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ABSTRACT: Phospholipase D (PLD) is the key enzyme in the catalytic production of rare phospholipids including
phosphatidylserine. It was considered a promising method via genetic manipulation for the heterologous production of PLD in the
model chassis. Few works focused on the extracellular production of PLD in engineered microbes. Herein, genetic and process
engineering modification strategies were developed to achieve secretory production of PLD in Escherichia coli. The N-terminal
fusion secretion signal peptide OmpA and the plasmid pBAD-gIIIC with pPBAD promoter were proven to be the most effective in
promoting the secretory production of PLD. Given the limitation of the cell membrane, the regulation of the key protein expression
in the cell membrane as well as the addition of surfactants, were explored to accelerate the secretory production of PLD further. It
was indicated that adding 0.5% (w/v) Triton X-100 was more conducive to producing PLD. Finally, fed-batch fermentation was
conducted, and the maximum extracellular PLD activity achieved was 33.25 U/mL, which was the highest level reported so far.
Our work demonstrated the effectiveness of genetic and process engineering strategies for the secretory production of PLD in E.
coli, which provided an alternative platform for the industrial production of PLD.
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1. Introduction

As a member of the phospholipase superfamily, phospholipase D (PLD) is a major membrane phospholipid-
modifying enzyme in prokaryotes and eukaryotes. It can hydrolyze the phosphodiester bond of the substrate and catalyze
the transphosphatidylation reaction to generate rare phospholipids, thus attracting much attention from researchers [1].
In particular, PLD from Streptomyces has a relatively high transphosphatidylation activity and can catalyze the
transphosphatidylation reaction of L-serine to bind it to phosphatidylcholine to form phosphatidylserine (PS) [2].

As a functional food, PS can reduce oxidative stress in the brain and stimulate neurotransmitter release, which is
known as a “brain-specific nutrient” and thus has extensive applications in the fields of pharmaceuticals and functional
foods [3]. It has shown that PS has a positive impact on people’s emotions, cognition, and memory, and can significantly
promote the growth of primary hippocampal nerve synapses, and has obvious effects on the prevention and alleviation
of Alzheimer’s disease [4,5]. Recent studies have shown that PS on the outer leaflet of the cell membrane is closely
related to acute inflammation and abnormal coagulation caused by COVID-19, which is of great significance for the
pathophysiological study of COVID-19 [6]. With the in-depth research on the efficacy and application of PS, its market
demand is growing. Traditionally, PS is mainly produced by extracting from animals and plants, but it requires a
complex separation and extraction process with the generation of a large amount of organic wastewater, which makes
it difficult to ensure the quality and safety of the product [7]. The preparation of PS by enzymatic modification of
soybean phospholipids with PLD is more in line with the requirements of food and health products. Therefore, the
enzymatic synthesis of PS mediated by PLD is a promising production method with great development potential, which
has the advantages of simple operation, mild reaction conditions, and environmental protection.

https://doi.org/10.70322/sbe.2025.10006
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At present, Bacillus cereus and Streptomyces are the main natural producers of PLD [8]. However, they are still
faced with some problems, such as the long growth cycle, the complex cultural conditions and the low productivity,
which limit the industrial production of PLD [9]. With the development of synthetic biology, it has been widely carried
out by heterologous expression of functional enzymes in commonly used model chassis Escherichia coli [10]. Several
studies have reported heterologously expressed PLD [11-13]. However, PLD is easily expressed in an insoluble form
with a low enzyme activity. Wu et al. explored the influence of different plasmids on the heterologous expression of
PLD from Streptomyces chromofuscus in E. coli [11]. It was found that when pET-28a was used as the expression vector,
it could better promote the soluble expression of PLD in E. coli BL21(DE3). Combined with the optimization of the
inducing and cultivation process, the activity of PLD was as high as 104.28 U/mL in the shake flasks. However, it was
also shown that PLD was highly cytotoxic to E. coli, which caused some issues in the production of PLD, including
plasmid instability, short-term PLD synthesis, celllysis and so on. The periplasmic space is a narrow space between the
inner and outer membranes of E. coli. Compared with the intracellular environment, it has a more suitable oxidative
environment for protein folding and a lower protease activity, which is conducive to the stability of recombinant
proteins[ 14]. Xiong et al. used the gIIIC signal peptide to localize the recombinant PLD protein in the periplasmic space
of E. coli, which indicated that celllysis did not occur and almost 99% PLD remained in the periplasmic space [15].
Moreover, they found that the expression of PLD led to the accumulation of phosphatidic acid and the enhancement of
membrane permeability, which impacted the growth of E. coli. The addition of cations (Na*, K*, Li*, or Mg*") could
alleviate cell growth inhibition and significantly increase the synthesis of PLD. After the optimization of the
fermentation process, the yield of PLD reached 1100 U/mL in the bioreactor, which is the highest reported intracellular
accumulation of PLD in a cell factory at present [16].

Compared to the intracellular production method, the extracellular production of PLD has several distinct
advantages that make it a promising alternative. First and foremost, extracellular production simplifies the downstream
separation and purification process, as the recombinant protein is secreted outside the cell, avoiding the need for cell
lysis and reducing the complexity of purification. It not only lowers the cost of purification but also saves time, making
the overall process more efficient. Additionally, extracellular enzymes are often more stable and resistant to harsh
environmental conditions, which can be beneficial for industrial applications. Furthermore, extracellular production
allows for the efficient utilization of external substrates and promotes intercellular cooperation, which can be
advantageous in certain biotechnological contexts [17,18]. Therefore, some studies focus on the secretory production
of PLD. Hou et al. heterologously expressed the PLD gene from Streptomyces sp. in Bacillus subtilis, Pichia pastoris,
and Corynebacterium glutamicum, respectively. It was found that the highest activity of PLD was observed in the
engineered C. glutamicum, which reached 0.25 U/mL. Combined with the optimization of signal peptides, ribosome
binding sites, and promoters, the activity of PLD was increased by 7.6 fold and was up to 1.9 U/mL [18]. Huang et al.
heterologously expressed PLD from Streptomyces racemochromogenes in Bacillus subtilis. The activity of PLD was
increased to 24.2 U/mL through signal peptide screening, plasmid and RBS optimization [19]. At present, there are few
studies on the secretory production of PLD and the host is limited to Bacillus subtilis. More high-efficiency hosts with a clear
genetic background and various genetic strategies need to be explored to improve the secretory production of PLD.

In this study, the commonly used E. coli was explored to secretively express PLD from Streptomyces antibioticus.
Combining signal peptide screening and promoter optimization, the efficient secretory production of PLD was achieved
in the engineered E. coli. On this basis, the effect of cell membrane permeability on the secreted production of PLD
was explored via supplementing surfactants into the medium. Combined with the genetic and fermentation optimization,
the extracellular PLD activity finally reached 33.26 U/mL in the bioreactor, which was the highest reported so far. Our
work demonstrated the potential of E. coli in the secreted production of PLD and provided an alternative platform for
the industrial production of PLD.

2. Materials and Methods

E. coli DH5a was used for plasmid construction and maintenance, while E. coli BL21(DE3) and E. coli TOP10
were used as the chassis to express PLD. All the strains used in this study were listed in Table S1. Luria-Bertani (LB)
medium used for seed culture was composed of tryptone 10 g/L, yeast extract 5 g/L, and NaCl 10 g/L. Terrific Broth
(TB) medium was used as fermentation medium for PLD production, which was composed of tryptone 12 g/L, yeast
extract 24 g/L, glycerol 4 g/L, KH,PO4 23.1 g/L, KoHPO4 125.4 g/L. In this work, the optimized Terrific Broth (opTB)
medium was composed of tryptone 12 g/L, yeast extract 24 g/L, glycerol 20 g/L, NaCl 23.4g/L, KH,PO4 23.1 g/L,
K>HPO4125.4 g/L.
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2.1. Plasmid Construction

All the plasmids and primers used in this work are listed in Tables S2 and S3. All restriction enzymes used in this
work were purchased from NEB, while the PCR recovery kits, plasmid miniprep kits, and gel recovery kits were
purchased from OMEGA. The PLD gene S. antibioticus were codon-optimized and synthesized by Genewiz, which
was inserted into the vector pET28a at the Nhel and BamHI or the vector pET22b containing the signal peptides PelB
at the Ndel and HindIII sites. The signal peptides DsbA, OmpA, TorA, FhuD and PhoA were amplified from the genome
of E. coli and assembled into the vector pET22b to replace the signal peptides PelB to explore their effects on the
secretory production of PLD. Similarly, the PLD gene from S. antibioticus and OmpA signal peptide was assembled
into the vector pBAD-gIIIC to explore the effect of promoter pPBAD on the expression of PLD.

2.2. Strains Cultivation

The single colonies were inoculated into 4 mL LB medium supplemented with 0.1% (v/v) antibiotics (50 mg/mL
kanamycin, 100 mg/mL ampicillin), which were then cultivated overnight in a rotary shaker at 37 °C, 200 rpm to finish
the seed culture process. Afterward, 1 mL seed broth was inoculated into 250 mL flasks containing 50 mL TB medium
supplemented with antibiotics and cultured at 37 °C, 200 rpm. When ODsoo reached 6.0, the cells were obtained after
centrifuged at 6000x g, —4 °C for 5 min. The cells were then transferred into 250 mL flasks containing 50 mL opTB
medium supplemented with 0.2 mM IPTG or 0.2% (v/v) 200 mg/mL L-arabinose solution to induce the expression of
PLD and cultured at 18 °C, 200 rpm for 48 h to finish the fermentation process.

2.3. Fed-Batch Fermentation

A 5-L bioreactor (Bailun BioTechnology Co., Shanghai, China) containing 3 L opTB medium was used to conduct
the fed-batch fermentation. The strain was incubated in 500 mL flasks containing 100 mL TB medium and cultivated at
37 °C, 200 rpm for 6—7 h to complete seed cultivation. The two-stage cultivation strategy was employed in the bioreactor
cultivation. In the first stage, 4% (v/v) inoculum was transferred into a bioreactor, which was then cultivated at 37 °C,
200 rpm, 4.0 vvm, pH 7.0 (controlled by 10% ammonia and 10% phosphoric acid) for 16 h with the ODso about 18.
Afterward, 0.2% (v/v) 200 mg/mL L-arabinose solution was added to the medium, and then the culturing conditions
were changed to 18 °C, 200 rpm, 1 vvm to start the second PLD production stage.

2.4. Analytical Methods
2.4.1. Quantitative Real-Time PCR (qPCR)

Sample cells of strains ECPLD3 and ECPLD4 were harvested at 6 h to quantify the relative expression levels of
the PLD gene without induction. Total RNA was extracted from the samples following the manufacturer’s instructions
of the Total RNA Midi Kit (Omega BIO-TEK, Norcross, Georgia). Subsequently, cDNA was synthesized from the total
RNA using the NovoScript® Plus All-in-one 1st Strand cDNA Synthesis SuperMix (gDNA Purge) Reverse Transcription
Kit (Novoprotein Scientific Inc., Shanghai, China). The synthesized cDNA was then amplified in a qPCR for relative
quantification of mRNA levels with the NovoStart® SYBR qPCR SuperMix Plus kit (Novoprotein Scientific Inc.,
Shanghai, China). The qPCR reactions were carried out using a LongGene Q2000A instrument, and the Ct value for
each gene was obtained. GAPDH encoding glyceraldehyde-3-phosphate dehydrogenase was employed as the housekeeping
gene, and the relative transcription levels of the PLD gene were calculated using the 2722 method [20].

2.4.2. Analysis of PLD Activity

Cell samples were collected by centrifugation at 10,000x g for 5 min. The supernatant was used to determine the
extracellular PLD activity. When measuring intracellular PLD activity, the cells were collected and resuspended in 20
mM Tris-HCI buffer (pH = 8.0). The resuspended cells were disrupted by sonication at 200 W for 15 min (3 s pulse and
7 s interval) in an ice-water bath using an Ultrasonic Cell Crusher, which was then centrifuged at 4 °C, 6000% g for 10
min to collect the supernatant for the determination of the intracellular PLD activity.

PLD activity was measured according to previous reports with minor modifications [21]. 1% Triton X-100 and 0.1
M CaCl, were added to Tris-HCI solution (0.02 M, pH = 7.2) to prepare the substrate buffer, which was used to dissolve
0.7% (w/v) phosphatidylcholine to prepare the substrate solution. 0.1 M EDTA was added into 1 M Tris-HCI buffer with
pH controlled to 8.0 to prepare the reaction termination solution. 0.15% phenol and 0.125% 4-aminoantipyrine were
added to the Tris-HCI buffer (0.1 M, pH = 8) to make a color development solution. In the detection process, 400 pL
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substrate buffer and 100 pL substrate solution were mixed, while 10 uL diluted crude enzyme solution was added to
start the reaction at 37 °C for 10 min. Subsequently, 200 pL reaction termination solution was immediately added and
was boiled for 5 min to stop the reaction. After the samples were cooled down to room temperature, 100 pL. color
development solution, 10 uL of choline oxidase solution (25 U/mL), and 5 pL of peroxidase solution (10 U/mL) was
added, which was then incubated at 37 °C for 3 h to measure the absorbance at 505 nm. A calibration curve was
developed based on a series of standard choline chloride solutions. Under the above conditions, the amount of enzyme that
can produce 1 umol of choline per minute using PC as the substrate was defined as one PLD enzyme activity unit (U).

2.4.3. Detection of Plasmid Stability

The fermentation broth was diluted to 10° cfu/mL, which was spread on LB plates with and without antibiotics,
respectively. The plates were incubated at 37 °C for 12 h, and the number of single colonies was counted. Plasmid
stability was explored by calculating the ratio of the colonies’ number on the LB plate with antibiotics to without
antibiotics [20].

2.4.4. Analysis of Cell Growth and Glycerol Consumption

The cell growth was detected by measuring the density at ODgo with a UV—vis spectrophotometer. The
fermentation broth was centrifuged at 10,000% g for 10 min and the supernatant was prepared as samples for glycerol
consumption using HPLC (Shimadzu, Kyoto, Japan) equipped with the refractive index detector (set at 50 °C). The
analysis process was conducted using the Bio-Rad (Hercules, CA, USA) Aminex HPX-87H ion exchange column,
which was eluted with 5 mM H,SO4 with a flow rate of 0.6 mL/min at a temperature of 35 °C. All the data were obtained
from at least three independent experiments for statistical analysis, and their significance was calculated using GraphPad
PRISM 9 software.

3. Results and Discussion
3.1. The Expression of PLD from S. antibioticus in E. coli

PLD from S. antibioticus was reported to have excellent transphosphatidylation activity and broad substrate
specificity [22], which was assembled into the plasmid pET28a and introduced into the host E. coli BL21(DE3) to
explore its expression. It was found that SaPLD achieved soluble expression without forming inclusion bodies in E. coli
BL21(DE3). After 48 h fermentation cultivation, the intracellular enzyme activity of SaPLD was 4.3 U/mL, while the
extracellular activity was 0.55 U/mL, which accounted for only 11.3% of the total enzyme activity. It is similar to the
report that the codon-optimized PLD can be solubly expressed in E. coli, but most of the enzyme is stored intracellularly
rather than secreted extracellularly [11]. PLD has a certain hydrolytic effect on the phospholipid bilayer of the cell
membrane, which limits cell growth and the accumulation of PLD. Secreting PLD enzymes outside the cell can alleviate
the cells’ toxicity, avoid degradation by endogenous proteases, and simplify subsequent separation and purification
processes. Generally, the secretory production of the target protein can be achieved through the signal peptide positioned
at the N/C-terminus of the protein, which directs the synthesized protein to be secreted outside the cells [23].
Consequently, suitable signal peptides were further screened in our work to facilitate the extracellular secretion of the
PLD enzyme and enhance its synthesis efficiency.

3.2. Screening a Compatible Signal Peptide to Promote the Secretory Production of SaPLD

Different signal peptides possess varying secretion efficiencies for exogenous proteins. Although some studies
have predicted the matching between signal peptides and different proteins, the specific relationship remains unclear
[24]. Therefore, various common secretory signal peptides were carried out N-terminal fusions with SaPLD to explore
their secretion efficiency in our work. The plasmid pET22b carrying the signal peptide pelB was widely used for the
secretory production of heterologous proteins in £. coli [25], which was thus selected to replace the plasmid pET28a to
express SaPLD. Five commonly used secretion signal peptides OmpA, FhuD, DsbA, PhoA, and TorA in E. coli were
assembled into plasmid pET28b to replace the signal peptide pelB respectively to explore their effects on the secretory
production of SaPLD.

As shown in Figure 1, among the six signal peptides, PelB, PhoA, OmpA, and FhuD not only increased the
extracellular enzyme activity but also improved the total enzyme activity. The PelB and PhoA signal peptides are derived
from the pectate lyase of Erwinia carotovora and the alkaline phosphatase protein of E. coli, respectively. Both of them
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achieve the secreting functions through the SecB-dependent post-translational translocation mode and were commonly
used to produce extracellular recombinant proteins in E. coli [26,27]. The OmpA signal peptide is derived from the
outer membrane protein of E. coli and achieves post-translational translocation through the Sec system [28]. The FhuD
and DsbA signal peptides are derived from a periplasmic transport protein, which is responsible for the transmembrane
transport of ferric hydroxamate in E. coli. The fusion expression of OmpA and FhuD could promote the accumulation
of target protein in the periplasmic space and enhance its solubility [29]. It was suspected that these four signal peptides
could enable the target proteins to be accumulated in the periplasmic space or outside the cell in the form of unfolded
polypeptide chains and then refolded into active proteins, which avoided the damage to the cells caused by PLD and
thus led a higher total enzyme activity.
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Figure 1. Comparison the effects of different signal peptides on the secretory production of PLD in E. coli.

Although DsbA and TorA signal peptides are also derived from periplasmic transport proteins, the fusion
expression resulted in a decrease in PLD activity. When the DsbA signal peptide was fused and expressed with PLD,
the extracellular enzyme activity significantly increased but the total enzyme activity decreased. It was suspected that
the DsbA signal peptide promoted the secretion of PLD protein, but the part of proteins may have failed to refold
correctly during this process, which negatively affected the total enzyme activity. The TorA signal peptide is derived
from a soluble periplasmic molybdenum enzyme, which is a classic signal peptide and was first discovered to be
secreted through the Tat system in E. coli [30]. It did not rely on the Sec system and was capable of transporting fully
folded proteins. But, the fusion expression of TorA signal peptide with PLD resulted in a decrease in both the
extracellular enzyme activity and the total enzyme activity. It was speculated that the TorA signal peptide guided the
complete folding of PLD, which was not conducive to its translocation to the outside of the cell.

Based on the above results, the OmpA signal peptide showed the best compatibility with PLD. The total enzyme
activity reached 6.14 U/mL, with an increase of 26.6% compared to the activity without signal peptide. Meanwhile, the
extracellular enzyme activity reached 3.78 U/mL, accounting for 61.6% of the total enzyme activity, which meant that the
OmpA signal peptide could promote the expression of PLD and greatly improve the secretion of PLD outside the cells.

3.3. Replacing the Promoter to Enhance the Secretory Production of PLD

Promoters play a crucial role in the regulation of the transcriptional level. In the expression of recombinant proteins,
it is necessary to select suitable promoters with different strengths and characteristics to achieve high-level expression
[31]. Strong promoters are prone to cause leaky expression, which can generate a certain degree of transcription even
without the addition of an inducer [32]. For proteins that are somewhat toxic to the host, even slight leaky expression
will have a great impact on the yield [33]. Many studies have already proved that different promoters are of vital
importance for the production of recombinant PLD in E. coli [15,18].

T7 promoter is a commonly used strong promoter in E. coli, which can be specifically recognized by T7 RNA
polymerase and quickly initiate the transcription process, driving a very high level of transcription. However, the
presence of other transcription factors that can bind to the T7 promoter as well as the high activity of T7 RNA
polymerase in the host cells, lead to leaky expression [32]. The pBAD promoter is induced by the pentose sugar
arabinose, which can bind to the regulatory protein AraC, thereby activating the pPBAD promoter and initiating the
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transcription of downstream genes. In the absence of arabinose, the activity of the promoter is inhibited, which gives
the target gene a relatively low level of leaky expression [34]. Considering the toxicity of PLD to cells, the pBAD-gIIIC
plasmid containing the pBAD promoter was used to explore its effect on the expression of PLD. Firstly, the expression
levels of PLD were compared under the control of T7 promoter and the pBAD promoter without inducer. As shown in
Figure 2A, when the T7 promoter was used, the leakage expression level of SaPLD was 6.49 times higher than that of
the pBAD promoter without the addition of the inducer. Although there was a lac operator system was contained in the
plasmid pET22b to control the leakage expression, the basal expression of the T7 promoter was still not strictly inhibited
according to the qPCR result. In addition, the peptone added in the TB medium may contain a trace amount of lactose,
which was suspected to activate T7 promoter [35]. Compared with the T7 promoter, the pPBAD promoter was stricter
before the addition of the inducer.
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Figure 2. The effect of promoters on the secretory production of PLD. (A): relative expression level (in comparison to the expression
leve of housekeeping gene) of SaPLD controlled by pBAD promoter and T7 promoter without inducer; (B): comparison of the
stabilities of pBAD-glIIIC plasmid and pET22b plasmid for the expression of SaPLD; (C): comparison of intracellular and
extracellular PLD activities produced by strains ECPLD3 and ECPLDA4.

The genetic stability of recombinant bacteria is determined by the holding rate of the recombinant plasmid. Plasmid
stability is an important factor affecting protein expression and directly influences the yield of the target protein [36].
Therefore, the stabilities of plasmids pET22b and pBAD-gIIIC were explored during the expression of PLD in our work
(Figure 2B). We compared the retention rate of plasmids pET22b, pBAD-gIIIC, pET22b-OmpA-SaPLD and pBAD-
gllIC-OmpA-SaPLD during the cell growth stage (0—8 h) and the PLD expression stage after adding inducer (8—18 h).
In the cell growth stage, the empty plasmids pET22b and pBAD-glIIIC had preferable stabilities. Even 0.2 mM IPTG
and 2% L-arabinose were added to induce expression, the plasmids pET22b and pBAD-gIIIC still exhibited a relatively
high retention rate. Surprisingly, the plasmid pPBAD-gIlIC-OmpA-SaPLD also showed considerable stability in the cell
growth stage with a plasmid retention rate of 100%, which indicated that the low-level background expression of PLD
driven by the pBAD promoter did not affect the stability of the plasmid. And there was still a 23.7% plasmid retention
rate at the 14th hour of fermentation. In contrast, the strain carrying the plasmid pET22b-OmpA-SaPLD showed an
obvious plasmid instability with a 40% retention rate in the cell growth stage, which was decreased to 1.7% after 12 h
fermentation with the addition of the inducer. These results indicated that the pBAD-gIIIC plasmid was more stable
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within cells.

Therefore, the intracellular and extracellular enzyme activities of PLD were measured and compared after the
cultivation of the stains for 48 h (Figure 2C). The extracellular enzyme activity of the strain ECPLD3 carrying plasmid
pET22b-OmpA-SaPLD was 3.7 U/mL, with the total enzyme activity reaching 6.2 U/mL, while the counterparts in the
strain ECPLD4 carrying plasmid pBAD-gIlIC-OmpA-SaPLD were 8.5 U/mL and 12.7 U/mL, which were about 2.3
and 2.1 times higher than that in strain ECPLD?3, respectively. This indicated that the strictly regulated promoter pBAD
with a lower leaky expression level was more conducive to the expression of the slightly toxic protein than T7 promoter,
which significantly accelerated the production of PLD in E. coli.

3.4. Regulation of Cell Permeability to Promote the Accumulation of PLD

In order to enhance the secretory production of PLD, the OmpA signal peptide was fused at the N-terminus of
SaPLD, and approximately 60% of PLD was secreted extracellularly. But there was still about 40% PLD remained
intracellular and failed to be secreted. It was suspected that the ability of the Sec system was limited for the secretory
production of the recombinant proteins due to the complex membrane structure of E. coli [37]. Signal peptides could
usually guide proteins to cross the inner membrane and enter the periplasmic space, but it was rather difficult for proteins
to be secreted across the cell wall from the periplasmic space. Therefore, regulation of the permeability of cell walls
was another available way to promote the extracellular secretion of recombinant proteins out of cells [38].

The genes mrcB and dacB encode penicillin-binding proteins PBP1b (high molecular weight) and PBP4 (low
molecular weight) in E. coli, which play a crucial role in the formation of peptidoglycan linkage and peptidoglycan
network cross-linking during the synthesis process of the peptidoglycan layer in the cell wall [39]. Knocking out the
mrcB and dacB could inhibit the synthesis of cell wall peptidoglycan, thereby improving cell permeability and
significantly enhancing the production of extracellular recombinant proteins [40]. Herein, they were also knocked out
to explore their effects on cell growth and PLD production. However, it was found that the knockout of two genes
obviously inhibited cell growth and the production of PLD (Figure S1). It might be because the deletion of mrcB and
dacB destroyed the peptidoglycan network in the cell wall and negatively affected the protectiveness of cells [41].
Therefore, knocking out mrcB and dacB was detrimental to the production of PLD.

Surfactant molecules containing hydrophilic and hydrophobic groups can interact with the hydrophobic parts of
the phospholipid bilayer of the cell membrane, which leads to the loose arrangement of the phospholipid molecules and
increases the fluidity of the cell membrane [42]. As the concentration of surfactants increases, they will form structures
such as micelles on the cell membrane, further destroying the integrity of the cell membrane and resulting in the
appearance of some small holes or channels on the cell membrane [43]. This enables some substances freely to pass
through the cell membrane. Therefore, we also explored the impact of surfactants on the secretion of PLD in this work.

Different surfactants have different mechanisms on cells. Ca** can reduce the hydrolysis of peptidoglycan by
peptidoglycan hydrolase and stabilize the lipopolysaccharide in the cell wall, which may help alleviate the lytic effect
of toxic substances on cells [44]. Glycine can be incorporated into peptidoglycan precursors and modifies peptidoglycan,
which is usually considered to increase cell membrane permeability [45]. SDS is an anionic surfactant that can inhibit
the biosynthesis of lipase in the cell membrane and results in insufficient synthesis of membrane phospholipids to
increase the cell membrane’s permeability [46]. Tween 80 and Tween 20 are a kind of amphiphilic non-ionic surfactants
in the polysorbate family, which can improve the fluidity of the cell membrane by changing the composition of fatty
acids [47]. In addition, Tween 80 and Tween 20 can also stabilize proteins through interfacial competition and are often
used as protein protectors. Triton X-100 is a non-ionic surfactant that can destroy the lipid structure and interfere with
cell membrane lipoproteins to promote the secretion of intracellular substances [48]. PEG4000 can disperse the
phospholipid molecules in the lipid bilayer and promote structural rearrangement which is often used to mediate cell
fusion and is also considered helpful for releasing intracellular proteins [49]. Therefore, 0.1% (w/v) calcium chloride,
glycine, SDS, Tween 20, Tween 80, Triton X-100 and PEG4000 were prepared as surfactants, respectively and added
in the medium during the induction stage of ECPLD4 strain to explore their impacts on the secretory production of PLD
(Figure 3A and Figure S2).
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Figure 3. Effect of surfactants on the secretary expression of PLD by ECPLDA4. (A): comparison of different surfactants on PLD
production; (B): effect of different concentrations of Triton X-100 on PLD production.

Different surfactants showed different effects on the secretory production of PLD. The addition of calcium chloride,
glycine, SDS, Tween 20 and PEG4000 led to the reduction in both total activity and extracellular activity of PLD.
Surprisingly, the highest secretion rate was obtained, with 0.1% (w/v) glycine being added, reaching 86.1%. However,
the total enzyme activity of PLD was relatively low due to a significant decrease in the cell growth of ECPLD4. It was
reported that glycine was a competitive analogue of L-alanine or D-alanine and led to the accumulation of uridine-N-
acetylmuramic acid pentapeptide, which affected the synthesis of peptidoglycan for the cell wall [50]. Zou et al. also
observed a similar phenomenon in the production of pullulanase by the engineered E. coli [51]. Namely, glycine could
significantly improve pullulanase’s secretion efficiency but inhibit cell growth.

Among these surfactants, Tween 80 and Triton X-100 could significantly promote the extracellular secretion of
PLD. The addition of 0.1% (w/v) Tween 80 led to the extracellular PLD activity reaching 8.8 U/mL with the total activity
of 12.5 U/mL and the extracellular secretion rate of 70.40%, while 0.1% (w/v) Triton X-100 led to the extracellular
enzyme activity up to 9.89 U/mL with the total activity of 13.46 U/mL and the extracellular secretion rate of 73.47%.
Therefore, Triton X-100 was considered the optimum surfactant for the production of PLD by E. coli.

In order to know the effect of Triton X-100 in detail, different concentrations (0.01%, 0.05%, 0.1%, 0.5%, 1% and
2%) of Triton X-100 were added to the medium, and the extracellular PLD enzyme activities were detected and
compared after cultivation for 48 h (Figure 3B). The extracellular PLD activity gradually improved as the addition
amount of Triton X-100 increased. When 0.5% (w/v) Triton X-100 was added, the PLD activity reached the highest and
the extracellular secretion rate reached 74.17%. However, when the additional amount of Triton X-100 continued to
increase, the extracellular enzyme activity decreased significantly. It might be that the excessive concentration of Triton
X-100 damaged the cell membrane of E. coli and had an adverse impact on PLD production. Yang et al. also reached a
similar conclusion that Triton X-100 as a surfactant and PLD as a cytotoxic protein both had a negative impact on cell
growth. However, a good balance between them could effectively promote the extracellular release of PLD [13].

Based on the above conditions, the production of PLD by the engineered strain ECPLD4 was investigated in detail
in shake flasks (Figure 4A). After being inoculated into the fermentation medium following seed cultivation, the strain
grew well in the early stage and the ODsoo gradually increased, which reached 6.11 at 6 h of cultivation. Subsequently,
the cultivation temperature was controlled at 18 °C, and arabinose was added to induce the synthesis of PLD. In the
enzyme production stage, cell growth was limited and the ODggo remained at around 6.6, while the carbon source
glycerol also remained at 5.44 g/L after 48 h of cultivation, which was suspected to own to the negative effect of PLD
synthesis on the cell growth. The accumulation of PLD gradually increased, and the extracellular PLD activity reached
the highest level of 11.37 U/mL at 48 h with a total activity of 15.33 U/mL (Figure 4A), which was about 1.34 and 1.21
times higher than that of the control group without addition of surfactants. It demonstrated that the co-optimization of genetic
and fermentation processes significantly improved the capability for extracellular synthesis of PLD by the engineered E. coli.
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Figure 4. Detail exploring PLD production by the engineered strain ECPLD4 in shake flasks and fed-batch fermentation process.
(A): Fermentation profile of glycerol consumption, extracellular and intracellular PLD activity, ODso for strain ECPLD4 in shake
flasks cultivation; (B): Fermentation profile of glycerol consumption, extracellular and intracellular PLD activity, ODggo for strain
ECPLD4 in fed-batch fermentation process.

3.5. PLD Production in Fed-Batch Fermentation by ECPLD4 Strain

To further increase the yield of PLD, the fed-batch fermentation was carried out in a 5L reactor. Similar to shake
flask cultivation, the fed-batch fermentation process was also divided into the cell growth stage and the PLD synthesis
stage. As shown in Figure 4B, the ODggo increased rapidly during the cell growth stage and reached 18.8 at 18 h.
Afterward, the inducer arabinose and 60 g glycerol were added to the medium to start the PLD synthesis stage. The
activity of PLD was gradually increased with the consumption of glycerol. Subsequently, 60 g glycerol was
supplemented at the incubation of 48 h to improve further the accumulation of PLD (Figure 4B). The intracellular PLD
activity reached a maximum of 10.1 U/mL at 30 h, while the extracellular enzyme activity gradually increased and
reached 33.25 U/mL at the incubation of 78 h. Currently, there are few studies on the extracellular production of PLD,
among which B. subtilis showed the preferable extracellular yield of PLD (24.2 U/mL) [19]. In our work, the
extracellular PLD activity reached the highest level reported so far using a certain amount of glycerol as the substrate
by the engineered strain ECPLD4. It was demonstrated that the engineered E. coli has promising potential for
extracellular synthesis of PLD. Moreover, glycerol was a by-product of biodiesel, making PLD production more
economically feasible. Our work laid a good foundation for the industrial production of PLD by the microbial cell
factories from the low-cost feedstock.

4. Conclusions

In this study, E. coli served as a chassis to explore efficient heterologous expression and secretion of PLD. N-
terminal fusion secretion signal peptides were explored to enhance PLD secretion. Among six signal peptides, the OmpA
signal peptide proved the most effective, increasing extracellular PLD activity to 3.78 U/mL with a total activity of 6.14
U/mL. On this basis, the effects of plasmids and promoters on the expression of PLD were investigated. The plasmid
pBAD-gIIIC with pBAD promoter was identified as the most suitable, resulting in a total PLD activity of up to 12.7
U/mL with an extracellular enzyme activity of 8.5 U/mL. Furthermore, the cellular membrane permeability was
regulated to improve the secretory production of PLD by manipulating the key protein expression in the cell membrane
and the addition of surfactants. The addition of 0.5% (w/v) Triton X-100 was proven to be more effective, which
improved the total PLD activity to 15.33 U/mL and the extracellular activity to 11.37 U/mL with a secretion rate of
74.17%. Finally, fed-batch fermentation was conducted in a 5-L fermentor, and the maximum extracellular PLD activity
achieved 33.25 U/mL after being cultivated for 78 h, which was the highest level reported so far. Our work demonstrated
the effectiveness of genetic and process engineering strategies for the expression and extracellular secretion of PLD in
E. coli, which helped to overcome the insoluble expression and inadequate secretion of PLD and laid a good foundation
for its industrial production.
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