SDs) of at
least three independent experiments.

3.2. Effect of the Signal Peptides on the Secretion of istALDH

As described above, the aprE SP was replaced with different SPs in an optimization
experiment. More than 2000 independent colonies were inoculated randomly into separate
wells of a 96-well plate. The sequencing analysis of the SPs resulting from the pBE/istALDH
derivatives enabled the determination of additional, varied SPs displaying a higher ef-
ficiency of secretion, as compared to the SP aprE (Table 3). The SP yqzG enhanced the
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secretion of the istALDH efficiently, and the extracellular activity was 204.85 & 3.31 U/mL
in a shake flask for 36 h, which was a 54.53% increase, as compared to using the aprE
SP. The protein yqzG is a putative exported protein of B. subtilis, and to the best of our
knowledge, this may be the first reported use of SP yqzG used for the secretory expression
of heterologous proteins.

Table 3. Efficiency of different SPs in istALDH secretion.

Pseiggzle Protein Sequence Len D-Score?  Charge? Hydrophilicity € (%) ACtiVit}ZanilsIt‘?LDH ‘
yqzG MMIKQCVICLSLLVEGTTAAHA 22 0.716 1 63.64 204.85 + 3.31
wapA MKKRKRRNFKRFIAAFLVLALMISLVPADVLA 32 0.707 7 65.63 184.81 4 3.59
yngK MKVCQKSIVRFLVSLIGTFVISVPEMANA 30 0.677 3 66.67 160.76 + 3.86
xynA MFKFKKNFLVGLSAALMSISLFSATASA 28 0.757 1 64.29 147.84 +2.90
pbp MKKSIKLYVAVLLLFVVASVPYMHQAALA 29 0.672 3 68.97 140.20 + 3.52
aprE MRSKKLWISLLFALTLIFTMAFSNMSVQA 29 0.644 3 62.07 113.71 £ 3.62

2 D-score calculated using Signal P 4.1. b Charge of the SP was calculated based on D and E counted as —1, R; K as
+1; and any other amino acid as 0. © Percentage of hydrophobic amino acids in each signal sequence was calculated
according to G, A, V, L, I, M, E W, and P as hydrophobic amino acids, whereas all others were hydrophilic.
d Values represent extracellular istALDH activity + SD based on three independent results.

In previous reports, the charge distribution of the N-domain and the hydrophobic
H-domain of signal peptides could affect the secretion [25-27]. In the protein translocation
process, the positive charge (or basic residues) may play several roles, enabling the SP to
insert itself into the inner membrane by forming a loop with the negatively charged lipid
head groups through electrostatic interactions [28]. In B. subtilis, hydrophobicity is a key
determinant for SP to bind to the Ffth component of the signal recognition particle (SRP)
or to the trigger factor, and SRP can discriminate between signal peptides with relatively
high hydrophilicities [25]. The SignalP 4.1 server has been widely used to predict signal
peptides, and the D-score has been used to discriminate signal peptides from non-signal
peptides; however, the scores do not necessarily correlate with secretion efficiency [29].
According to the results shown in Table 3, the higher efficiency SPs appeared to have either
a higher D-score, charge, or hydrophilicity.

However, the predicted SP with the highest secretion efficiency was xynA with a
D-score of 0.757, whereas experimentally, the SP yqzG (D-score = 0.716) showed the
best secretion efficiency for istALDH, with the same result also found in charge and
hydrophobicity. Therefore, the properties of the signal peptides may have affected the
secretion efficiency, but there was no clear quantitative relationship between them. By
exploring the amino acid composition of many predicted exported proteins and cytoplasmic
proteins, Wang et al. discovered a preference for disorder-promoting amino acids in the
N-terminal regions of mature domains, which shed light on the contributions of mature
domains in membrane targeting [30]. Moreover, our screening results indicated that for
istALDH, the SPs from uncommon proteins had better results than that of typical SPs
(e.g., aprE and nprE), which have been widely used for protein secretion and expression.
Our results were consistent with previous reports [31]. Therefore, the properties of both
signal peptides and target proteins may have a combined effect on secretion efficiency, so
signal peptide screening remains an effective method for improving secretion efficiency.

3.3. Effect of the Promoter on Secretion of istALDH

A controllable and efficient expression system is desirable for large-scale indus-
trial production. Yang et al. developed a high-level expression system directed by pro-
moter Py, which was induced by maltose [32,33]. As compared to isopropyl (-d-1-
thiogalactopyranoside (IPTG) and xylose, inducers for two widely used induction systems
Pspac and Pyy, respectively, maltose is a cheap and safe inducer for industrial application.
The promoter Py3 is a strong, well-known constitutive promoter, and the strength of Pyp,rg
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is 5-10% of that of P43 in 3-galactosidase expression [34]. Therefore, we replaced Pop,g with
an inducible promoter (i.e., Pg, promoter) and a constitutive promoter (i.e., P43 promoter).
As shown in Figure 2a,b, both the intracellular and extracellular istALDH activities in
the recombinant strains reached their maximum levels at 36 h of shake-flask fermenta-
tion, resulting in the intracellular secretion of istALDH and obtained 57.00 £ 2.04 and
15.11 4 0.42 U/mL, respectively (1123.17% and 224.25% enhanced, respectively, as com-
pared to the P,,g), and the extracellular secretion of istALDH obtained 254.82 + 2.07
and 245.76 £ 8.72 U/mL (19.97% and 12.40 % enhanced, respectively, as compared to the
PaprE), respectively.

(a) Intracellular
= 80
=} = PaprE
- ¢
: 60 = Pglv
x = P43
3
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= 20
-
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5 0
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Time (h)
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3 300+
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Time (h)

Figure 2. The intracellular (a) and extracellular (b) istALDH activities, and the relative expression of
istALDH (c) of recombinant B. subtilis strains with different promoters. The experimental data were
expressed as means =+ standard deviations (SDs) of at least three independent experiments.

To further study the influence of the different promoters on the expression efficiency of
istALDH, we evaluated the relative expression of the istALDH gene by RT-PCR (Figure 2c).
The results showed that both Py, and P43 could increase the expression of the istALDH
gene after 12-24 h of fermentation, resulting in a total activity of 311.82 + 3.01 and
260.87 £ 5.72 U/mL, respectively (Figure 2a,b). However, the increase in gene expres-
sion was much greater than the increase in istALDH production. A possible reason may be
that the speed of the gene transcription was faster than that of protein translation while the
transcribed mRNA was too late to be translated into the target protein at such a speed.

Many studies have shown that two or more tandem promoters can significantly
improve the expression levels of heterogeneous genes. The tandem promoters fused
«-amylase and maltogenic amylase promoter downstream of Pppar, respectively. The
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TSaGT productivity was 11-fold and 12-fold higher than that of Pypan [35]. To explore the
possibility of tandem promoters enhancing the secretion of istALDH, the promoters P43-Pgjy
were constructed. As a result, the secretion of istALDH obtained by P43-Pg), and Pg)y-Paz
promoters were 268.26 £ 1.19 and 247.76 £ 2.90 U/mL at 36 h, respectively (Figure 3).

-
- 3007
£ El P43-Pglv
= 2507 B = Pglv-P43
2 200-
=
S 1504 B
<
= 100-
=

50
Z I
IE

0- T T T T T

12 24 36 48 60
Time (h)

Figure 3. The istALDH activity of recombinant B. subtilis strains with tandem promoters. The experimen-
tal data were expressed as means =+ standard deviations (SDs) of at least three independent experiments.

Although the recombinant strain harbors the plasmid containing the promoters Py3-
Py, showed the highest istALDH activity, the differences in expression strength between the
dual-promoter and single-promoter systems were relatively weak. Zhang et al. constructed
and screened nine plasmids equipped with single promoters and six plasmids equipped
with dual promoters to enhance 3-CGTase secretion, and the dual-promoter Prpan-Pamyq
system was found to support the target protein secretion [36]. The strength of the promoter
adjacent to the target gene had a greater impact on the transcription efficiency of the dual
promoter. Therefore, we constructed a series of single dual-promoters to screen for highly
efficient promoters and then used the efficient promoters to construct dual promoters to
further increase the istALDH secretion yield.

3.4. Effect on the Fermentation Conditions on the Secretion of istALDH

The optimization of the physical parameters and the medium for the expression of
istALDH were as follows: The carbon-sourced (i.e., glucose) concentrations tested were
5,10, 15, 20, 25, and 30 g/L. The organic nitrogen-sourced media tested were various
combinations of peptone and yeast extract (Table 4). The (NHy),SO4 concentrations tested
were 1, 2, 3, 4, 5, 6, and 10 g/L. The inducer (i.e., maltose) concentrations tested were
5, 10, 15, 20, 25, and 30 g/L. The fermentation temperatures tested were 28 °C, 30 °C,
33 °C, 35 °C, and 37 °C. The inoculation amounts tested were 0.5%, 1.0%, 1.5%, 2.0%,
2.5%, and 3.0% (v/v). According to the results (Figure 4), the best growth conditions were
15 g/L peptone, 25 g/L yeast extract, 20 g/L glucose, 20 g/L maltose, 5 g/L (NH4)2SOy,
and a temperature of 35 °C with an inoculation amount of 2.0%. The recombinant strain
BS-5 produced a maximum istALDH activity of 331.19 & 4.19 U/mL. Future studies will
focus on optimizing the fermentation process of BS-5 in a fermenter to further improve the
istALDH yield.

Table 4. Different combinations of peptone and yeast extract.

g/L 1 2 3 4 5 6 7
Peptone 0 10 15 20 25 30 40
Yeast extract 40 30 25 20 15 10 0
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Figure 4. Optimization of culture conditions and medium composition of B. subtilis-5. (a) Tem-
perature, (b) inoculum amount, (c) glucose, (d) NH,),SO4, (e) maltose, (f) organic nitrogen source.
The experimental data were expressed as means + standard deviations (SDs) of at least three
independent experiments.

4. Conclusions

To the best of our knowledge, this study was the first to report on the optimization of
the secretion for istALDH in B. subtilis via SP screening and promoter replacement. The SP
ypzG and tandem promoter Py3-Pg), were the best candidates for istALDH secretion. The
recombinant strain BS-5 produced a maximum istALDH activity of 331.19 &+ 4.19 U/mL
under the following growth conditions: 15 g/L peptone, 25 g/L yeast extract, 20 g/L
glucose, 20 g/L maltose, 5 g/L (NH4),504, and a temperature of 35 °C with an inoculation
amount of 2.0%, the highest level reported in a shake flask to our knowledge. This work
demonstrated that optimizing signal peptides and promoters are a promising way to
enhance istALDH expression in B. subtilis. In the future, additional studies should focus on
high-cell-density cultivation and to further improve istALDH production.
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