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Abstract

:

Industrial wastewater typically contains many organic and inorganic pollutants and is also contaminated by various microorganisms. Microbial species in industrial wastewater have not been extensively investigated. In this experiment, a Klebsiella pneumoniae strain was isolated for the first time from industrial wastewater containing a high concentration of sulfate and phosphate. Mass spectrometry, genetic analysis, and biochemical identification were conducted to understand the genetic and biochemical characteristics of this Klebsiella pneumoniae strain recovered from industrial wastewater. Growth experiments revealed that it exhibited an excellent growth rate in nutrient broth. Further analyses showed that the strain was sensitive to most antibiotics but resistant to chloramphenicol and nitrofurantoin. It also exhibited significant resistance to piperacillin/tazobactam and cefotaxime/clavulanic acid. Resistance gene experiments indicated the presence of gyrA, OqxB, and ParC genes associated with antibiotic resistance in the isolated Klebsiella pneumoniae strain. Proteomics uncovered the following three proteins related to drug resistance: the multi-drug resistant outer membrane protein MdtQ, the multi-drug resistant secretion protein, and the modulator of drug activity B, which are coexistent in Klebsiella pneumoniae. Proteomics and bioinformatics analyses further analyzed the protein composition and functional enrichment of Klebsiella pneumoniae. The isolation of Klebsiella pneumoniae from a high concentration in sulfate and phosphate industrial wastewater provides a new direction for further research on the characteristics and drug resistance traits of industrial wastewater microorganisms and the potential risks they may pose when released into the environment.
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1. Introduction


Industrial wastewater has long been recognized as a significant source of environmental pollution. It contains a plethora of toxic, carcinogenic, teratogenic, and mutagenic chemicals. In addition to these chemical compounds, industrial wastewater, either in its untreated state or during the treatment process, also harbors a substantial microorganism load, some of which have pathogenic potential. Recent studies have revealed that antibiotic resistance is prevalent among indicator bacteria and pathogenic strains collected from various industrial and sewage discharge points along the Pydibhimavaram to the Tuni coastal area on the eastern coast of India. Among the detected microorganisms, Klebsiella pneumoniae is one species exhibiting antibiotic resistance [1]. In addition, Escherichia coli co-harboring conjugative plasmids with colistin- and carbapenem resistance genes have a high prevalence and have been identified from different functional areas of an urban wastewater treatment plant in China [2]. Moreover, the mobile colistin resistance (mcr) genes mcr-8 and mcr-9 were the first reported in Ireland, with the mcr-8-positive Klebsiella pneumoniae displaying resistance to colistin [3]. The global spread of the mcr gene highlights that the addition of colistin to veterinary drugs affects human health. Studies have shown that mcr-1 to mcr-9 variants are exclusively identified in Klebsiella pneumoniae, while the mcr-10.1 variant has been found in Klebsiella pneumoniae subspecies quasi-pneumoniae, K. quasipneumoniae, and Klebsiella variicola [4]. Novel characteristics of β-lactamases, as well as their multidrug resistance mechanisms, have been identified in Escherichia coli isolated from hospital wastewater and sewage treatment plants [5]. Human habitation and living often affect antibiotic resistance issues in aquatic environments. Studies have found that the Laru River in Malaysia is contaminated with organic and inorganic pollutants, which is possible because these pollutants are potentially not adequately treated [6]. Antibiotics in wastewater contribute to the production of antibiotic-resistance microorganisms through selection pressure and horizontal gene transfer of resistance genes. Carbapenem-resistant Enterobacteriaceae (CRE) threatens human and animal agriculture worldwide, particularly opportunistic pathogens such as carbapenemase-producing Enterobacteriaceae species. Recent studies have isolated carbapenem-resistant Klebsiella pneumoniae bacteria from urban wastewater treatment plants, receiving water bodies, and wastewater and processed water from poultry and swine slaughterhouses [7]. In this study, large amounts of ammonium sulfate (sodium) were produced from the process of reacting ammonium dihydrogen phosphate (sodium) with ferrous sulfate to produce iron phosphate, and a Klebsiella pneumoniae strain was isolated from the wastewater where some magnesium, manganese, and iron ions, etc., existed.




2. Materials and Methods


2.1. Isolation and Culture of Bacteria


An aliquot of 500 mL of industrial wastewater was collected from Henan Baili New Energy Materials Co., LTD., Qinyang, China. The main components of industrial wastewater were sulfate ions (SO2−, 50,000 ppm), ammonia nitrogen (NH3-N, 11,000 ppm), sodium (Na, 5500 ppm), magnesium (Mg, 2100 ppm), phosphorus (P, 1200 ppm), manganese (Mn, 220 ppm), iron (Fe, 120 ppm), and calcium (Ca, 60 ppm). The wastewater in the wastewater reaction tank was collected with a sterile centrifuge tube and quickly sealed. The liquid in the centrifuge tube was mixed on a super-clean laboratory workbench, and the centrifuge tube was opened. The liquid in the centrifuge tube was diluted in a double ratio with ultra-pure water.



A bacteria inoculation ring was dipped in industrial wastewater, streaked on nutrient agar (hopebiol), and placed in a 37 °C incubator for bacterial colony growth. The nutrient broth (hopebiol, HB0108) was used as a liquid medium, and the bacterial cultures were incubated for 14 h at 240 rpm per minute.




2.2. Genome and Plasmid DNA Extraction


DNA was extracted by the Genome and Plasmid Extraction Kit (Tiangen). The 16S rDNA gene was amplified by polymerase chain reaction (PCR) amplification. The universal primer sequence was as follows: 27F: 5′-AGAGTGTGATCCTGGCTGCTCAG-3′, 1492R: 5′-GGTTACCTTGTTACGACTT-3′. PCR conditions: 98 °C for 5 min, then 98 °C for 15 s, 55 °C for 25 s, 72 °C for 20 s, 40 cycles, then 72 °C for 5 min. Moreover, 1% agarose gel was made by Gelred, and the size of PCR products was determined by electrophoresis.




2.3. Phylogenetic Tree Generation


The phylogenetic tree was constructed by the neighbor-joining method with a maximum nucleotide substitution rate of 0.5. The sequences were obtained from the website of the National Center for Biotechnology Information (NCBI). The GenBank entry numbers for the sequences used in the study are shown in parentheses (Figure 1E). B3 was indicated as the novel isolated sequence in this study.




2.4. Matrix-Assisted Laser Desorption/Ionization Time-of-Flight Mass Spectrometry (MALDI-TOF MS) Identification


For the identification of bacterial strains, MALDI-TOF MS was employed using the MEIHUA M-Discover 100 Excellence system (MEIHUA, Lhasa City, China). The samples were processed with a microbial sample preparation reagent for mass spectrometry analysis (MEIHUA, model 2 × 50). The procedure involved transferring an appropriate amount of bacterial cells onto designated spots on a mass spectrometry sample target plate, ensuring even distribution. Next, 1 μL of lysis solution M1 was pipetted onto the bacteria, covering it completely, and dried at room temperature. Finally, 1 μL of the matrix solution was added to the same position, followed by drying at room temperature before analysis.




2.5. Biochemical Analysis and Identification of Microorganisms


The MEIHUA Microbial Identification and Antimicrobial Susceptibility Analysis System (MEIHUA) was utilized for the biochemical identification and antibiotic susceptibility testing of Klebsiella pneumoniae. The biochemical analysis procedure was as follows: Initially, a single bacterial colony was selected for pure culture. The bacterial suspension was diluted in a sterile saline solution to obtain a 0.5 McFarland standard turbidity. Moreover, 100 μL of the aforementioned bacterial suspension was added to the designated wells with a pipette for biochemical identification. Some wells required the addition of sterile mineral oil. After sealing with adhesive tape, the biochemical identification plate was incubated at 37 °C for 24 h before being put into the instrument for analysis.




2.6. Antibiotic Resistance Analysis


The procedure for testing antibiotic resistance in Klebsiella pneumoniae was as follows: 50 μL of the 0.5 McFarland standard bacterial suspension was added to the M-H broth culture medium. Then, a drop of the antibiotic susceptibility indicator solution was thoroughly mixed. Using a pipette, add 100 μL of the mixture to each antibiotic susceptibility testing plate well. After sealing with adhesive tape, the plate was incubated at 37 °C for 24 h before being put into the instrument for analysis.




2.7. Bacterial Growth Curve Analysis


The bacterial growth curve testing for Klebsiella pneumoniae was as follows: 200 μL of the bacterial suspension was added to a 96-well plate with a pipette. The OD600 absorbance values were measured using a microplate reader (Tecan, Sunrise). The bacterial suspension was then diluted to an OD of 1 and used in the different inoculation experiments. The experimental groups were as follows: Group 1: Control with no bacteria in the culture medium. Group 2: 999 μL of culture medium + 1 μL of bacterial suspension. Group 3: 990 μL of culture medium + 10 μL of bacterial suspension. Group 4: 980 μL of culture medium + 20 μL of bacterial suspension. Group 5: 960 μL of culture medium + 40 μL of bacterial suspension. Group 6: 940 μL of culture medium + 60 μL of bacterial suspension. Group 7: 920 μL of culture medium + 80 μL of bacterial suspension. Group 8: 900 μL of culture medium + 100 μL of bacterial suspension. Subsequently, the prepared diluted culture medium was added to each 48-well deep well plate with 1 mL. The 48-well plates were then placed into a high-throughput microbial growth detection system (JIELING, MicroScreen-HT) with incubation conditions set at 37 °C at 600 rpm/min. The OD values were recorded every hour for a total of 90 h, and a growth curve was generated based on the obtained OD values.




2.8. Antimicrobial Resistance Gene Detection


For antimicrobial resistance gene detection, primers were synthesized for the following genes: AAC (3)-II, cmlA, CTX-M-1, gyrA, gyrB, blaKPC, NDM-1, oqxA, oqxB, OXA, parC, qepA, qnrA, qnrB, qnrC, qnrD, qnrS, and Sul2 (References [8,9,10,11,12]). The resistance genes were amplified by a PCR instrument (BIORAD, C1000 Touch, Hercules, CA, USA), followed by agarose gel electrophoresis using a nucleic acid electrophoresis system (BIORAD, PowerPac Basic). Gel imaging (BIORAD, GelDoc Go) was performed to determine the length of the amplified amplicons. The amplification products with the correctly sized amplicons were sequenced (Tsingke Bio) and compared with the NCBI database for identification.




2.9. Proteomic Analysis


This bacterium grows in a broth culture medium that does not have antibiotics. Sample preparation contains the processes of protein extraction, denaturation, reduction, alkylation, tryptic digestion, and peptide cleanup. The total protein of Klebsiella pneumoniae was extracted, and then the appropriate protein was added to 50 µL of lysis buffer and heated at 95 °C for 10 min. After cooling to room temperature, the samples were added to trypsin digestion buffer and incubated at 37 °C for 2 h with shaking. Then, a termination buffer was added to the sample to terminate the enzymolysis reaction. The peptide was desalted using an iST cartridge in the kit and then eluted with an elution buffer. The eluted peptide was vacuum-drained and stored at −80 °C. The polypeptide samples were dissolved in solvent A and analyzed by a Q-Exactive Plus mass spectrometer in the EASY-nanoLC 1200 system (Thermo Fisher Scientific, Waltham, MA, USA). The mass spectrometer operated in data-dependent acquisition (DDA) mode, automatically switching between MS and MS/MS acquisition. The full survey scan MS spectra were m/z 350–1800; the mass resolution was 70,000 in the Orbitrap. The automatic gain control (AGC) target was 3 × 106, and the maximum injection time was 50 ms. A series of mass spectra were analyzed by PEAKS Studio version 10.6 (Bioinformatics Solutions Inc., Waterloo, ON, Canada). The database used was Klebsiella pneumoniae subsp. pneumoniae (strain HS11286) (version 2023, 5728 entries).





3. Results


3.1. MALDI-TOF MS Enables the Rapid Identification of Klebsiella Pneumoniae


Using MALDI-TOF MS analysis and the corresponding software (MicroCtrl 1.0), the detected ion peaks were plotted with intensity as the vertical axis and mass-to-charge ratio (m/z) as the horizontal axis. The obtained protein fingerprint map showed a stable baseline, clear protein peaks, and satisfactory results. The main ion peak was observed at m/z values around 6156, with a secondary peak at m/z of approximately 3078. The bacterial protein fingerprints are presented in Figure 1A–D. Comparing them with an in-house database, the isolated strain was identified as Klebsiella pneumoniae.




3.2. Molecular Identification of Klebsiella pneumoniae


The expected size of Klebsiella pneumoniae’s 16S rDNA gene amplification product is approximately 1500 bp. PCR-based identification demonstrated excellent specificity, with only one specific DNA fragment observed. Based on the results of the 16S rDNA sequencing and the comparison with the NCBI database, the isolate was identified as Klebsiella pneumoniae. Additionally, molecular phylogenetic analysis was performed on this strain of Klebsiella pneumoniae isolated from high-concentration metal ions and sulfate compounds in industrial wastewater, revealing a high degree of homology with Klebsiella pneumoniae strains in the genetic database (Figure 1E).




3.3. Biochemical Identification of Klebsiella pneumoniae


The biochemical identification experiment revealed positive reactions for LDC, URE, GLUf, ESC, VP, MANf, INOf, SORf, RHAf, SACf, MELf, ARAf, CELf, CIT, and ONPG. Negative reactions were observed for ADH, ODC, C, H2S, GEL, TDA, IND, AMYf, and LACf (see Table 1).




3.4. Antibiotic Resistance Analysis of Klebsiella pneumoniae


The antibiotic susceptibility experiment demonstrated that the Klebsiella pneumoniae strain newly isolated from industrial wastewater exhibited sensitivity to most antibiotics tested. However, it showed resistance to CHL and FD and intermediate resistance to AMS and PB. Additionally, the MIC values for CTX/C (≤1/4) and CAZ/C (≤1/4) indicated that this Klebsiella pneumoniae strain was still highly sensitive to this combination of antibiotics (see Table 2).




3.5. Growth Experiment of Klebsiella Pneumoniae


After 90 h of culture, the growth characteristics of the isolated Klebsiella pneumoniae strain were evaluated at different dilutions. As shown in Figure 2, the OD value of the bacterial suspension reached its peak at around 11–13 h of culture, followed by a decrease at approximately 40 h. Subsequently, the OD value gradually increased and remained relatively stable until the end of the culture period. However, there were variations in the time it took for different inoculum sizes of Klebsiella pneumoniae to reach their peak. Smaller inoculum sizes peaked after a long time of culture, but they had higher OD values than larger inoculum sizes. The higher OD value indicates a higher bacterial population. Table 3 demonstrates that the OD value of the 10 μL inoculation amount was the highest, and the OD value of the 100 μL inoculation amount was the lowest.




3.6. Detection of Drug Resistance-Related Genes


Specific primers [8,9,10,11,12] were used for gene amplification using the bacterial bodies, extracted bacterial genomes, and plasmid as templates. The length of the amplified product was determined by agarose gel electrophoresis, and the specific bands detected were recovered and sequenced. The results showed that there were drug-resistance genes gyrA, OqxB, and ParC in Klebsiella pneumoniae (Figure 3 and Figure 4).




3.7. Proteomic Analysis


Through proteomic analysis, more than 1800 proteins from the isolated Klebsiella pneumoniae were identified. After the screening, three proteins associated with drug resistance were found in Table 4. We selected the top 50 proteins with the most abundant quantities for further analysis. GO enrichment demonstrated that the biological process aspect is mainly related to the cellular metabolic process and establishment of localization; cellular component focus on membrane protein complex, membrane, and cytoplasm; oxidoreductase activity; molecular function mainly included ion binding, carbohydrate derivative binding, and organic cyclic compound binding. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis showed that level 1 metabolism was still the main component, and level 2 represented the classification of metabolic and functional pathways (Figure 5). To further analyze the intracellular and extracellular functions of proteins with high enrichment abundance, we selected some high abundance proteins for further KEGG analysis that show cellular processes, environmental information processing, genetic information processing, human diseases, and metabolism related to level 1 map names. Level 2 barplot displays carbohydrate metabolism, translation, and membrane transport as the primary functional pathways; others include cofactors, vitamins, lipid metabolism, etc. (Figure 6).





4. Discussion


Environmental and health hazards caused by industrial wastewater pollution pose a significant global challenge. However, the current environmental management of industrial wastewater mostly focuses on reducing the concentration of chemical pollutants, toxic compound recovery, and wastewater purification. There is still relatively limited research on microorganisms’ environmental adaptability and drug resistance during the treatment processes of different industries.



This study demonstrates that Klebsiella pneumoniae can grow even in the presence of high concentrations of sulfate and phosphate compounds. The bacteria’s protein fingerprint can be quickly identified using protein mass spectrometry, which can help us quickly identify bacteria. This is a very important technical tool in medicine, animal husbandry, and environmental science. From the growth of this strain of Klebsiella pneumoniae, it can be seen that it has a good proliferation density in a short period of time. Although the growth density of the bacteria decreases with time, it will remain at a certain high growth density, which provides us with meaningful thinking. That is, strains that can grow highly efficiently in environmental pollution substances are more likely to become widely promoted and applied in environmental governance. The bacterium exhibited rapid growth and demonstrated adaptation to high concentrations of metallic ions while exhibiting some level of antibiotic tolerance. The emergence and spread of Klebsiella pneumonia isolates that produce broad-spectrum lactamases pose a major threat to public health [13]. The discharge of hospital wastewater is one of the main sources of drug-resistant bacteria. Studies have shown a high frequency of gram-negative bacilli producing β-lactamase, including those in different geographical regions of Colombia, even in wastewater treatment plants [14]. Antibiotic-resistant bacteria originating from hospital wastewater end up in municipal wastewater treatment plants, serving as significant reservoirs for spreading antibiotic-resistance genes. Additionally, industrial wastewater, whether directly discharged or post-treatment, can also act as an important source for disseminating antibiotic-resistance genes. Moreover, concerning findings indicate that, through urban wastewater treatment plants, carbapenemase-producing Klebsiella pneumoniae strains carrying antimicrobial resistance genes can be traced from hospitals to surface waters [15]. Previous research has demonstrated the isolation from urban wastewater treatment plants of Escherichia coli and Klebsiella pneumoniae strains carrying the CTX-M-15 enzyme [16]. Bacteria with carbapenem-resistant Klebsiella spp. genetic characteristics have been found in municipal and slaughterhouse wastewater [7]. Unlike the antimicrobial resistance observed in traditional healthcare-associated sources, the Klebsiella pneumoniae strains identified in this study may possess the ability to adsorb or degrade metal salts. Previous studies have demonstrated significant phenol degradation properties by Pseudomonas aeruginosa and various Klebsiella strains in sludge [17]. Ciprofloxacin and levofloxacin are fluoroquinolone antibiotics that are widely used in hospitals and frequently present in wastewater treatment plants and marine environments. It has been demonstrated that Klebsiella pneumoniae strains obtained from industrial wastewater exhibit biodegradation capabilities toward quinolone drugs [18]. Additionally, newly isolated Klebsiella pneumoniae strains could produce self-secreted biosurfactants that enhance the solubility and bioavailability of xylene, facilitating the biodegradation of hydrophobic and toxic gases [19]. Furthermore, Klebsiella pneumoniae can produce a novel type of bioflocculant that can be applied in cyanobacterial sedimentation and urban wastewater treatment [20]. Through conjugation experiments, the in situ transfer of the multidrug-resistant plasmid RP4 carrying antibiotic resistance genes from the laboratory Escherichia coli strain C600 to indigenous active sludge bacteria has been demonstrated previously, indicating the ability of plasmids carrying resistance genes to be horizontally transferred to other microorganisms in natural wastewater environments [21]. Several genes and the respective proteins involved in antibiotic resistance were identified by gene amplification and proteomics identification, including the multi-drug resistance outer membrane protein MdtQ, the multi-drug resistance secretion protein, and the modulator of drug activity B. The resistance genes and proteins were co-expressed in Klebsiella pneumoniae, providing new insights into the presence and dynamics of resistance elements in bacteria. Moreover, Klebsiella pneumoniae exhibits other functions, such as the biodegradation of 2-methyl quinoline, and strains have been isolated from wastewater with tolerance to arsenic and copper [22,23,24]. Additionally, certain Klebsiella pneumoniae strains demonstrate efficient biodegradation of thermally treated high-density polyethylene, biodegradation of different aromatic compounds, and production of bioflocculants [25,26,27]. Recent studies have shown that bioinformatics has been applied to the study of Klebsiella pneumonia. For example, the isolated strain KPTA-2108 was obtained using whole genome sequencing technology, and further analysis was executed through bioinformatics methods, especially showing that the length of KPTA-2108 carried four plasmids [28]. The mechanisms of drug resistance in the new mutant Klebsiella pneumonia were studied by whole genome sequencing and bioinformatics analysis [29]. Currently, some bioinformatics analytical tools and databases have been applied that predict that it belongs to a cytosolic protein; it was included in the beta-lactamase family and has structural similarity to the FmtA protein of Staphylococcus aureus [30]. However, our research on Klebsiella pneumoniae through the proteomic method is still rare. Proteomic analysis showed more than 1800 proteins were found in the isolated Klebsiella pneumoniae in industrial wastewater. GO enrichment demonstrated that biological processes, cellular components, and molecular function mainly included cellular metabolic processes, membrane protein complex ion binding, organic cyclic compound binding, etc. KEGG pathway enrichment was executed by selecting the most abundant quantity of proteins. The analysis showed cellular processes, environmental information processing, genetic information processing, human diseases, and metabolism relate to a significant functional classification.



This study has demonstrated the rapid growth and inherent drug resistance of a Klebsiella pneumoniae strain isolated from wastewater with high sulfate and phosphate ion concentrations. This study used protein mass spectrometry technology for rapid identification of bacteria and further confirmed Klebsiella pneumoniae through gene sequence analysis of bacterial 16S DNA. Klebsiella pneumoniae has a good growth density, even though it decreases over time, but it still maintains a high density during the experiment period. This bacterium represents a potential drug-resistant pathogenic microorganism that can enter the natural environment. Proteomics and bioinformatics analysis have further enriched the connection between the function and adaptability of this bacterium, allowing us to gain a deeper understanding of its natural properties. These findings provide valuable insights for increasing the sensitivity and accuracy of microorganism detection in industrial wastewater and preventing the proliferation of drug-resistant microorganisms in the environment.
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Figure 1. MALDI-TOF MS identification of the isolated Klebsiella pneumoniae strain at different growth times and phylogenetic tree analysis. (A–D) represents the MALDI-TOF MS identification results of colony samples cultured for 12, 16, 20, and 24 h. (E) represents the phylogenetic tree based on 16S rDNA gene sequences. 
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Figure 2. Growth curve of the isolated Klebsiella pneumoniae strain. After 90 h of culture, the growth characteristics of Klebsiella pneumoniae at different inoculum sizes were evaluated. (A) represents the control without inoculation (blank control), while (B–H) represents the growth of Klebsiella pneumoniae with different inoculum sizes. 
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Figure 3. Analysis of drug resistance genes in Klebsiella pneumoniae isolated from industrial wastewater. The bacterial genomic and plasmid DNA were used as templates for amplification with specific primers, and then the electrophoresis bands were sequenced. (A–I) represent the nucleic acid gel images of drug-resistance genes. 
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Figure 4. Analysis of drug resistance genes in Klebsiella pneumoniae isolated from industrial wastewater. The bacterial genome and plasmids were used as templates for amplification with specific primers, and then the electrophoresis bands were sequenced. (A–I) represent the nucleic acid gel images of drug-resistance genes. 
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Figure 5. GO classification of proteomics data for Klebsiella pneumoniae. (A), BP dotplot; (B), CE dotplot; (C), dotplot; (D), the x-axis represents protein count, and the y-axis represents GO term name. 
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Figure 6. KEGG pathways of proteomics data for Klebsiella pneumoniae. (A), KEGG dot plot; (B), KEGG fisher barplot; (C), level 1 represents the classification of environmental information processing, genetic information processing, and metabolism; and level 2 represents the classification of metabolic and functional pathways. 
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Table 1. Biochemical identification of Klebsiella pneumoniae.
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	Name
	Abbreviation
	Results





	Amino acid control
	C
	Negative



	Arginine dihydrolase
	ADH
	Negative



	Urease
	URE
	Positive



	Lysine decarboxylase
	LDC
	Positive



	Aescin hydrolysis
	ESC
	Positive



	Ornithine decarboxylase
	ODC
	Negative



	Rhamnose fermentation
	RHAf
	Positive



	Melibiose fermentation
	MELf
	Positive



	Galactosidase
	ONPG
	Positive



	Glucose fermentation
	GLUf
	Positive



	Hydrogen sulfide production
	H2S
	Negative



	Utilization of citrate
	CIT
	Positive



	Gelatin hydrolysis
	GEL
	Negative



	Lactose fermentation
	LACf
	Negative



	Tryptophan deaminase
	TDA
	Negative



	Cellulose disaccharide fermentation
	CELf
	Positive



	Production of indole
	IND
	Negative



	Arabinose fermentation
	ARAf
	Positive



	VP Experiment
	VP
	Positive



	Bitter almond glycoside fermentation
	AMYf
	Negative



	Mannitol fermentation
	MANf
	Positive



	Inositol fermentation
	INOf
	Positive



	Sucrose fermentation
	SACf
	Positive



	Sorbitol fermentation
	SORf
	Positive










 





Table 2. Antibiotic sensitivity assays of Klebsiella pneumoniae.
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	Drug Name
	Abbreviation
	MIC Value





	Piperacillin/tazobactam
	P/T
	=4/4



	Tobramycin
	TOB
	≤1



	Furantoin
	FD
	≥128



	Cefazolin
	CFZ
	≤2



	Ceftazidime
	CAZ
	≤0.5



	Ampicillin
	AMP
	>32



	Moxifloxacin
	MXF
	≤0.5



	Minocycline
	MIN
	≤4



	Gentamicin
	GEN
	≤1



	MeropeneM
	MRP
	≤0.06



	Cefoperazone/sulbactam
	CPS
	≤16/8



	Ceftazidime/clavulanic acid
	CAZ/C
	≤1/4



	Imipenem
	IPM
	≤0.25



	Cefuroxime
	CXM
	≤8



	Ticarcillin/clavulanic acid
	TIM
	≤16/2



	Cefoxitin
	FOX
	≤8



	Levofloxacin
	LEV
	=0.12



	Polymyxin B
	PB
	≤1



	Cefepime
	FEP
	≤0.12



	Cefotaxime/clavulanic acid
	CTX/C
	≤1/4



	Amoxicillin/clavulanate
	AMC
	≤8/4



	Aztreonam
	ATM
	≤0.25



	Ertapenem
	ETP
	≤0.5



	Amikacin
	AMK
	≤4



	Compound xinnuomin
	SXT
	≤2/38



	Cefotaxime
	CTX
	≤0.12



	Ciprofloxacin
	CIP
	≤0.015



	Chloramphenicol
	CHL
	≥32



	Tigecycline
	TGC
	≤0.25



	Ampicillin/sulbactam
	AMS
	=16/8










 





Table 3. The growth peak point of Klebsiella pneumoniae under different concentrations.
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	Test Group
	Time (h)
	Peak Point (OD)





	Klebsiella pneumoniae-1 μL
	13
	5



	Klebsiella pneumoniae-10 μL
	13
	5.08



	Klebsiella pneumoniae-20 μL
	13
	5.07



	Klebsiella pneumoniae-40 μL
	12
	4.9



	Klebsiella pneumoniae-60 μL
	13
	4.82



	Klebsiella pneumoniae-80 μL
	11
	4.73



	Klebsiella pneumoniae-100 μL
	11
	4.66










 





Table 4. Proteomics screen out proteins related to drug resistance.






Table 4. Proteomics screen out proteins related to drug resistance.





	Item
	Proteomics Analysis





	1
	Multidrug-resistant outer membrane protein (MdtQ)



	2
	Multidrug-resistant secretion protein



	3
	Modulator of drug activity B
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