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A B S T R A C T

Erwinia persicina is a bacterium that has been known to produce secondary metabolites, such as andrimid, pink 
pigment, and exopolysaccharides, and to infect more than twenty plant species. However, traditional gene 
manipulation methods have been hindered by the inefficient of suicide plasmid-mediated genome editing. In this 
study, we describe the successful application of the CRISPR-Cas9 system in E. persicina. Efficient genome editing 
was achieved by substituting the native gRNA promoter with J23119 in a single-plasmid system (pRe
d_Cas9_ΔpoxB) and optimizing the gRNA design. The use of double gRNAs led to the deletion of a 42 kb genomic 
fragment, and the incorporation of a sacB screening marker facilitated iterative knockouts. Additionally, a 22 kb 
plasmid containing a self-resistance gene was conjugally transferred into E. persicina, resulting in the insertion of 
a 6.4 kb fragment with 100 % efficiency. Furthermore, we demonstrated the expression of shinorine, an anti-UV 
compound, within the E. persicina chassis. This study establishes E. persicina as a promising chassis for synthetic 
biology and provides a model for gene-editing systems in non-model microorganisms.

1. Introduction

Erwinia persicina is a non-model, rod-shaped bacterium belonging to 
the family Enterobacteriaceae [1]. It exhibits a broad spectrum of sub
strate utilization, encompassing a wide range of carbon compounds and 
nitrogen sources [2]. E. persicina is commonly associated with plants and 
produces a variety of secondary metabolites, making it a promising 
chassis strain for the expression of diverse compounds. Recent studies 
have demonstrated that E. persicina exhibits both 
phosphorus-solubilizing and biocontrol capabilities, which significantly 
enhance plant phosphate concentrations and mitigate the severity of 
Fusarium head blight (FHB) in wheat [3,4]. Furthermore, the exopoly
saccharides and pink pigment produced by E. persicina Cp2 have been 
shown to promote alfalfa growth under NaCl stress and exhibit anti
fungal properties [5,6]. E. persicina BST187 has been shown to demon
strate potent inhibitory activity against pathogenic bacteria through the 
production of andrimid, which inhibits bacterial acetyl-CoA carboxylase 

[7]. Additionally, E. persicina EUS78 has also shown significant potential 
as a biological control agent in the food industry, specifically against 
Salmonella enterica contamination in sprouts [8].

The genus Erwinia is predominantly comprised of plant pathogenic 
species, with E. amylovora being a prominent example that has been 
identified as the causative agent of fire blight disease in ornamentals, 
fruit trees, and shrubs [9]. As an opportunistic pathogen, E. persicina 
poses a substantial threat to agricultural production by causing 
pink-pigmented soft rot in various plant hosts, including garlic (Allium 
sativum), onion (Allium cepa), celery (Apium graveolens), and parsley 
(Petroselinum crispum) [10–13]. In addition to vegetables, E. persicina 
also infects many economically important crops, including legumes and 
herbaceous plants [14,15]. The advent of efficient genome editing 
methodologies holds considerable promise in enhancing our compre
hension of the pathogenic mechanisms of E. persicina and for developing 
strategies for effective disease control by investigating its interactions 
with plants and other microorganisms. The conventional gene 
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manipulation method employed in E. persicina relies on a suicide 
plasmid-mediated genome editing system. However, this approach is 
both time-consuming (requiring approximately 6–10 days to modify a 
chromosomal locus) and inefficient (with knockout efficiency varying 
depending on the target gene and editing efficiency ranging from 10 % 
to 80 %) [16].

The clustered regularly interspaced short palindromic repeats 
(CRISPR)/CRISPR-associated (Cas) systems have emerged as powerful 
tools for precise microbial genome editing. In this system, Cas proteins 
generate double-stranded DNA breaks (DSBs), which subsequently 
activate homologous recombination (HR), the predominant mechanism 
for repairing DSBs in bacteria [17]. Despite the prevalence of endoge
nous CRISPR systems within the Erwinia genus, their application re
mains restricted due to the absence of non-homologous end joining 
(NHEJ) [18,19]. The CRISPR-Cas9-based cytosine base editing system 
has been reported in E. amylovora and has demonstrated high-efficiency 
for both single and multiple gene editing. However, it should be noted 
that even within the same species, the CRISPR-Cas plasmids is not uni
versally applicable. For instance, the pCas/pTargetF two-plasmid system 
has been widely used in Escherichia coli K-12 strain MG1655 but has 
failed in Es. coli BL21 due to excessive leakage expression of gRNA-pMB1 
on the pCas plasmid [20]. Genome editing can be successfully performed 
in BL21 using a modified pCas/pTarget system (pEcCas/pEcgRNA) [21]. 
Furthermore, it has been demonstrated that not all the tools developed 
from CRISPR-Cas systems are functional in non-model microorganisms. 
For instance, the CRISPR-Cas9 plasmids exert a substantial metabolic 
burden on strains, leading to toxic effects and reduced transfection ef
ficiency [22]. Moreover, non-model microorganisms most possess 
diverse restriction-modification (R-M) systems, necessitating the 
development of effective DNA delivery methods for these bacteria [23]. 
Conjugative transfer, initiated by the contact between donor and 
recipient strains, is driven by plasmids within the donor strains, ensuring 
the integrity of plasmid DNA in the donor strains, making conjugative 
transfer a promising method for large DNA transfer. This method has 
been successfully applied in suicide plasmid-mediated genome editing in 
E. persicina [16,24].

Non-model microorganisms have demonstrated significant potential 
for applications in research, medicine, environmental management, and 
biomanufacturing. For instance, L-asparaginase has been shown to play a 
critical role in the treatment of acute lymphoblastic leukemia (ALL). 
Erwinase®, a commercial form of L-asparaginase derived from 
E. chrysanthemi, is the only available asparaginase therapy for ALL pa
tients with hypersensitivity to Es. coli-derived asparaginases. However, 
its use is limited by issues regarding its availability [25]. JZP-458, a 
recombinant form of Erwinia asparaginase derived from a novel Pseu
domonas fluorescens expression platform, was approved by the FDA in 
2021. This approval has facilitated a more stable and efficient produc
tion process, thereby alleviating supply chain challenges [26]. 
Furthermore, E. persicina demonstrates a capacity to withstand harsh 
growth conditions, including arid, saline, and alkaline environments, 
thereby mitigating the risk of contamination during fermentation [27]. 
Shinorine, a UV-absorbing mycosporine-like amino acid (MAA), has 
demonstrated potential for use in sunscreen applications [28]. MAAs are 
synthesized by a range of prokaryotic and eukaryotic organisms, 
including cyanobacteria, fungi, and algae [29]. Although shinorine is 
commercially available from the red algae Porphyra umbilicalis, its low 
productivity limits broader application use [30]. In addressing this 
challenge, a range of host organisms, including Es. coli [31], Saccharo
myces cerevisiae [32], Corynebacterium glutamicum [33], and P. putida 
[34], have been genetically engineered to enhance shinorine produc
tion. However, the complex fermentation process, along with challenges 
in extraction and purification, hinders its practical application. Conse
quently, there is a necessity to explore alternative and sustainable 
methods for large-scale shinorine production [34].

In this study, a highly efficient and user-friendly CRISPR-Cas9 system 
was developed for E. persicina. This system facilitates expeditious and 

precise gene editing, enabling the knockout of a 42 kb genomic fragment 
and the insertion of genes controlled by strong promoters. The system 
can be efficiently cured through sucrose counter-selection and supports 
iterative genome editing. Furthermore, the entire 6.4 kb shinorine 
biosynthetic gene cluster was successfully integrated into E. persicina 
using CRISPR-Cas-mediated editing combined with conjugative transfer. 
These methods will facilitate future research on the pathogenic mech
anisms of E. persicina and its metabolic engineering, including the pro
duction of andrimid, pink pigments, and shinorine [5,35]. The findings 
of this study offer valuable insights into the broader application of 
CRISPR-Cas systems in other microorganisms.

2. Materials and methods

2.1. Strains and culture conditions

The strains used in this study are enumerated in Tables S1 and Eand 
E. persicina BST187 has been deposited in the China Center for Type 
Culture Collection (CCTCC) with accession number CCTCC M 2022872. 
All strains were cultivated on Luria-Bertani (LB) agar medium (5 g/L 
yeast extract, 10 g/L tryptone, 5 g/L NaCl, and 15 g/L agar) and incu
bated at 28 ◦C or 37 ◦C with agitation at 200 rpm for propagation. When 
necessary, 50 μg/mL kanamycin, 100 μg/mL ampicillin, 100 μg/mL X- 
gal (Solarbio, China), and 20 mM L-arabinose were supplemented in the 
medium.

2.2. Plasmid construction

The plasmids used in this study are enumerated in Table S2, while 
the primers are detailed in Table S3. The Es. coli codon-optimized genes 
of Ava_3855, Ava_3856, Ava_3857, and Ava_3858, as described in 
Anabaena variabilis [31] were synthesized by GenScript Biotech Corpo
ration (China). Primers were synthesized by GENEWIZ (China), and 
DNA fragments were amplified using KOD One™ PCR Master Mix 
(TOYOBO, Japan). Plasmids were constructed via Gibson assembly 
using the EZ-HiFi Seamless Cloning Kit (GenStar, China) [36]. Restric
tion endonuclease BsaI-HF®v2 and T4 DNA ligase, used for Golden Gate 
assembly, were purchased from New England Biolabs (USA). The New 
Gel Mini Purification kit and Fast Plasmid Miniprep kit were purchased 
from ZOMANBIO (China).

The primers cas-J23119-lacZ-F and cas-J23119-lacZ-R were 
employed to replace the gRNA’s native promoter with J23119. The 
multi-gRNA plasmid was constructed by Golden Gate assembly using 
Cas9-ΔlacZ-pJ23119-gRNA0 (gRNA5) as the backbone. The iterative 
plasmid Cas9-pSC101-sacB-ΔadhE was also constructed using gRNA5 as 
the backbone, with the sacB and oriT sequences being amplified from the 
plasmid pK18mobsacB. The conjugative transfer plasmid Cas9-oriT- 
sacB-lacI-admT-pJ23119-ΔlacZ (gRNA7) was constructed using Cas9- 
oriT-sacB-pJ23119-ΔlacZ (gRNA6) as the backbone. The oriT, admT, and 
lacI genes were amplified from pK18mobsacB, pJ23104-admX, and 
pET28a, respectively. Subsequently, the upstream and downstream ho
mology arms of lacI2 and the MAAs gene were integrated into gRNA7, 
thereby producing the final plasmid, Cas9-oriT-admT-ΔlacI::Ptrc-MAAs 
(gRNA8). Detailed information, including templates and fragment sizes 
for each plasmid, is provided in Table S2. Finally, all reaction products 
were chemically transformed into Es. coli DH5α, and Sanger sequencing 
(GENEWIZ, China) was employed to evaluate the accuracy of the 
assembly.

2.3. Transformation

The chemical competent cells of BST187 were prepared using 0.1 M 
CaCl2 and 50 % glycerol, as previously described [16]. The preparation 
of BST187 electroreceptor competent cells involved the use of sterile 
ddH2O and 10 % glycerol, and these cells were subsequently stored in 
10 % glycerol. The chemical transformation was performed via heat 
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shock, while electroporation was carried out using the Gene Pulser 
Xcell™ electroporation system (Bio-RAD, USA). A total of 100 mL of 
competent cells was mixed with approximately 500 ng of plasmid DNA 
in a 2-mm Gene Pulser cuvette. The optimized parameters for this pro
cess were as follows: a voltage setting of 2,000 V, resistance of 200 Ω, 
and capacitance of 25 μF. The cell suspension was then immediately 
placed into 1 mL of ice-cold LB medium, and the cells were incubated for 
1 h at 28 ◦C with shaking at 200 rpm. Following this, the cells were 
plated on solid LB medium that had been supplemented with kana
mycin, ampicillin, and 1 % glucose.

For large plasmids (≥15 kb), Es. coli S17-1 was employed as a donor 
strain, and standard conjugation methods, as described in a previous 
study [35], were utilized. Subsequent to the transformation of the 
plasmids into E. persicina BST187, the resultant BST187 strains con
taining CRISPR-Cas9 plasmids were cultivated on LB plates that had 
been supplemented with kanamycin, ampicillin and 1 % glucose.

2.4. Genome editing procedure

A correctly identified clone was selected and inoculated into LB 
medium, which had been supplemented with kanamycin and ampicillin. 
Following this, the medium was subjected to incubation for 4 h at 28 ◦C. 
Subsequently, 20 mM L-arabinose was added. Following a 12 h of in
duction, the culture was diluted 1,000-fold with 0.85 % NaCl, and 100 
μL of the dilution was plated onto LB agar containing kanamycin, 
ampicillin, and L-arabinose. The plates were incubated for 24 h at 28 ◦C. 
Colonies obtained from the plates were subsequently inoculated into 
500 μL of LB broth and incubated at 200 rpm for 10–12 h at 28 ◦C.

In instances where lacZ was used as the target gene, X-gal was 

incorporated into the LB agar plates at a final concentration of 100 μg/ 
mL. Following a 24 h of incubation, white colonies were identified as 
successful knockout strains, while blue colonies were considered un
successful. The editing efficiency was calculated as the ratio of white 
colonies to the total number of colonies. The editing efficiency of other 
genes and insertion fragments was assessed using colony PCR with a 
forward primer upstream of the left homology arm and a reverse primer 
downstream of the right homology arm. Colonies that exhibited the 
expected PCR products then subjected to further verification DNA 
sequencing.

2.5. Plasmid curing

In order to cure the temperature-sensitive plasmid, the edited strains 
were grown overnight at 37 ◦C [37]. For the curing of the sacB 
counter-selectable marker plasmid, these strains underwent a 1,000-fold 
dilution in 0.85 % NaCl, followed by streaking onto LB agar plates 
containing 15 % sucrose. These plates were then incubated overnight at 
28 ◦C. Colonies that grew on these plates were then inoculated into 500 
μL of LB broth containing 15 % sucrose and incubated with shaking at 
200 rpm overnight at 28 ◦C. The curing of the plasmid was confirmed by 
assessing the strain’s sensitivity to kanamycin prior to proceeding with 
the next round of genome editing.

2.6. In vivo assay for andrimid sensitivity

The sensitivity to andrimid was assessed using modified agar lawn 
assays [38]. Briefly, 100 mL of LB agar plates were prepared by adding 1 
mL of an overnight culture of Es. coli S17-1 strain, which had been 

Fig. 1. Establishment of the high-level sgRNA expression using a CRISPR-Cas9-based toolkit in BST187. (A) Schematic representation of the Cas9-ΔlacZ-gRNA0 
plasmid. (B) Colony images of BST187 containing the Cas9-ΔlacZ-gRNA0 plasmid, cultivated on LB plates supplemented with X-gal, kanamycin, ampicillin, and L- 
arabinose. White colonies signify successful knockout strains, while blue colonies denote unsuccessful outcomes. (C) Schematic representation of the Cas9-ΔlacZ- 
pJ23119-gRNA0 plasmid. (D) Colony images of BST187 containing the Cas9-ΔlacZ-pJ23119-gRNA0 plasmid, which were cultivated under the same conditions as in 
panel B. (E) Sanger sequencing confirming the replacement of the native sgRNA promoter with J23119.

T. Cheng et al.                                                                                                                                                                                                                                   Synthetic and Systems Biotechnology 10 (2025) 555–563 

557 



transformed with CRISPR-Cas9 plasmids. A 2.5 μL aliquot of the BST187 
culture was then spotted onto the LB agar plates. Following drying in a 
clean bench, the plates were then incubated at 28 ◦C for 2 days.

2.7. Identification and quantification of shinorine

The shinorine-producing strain was cultivated in 100 mL of LB me
dium in a 250 mL flask, which was then incubated for 24 h at 28 ◦C with 
shaking at 230 rpm. The samples were then homogenized using a High 
Pressure Homogenizer (AH-NANO, DUONING, China) in order to 
quantify the total shinorine. In addition, 1 mL of the untreated sample 
was used to quantify the extracellular shinorine. Subsequent to this, all 
samples were subjected to centrifugation at 13,000 rpm for 5 min, and 
the supernatant was filtered through a 0.22 μm filter. Qualitative anal
ysis was then conducted using UPLC-TOF-MS/MS, with detected by a 
Shimadzu Nexera ultra-performance liquid chromatography (UPLC) 
30A (Shimadzu, Japan) coupled with a TripleTOF™ 6600 mass spec
trometer (Applied Biosystem Sciex, USA). The MS method incorporated 
a TOF MS scan and an IDA-fragmentation TOF MS/MS scan, covering a 
mass range of 50–1,000 m/z in positive electrospray ionization (ESI) 
mode. The samples were performed on a T3 column (Waters, 2.1 × 100 
mm, 1.8 μm, 100 Å). The injection volume was set to 1 μL, and the 
column temperature was maintained at 30 ◦C. The mobile phases 
comprised 0.1 % formic acid in water (A) and acetonitrile (B). The flow 
rate was set to 0.3 mL/min with a gradient elution profile: 0.01 min, 1 % 
B; 1.5 min, 1 % B; 15–20 min, 99 % B; 21–30 min, 1 % B. The ESI source 
parameters were optimized as follows: ion spray voltage of 4,500 V, 
declustering potential of 80 V, source temperature of 550 ◦C, curtain gas 
at 35 psi, nebulizer gas at 55 psi, and heater gas at 55 psi. The raw data (. 
wiff) files were processed and analyzed using PeakView software for 
peak detect and alignment.

For the purpose of quantitative analysis, the shinorine-producing 
strain was also analysis by HPLC. Samples were injected onto a SHI
MADZU LC-2050 system equipped with a Thermo HyperCarb column 
(100 × 4.6 mm, 5 μm). A sample injection volume of 20 μL was used, and 
the column temperature was maintained at 25 ◦C. The mobile phases 
consisted of 0.3 % ammonium formate in water at pH 9.0 (A) and 
acetonitrile (B). The flow rate was set to 1.5 mL/min with a gradient 
elution: 0 min, 2 % B; 20 min, 15 % B; 26 min, 50 % B; 27–33 min, 90 % 
B; 35–40 min, 2 % B. Detection was carried out at a wavelength of 334 
nm [34].

3. Results and discussion

3.1. Optimization of CRISPR-Cas9 knockout in BST187

The protocol was established through adapting the one-plasmid 
system developed by Zhao et al. [37] for use in E. persicina BST187, in 
which Cas9 and sgRNA are co-expressed on a single plasmid. This system 
includes the Cas9 gene, which encodes the Cas9 protein responsible for 
inducing DSBs in the target DNA, and the sgRNA, which guides Cas9 to 
the target sequence. The non-essential lacZ gene was selected as the 
target for genome editing in E. persicina BST187, due to its utility as a 
color reporter on X-gal plates [16]. However, no positive strains were 
obtained following L-arabinose induction (Fig. 1AB). The failure to 
obtain positive strains may be due to inappropriate Cas9/sgRNA 
expression levels. Specifically, low levels of sgRNA expression have been 
shown to reduce the number of Cas9/sgRNA complexes, thereby hin
dering effective cleavage at the target site [39]. Conversely, studies have 
indicated that high levels of sgRNA expression can enhance target 
knockout efficiency in Yarrowia lipolytica [40], Halomonas spp. [41], and 
mammalian cells [39]. Li et al. [18] developed a CRISPR-Cas9-based 
cytosine base editing system in E. amylovora, in which the sgRNA was 
expressed under the control of the synthetic promoter J23119. The 
strength of the sgRNA promoter remains unclear in the pRe
d_Cas9_ΔpoxB300 plasmid [37]. Consequently, J23119 was selected to 
drive sgRNA expression in E. persicina BST187 (Fig. 1C–E). The use of 
this strong promoter ensured the effective genome editing in E. persicina 
BST187, yielding an efficiency of 92.66 ± 2.13 %, even in instances 
where the distance from the PAM sequence to the nearest homology arm 
(PAM-to-HA) exceeded 1,000 bp.

Furthermore, studies have demonstrated that DSBs in close prox
imity to the donor DNA facilitate homology-directed repair (HDR) [42,
43]. In order to design sgRNAs for CRISPR-Cas9, five sgRNAs (gRNA0, 
gRNA1, gRNA2, gRNA3, and gRNA4) targeting lacZ were tested. Of 
these, four sgRNAs (gRNA1, gRNA2, gRNA3 and gRNA4) were located 
within 50 bp of the proximal homology arm sequence, while gRNA0 was 
positioned more than 1,000 bp away (Fig. 2A) [20]. Following a 48 h 
incubation, the knockout efficiency of lacZ was assessed by enumerating 
the number of positive colonies on the plate (Fig. 2B–E). The knockout 
efficiencies were as follows: gRNA1 (99.82 ± 0.21 %), gRNA2 (99.57 ±
0.22 %), gRNA4 (99.47 ± 0.41 %), and gRNA3 (88.28 ± 2.76 %). In 
contrast to the 26 % editing efficiency achieved by suicide plasmids 
[16], the majority of sgRNAs exhibited near-100 % knockout efficiency, 

Fig. 2. Knockout efficiency of the CRISPR-Cas9 method in targeting the lacZ using different gRNA designs. (A) Schematic representation of five different gRNA 
designs, with their targeting positions. (B) Colony images of BST187 containing the Cas9-ΔlacZ-gRNA1 plasmid, cultivated on LB plates supplemented with X-gal, 
kanamycin, ampicillin, and L-arabinose. (C) Colony images of BST187 containing the Cas9-ΔlacZ-gRNA2 plasmid, cultivated under the same conditions as panel B. 
(D) Colony images of BST187 containing the Cas9-ΔlacZ-gRNA3 plasmid, cultivated under the same conditions as panel B. (E) Colony images of BST187 containing 
the Cas9-ΔlacZ-gRNA4 plasmid, cultivated under the same conditions as panel B. (F) Knockout efficiency based on the number of positive (white) colonies. White 
colonies signify successful knockout strains, while blue colonies denote unsuccessful outcomes. Values represent the means of biological replicates, with error bars 
indicating the standard deviations of three biological replicates.
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with gRNA3 being the exception (Fig. 2F). In addition to lacZ, the adhE 
gene was selected for comparison of the editing efficiency of suicide 
plasmids and CRISPR-Cas9 methods for the same cargo. As demon
strated in Fig. S1, the editing efficiency was only 30.4 % (7/23, 
Fig. S1AB) using suicide plasmids in BST187. Conversely, the utilization 
of CRISPR-Cas9 plasmids resulted in the successful generation of adhE 
knockout strains, with an editing efficiency of 95.7 % (22/23, Fig. S1CD) 
in BST187. This study emphasizes the importance of sgRNA design, and 
the current CRISPR-Cas9 system demonstrates enhanced editing effi
ciency in E. persicina, making it suitable for subsequent genome editing.

3.2. Large fragment deletion

In order to evaluate the efficacy of the CRISPR–Cas9 system in 
knocking out longer DNA segments from BST187, we expressed multiple 
sgRNAs on a single plasmid [44,45]. Gene cluster II is involved in the 
biosynthesis of the Fe2+ chelator proferrorosamine A, which theoreti
cally competes with andrimid biosynthesis (Fig. S2) [46] and is 

considered as a potential virulence factor [47]. Consequently, gene 
cluster II was selected to assess the efficiency of large fragment 
knockout. The double sgRNA plasmid was constructed using BsaI-me
diated enzymatic digestion and schematic representations of the plasmid 
construction and knockout sites are depicted in Fig. 3A. Both sgRNAs are 
expressed under the control of the constitutive promoter J23119.

Following L-arabinose induction, the knockout efficiency was 
assessed using the primers JP-C2-gRNA1-F and JP-C2-gRNA2-R. The 
positive strains exhibited a band at 1,473 bp, while no band was 
observed in the negative strains (Fig. 3B). Among the 23 colonies 
examined, eight displayed the expected band, while four showed clear 
bands. Subsequent validation using the JP-C2-gRNA1-F/JP-C2-gRNA1- 
R and gRNA2-F/JP-C2-gRNA2-R primers revealed that some of the 
positive strains also exhibited wild-type bands (Fig. 3CD). Ultimately, 
two successful knockout strains, CII-5 and CII-23, were identified. The 
confirmation of these strains was further substantiated by Sanger 
sequencing (Fig. 3E), which confirmed the successful knockout of a 
42,892 bp DNA fragment, thereby achieving a knockout efficiency of 

Fig. 3. Knockout efficiency of the CRISPR-Cas9 method targeting gene cluster II in BST187. (A) Schematic representation of the plasmid pMgRNAs-Δgene cluster II, 
with genome comparison visualized using Easyfig. (B) PCR analysis showing the deletion of gene cluster II in BST187 using primers JP-C2-gRNA1-F and JP-C2- 
gRNA2-R. (C) PCR analysis showing the deletion of gene cluster II in BST187 using primers JP-C2-gRNA1-F and JP-C2-gRNA1-R. (D) PCR analysis showing the 
deletion of gene cluster II in BST187 using primers JP-C2-gRNA2-F and JP-C2-gRNA2-R. (E) Sanger sequencing results confirming the knockout of gene cluster II 
in BST187.

Fig. 4. Knockout efficiency of the CRISPR-Cas9 method in BST187, targeting genes 02274 and 02322 within gene cluster II. (A) Schematic representation of the 
plasmid pMgRNAs-Δ02274, Δ02322, targeting genes 02274 and 02322. (B) PCR analysis and Sanger sequencing confirming the targeted deletion of gene 02274 in 
BST187 using primers JP-C2-gRNA1-F and JP-C2-gRNA1-R2. (C) PCR analysis and Sanger sequencing confirming the targeted deletion of gene 02322 in BST187 
using primers JP-C2-gRNA2-F2 and JP-C2-gRNA2-R.
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8.7 %. This efficiency is adequate for subsequent genome modifications, 
and the approach may be applied to knock out competing gene clusters 
and facilitate genome reduction [48].

3.3. Multiplex genome editing

The aforementioned method described above targets a single 
genomic locus at a time; however, simultaneous editing of multiple loci 
is often a prerequisite for the development of microbial cell factories. To 
achieve this, multiplexed sgRNAs can be utilized to target and modify 
multiple genomic loci in a simultaneous manner. Building on the large- 
fragment deletion plasmid pMgRNAs-Δgene cluster II, we constructed 
the double-gene knockout plasmid pMgRNAs-Δ02274, Δ02322 was 
constructed, targeting genes 02274 and 02322 (Fig. 4A).

Following L-arabinose induction, the primers JP-C2-gRNA1-F/JP-C2- 
gRNA1-R2 and JP-C2-gRNA2-F2/JP-C2-gRNA2-R were employed to 
assess the knockout efficiency. For gene 02274, the target fragment was 

1,443 bp, the wild-type fragment was 2,894 bp, and the successful 
knockout product was 1,457 bp (Fig. 4B). For gene 02322, the target 
fragment was 546 bp, while the wild-type fragment was 2,064 bp, and 
the successful knockout product was 1,518 bp (Fig. 4C). Unfortunately, 
simultaneous knockout of both genes was not achieved, which insuffi
cient Cas9 protein expression under the L-arabinose-inducible pBAD 
promoter [49]. Furthermore, colonies II-2, II-12, II-13 and II-19 
exhibited neither successful editing nor wild-type bands, which may 
be attributable to the activation of alternative end-joining (A-EJ), a 
repair pathway analogous to non-homologous end joining [50].

3.4. Plasmid curing

In order to implement a one-plasmid system for multiple rounds of 
genome editing, it is necessary to cure plasmids that carry resistance, 
with the adhE gene being selected for knockout. Following the genera
tion of the ΔadhE strain, the editing plasmid Cas9-pSC101ts-ΔadhE was 

Fig. 5. Development of an iteratively editable plasmid in BST187 targeting the adhE gene (the size of the adhE band is 2,691 bp, with the expected fragment size for 
the wild-type band generated by PCR being 4,810 bp, and the size of the successful knockout strain being 2,119 bp). (A) Schematic representation of the plasmid 
Cas9-pSC101-sacB-ΔadhE. (B) PCR analysis of the adhE targeted deletion in BST187 using primers JP-adhE-F and JP-adhE-R based on the plasmid Cas9-pSC101ts- 
ΔadhE (C) PCR analysis of the adhE targeted deletion in BST187 using primers JP-adhE-F and JP-adhE-R based on the plasmid Cas9-pSC101-sacB-ΔadhE. (D) 
Validation of residual resistance in Cas9-pSC101ts-ΔadhE knockout plasmid strains. (E) Validation of residual resistance in Cas9-pSC101-sacB-ΔadhE knockout 
plasmid strains, with no colony growth on LB plates containing kanamycin indicating plasmid loss.

Fig. 6. Insertion of highly expressed genes into BST187. (A) Schematic representation of the plasmid Cas9-lacI-ΔadhE::Ptrc-glyA. (B) Sanger sequencing results show 
that insertion of the lacI gene produced an unmutated Cas9-lacI-ΔadhE::Ptrc-glyA plasmid. (C) PCR analysis confirming the insertion of Ptrc-glyA at the adhE locus in 
BST187 using primers JP-adhE-F and JP-adhE-R. (D) Sanger sequencing results confirming the successful insertion of the Ptrc-glyA gene at the adhE locus.
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cured by culturing the colonies for 24 h at 37 ◦C. The efficacy of this 
process was then assessed by plating the colonies on LB plates containing 
kanamycin and incubating for a further 24 h at 28 ◦C. However, BST187 
exhibited reduced growth at 37 ◦C. In order to enhance plasmid curing 
efficiency, the sucrose-sensitive sacB gene was incorporated into the 
plasmid as a selection marker that is widely used [20,51]. Additionally, 
the temperature-sensitive replicon pSC101ts was replaced with the 
pBR322 replicon from pK18mobsacB, which proved to be more 
time-efficient (Fig. 5A) [21]. Following L-arabinose induction, plasmid 
curing of Cas9-psC101-sacB-ΔadhE was carried out by incubating the 
culture overnight at 28 ◦C in LB medium supplemented with 15 % su
crose [16]. A 2.5 μL aliquot of the culture, which contained a PCR 
product with a band size of 2,119 bp (Fig. 5BC), was plated onto LB agar 
containing kanamycin and incubated at 28 ◦C for 24 h.

All temperature-sensitive plasmids exhibited residual resistance 
(Fig. 5D), while the curing rate using sacB as a counter-selection marker 
was 56.52 % (13/23, Fig. 5E). The iterative plasmid allows Es. coli 
strains to grow at their optimal temperature, thereby shortening the 
timeline of the genome editing protocol. Furthermore, this method 
eliminates the need for Es. coli S17-1 in conjugative transfer, saving at 
least three days per round of gene editing compared to the use of suicide 
plasmids [16].

3.5. Highly expressed genes insertion

In order to evaluate the genome editing method’s capacity for 
mediate fragment insertion, an attempt was made to insert glyA frag
ments into the adhE locus of BST187. As demonstrated in Fig. 6A and B, 
mutations in the promoter and upstream region of the glyA gene suggest 
that the expression of this gene under Ptrc regulation is toxic. The 
repressive effect of lacO on Ptrc was enhanced by incorporating the lacI 
element into the plasmid. The lacI-encoded has been demonstrated to 
bind to lacO with high efficiency, thereby preventing leaky expression. 
This has enabled the successful acquisition of the unmutated plasmid.

The promoter region and the gly gene together span 1,355 bp. After L- 
arabinose induction, the expected PCR product size was 3,474 bp. PCR 
analysis revealed that 22 strains exhibited the expected fragment size 
(Fig. 6C). Sanger sequencing of the PCR products further confirmed the 
successful integration of Ptrc-gly (Fig. 6D). The integration of a single 
exogenous gene into the target locus was achieved with 100 % effi
ciency, fulfilling the requirements for subsequent experiments.

3.6. Large fragment insertion

The transformation efficiency of the CRISPR-Cas9 plasmid was 
significantly improved through electroporation in BST187 (32.67 ±

4.16 CFU/μg) in comparison with chemical transformation (4.67 ± 1.16 
CFU/μg). However, no successful transformants were obtained when the 
plasmid size exceeded approximately 15 kb. Conjugative transfer is 
widely considered the preferred method for introducing large exogenous 
DNA into non-model bacteria [23,52]. Conjugative transfer plasmids 
generally contain at least an origin of transfer (oriT) sequence and a gene 
encoding relaxase. The conjugative plasmid gRNA6 was constructed 
using gRNA5 as the backbone, incorporating the transfer initiation site 
oriT and the counter-selection marker sacB. Furthermore, the incorpo
ration of a self-resistance gene fragment into the plasmid and the 
enhanced expression of admT significantly improved Es. coli S7-1 resis
tance to andrimid, consistent with previous studies [38]. Ultimately, the 
Cas9-oriT-sacB-lacI-admT-pJ23119-ΔlacZ (gRNA7) plasmid was suc
cessfully constructed (Fig. S3A). A point mutation in the admT gene 
altered its start codon from AUG to AUA (Fig. S3B). The inhibitory effect 
of BST187 in S17-1 containing the gRNA7 plasmid was significantly 
reduced compared to that in S17-1 containing the gRNA6 plasmid 
(Fig. S3C). Indeed, AUA as a start codon produced only 1–3 % of the 
protein yields relative to AUG [53]. In order to mitigate the effect of such 
mutations, the strength of the admT promoter could be reduced. 
Furthermore, admT has been identified as a promising candidate as a 
new resistance marker. Finally, the gRNA7 plasmid has been success
fully introduced into BST187 by conjugative transfer.

Subsequently, the upstream and downstream homology arms, in 
conjunction with the N20 region, were substituted using gRNA7 as the 
backbone. Moreover, the lacI2 gene was substituted with a Ptrc-MAAs 
fragment (6408 bp), thereby facilitating gene expression under the 
control of the Ptrc promoter. The final size of the Cas9-oriT-admT-ΔlacI:: 
Ptrc-MAAs (gRNA8) plasmid was 22,829 bp (Fig. 7AB). The gRNA8 
plasmid was successfully transformed into two distinct genetic back
grounds of BST187 (wild-type and ΔadmX) using the donor strain S17-1. 
Following L-arabinose induction, twelve strains from each genetic 
background were randomly selected for PCR analysis, which revealed 
the expected PCR fragment sizes of 1,640 bp and 1,866 bp, respectively. 
The insertion efficiency of the large fragments into the different genetic 
backgrounds was 100 % (Fig. 7C). The plasmid curing efficiencies for the 
wild-type and the ΔadmX strains were 36.4 % and 33.3 %, respectively.

3.7. Shinorine production in E. persicina

The analysis of the supernatant samples was conducted using UPLC- 
TOF-MS/MS, and a peak with a retention time of approximately 1 min 
was detected in the BST187 strain, showing an m/z value of 333.1286 
(Fig. S4A). The fragmentation pattern of this ion matched a previous 
report, with identified peaks at m/z 186.1 and 255.147 (Fig. S4B) [54]. 
The positive strains were further validated using HPLC analysis. The 

Fig. 7. Insertion of a large DNA fragment into BST187. (A) Schematic representation of the Cas9-oriT-admT-ΔlacI::Ptrc-MAAs (gRNA8). (B) Schematic representation 
of insertion site at lacI2. (C) PCR analysis confirming the targeted insertion of Ptrc-MAAs into BST187 using primers JP-lacI2-F/CX-mysA-R and CX-mysD-F/JP- 
lacI2-R.
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results showed that both the extracellular and total samples exhibited a 
new peak at approximately 11 min (Fig. 8AB). In the wild-type strain 
(BST187), the extracellular peak area was 88,512 mV, corresponding to 
approximately 36.9 % of the total area, while in the ΔadmX strain, the 
extracellular peak area was 105,961 mV, representing approximately 
44.9 % of the total area. No significant difference was observed between 
the two fractions from BST187 and ΔadmX (Fig. 8C).

In contrast to Fischerella [54], BST187 does not require a phospho
pantetheinyl transferase (PPTase) element for the production of shi
norine, and it has a shorter fermentation time compared to S. cerevisiae 
[32], highlighting its potential for significant applications as a host for 
heterologous expression of secondary metabolites. This case demon
strates the potential application of our method in genome integration 
and metabolic engineering in E. persicina.

4. Conclusion

E. persicina has demonstrated promising characteristics, including 
the production of secondary metabolites, such as andrimid, pink 
pigment, and exopolysaccharides. However, effective, precise, and 
scarless gene-editing methods remain limited. In this study, we devel
oped a rapid and efficient genome-editing method based on the CRISPR- 
Cas9 system in E. persicina BST187. Through the optimizing of sgRNA 
design and enhancement of sgRNA expression levels, we have achieved a 
high degree of precision in gene editing. Furthermore, large 42 kb 
genomic fragments of E. persicina have been successfully deleted using 
multiplexed sgRNAs. Concurrently, a 22 kb plasmid has been conjugally 
transferred into E. persicina, thus facilitating the insertion of large DNA 
fragments (6.4 kb) into BST187 for the production of shinorine. This 
work provides a framework for establishing effective gene-editing tools 
for microbial strains and demonstrates their potential as promising 
chassis for natural products production.
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