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Introduction
Enterobacter cloacae (E. cloacae) is a Gram-negative, 
short rod-shaped bacterium that is widespread in the 
environment, found in human and animal feces, soil, and 
plants, and is categorized as one of the normal intesti-
nal bacteria [1]. As a pathogen in the gut of various ani-
mals, E. cloacae is capable of causing foodborne illnesses 
in humans and has been designated as a hygiene detec-
tion indicator in the food processing industry due to its 
association with food spoilage and contamination [2]. 
E. cloacae has been also linked to multiple diseases in 
humans and animals, including urinary and respiratory 
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Abstract
Background Enterobacter cloacae (E. cloacae) is a notorious pathogen that poses serious threat to both human and 
animal health, causing severe gut infections and contributing to food spoilage. Traditional chemical treatment have 
led to increased drug resistance and environmental pollution. This study investigates the potential of Sanguinarine 
(SAN), a natural plant extract, as an alternative to chemical antibiotics.

Results In light of the escalating issue of antibiotic resistance, we examined the antibacterial efficacy and 
mechanisms of SAN against E. cloacae in vitro. Our findings revealed a minimum inhibitory concentration (MIC) of 
100 µg/mL for SAN. Scanning electron microscopy (SEM) demonstrated substantial morphological disruptions in 
E. cloacae cells treated with SAN. Concurrently, a significant increase in absorbance at 260 nm suggested nucleic 
acid leakage, indicative of compromised cell membrane integrity. Comprehensive transcriptomic and metabolomic 
analyses revealed that SAN primarily disrupts amino acid synthesis and energy metabolism pathway in E. cloacae.

Conclusions SAN exhibited potential antibacterial activity against E. cloacae, which can effectively inhibit its growth 
and disrupt its bacterial morphology and exert antibacterial effect through multiple pathways, and can be used as a 
potential substitute for antibiotics.
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tract infections, skin and soft tissue degeneration, and 
central nervous system disorders [3]. Recent studies have 
highlighted its role as a direct cause of obesity, indicat-
ing it significance in metabolic disorders [2]. The increas-
ing incidence of bacterial infections caused by E. cloacae, 
often involving multiple organs, presents a significant 
clinical challenge due to its high resistance to many anti-
biotics [4]. This resistance is attributed to the production 
of various β-lactamases, cephalosporinases, and car-
bapenemases, making it difficult to treat effectively [5, 6].

Given the risk of resistance, the pursuit of novel anti-
microbial agents is of critical importance. Natural plant 
extracts have shown considerable antibacterial prop-
erties, offering distinct advantages such as abundant 
availability, low incidence of adverse reactions, and a 
reduced likelihood for inducing drug resistance, empha-
sizing their unique benefits [7]. Sanguinarine (SAN), a 
naturally occurring benzophenanthridine alkaloid found 
abundantly in Macleaya cordata (Willd.) R. Br., exhib-
its a range of biological activities, including antioxidant, 
antitumor, antiparasitic, anti-inflammatory, and anti-
microbial effects [8]. SAN, along with its natural plant 
sources, has demonstrated both antimicrobial and anti-
inflammatory properties, leading to its widespread use in 
the food and medical industries [9]. Due to its potential 
antimicrobial activity, SAN is commonly utilized to pro-
tect farmed fish from pathogens [10]. Additionally, it is 
utilized as an animal feed additive in livestock farming to 
enhance the intestinal flora and increase production effi-
ciency in laying hens [11].

The study aims to investigate the bactericidal effect of 
SAN on E. cloacae and elucidate its underlying mecha-
nism. Using scanning electron microscope, we observed 
morphologyical changes in cells of E. cloacae upon treat-
ment with SAN. Additionally, absorbance measurements 
at 260 nm were utilized to assess the impact of SAN on 
bacterial cell membrane integrity. Comprehensive tran-
scriptomic and metabolomic analyses were performed 
to unvocer the potential inhibitory mechanisms of SAN 
against E. cloacae, providing valuable insights into its 
antimicrobial action.

Materials and methods
Culture of E. cloacae
E. cloacae was purchased from Beijing Solaibao Tech-
nology Co., Ltd. E. cloacae was inoculated in Trypticase 
Soy Broth (TSB) (Qingdao Hope Bio-Technology Co., 
Ltd.) and cultured to the logarithmic growth phase. The 
bacteria were then isolated by streaking on Tryptic Soy 
Agar Medium (TSA) (Qingdao Hope Bio-Technology 
Co., Ltd.) plates. After an overnight incubation at 37oC, 
a typical single colony was selected and inoculated into 
5 mL of fresh TSB medium. The suspension, contain-
ing 40% glycerol, was prepared by oscillating the culture 

overnight at 37oC and 200 r/min. The suspension was 
subsequently frozen at -40oC for storage. Prior to each 
experiment, 2% of the frozen bacterial suspension was 
inoculated into 5 mL of fresh TSB medium and activated 
by incubation for 12 h at 37oC and 200 r/min.

Preparation of SAN solution
Eight mg of SAN ( Hunan Mekeda Biological Resources 
Co., Ltd.) was weighed and dissolved in 1 mL of dimethyl 
sulfoxide (DMSO) to obtain a stock solution with a con-
centration of 8 mg/mL. In subsequent experiments, SAN 
was diluted to 50, 100, 200, 400, and 800 µg/mL, respec-
tively. The highest concentration of DMSO was 0.1%.

Inhibitory effect of SAN on the growth of E. cloacae
The antagonistic effect of SAN on the growth of E. cloa-
cae was determined by the filter paper diffusion method 
[12]. Briefly, TSA plates were initially coated with 50 µL 
of an E. cloacae suspension, containing approximately 
108 CFU/mL. Sterile filter paper disks, each contain-
ing 10 µL of SAN at different concentrations, were then 
placed on the surface of the agar plates. The petri dishes 
were sealed with parafilm and incubated at 37oC for 24 h. 
After incubation, the diameters of the inhibition zones 
were measured in millimeters, serving as indicators of 
the antibacterial effect of SAN. Larger inhibition zones 
suggested a more potent inhibitory effect of SAN against 
E. cloacae. The medium without SAN was used as a blank 
control, and 0.1% DMSO was used as a negative control.

Determination of MIC of SAN against E. cloacae
The MIC of SAN against E. cloacae was determined by 
Gutierrez-Pacheco et al. method and modified [13]. The 
E. cloacae were grown to the logarithmic phase, the opti-
cal density (OD600) measured by Ultraviolet-visible Spec-
trophotometer (X-8, Shanghai Metash Instruments Co., 
Ltd, China) was 0.6. Each SAN concentration was inoc-
ulated with 2% of the bacterial culture and incubated at 
37oC for 24  h, after which the samples was determined 
at 600 nm. In the previous experiments, 0.1% DMSO was 
not toxic to E. cloacae. Therefore, the medium without 
SAN was selected as the control. The MIC was identified 
as the lowest concentration of SAN that resulted in no 
significant change in OD600.

Effect of SAN on membrane integrity of E. cloacae
The integrity of E. cloacae cell membranes was assessed 
by measuring the leakage of intracellular nucleic acids 
at 260 nm, where UV absorbance is indicative of nucleic 
acid concentration [14]. TSB media were prepared with 
SAN concentrations equivalent to the MIC and twice 
the MIC (2 MIC) identified in previous experiments. E. 
cloacae cultured at 108 CFU/mL were inoculated into 
each medium with a 2% volume fraction. Samples were 
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collected hourly over a 5-hour, and the absorbance at 
260  nm was measured to monitor nucleic acid leakage. 
Media without SAN were used as control.

Scanning electron microscopy (SEM) analysis
The microstructure of E. cloacae cultured with differ-
ent concentrations of SAN was observed by scanning 
electron microscopy (SEM). Cultures grown to the log-
arithmic phase were inoculated with a 2% volume frac-
tion in a media containing the MIC and 2 MIC of SAN, 
and incubated at 37oC for 24  h. Media without SAN 
were used as control. Samples were centrifuged at 400 × 
g for 10  min, washed twice with sterile phosphate buff-
ered saline (PBS), and fixed in 2.5% glutaraldehyde at 4oC 
overnight. After three times of PBS washes, the bacteria 
were dehydrated in a graded ethanol series (30, 50, 70, 85, 
and 95% for 15 min each), and then twice in 100% etha-
nol for 20 min each. Samples were then freeze-dried and 
sputtered with gold for SEM (Helios 5 CX, Thermo Fisher 
Scientific, New York, USA) observation.

Transcriptomic analysis
Based on these findings, we selected two samples from 
the control and 2 MIC SAN-treated groups for tran-
scriptomic and metabolomic analyses. Total RNA was 
extracted using the Trizol method. Library preparation 
and sequencing were conducted by BioMarker Co. Ltd. 
(China) on the Illumina platform. After obtaining the 
sequencing data of each sample, fastp software was used 
to evaluate the data quality of sequencing and remove 
low-quality data. The quality control conditions were as 
follows: the mass value of a single base must be greater 
than 15, the size of the shear slip window must be 4 and 
the average quality value in the slip window must be 
greater than 20, and the length of reads after quality con-
trol must be greater than 75 bp. High-quality sequences 
obtained by quality control are used for downstream data 
analysis. Gene expression levels were quantified using 
FPKM values, and differential gene expression was ana-
lyzed using DESeq 2 software. Differential expressed 
genes (DEGs) were identified and subjected to GO and 
KEGG enrichment analyses.

Metabolomics analysis
Metabolite profiling was performed by BioMarke Co. Ltd. 
(China), using the Waters Acquity I-Class PLUS ultra-
high performance liquid tandem Waters Xevo G2-XS 
QT of high resolution mass spectrometer (LC-QTOF) 
platform for qualitative and quantitative analyses. Both 
positive and negative ion modes were utilized in liquid 
chromatography and mass spectrometry [15]. Metabolo-
mics data were analyzed using the orthogonal projections 
to latent structures-discriminant analysis (OPLS-DA) 

model to identify differential metabolites, which were 
then subjected to GO and KEGG enrichment analyses.

Integrated transcriptomics and metabolomics analysis
To elucidate the mechanisms underlying SAN’s effects 
on E. cloacae, DEGs and differential metabolites were 
analyzed jointly. Heat maps were constructed to visual-
ize the relationship between genes and metabolites, prov-
ing a comprehensive overview of the regulatory networks 
influenced by SAN.

Statistical analyses
Each concentration was repeated three times to ensure 
consistency. Data were analyzed using SPSS 20. Dif-
ferences between groups were assessed using one-way 
ANOVA followed by Duncan’s post hoc test. A P-value 
less than 0.05 was considered statistically significant. 
Data were presented as the mean ± standard deviation. 
Graphs were generated using GraphPad Prism 8.0.

Results
In vitro antibacterial activity of SAN against E. cloacae
The inhibitory effects of varying concentrations of SAN 
on E. cloacae are depicted in Fig. 1. The minimum inhibi-
tory concentration (MIC) of SAN against E. cloacae 
was determined to be 100 µg/mL, via the broth dilution 
method. Agar diffusion assays revealed that the inhibi-
tion zone increased proportionally with SAN concentra-
tion. Specifically, at concentration of 100, 200, 400, and 
800  µg/mL, the diameters of the inhibition zones were 
10.0, 17.0, 20.5, and 24.0  mm, respectively. These find-
ings indicate a potent, dose-dependent inhibitory effect 
of SAN on E. cloacae.

Effect of SAN on the cell membrane integrity of E. cloacae
The integrity of E. cloacae cell membranes was initially 
examined by measuring absorbance at 260 nm, an indi-
cator of nucleic acid leakage. The OD260 values of E. 
cloacae are presented in Fig. 2. In the control group, the 
absorbance at 260  nm remained stable over 5  h, while 
the absorbance of the experimental group exhibited an 
increasing trend and showed a significant difference 
from the control group. Notably, the absorbance in the 2 
MIC group was consistently higher than that in the MIC 
group. This demonstrates that exposure to SAN results in 
an increase in the leakage of bacterial cell components, 
which occurs in a dose-dependent manner. This suggests 
that SAN disrupts cell membrane integrity and perme-
ability, leading to cell rupture and minor leakage of intra-
cellular material.

The effect of SAN on the morphology of E. cloacae
The impact of SAN on the cell morphology of E. cloa-
cae was examined using SEM. Significant alterations 
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in bacterial cell structure were observed, as shown in 
Fig.  3. The control group exhibited regular, rod-shaped 
surfaces (Fig.  3A). However, cells treated with the MIC 
of SAN displayed irregularities, including non-uniform 
length, elongation, and deformation (Fig. 3B). The 2 MIC 
treatment group showed evidence of bacterial rupture 
(Fig.  3C). These findings suggest that SAN can directly 
causes morphological damage to E. cloacae, thereby 
inhibiting their growth.

Transcriptomic analysis of E. cloacae treated with SAN
RNA sequencing of six samples from the control and 2 
MIC SAN-treated groups showed high-quality data, 
with Q20 values near 98% and Q30 values between 93% 

and 95% (Table S1), which indicated that the quality of 
the RNA-seq data was superior and could be used for 
the analysis of the transcriptome. Principal component 
analysis (PCA) confirmed good reproducibility among 
experimental samples, with one outlier in the con-
trol group (Fig. S1). The differentially expressed genes 
(DEGs) between the different groups were statistically 
analyzed, and the distribution of DEGs is shown in a vol-
cano plot (Fig.  4A). The results revealed a total of 406 
DEGs between the two groups. Among them, 84 genes 
were significantly up-regulated and 322 genes were sig-
nificantly down-regulated (Table S2). It suggested that 
SAN has a notable impact on the gene expression profile 
of E. cloacae. GO enrichment analysis indicated that the 

Fig. 1 Inhibitory effect of different concentrations of SAN on E. cloacae. The concentration of sanguinarine was 50, 100, 200, 400 and 800 µg/mL, respec-
tively. 0.1% DMSO: Negative control. Control: E. cloacae not treated with SAN
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DEGs were mainly involved in processes related to cell 
membranes, transmembrane transport, and ion trans-
port (Fig. 4B). This is consistent with the above findings, 
which indicate that SAN treatment affects the mem-
brane of E. cloacae. KEGG pathway analysis revealed 
that the DEGs were predominantly enriched in meta-
bolic processes such as amino acid sugar and nucleotide 
sugar metabolism, arginine and proline metabolism, and 
pyrimidine metabolism (Fig.  4C). These results indicate 
that SAN has a notable impact on the gene expression 
profile of E. cloacae.

Effect of SAN on the metabolome of E. cloacae
In order to better understand the effect of SAN on E. clo-
acae, a metabolomics analysis was conducted. The meta-
bolic changes following SAN exposure were analyzed 
using an OPLS-DA model, revealing significant differ-
ences between control and treated groups (Fig. 5A). The 
screening criteria are FC > 1, P value < 0.05 and VIP > 1. A 
total of 424 differential metabolites (DEMs) were identi-
fied, of which 280 were significantly up-regulated and 
144 were significantly down-regulated (Table S3). Cluster 
analysis showed clear separation between metabolites of 
the control and treated groups (Fig.  5B). The red areas 

Fig. 3 Scanning electron microscopy of E. cloacae after treatments with SAN. Control group (A). E. cloacae was incubated treated with MIC of SAN (B). E. 
cloacae was incubated treated with 2 MIC of SAN (C)

 

Fig. 2 Effect of SAN on cell membrane permeability in E. cloacae. Control: E. cloacae not treated with SAN. MIC: E. cloacae was incubated treated with MIC 
of SAN. 2 MIC: E. cloacae was incubated treated with 2 MIC of SAN
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in the heat map represent higher levels of each group of 
metabolites and the green areas represent lower levels.

DEMs were compared between the 2 MIC SAN group 
and the control group using a comprehensive metabolic 
data analysis platform from BMKCloud (www.biocloud.
net.). KEGG pathway analysis indicated that SAN treat-
ment disturbed the one carbon pool by folate, amino 
sugar and nucleotide sugar metabolism, and folate bio-
synthesis (Fig. 6A). Specifically, folic acid, 7,8-dihydrofo-
late, and 5,10-methyl-tetrahydrofolate were significantly 
up-regulated, whereas they were not detected in the con-
trol group, leading to a metabolic imbalance in folate bio-
synthesis (Fig. 6B-C). Thus, SAN can inhibit the growth 
and reproduction of E. cloacae by interfering with folate 
synthesis. At the same time, SAN disturbed the amino 

sugar and nucleotide sugar metabolism of E. cloacae 
(Fig. 6D), in which the GDP-N-acetyl-D-per content was 
significantly down-regulated in this pathway. In addition, 
glycerophospholipid metabolism was affected, suggesting 
that the bacterial cell membrane of E. cloacae is the tar-
get of SAN action (Fig. 6E).

Integrated analysis of the transcriptome and metabolome
In order to gain a comprehensive understanding of 
the effect of SAN on E. cloacae, integrated analysis of 
the transcriptome and metabolome was performed to 
reveal the regulatory roles and mechanisms of influ-
ence between DEGs and DEMs. KEGG pathway analy-
sis highlighted significant enrichment in amino acid and 
energy metabolism pathways, including phenylalanine 

Fig. 4 Transcriptome analysis. The differential gene volcano map. Each triangle in the plot represents a gene, red indicates increased differential expres-
sion, green indicates decreased differential expression, and genes without significant differential expression are represented by grey dots (A). Bubble 
diagram of GO enrichment analysis (B); KEGG enrichment analysis graph (C)
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metabolism, tryptophan metabolism, arginine and pro-
line metabolism, glycolysis and citrate cycle (TCA cycle) 
(Fig. 7A). Correlation analysis between DEGs and DEMs 
was visualized in a heat map, demonstrating the regula-
tory interactions influenced by SAN (Fig. 7B).

Discussion
E. cloacae is a conditionally pathogenic bacterium, that 
has become an increasingly important etiologic agent 
of hospital-acquired infections, particularly with the 
widespread use of cephalosporins [16]. SAN, a natu-
ral antimicrobial agent derived from plants, exhibits a 
broad antimicrobial spectrum and notable efficacy [17]. 
Although SAN has been extensively utilized in pesti-
cides for its insecticidal properties [18], its inhibitory 
effect on E. cloacae has not been well-documented. Our 
study shows that SAN exhibits potent bacteriostatic 
activity against E. cloacae, with a MIC of 100 µg/mL as 
determined by microbial colony dilution assays. The anti-
microbial activity of SAN against E. cloacae was investi-
gated in vitro across various concentrations. The results 
showed that SAN significantly inhibited the growth of E. 
cloacae, aligning with previous findings that SAN antago-
nized both Gram-positive [19] and Gram-negative bac-
teria such as E. coli [16]. The bacteria cell membrane is 
a crucial component that responsible for regulating the 
transport or diffusion of numerous small molecules and 
proteins between the interior and exterior of the cell 
[20]. Previous studies have shown that SAN significantly 
enhances the permeability and decreases the membrane 
flux of Staphylococcus aureus cell membranes, lead-
ing to the dissipation of the membrane potential and 

bacterial death [21]. In our study, a steady increase in 
absorbance at 260 nm indicated that SAN disrupted the 
integrity of the cell membrane of E. cloacae. In addi-
tion, SEM analysis revealed that cells of SAN-treated E. 
cloacae exhibited elongation and even rupture, consistent 
with previous observations of morphological changes in 
bacteria treated with carvacrol oil [13]. These findings 
confirm that SAN inhibits E. cloacae by disrupting cell 
morphology integrity and morphology.

To elucidate the underlying mechanism of SAN’s 
inhibitory effects on E. cloacae, we employed transcrip-
tomic and metabolomic analyses. Transcriptomic analy-
sis revealed significant enrichment of DEGs in pathways 
related to amino acid sugar and nucleotide sugar metabo-
lism, pyrimidine metabolism, and arginine and proline 
metabolism. SAN down-regulated the expression of 
glucokinase (glk), a key enzyme in amino acid sugar and 
nucleotide sugar metabolism, thereby disrupting glucose 
metabolism and consequently altering energy homeo-
stasis [22]. Additionally, SAN up-regulated the proline 
utilization A enzyme (Put A), which converts proline to 
glutamate in two successive oxidative steps. Some Put A 
enzymes also function as DNA-binding transcriptional 
repressors of proline utilization genes [23]. Conversely, 
Rut B was significantly up-regulated; this enzyme plays a 
crucial role in maintaining normal metabolic activity and 
bacterial viability, and may also be involved in regulating 
bacterial virulence and gene expression [24]. Disruption 
of these metabolic pathways within bacteria can hinder 
bacterial growth and development, ultimately leading 
to cell death [25]. The discovery of non-targeted intra-
cellular metabolites was used to identify key metabolic 

Fig. 5 Differential metabolites produced by SAN against E. cloacae. The OPLS-DA plots of the metabolomics data for E. cloacae were based on the expo-
sure and control groups (A). Clustered heat map analysis of E. cloacae metabolites under SAN and control exposure (B)

 



Page 8 of 11Yang et al. BMC Microbiology          (2025) 25:269 

pathways that lead to bacterial death and to reveal mech-
anisms of bacterial inhibition [26]. Analysis of metabolo-
mics revealed that differential metabolites were mainly 
involved in one carbon pool by folate, amino sugar and 
nucleotide sugar metabolism, and folate biosynthesis. 
Folic acid is an essential metabolite for numerous carbon 
transfer reactions and serves as a key precursor for the 
synthesis of purines, pyrimidines, and amino acids [27]. 
Bacteria must synthesize folate de novo, as they cannot 
uptake it from the environment [28]. Folate synthesis 
relies on three primary precursors: Guanosine 5-triphos-
phate (GTP), Para-Aminobenzoic Acid (PABA), and glu-
tamate [29]. GTP also serves as a precursor for riboflavin 
synthesis. In this experiment, the expression of the key 

pathway gene purN was down-regulated, resulting in an 
insufficient supply of GTP, which affects the folate syn-
thesis, thereby inhibits the growth and reproduction of 
Enterobacter cloacae [27]. Nucleotides are critical com-
ponents of peptidoglycan, which is essential for normal 
bacterial growth and division [30]. Peptidoglycan is a 
component of cell wall glycans and plays an invaluable 
role in maintaining bacterial cell morphology and resist-
ing osmotic pressure [31]. Amino sugar and nucleotide 
sugar metabolism are strongly associated with the growth 
and development of organisms [32]. Following Sanguina-
rine treatment, we observed up-regulation of peptidogly-
can biosynthesis-related genes murB, murE, and murF. 
Among them, UDP-N-acetylglucosamine reductase, 

Fig. 6 Metabolomics KEGG enrichment analysis. Bubble plots showing differential metabolic compound pathway enrichment analysis under control and 
SAN exposure to 2 MIC (A). Changes in metabolite biomarkers in one carbon pool by folate, folate biosynthesis, and amino sugar and nucleotide sugar 
metabolism pathways (B, C, and D). *p < 0.05, **p < 0.01 ((by comparison with control Student t-test). Plot of differential metabolite categorization (E)
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which is encoded by the MurB, catalyzes the second key 
step in peptidoglycan biosynthesis. These results suggest 
that SAN discrupts cell wall integrity by inhibiting pepti-
doglycan synthesis.

In the joint transcriptome and metabolome analysis 
experiments, we observed significant down-regulation of 
tryptophan, phenylalanine, arginine, and proline, along 
with their associated genes, including dad A, ipdG, Put 
A, astA, and proC. Tryptophan is a precursor for many 
key biomolecules as it plays a central role in diverse meta-
bolic pathways in organisms [33]. Indoles are key second-
ary compounds that derived from tryptophan [34]. The 
ipdG gene encodes indole pyruvate decarboxylase, an 
enzyme that catalyzes the decarboxylation of tryptophan 
to indole pyruvate, a critical step in the indole pathway 
[35]. The reduced indole content in E. cloacae following 
SAN treatment may affect their growth and metabolism 
directly. Phenylalanine plays an essential role in cellular 
metabolism, ligand recognition and protein synthesis, 
and the production of a wide range of biologically active 
molecules [36]. The dadA gene is critical in phenylala-
nine metabolism, primarily involved in its synthesis and 
regulation [37]. The dadA gene encodes for enzymes that 
are involved in a key step in the synthesis of phenylala-
nine that is essential for the maintenance of cellular levels 
of phenylalanine [37]. Down-regulation of dadA directly 

affects the rate and amount of phenylalanine synthesis. 
Arginine and proline are not only essential protein sta-
bilizers and osmoregulators, but also involved in the 
synthesis of creatine from methionine [38]. In addition, 
arginine and proline can be converted to glutamate to 
produce glutathione which in turn plays a role in main-
taining redox balance and preventing oxidative stress 
[36]. Thus, arginine and proline metabolism is crucial for 
bacterial growth and reproduction [39]. Glycolysis and 
the TCA cycle are main pathways that provide energy 
to the body [40]. In this study, SAN down-regulated the 
genes involved in glycolysis, such as glk, crr, ptsG and 
malX, which mainly affect the glucose transport and 
metabolism process, resulting in the down-regulation of 
pyruvate. Pyruvate is not only the end product of glycoly-
sis, but also the hub connecting glycolysis and the TCA 
cycle [36]. As a key reactant of the TCA cycle, the down-
regulation of pyruvate results in the entire TCA cycle 
receiving inhibition, resulting in an inadequate energy 
supply, which ultimately caused bacterial dysfunction 
and death.

Conclusion
This study systematically analyzed the inhibitory effect 
of SAN on E. cloacae and its underlying mechanism 
using integrated transcriptomics and metabolomics 

Fig. 7 Integrated analysis of the transcriptome and metabolome. Bubble diagram of differential metabolite and differential gene enrichment analysis 
(A). The dots represent genes and the triangles represent metabolites; the size of the bubbles represents the number of differential metabolites or genes, 
with the larger the number, the larger the dot. Heatmap of correlation clustering between metabolites and genes (B). Color shades indicate the size of 
correlation, blue indicates negative correlation, red indicates positive correlation, p-value is the result of correlation test, * in the graph indicates p ≤ 0.05, 
** indicates p ≤ 0.01
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approaches. SAN exhibited strong antibacterial activity 
against E. cloacae, which can effectively inhibit its growth 
and disrupt its bacterial morphology. Comprehensive 
metabolomics and transcriptomics analyses revealed that 
SAN affects the growth of E. cloacae by inhibiting amino 
acid synthesis and energy metabolism processes. These 
findings suggest that SAN exerts its antibacterial effect 
through multiple pathways, providing a potential thera-
peutic agent for human diseases, an alternative to plant 
and animal antibiotics, and a biopesticide. This study lays 
a theoretical foundation for the application of SAN as a 
new natural antimicrobial agent for the prevention and 
treatment of E. cloacae infections.
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