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Abstract

Antifungal peptides (AFPs) can be used as novel preservatives, but achieving large-scale production and application remains
a long-term challenge. In this study, we developed a hybrid peptide MD (metchnikowin-drosomycin fusion) secreted into
Escherichia coli supernatant, demonstrating strong inhibitory activity against Aspergillus flavus and Botrytis cinerea. The
fusion tag did not impact its activity. Moreover, an endotoxin-free and oxidative leaky strain was developed by knocking out
the trxB, gor, and Ipp genes of endotoxin-free E. coli ClearColi-BL21(DE3). This strain facilitates the proper folding of
multi-disulfide bond proteins and promotes the extracellular production of recombinant bioactive AFP MD, achieving efficient
production of endotoxin-free MD. In addition, temperature control replaces chemical inducers to further reduce production
costs and circumvent the toxicity of inducers. This extracellularly produced MD exhibited favorable effectiveness in inhibiting
fruit mold growth, and its safety was preliminarily established by gavage testing in mice, suggesting that it can be developed
into a green and sustainable fruit fungicide. In conclusion, this study provides novel approaches and systematic concepts for
producing extracellularly active proteins or peptides with industrial significance.

Key points

e First report of extracellular production of bioactive antifungal peptide in Escherichia coli.

o The hybrid antifungal peptide MD showed strong inhibitory activity against Aspergillus flavus and Botrytis cinerea, and
the activity was not affected by the fusion tag.

e Endotoxin-free oxidative Escherichia coli suitable for the expression of multi-disulfide bond proteins was constructed.
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Introduction

Grains, feed, fruits, and vegetables are susceptible to infec-
tion by Aspergillus flavus or Botrytis cinerea throughout their
storage (Wang et al. 2019). Currently, chemical fungicides,
including iprodione, pyrimethanil, and procymidone, are still
primary preventative agents against mold growth (Gonzélez-
Dominguez et al. 2019). However, the long-term use of these
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chemicals has resulted in a group of serious consequences,
including enhanced pathogen resistance, serious soil pollu-
tion, and the deterioration of ecological structure (Bu et al.
2021). Therefore, there is an urgent requirement for a new
class of high-efficiency, low-toxicity fungicides to improve
this situation. In recent years, several research groups have
developed antifungal peptides (AFPs) capable of inhibiting
the growth of pathogenic fungi as preservatives for feed,
fruits, and meat products (Ramos-Martin et al. 2022; Thery
et al. 2019). Dou et al. (2021) identified that epsilon-poly-L-
lysine could inhibit mycelial growth and spore germination of
Penicillium expansum, and it has an inhibitory effect on the P.
expansum-mediated blue mold of apples, which has promising
applications in managing postharvest fungal diseases in fruits.
Lima et al. (2021) reported that synthetic peptides signifi-
cantly controlled Penicillium digitatum infection in oranges,
which have a high potential to be used as novel preservatives
to control fruit infection by P. digitatum.
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Exogenous expression of AFPs in Escherichia coli via
genetic engineering is an effective method to develop novel
mold inhibitors to resolve fungal infection problems (Wang
et al. 2010a, 2010b; Yuan et al. 2007). For instance, the anti-
microbial peptides (AMPs) drosomycin and metchnikowin
can inhibit filamentous fungi and Gram-positive bacteria
and fungi, respectively, but do not inhibit E. coli, and are
therefore very suitable for recombinant expression in E. coli
(Fehlbaum et al. 1994; Levashina et al. 1995). However,
AMPs have low molecular weight and commonly must be
expressed with a fusion tag to promote solubility (Luan et al.
2014; Park et al. 2021), which requires further purification
and processing to unlock their biological activity. However,
the resultant complex purification processes and elevated
costs of intracellular AFP production mean that it is chal-
lenging to achieve a large-scale application (Yu et al. 2015).
Therefore, simplifying the purification process to the maxi-
mum extent while ensuring the good activity of AFPs is a
challenge for industrial production and application of AFPs.

Extracellular production of AFPs may improve their solu-
bility and stability, while alleviating the metabolic burden
of the host (Ding et al. 2019). Concomitantly, extracellu-
lar AFPs can evade degradation by intracellular proteases,
which is of great benefit to the purity and yield of AFPs
(Choi and Lee 2004; Majander et al. 2005). However, under
common culture conditions in LB medium at 37 °C, the
secretion of proteins in the E. coli expression system is poor
(Yu et al. 2015). Therefore, we endeavored to establish a
secretory expression system suitable for the production of
AFPs alongside other exogenous recombinant proteins in E.
coli via a series of molecular modifications.

Ultimately, the purpose of this study is to produce bio-
logically active AFPs in an inexpensive and efficient way
outside of E. coli via gene editing and replacement of
expression elements, with a view to developing ecologically
responsible and sustainable antifungal agents. Additionally,
this study proposed new insights and methodologies for the
manufacturing of high-value exogenous proteins or peptides
within E. coli.

Materials and methods
Bacterial strains and plasmids

The E. coli DH5a (Genestar, Beijing, China) and ClearColi
BL21 (DE3) strains (Lucigen, Middleton, WI, USA) were
utilized as host cells for cloning and genetic modification,
respectively. The Origami (DE3) (YouBio, Changsha,
China) and ClearColi BL21 (DE3) strains were employed
as host cells for protein expression. The plasmids pET28a-
SUMO, pET22b, and pBV220 were employed to ligate
exogenous genes for the expression of target proteins (Zhang
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et al. 2016). The plasmids pTargetF and pCas were utilized
for gene deletion in the E. coli genome (Jiang et al. 2015).
All strains and plasmids used in this study are shown in Sup-
plemental Table S1.

Construction of recombinant plasmids

All recombinant expression plasmids were generated
using enzymatic digestion and ligation. Among these plas-
mids, the constructed intracellular expression plasmid was
pET28a-SUMO-drosomycin. Plasmid pET22b (signal-
ing peptide PelB replaced if necessary) and pBV220 were
employed as a backbone vector to generate fusion expression
plasmids for secretion of exogenous proteins.

Construction of hybrid AFPs

The DNAs for AFPs drosomycin, metchnikowin, and
LsGRP1-c were artificially synthesized by Ruibiotech Co.,
LTD (Beijing, China). They were utilized as templates
employing an overlap PCR technique to generate hybrid
AFPs possessing a flexible linker (amino acid sequence:
GGGGS) between two AFPs. The AFP genes for DM,
MD (NCBI accession number: GenBank OR359291), DL,
LD, ML, LM, ML, LM, DML, DLM, MLD, MDL, LMD,
and LDM were acquired through hybrid mixtures of DNA
sequences for drosomycin (D), metchnikowin (M), and
LsGRPI1-c (L) in different combinations. The schematic
diagram outlining the overlap PCR for hybrid AFPs con-
structions is shown in Supplemental Fig. S1. Amino acid
and DNA sequences of antifungal peptides and signal pep-
tides employed in this study are illustrated in Supplemental
Table S2 and S3. The primers used for amplifying genes of
hybrid AFPs are outlined in Supplemental Table S4.

Protein overexpression

Luria-Bertani (LB) medium containing 10 g/L tryptone, 5
g/L NaCl, and 5 g/L yeast extract was employed (1.5% agar
was added in solid medium) for seed culture and protein
overexpression. The final concentrations of kanamycin and
ampicillin utilized in the medium were 50 pg/mL and 100
pg/mL, respectively. Recombinant E. coli cells were cul-
tured at 37 °C [for pET22b of isopropyl -D-thiogalactoside
(IPTG)-inducible expression vector] or 30 °C (for pBV220
of temperature-inducible expression vector), with shaking at
220 rpm for 12 h, and then inoculated in a shake flask with
LB medium (100 mL/250 mL) at a percentage of 1% (vol/
vol) and cultured until the ODg, reached 0.6. Recombinant
protein expression was induced using either 0.5 mM IPTG
or temperature shift to 42 °C.

High-density fermentation of hybrid AFP MD was pro-
cessed in a 5 L fermenter (Bxbio, Shanghai, China). The
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recombinant strain was cultured in 2 L of LB medium. Sub-
sequently, 300 g/L fructose was added into the medium after
glucose was consumed for approximately 9 h. During fer-
mentation, the pH of the medium was adjusted to 8.0 using
ammonia, the dissolved oxygen concentration was controlled
to be above 30% by adjustment of the airflow and rotation
speed, and the temperature was controlled at 30 °C. When
the ODyy, reached 10, expression was induced by shifting
the temperature to 42 °C.

Protein sample preparation

Intracellular proteins were purified through affinity chroma-
tography. Specifically, 100 mL culture was extracted after
8 h of induced expression and centrifuged at 12,000 X g
(Hitachi CR22G II, Tokyo, Japan) for 60 min at 4 °C. The
intracellular protein within the cell precipitate (resuspended
in lysis buffer: 20 mM Tris-HCI pH 8.0, 10 mM imidazole,
150 mM NaCl) was extracted using ultrasonication, and the
supernatant was acquired through centrifugation at 20,300 X
g (Hitachi CR22G II, Tokyo, Japan) for 1 h. The supernatant
was passed through a 0.22 pm filter (Millipore, Billerica,
MA, USA) and loaded onto a 5 mL Ni NTA column (Smart-
Lifesciences, Changzhou, China). Following washes with
wash buffer (20 mM Tris-HCI pH 8.0, 20 mM imidazole,
150 mM NaCl), elution was performed using elution buffer
(20 mM Tris-HCI pH 8.0, 250 mM imidazole, 150 mM
NaCl). Desalting and buffer exchange (final buffer 20 mM
Tris-HCI pH 8.0, 150 mM NaCl) were carried out using a 10
kDa ultrafiltration concentration tube (Millipore, Billerica,
MA, USA). Protein concentration was quantified using a
commercial BCA protein assay kit (CWBio, Taizhou, China)
following the manufacturer’s instructions prior to an antifun-
gal activity assay.

To determine the amount of extracellular and intracellular
proteins, 1 mL of recombinant E. coli cultures at different
induction times were centrifuged at 16,000 X g (Eppendorf
centrifuge 5424, Hamburg, Germany) for 10 min at 4 °C.
The supernatant was passed through a 0.22 pm filter and
used for the determination of extracellular proteins as well
as antifungal activity. The precipitate was resuspended in
100 pL of 1 x loading buffer [SO mM Tris—HCI pH 6.8, 2%
SDS (sodium dodecyl sulfate), 0.1% BPB (brom-chlorphe-
nol blue), 10% glycerin, 50 mM DTT (dithiothreitol)] and
employed for determination of intracellular proteins. A 15%
SDS-PAGE was then conducted to analyze extracellular (20
pL) and intracellular (10 pL) protein expression following
denaturation at 95 °C for 10 min.

Extracellular proteins were purified using ion exchange
chromatography (Q-HP, GE Healthcare, Little Chalfont,
UK). Specifically, 100 mL of the culture was collected fol-
lowing 24 h of induced expression and centrifuged at 12,000
X g (Hitachi CR22G II, Tokyo, Japan) for 60 min at 4 °C.

Desalting and buffer exchange (final buffer: 20 mM Tris-
HCI pH 8.0, 150 mM NaCl) of the extracellular protein
were carried out using a 10 kDa ultrafiltration concentra-
tion tube (Millipore, Billerica, MA, USA). After loading
onto a Q-HP column, elution buffer B (20 mM Tris-HCI pH
8.0, 1 M NaCl) was used to elute the target protein. A 15%
SDS-PAGE was then conducted for analysis of the protein
samples from each UV peak.

Gene deletion

The deletion of trxB, gor, Ipp, hslV, and clpP genes in E.
coli was accomplished using the CRISPR-Cas9 system
with plasmids pTargetF and pCas (Jiang et al. 2015). Spe-
cifically, the N20 sequence of sgRNA was designed using
a web-based tool (http://crispor.tefor.net/) and ligated into
the plasmid pTargetF. Donor DNA employed for homolo-
gous recombination was constructed as follows: the region
500 bp upstream and 500 bp downstream of the target gene
were amplified through PCR using the E. coli ClearColi
BL21 (DE3) genome DNA as a template. This product was
then ligated using overlapping PCR. The plasmid pCas was
transformed into ClearColi BL21 (DE3) competent cells. A
positive clone was grown in LB medium containing 50 pg/
mL kanamycin until an ODg, of 0.25 was reached. 100 mM
L-arabinose was added to induce the expression of Cas9 and
homologous recombinase (Gam, Beta, and Exo) at 30 °C.
When the ODgy, reached approximately 0.6, ClearColi BL21
(DE3) electrocompetent cells containing the pCas plasmid
were prepared, following the method described by Jiang
et al. (2015). The donor DNA (600-800 ng) and pTargetF
plasmid containing the sgRNA (400 ng) were electropo-
rated (1.0 mm cuvette, 1.8 kV, 10 pF, 600 Q) into the above
electrocompetent cells. After recovery at 30 °C for 3 h, the
cells were spread onto LB agar plates supplemented with
spectinomycin (50 pg/mL) and kanamycin (50 pg/mL) and
cultured overnight at 30 °C. Positive clones were identified
through PCR and DNA sequencing. Finally, a gene-deleted
clone was grown in LB medium containing 50 pg/mL kana-
mycin and 0.5 mM IPTG and cultured overnight at 30 °C to
eliminate the plasmid pTargetF. The plasmid pCas was then
removed on LB medium overnight at 42 °C. Additionally,
screening of a trxB and gor gene-double-knockout strain
was conducted, following a method reported by Faulkner
et al. (2008).

Antifungal activity assay

A. flavus NRRL 3357, B. cinerea B05.10, and Fusarium
graminearum ACCC 37687 were cultured in PDA medium
at 30 °C for 5 days. Their spores were obtained by washing
the surface of the medium with 5 mL of sterile water, and
the mycelium was separated by filtration through 8 layers of
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sterile gauze. The number of spores was determined using
a hemacytometer and diluted to 1 x 10’ CFU (colony form-
ing units) /mL. The AFPs were supplemented to PDA solid
medium at a final indicated concentration. After solidifica-
tion, 1 x 10° CFU of fungal spore suspension was included
on the middle of the plate, and fungal growth was observed
for 72 h at 30 °C. To observe the effect of AFP on the growth
of fungal mycelium, A. flavus NRRL 3357 was grown on
PDA medium at 30 °C for 3 days. A diameter of approxi-
mately 0.5 cm of A. flavus was cut out from the culture using
a hole punch and placed onto a new PDA plate for growth at
30 °C until a colony size of 2 cm was observed. Following
this, PBS, SUMO-drosomycin, and drosomycin were care-
fully supplemented around the perimeter. The agar plate
was cultured for 12—18 h at 30 °C to observe the mycelial
growth.

To assess the feed mold growth, 4 mL of purified recom-
binant protein (0.25 mg/mL) or 8 mL of extracellular
supernatant from hybrid AFPs was added to 10 g of feed
(corn-soybean meal basal diet). After thorough mixing, the
feed was placed in a cool location at room temperature and
observed for mold growth. In our fruit mold growth assay, 5
mL of AFP expression supernatant was sprayed onto fresh
fruits (all purchased from a supermarket on the morning
of the experiment), while fruits in the control group were
sprayed with 5 mL of sterile LB medium. After natural air-
drying, the fruits were placed into a freshness protection
package (only one fruit per package) and stored in a cool
location at room temperature to observe the mold growth
on these fruits.

Stability of antifungal activity

The effect of temperature on the antifungal activity of hybrid
AFP MD was examined as described previously (Fan et al.
2023). Specifically, MD was placed at 40, 50, 60, 70, 80,
90, or 100 °C for 15 min in a controlled water bath (DK-
8AXX, Yiheng, Shanghai, China), and incubation at room
temperature was utilized as a control. Following cooling and
centrifugation, the antifungal activity of MD was assessed
as described above.

Animals and design of in vivo experiments

This study was conducted following the provisions of the
Institutional Animal Care and Use Committee of China
Agricultural University issued rules for laboratory Animals-
Guideline of Welfare and Ethics of China (ICS 65.020.30).
The protocol used in this study was approved by the same
institution.

Male BALB/c mice (3—4 weeks) used in this study were
purchased from SPF Biotechnology Co., Ltd. (Beijing,
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China). All mice were individually housed in a laminar flow
cabinet in the same humidity- and temperature-controlled
room on a 12 h light and 12 h dark cycle. All mice had
access to distilled water and sterilized conventional feed
ad libitum during the treatment period. Prior to the experi-
ment, 60 mice were randomly assigned to 4 groups (15 mice
in each group across 20 cages), after the 3-day equilibra-
tion period, in which the 4 groups were administered a daily
gavage of 0.2 mL of LB medium (control group) or 6.25
(LMD), 12.5 (MMD), and 25 (HMD) mg/kg (mg per kg
body weight [BW]) of MD, respectively. The dosages of
MD were calculated based on the above antifungal activity
assay. The treatment was conducted for 14 days until the
mice were euthanized.

Sample collection and measurements

On days 0 and 4, all mice were weighed individually. Feed
loss was recorded in each cage simultaneously. These values
were used to assess performance, including average daily
gain (ADGQG), average daily feed intake (ADFI), and feed
efficiency (Feed: Gain). The survival rate was monitored
over 14 days.

At the conclusion of the experiment, blood was collected
from the eyes and allowed to equilibrate at room temperature
for 30 min. It was then centrifuged at 4000 X g (Eppendorf
centrifuge 5424, Hamburg, Germany) for 30 min, and the
serum was obtained and stored at —20 °C for serum bio-
chemical index analyses. Mice were euthanized, and their
heart, liver, spleen, lungs, and kidneys were isolated and
weighed to determine organ coefficient (organ coefficient =
organ weight/body weight x 100%).

Statistical analysis

The MIXED procedure of SAS 9.4 (SAS Institute Inc., Cary,
NC, USA) was used for variance analysis across all data.
The analysis of growth performance was conducted on each
cage, and the analysis of other data was based on individual
mice. Tukey’s Multiple Range Test was used to measure
the statistical differences between groups. Significance was
defined as P < 0.05.

Results

The exogenous expressed AFP drosomycin in E. coli
has antifungal activity

Drosomycin is an AFP derived from Drosophila mela-
nogaster, which inhibits filamentous fungi (Fehlbaum et al.
1994). Its molecular weight is 4.9 kDa, and it contains four
disulfide bonds. To obtain drosomycin with biological
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activity in E. coli, we constructed the recombinant plasmid
pET28a-SUMO-drosomycin and expressed it alongside
the SUMO tag. Following affinity chromatography puri-
fication and SUMO protease Ulpl digestion, drosomycin
was obtained with more than 85% purity, and its yield was
approximately 30 mg/L (Supplemental Fig. S2A). Purified
drosomycin possessed an inhibitory activity against the
growth of A. flavus NRRL 3557 spores and mycelium, as
well as an inhibitory effect on feed mold growth, while the
fusion protein did not (Supplemental Fig. S2B-D). These
data suggest that the AFP drosomycin produced in E. coli
has sufficient antifungal activity and the potential to be used
as a preservative.

Extracellular production of the AFP drosomycin in E.
coli

Complex purification processes and the high production cost
of intracellular expression in E. coli hinder the extensive
application of drosomycin. Therefore, we aimed to construct
an extracellular expression system for drosomycin to sim-
plify purification. We first attempted to investigate the effect
of various signal peptides and carrier proteins on the extra-
cellular production of drosomycin. However, signal peptides
related to the Sec pathway (Choi and Lee 2004) including
AnsBII, endolanase, LamB, L-asparaginase II, LPP, LTB,
PhoA, PhoE, PelB, OmpA, OmpF, and MalE, as well as car-
rier proteins including PelB-Cherry (Wu et al. 2013), eYebF
and sYebF (Haitjema et al. 2014) were unable to mediate
drosomycin’s extracellular production (data not shown). Fol-
lowing several attempts, we identified two signal peptides,
SX and OT, that could mediate the extracellular produc-
tion of fused drosomycin (Supplemental Fig. S3A), and the
secretion efficiency of SX was improved compared to OT.

To improve the yield of drosomycin, we tested various
fusion tags (Ki and Pack 2020). As shown in Supplemental
Fig. S3B, drosomycin fused with SUMO tag and the sig-
nal peptide SX exhibited the optimal secretion efficiency
and expression yield. The secretion efficiency of mCherry,
Cherry, and Fh8 tags was limited, and there were more un-
secreted proteins in the cytoplasm, while GST and eGFP
tags significantly impacted the expression of drosomycin.
Ultimately, the maximum extracellular production of the
AFP drosomycin was achieved through the application of
SX and OT signal peptides (especially SX) as well as the
fusion tag SUMO.

Screening of biological active hybrid AFPs

As anticipated, the SUMO tag inhibited the antifungal
activity of secreted AFP (Supplemental Fig. S2). To over-
come this obstacle, we carried out a small-scale screen-
ing for hybrid AFPs. Twelve hybrid AFPs were generated

through overlap PCR using drosomycin, metchnikowin, and
LsGRP1-c as parent peptides. These hybrid AFPs were pro-
duced extracellularly via the above-established secretory
expression system (Fig. 1A), and the antifungal effect of
their supernatant was examined through a feed mold growth
assay. As shown in Fig. 1B, across all tested hybrid AFPs,
only MD exhibited a strong inhibitory effect on feed mold
growth. Further examination demonstrated that MD could
completely prevent the growth of B. cinerea B05.10 (Fig. 2A
and D) and A. flavus NRRL 3557 (Fig. 2B and E) within
72 h when the concentration was 25 mg/L and result in a
50% inhibition of F. graminearum ACCC 37687 (Fig. 2C
and F) at a concentration of 25 mg/L. To exclude the anti-
fungal effect of other supernatant components, we used ion
exchange chromatography to purify MD (Fig. 3A and B).
As shown in Fig. 3C, we determined that the growth inhibi-
tion effect of high-purity MD (> 85%) was similar to that
of unpurified MD on A. flavus NRRL 3557. These findings
suggested that we screened a hybrid AFP MD with a notable
effect on fungal control, and its antifungal activity was not
impacted greatly by the SUMO tag.

Construction of an endotoxin-free oxidative leaky E.
coli strain expressing AFPs

Lipopolysaccharide, known as endotoxin, is a unique com-
ponent in the outer membrane of Gram-negative bacteria
(Cardoso et al. 2022). It is often made up of three parts:
polysaccharide O antigen, core oligosaccharides, and hydro-
phobic lipid A. Of these components, lipid A immobilizes
LPS on the outer membrane and acts as an agonist for toll-
like receptor 4/myeloid differentiation factor 2-mediated
pro-inflammatory activity in mammals (Schneier et al.
2020). The recombinant proteins expressed in E. coli are
often contaminated with LPS (Mamat et al. 2015). If not
eliminated, the final biological products will be unsafe for
animals or humans. Currently, endotoxins may be removed
through several chromatographic methods, but these are
expensive and complex, with total removal being challeng-
ing (Mamat et al. 2015). Therefore, Mamat et al. (2015)
developed an endotoxin-free recombinant expression strain
known as ClearColi-BL21(DE3) through rational editing of
the outer membrane biosynthetic pathway of E. coli. The
ClearColi-BL21(DE3) cells possess a modified LPS known
as lipid IV,, which lacks the polysaccharide chains as well as
the two acyl chains, and, therefore, does not result in endo-
toxic reactions in humans (Cardoso et al. 2022).

To eliminate the adverse effects of endotoxin on the
downstream application of MD, we employed endotoxin-free
E. coli ClearColi-BL21(DE3) for the expression of AFPs. As
illustrated in Fig. 4A, MD was produced extracellularly, but
compared with oxidative E. coli Origami (DE3) (Faulkner
et al. 2008), there was an apparent miscellaneous protein
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Fig. 1 Extracellular production and activity identification of hybrid
antifungal peptides. A SDS-PAGE analysis of extracellular and intra-
cellular protein samples of recombinant hybrid antifungal peptides

band. We speculated that this may be caused by misfolding
of MD with four disulfide bonds. To examine this hypoth-
esis, we knocked out one or both of two key reductase genes
(trxB and gor) in the ClearColi-BL21(DE3) strain using
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Intracellular

DL DM LD LM MD

M DLM DML LDM LMD MDL MLD

expressed in E. coli Origami (DE3) after 24 h of induction expres-
sion; B Appearance of feed mold production test at d 4; D, drosomy-
cin; M, metchnikowin; L, LsGRP1-c

the Crispr/Cas9 gene editing technique. In the ClearColi-
BL21(DE3)-AtrxB/gor strain, the F38 site of the peroxire-
doxin family member ahpC protein was lacking (Fig. 4B).
This gain-of-function mutation enhances its reducing ability
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Fig. 2 Inhibitory effect of hybrid antifungal peptide MD supernatant on different pathogenic fungi. A, D B. cinerea B05.10; B, E A. flavus
NRRL 3357; C, F F. graminearum ACCC 37687; D-F Colony diameter of fungi at different time after inoculation

and assists in maintaining typical cell viability, consistent  level of MD, neither a #rxB nor a gor gene single knockout
with the reports from Lobstein et al. (2012). The expres-  strain could limit the misfolding of MD in the ClearColi-
sion results in Fig. 4C indicated that although the #rxB gene ~ BL21 (DE3) cells. However, the double knockout of #rxB
single knockout strain increased the extracellular expression  and gor genes almost completely eliminated the misfolded
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MD while increasing the extracellular expression of MD by
about 1.5-fold (Fig. 4C). However, there were several cor-
rectly folded un-secreted proteins in the cytoplasm of the
double knockout strain (Fig. 4C), and further experiments
were required to improve the secretion efficiency.

Deleting genes related to cell membranes or cell wall
synthesis to construct leaky E. coli strains has become an
effective strategy for improving the extracellular production
of recombinant proteins (Chen et al. 2014). Among them,
the knockout of the outer membrane lipoprotein Ipp (Braun’s
lipoprotein) gene has little effect on bacterial strain growth
(Fu et al. 2022), while it significantly promotes the leak-
age of recombinant proteins (Chen et al. 2014). Therefore,
we knocked out the Ipp gene of the ClearColi BL21(DE3)-
AtrxB/gor strain to enhance the secretion efficiency of MD.
The intracellular recombinant protein was almost entirely
secreted into the supernatant, and the secretory expression
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was improved by nearly 2-fold. This may be due to the
knockout of the I[pp gene, which increased the permeabil-
ity of the outer membrane, promoting the leakage of the
recombinant protein from the periplasm to the supernatant
(Fu et al. 2022).

Construction of a temperature-inducible expression
system

In developing commercial recombinant protein expres-
sion systems, when final products involve living organ-
isms, in addition to lowering production costs, an
important consideration is the safety of the products.
Therefore, using expensive and toxic chemicals, such
as IPTG, to induce the expression of recombinant AFP
was not an ideal strategy (Liu et al. 2012). Considering
the above concerns and the high-temperature resistance
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Fig.4 Extracellular production of hybrid antifungal peptide MD
in endotoxin-free oxidative ClearColi BL21 (DE3). A SDS-PAGE
analysis of MD after 24 h of induction expression in ClearColi BL21
(DE3), 1: Origami (DE3), 2: BL21 (DE3), 3: ClearColi BL21 (DE3);
B Comparison of amino acid sequences of ahpC protein in ClearColi
BL21 (DE3) WT and ClearColi BL21 (DE3)-AtrxB/gor strains; C
SDS-PAGE analysis of MD after 24 h of induction expression in dif-

activity of MD (Fig. 5A), we attempted to use a dif-
ferent prokaryotic expression vector pBV220 using a
ApR/pL-cI857 temperature-sensitive regulatory system
(Zhang et al. 2016) to achieve MD expression via tem-
perature regulation. Upon temperature shifting to 42 °C,
MD was expressed successfully under the control of the
temperature-sensitive promoter pR/pL and secreted into
the supernatant (Fig. 5B). However, there was a clear
miscellaneous protein band below the MD band, pos-
sibly due to the heat shock reaction of E. coli, result-
ing in the rapid synthesis of various heat shock proteins,
including the ClpP and HslV proteases (Guisbert et al.
2008). Therefore, we knocked out clpP and hslV genes in
ClearColi-BL21(DE3)-AtrxB/gor/lpp cells and found that
knocking out the hslV gene resulted in greater improve-
ment than knocking out clpP, resulting in significantly
reduced miscellaneous protein observation (Fig. 5C).

kDa M 1 2 3 4 5
35 | —
- - e 15 <
- -

ferent ClearColi BL21 (DE3) strains, 1: Origami (DE3), 2: ClearColi
BL21 (DE3), 3: ClearColi BL21 (DE3)-AtrxB, 4: ClearColi BL21
(DE3)-Agor, 5: ClearColi BL21 (DE3)-AtrxB/gor; D SDS-PAGE
analysis of MD after 24 h of induction expression in ClearColi BL21
(DE3)-AtrxBl/gor/ipp strain, 1: Origami (DE3), 2: ClearColi BL21
(DE3)-AtrxBl/gor, 3: ClearColi BL21 (DE3)-AtrxB/gor/lpp; black
arrows: the correctly folded MD; red arrows: the misfolded MD

To further expand the production scale of MD and modu-
late culture conditions more accurately, we utilized a 5 L
fermenter for fed-batch fermentation. The bacteria were cul-
tured at 30 °C to an ODg, of 10, and the temperature was
altered to 42 °C to induce expression. Our findings demon-
strated that the extracellular expression level could reach
500 mg/L after 24 h, and the secretion level was improved
compared to shake flasks (Fig. 5D), suggesting its potential
for large-scale production.

Application of MD in fruit preservation

Due to the high selectivity, effectiveness, tolerance, and lack
of fungal resistance to AFPs as antifungal drugs (Fernan-
dez de Ullivarri et al. 2020), researchers have devoted great
interest and attention to AFPs as novel biological drugs for
the prevention and treatment of fungal infections (Nicola
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Fig.5 Construction of temperature-inducible expression system of
hybrid antifungal peptide MD. A Effect of temperature on the activ-
ity of MD; B SDS-PAGE analysis of MD after 24 h of temperature-
inducible expression in different ClearColi BL21 (DE3) strains,
1: ClearColi BL21 (DE3), 2: ClearColi BL21 (DE3)-AtrxB, 3:
ClearColi BL21 (DE3)-Agor, 4: ClearColi BL21 (DE3)-AtrxB/gor,
5: ClearColi BL21 (DE3)-AtrxB/gor/lpp; C SDS-PAGE analy-

et al. 2019). Based on previous studies, B. cinerea, A. fla-
vus, and F. graminearum, which could be inhibited by MD,
are the primary postharvest fungal pathogens of most fruits
and crops (Mohammed et al. 2023; Saif et al. 2021; Zhang
et al. 2022). Therefore, we examined the inhibitory effect of
MD on fruit mold growth. Our findings (Fig. 6) indicated
that MD could limit the mold growth of corn, peach, pear,
kiwifruit, and banana, while prolonging the storage period of
several fruits, especially kiwifruit and banana (Fig. 6D and
E). Next, we evaluated the safety of MD through intragas-
tric administration to mice at different doses. As shown in
Supplemental Table S5-S7, the hybrid AFP MD exhibited
appropriate safety and did not result in weight loss, organ
loss, or liver and kidney dysfunction in mice. These results
demonstrate that MD is a promising, safe, and environmen-
tally friendly product that has great application value in the
control of postharvest decay in fruits.

Discussion

Several valuable proteins, including ApoA-1 and Hsp70,
have been successfully expressed in ClearColi-BL21(DE3)
(Mamat et al. 2015). However, the intracellular reducing
environment can lead to the improper folding of multi-
disulfide bond-containing proteins, limiting the production
of multi-disulfide bond-containing proteins, such as MD,
whose correct folding requires an oxidizing environment
(Faulkner et al. 2008). In this study, we removed critical

@ Springer

Extracellular Intracellular

kDa M Oh 3h 9h 24h36h48h kpa M Oh 3h 9h 24h36h48h

—— — 25

5

35 i =
SESEES

L

10

sis of MD after 24 h of temperature-inducible expression in dif-
ferent ClearColi BL21 (DE3) strains, 1: ClearColi BL21 (DE3)-
AtrxBlgor/lpp, 2: ClearColi BL21 (DE3)-AtrxBl/gor/lpp/hslV, 3:
ClearColi BL21 (DE3)-AtrxB/gor/lpp/cipP; D SDS-PAGE analysis of
MD after different times of temperature-inducible expression at a 5 L
fermenter for batch-feed fermentation; black arrows: MD; red arrows:
the miscellaneous protein

enzymes of the two reduction pathways and developed the
oxidative ClearColi-BL21(DE3)-AtrxB/gor strain, enabling
the MD containing four disulfide bonds to fold correctly and
limiting the metabolic pressure on bacteria, thereby elevat-
ing the total expression level of the recombinant protein and
broadening the application range of the strain. Moreover,
by knocking out the Ipp gene encoding the outer membrane
lipoprotein, we enhanced the permeability of the outer mem-
brane and improved the secretion efficiency of the recom-
binant protein.

In our study, we used two exogenous expression methods
for the extracellular production of MD. Among them, the T7
expression system is the most widely employed expression
system within E. coli, with high efficiency and high expres-
sion levels (Du et al. 2021). However, this method carries
some disadvantages. For example, the use of IPTG to induce
the expression of recombinant proteins increases production
costs as well as the toxic risk posed by IPTG toward the
final product (Dvorak et al. 2015). In the second temperature
induction system, the secretory expression of hybrid AFP
MD is induced only by increasing the temperature from 30
to 42 °C without adding an inducer, and the highest expres-
sion level observed was 500 mg/L, which is more suitable
for industrial-scale production.

Infection by pathogenic fungi takes place before and after
harvest throughout the growing season, often on mechanical
wounds in fruits. The use of chemical fungicides (such as
carbendazim, thiophanate-methyl, and imidazole) to inhibit
or kill pathogenic microorganisms has a precise mechanism
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Fig.6 Hybrid antifungal
peptide MD prevents fruit mold
growth. A Fruit corn; B peach;
C pear; D kiwi fruit; E banana;
red arrows point to fruit mold
growth

of action and high titer. In practical cases, these can sig-
nificantly reduce the rot of fruits and vegetables caused by
pathogenic infection and limit economic losses. It is a com-
mon and effective traditional method for controlling post-
harvest diseases (Calvo et al. 2007). However, the depend-
ence on conventional chemical fungicides has resulted in
various issues, such as the emergence of drug resistance in
pathogenic fungi (Boubaker et al. 2009), the destruction of
the ecological environment, especially the harm caused by
fungicide residues on the health of consumers, attracting
increasing attention from food science and technology work-
ers as well as relevant national regulatory agencies (Trip-
athi and Dubey 2004). Sustainable agriculture, encompass-
ing biological production and integrated crop management,
demands the development of green alternatives to control
postharvest fruit decay (Droby et al. 2016; Spadaro and
Droby 2016). Fan et al. (2023) determined that marine AFP
Epinecidin-1 could inhibit the growth of B. cinerea and limit
the development of gray mold in postharvest peaches. In this
study, we identified that hybrid AFP MD could hinder the

growth of pathogenic fungi and delay natural mold growth
on different kinds of fruits.

Our investigation screened a hybrid antifungal peptide
MD whose activity was not impacted by the fusion tag. To
ensure the effectiveness and safety of the final product, we
developed an endotoxin-free oxidative E. coli suitable for the
expression of multi-disulfide bond proteins through knock-
out of the two reductase genes of trxB and gor and achieved
expression of endotoxin-free recombinant MD. The secre-
tion efficiency of MD was improved by knocking out the Ipp
gene. Moreover, applying a temperature-induced expression
system reduced the operation steps and saved production
costs. A preliminary scale-up experiment was conducted in
a 5 L fermenter using our optimized production system, and
the extracellular expression level of MD was observed to be
nearly 500 mg/L. The recombinant hybrid AFP MD exhibits
sufficient application potential in the anti-mold growth of
fruits, feed, and grains. In conclusion, we have developed a
new type of hybrid AFP MD and systematically optimized
its production system. The produced MD exhibits excellent
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antifungal ability, which promotes the development and
industrialization of green, safe, and effective AFPs.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00253-023-12888-4.
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