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Abstract: The emergence of drug resistant pathogenic bacteria is increasingly challenging 
conventional antibiotics. Plant derived flavonoids are considered as potential alternatives to 
antibiotics due to their antimicrobial properties. However, the mechanisms by which flavonoids 
modulate pathogenic microorganisms’ growth are not fully understood. In our previous studies we 
found that Rutin, a kind of flavonoids showed inhibition against Klebsiella pneumoniae strains. In 
order to better understand its inhibitory mechanism on strain growth, we used both Rutin and 
Luteolin as treatments to incubate K. pneumoniae ATCC700603 strain. After incubation for 4 hours, 
the homogenous and differential effects of two different flavonoids on the growth of K. pneumoniae 

were evaluated. The integrated metabolomic and transcriptomic analysis was performed. The 
expression levels of 5,483 genes and the contents of 882 metabolites were measured. The 
differentially expressed genes (DEGs) and metabolites (DEMs) were screened and analyzed. The 
correlation between DEGs and DEMs were also studied. Our results showed that Rutin could inhibit 
the strain growth by changing metabolic pathways and ABC transporters pathways. Our study also 
revealed FU841_RS17580 and FU841_RS19145 as functional genes that played vital roles in the strain 
growth. 

Keywords: drug resistance; flavonoids; RNA-seq; Klebsiella pneumoniae; Rutin; antibacterial agents 
 

1. Introduction 

The infections caused by pathogenic bacteria are threatening human beings’ health worldwide 
[1]. These bacteria are very likely to develop drug resistance during the treatment process with the 
use of antibiotics [2]. Once become drug resistant ones, the microorganisms are often difficult to 
eradicate by conventional antibiotics [3]. In addition, the drug resistant bacteria have evolved to 
spread drug resistance within populations via horizontal gene transfer, as well as gene mutations, 
which lead to persistent infections [4,5]. As a result, new strategies and approaches in finding 
effective antibacterial agents that are not easily to generate drug resistance are becoming more and 
more urgent, especially when high frequency of antibiotics resistance occurs [6]. 
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Plant derived flavonoids are bioactive compounds in traditional herbal medicines and have been 
considered as potential antibacterial agents due to their antimicrobial properties [7]. With a C6-C3-
C6 skelecton, flavonoids represent a large group of plant secondary metabolites and are widely 
distributed in plant kingdom [8,9]. Flavonoids are consist of more than 8,000 compounds and provide 
a huge resource pool for novel antibacterial drug discovery [10]. Most importantly, with low toxicity 
and no side effects, flavonoids, especially dietary flavonoids are much safer and not easily to develop 
drug resistance [11].  

The antibacterial effects of flavonoids have been extensively investigated and studied for many 
years [12,13]. Flavonoids extracts derived from Quercus brantii L. fruit exhibited significant inhibitory 
effect on both Staphylococcus aureus (MIC 500µg/mL) and Enterococcus fecalis (MIC 600 µg/mL) [14]. 
The extract from a shrub (Sambucus australis) also showed antibacterial activity against Salmonella 

typhimurium (MIC 250µg/mL) and Klebsiella pneumoniae (MIC 250µg/mL) [15]. Regarding to a single 
compound, naringenin showed inhibitory effect on clinical strains of clarithromycin-resistant 
Helicobacter pylori, vancomycin-resistant E. faecalis, methicillin-resistant S. aureus, and betalactam-
resistant Acinetobacter baumannii and K. pneumoniae [16]. In addition, some other reports also 
demonstrated that flavonoids, such as naringenin [17] and apigenin [18] showed enhanced 
antimicrobial effect when used in combination with various conventional antibiotics. As a result, the 
strategy of using flavonoids with antibiotics in clinical, would enhance antimicrobial therapy, reduce 
medicine dosage and slow down the development of drug resistance. 

The antibacterial mechanism of flavonoids on pathogenic microorganisms varied from bacteria 
to bacteria, even though they were different isolates affiliated to a same genus [19]. Briefly, the 
flavonoids can inhibit the cell envelop synthesis [20], bacterial motility [21], nucleic acid synthesis 
[22], biofilm formation [23] and quorum sensing [24] in various pathogenic bacteria. In addition, some 
flavonoid showed up to sixfold stronger antibacterial activities than conventional antibiotics [13]. 
Nevertheless, these plant derived components remain a poorly characterized reservoir of anti-
infective agents [25]. Although the antioxidant and antibacterial properties of flavonoids, either 
natural or synthetic, have been studied extensively, the antibacterial mechanism has not been fully 
understood. 

To understand the susceptibility of pathogenic bacteria in response to flavonoids, it is crucial to 
reveal the interaction between gene expression and metabolites, especially the changes before and 
after flavonoids treatments. However, most previous antibacterial studies performed through the 
paper disk method [26] and/or minimum inhibition concentration (MIC) evaluation [27]. The 
mechanism of flavonoids showed inhibitory effects was not fully understood. Recently, in our 
previous studies, we also evaluated the antioxidant and antibacterial effects of 10 flavonoids. 
Nevertheless, consistent with some previous studies [28,29], we found most flavonoids were 
ineffective in inhibiting the growth of Klebsiella pneumoniae except Rutin [30]. Therefore, in present 
work, a flask of a liquid culture of Rutin and K. pneumoniae bacterium were pre-incubated, effectively 
avoiding influence of environmental factors. Another type of flavonoids, Luteolin was also used as 
control. The RNA-seq and metabolome sequencing were conducted, respectively. The relationship 
between differentially expressed metabolites (DEMs) and differentially expressed genes (DEGs) in K. 
pneumoniae after pre-incubation with flavonoids treatments was assessed, revealing the molecular 
mechanism determining the inhibitory effects of Rutin against K. pneumoniae strain.  

2. Materials and Methods 

2.1. Bacteria Growth Conditions and Treatments 

The standard bacterial strain K. pneumoniae ATCC700603 was purchased from China National 
Health Inspection Center and used as a model to evaluate the inhibition of Rutin. This strain was 
cultured in Luria-Bertani broth (LB, Haibo, Qingdao, China) at 37℃ with shaking or as static cultures, 
as required.  

Flavonoids including Rutin and Luteolin were purchased from Aladdin Chemistry Co., Ltd. 
(Shanghai, China). The flavonoids stocks were prepared in mixture of methanol and ethanol (V:V=1:1) 
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and the concentration was made to 1024 µg/mL. All chemicals used in this study were of 
chromatography-grade. Ultra pure water was used throughout all experiments. 

Briefly, 10mL bacterial suspension (10^6 cfu/mL) was transferred to a flask of 89 mL LB liquid 
culture. Then, 1mL of each dissolved flavonoid stock was added to each flask, respectively, making 
the final volume to 100 mL in each flask. All experiments were performed in triplicate. The empty 
control was conducted in 3 flasks filled with 90 mL LB and 10 mL bacterial cells (10^6 cfu/mL). The 
flasks were covered and incubated for 4h at 37℃with shaking (150 rpm). At last, two specimens 
randomly selected from the flavonoids treatment groups and two specimens from the control group 
were used for transcriptomic analysis. 

2.2. RNA Extraction, Library Preparation and Illumina Hiseq Sequencing 

The bacterium cells were collected from 10 mL culture medium after centrifugation at 1000 g for 
10 min at 4℃. Total RNA was isolated from bacterial cells using TRIzol® Reagent (Invitrogen, 
Carlsbad, CA, USA), according to the method[31]. Genomic DNA was removed using DNase I 
(TaKaRa, Japan). Then RNA quality was determined using 2100 Bioanalyser (Agilent, CA, USA) and 
quantified using the NanoDrop ND-2000 spectrophotometer (NanoDrop Technologies, Delaware, 
USA). High-quality RNA sample (OD260/280=1.8~2.2, OD260/230≥2.0, RIN≥6.5, 23S/16S≥1.0) was 
used to construct sequencing library. 

A total amount of 5 μg RNA per sample was extracted from the strain cells and used as input 
material for library construction. First, the mRNA was interrupted by ion using TruseqTM Stranded 
RNA sample prep Kit (Illumina, San Diego, USA). Then the dUTP was used instead of dTTP in the 
second chain synthesis for double stranded cDNA synthesis, and the index adaptor was added after 
double strained cDNA synthesis using TruseqTM Stranded RNA sample prep Kit. After that, the 
second chain of cDNA was degraded using UNG (Uracil-N-Glycosylase) enzyme (Illumina, San 
Diego, USA). The library was enriched by PCR (polymerase chain reaction) using cBot Truseq PE 
Cluster Kit v3-cBot-HS (Illumina, San Diego, USA). Second, the library was separated and purified 
using 2% certified low range ultra agarose gel electrophoresis (Bio-Rad, Herales, USA). The target 
gene fragments were isolated by gel extraction kit. Then, the library was amplified using a cBot 
Truseq PE Cluster Kit v3-cBot-HS (Illumina, San Diego, USA). At last, the library preparations were 
sequenced on Illumina platform (Beijing iGeneTech Biotechnology Co., Ltd., Beijing, China) using 
the Truseq SBS Kit (300cycles) (Illumina, San Diego, USA), following their manufacturer’s 
recommendations, and index codes were added to attribute sequences in each sample. 

The raw paired end reads were trimmed and quality controlled by Trimmomatic with 
parameters (SLIDINGWINDOW:4:15 MINLEN:75) (version 0.36) 
(http://www.usadellab.org/cms/uploads/supplementary/Trimmomatic). Then clean reads were 
separately aligned to reference genome with orientation mode using Rockhopper 
(http://cs.wellesley.edu/btjaden/Rockhopper/) software. Rockhopper was a comprehensive and user-
friendly system for computational analysis of bacterial RNA-seq data. As input, Rockhopper takes 
RNA sequencing reads generated by high-throughput sequencing technology. This software was also 
used to calculate gene expression levels with default parameters. 

RNA-seq and bioinformatics analysis were executed by Beijing iGeneTech Biotechnology Cp. 
Ltd. (Beijing, China). The sequencing libraries of samples were constructed by a TruSeq RNA Sample 
Preparation Kit (Illumina, San Diego, CA, USA), and the libraries were sequenced on the Illumina 
Hiseq X platform. The reference genome was extracted from Genome Database for Klebsiella 

pneumoniae (BioProject: PRJNA559783), and gene annotations were also acquired from the genome. 
The index of the reference genome was built with Bowtie 2 (2.2.6), and the clean reads were mapped 
to the reference genome using Tophat (2.0.14). HTSeq (0.9.1) was applied to the expression and 
quantification levels of genes to calculate fragments per kilobase per million fragments (FPKM). Then, 
the DEGs were identified by DESeq (1.30.0) with screening conditions as follows: expression 
difference multiple |log2 Fold Change|>1 and significant P-value < 0.05. Subsequently, clustering 
analysis of all differential genes was performed using the R language Pheatmap (1.0.8) software 
package. Each point had three biological replicates for RNA-seq analysis.  
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To identify DEGs (differentially expressed genes) between two compared groups, the expression 
level for each transcript was calculated using the RPKM method. The edgeR 
(https://bioconductor.org/packages/release/bioc/html/edgeR.html) was used for differential 
expression analysis. The DEGs between two samples were selected using the following criteria: the 
logarithmic of fold change was greater than 2 and the false discovery rate (FDR) should be less than 
0.05. To understand the functions of the differentially expressed genes, GO functional enrichment 
and KEGG pathway analysis were carried out by Goatools (https://github.com/tanghaibao/Goatools) 
and KOBAS (http://kobas.cbi.pku.edu.cn/home.do) respectively. DEGs were significantly enriched in 
GO terms and metabolic pathways when their Bonferroni-corrected P-value was less than 0.05. 

2.3. Metabolites Measurement and Analysis 

Another 10 mL pre-incubated culture medium was centrifuged for collection of bacteria cells. 
The metabolites identification and quantification were also conducted by Beijing iGeneTech 
Biotechnology Company. Briefly, the freeze-dried samples were mashed with liquid nitrogen, and 50 
mg of powder for each sample was transferred into a 1.5 mL EP tube containing 5 mL precooled 
methanol/water (3:1, v/v) and subjected to vigorous vortexing. Each sample point had 3 independent 
biological replicates. All samples were extracted at 4˚C overnight. Then, the samples were centrifuged 
at 13,000 rpm for 15 min at 4˚C and the filtered supernatant (0.22 μm membrane filter) was blow-
dried with nitrogen. The samples were redissolved with 50μL isopropanol/acetonitrile/water (2:7:1, 
v/v/v) and extracted by centrifugation before LC-MS/MS analysis. 

The extracted samples of strains were separated on the UPLC system (Dionex UltiMate Ultimate 
3000) equipped with ACQUITY UPLC HSS T3 column (100 mm*2.1 mm, 1.7 μm, Waters, USA). The 
analysis conditions were as follows: column temperature, 40 ℃; injection volume, 1.5 μL; flow rate, 
0.35 mL/min. The mobile phases were water (0.1% formic acid) (phase A) and acetonitrile (phase B). 
The metabolites were eluted with the following gradient: 0～1.0 min, 5% B; 1.0～9.0 min, 5～100% B; 
9.0～12.0 min, 1000% B; 12.0～15.0 min 5% B. The loading volume of each sample was 5 μL. Samples 
were inserted into quality control (QC) samples in queue mode to monitor and evaluate the stability 
of the system and the reliability of the experimental data. Each sample was operated in both positive 
and negative ion modes by the electrospray ionization (ESI) source parameters. Mass spectrometry 
was carried out by the Q-Exactive spectrometer (Thermo Scientific, San Jose, CA, USA) after the 
sample was separated by UPLC. The MS conditions were as follows: mass range (m/z) 80～1200; aux 
gas flow rate, 15 arb; sheath gas flow rate, 45 arb; source temperature, 320˚C; spray voltage, 3.5 kV in 
positive mode and 3.2 kV in negative mode. After the original data were adjusted for peak alignment, 
peak area extraction, retention time correction and feature extraction using the Compound 
Discoverer 3.0 program, the metabolite structure was identified by accurate mass MS matching (<25 
ppm), and the MS1 and MS2 matching search MZcloud and ChemSpider database were used to 
determine the metabolite structure. For MZcloud database, the metabolites were identified by exact 
mass (m/z), molecular formula, and fragmentation spectrum (MS2). The relative content of 
metabolites was expressed by peak area. After preprocessed by pattern recognition and Pareto-
scaling, the peak area data for all metabolites were further analyzed by SIMCA-P 14.1 software 
(Umetrics, Umea, Sweden), including unsupervised principal component analysis (PCA). 

2.4. Gene Expression Verification 

To validate the RNA-seq results, 10 genes (5 from the metabolic pathways, 5 from the ABC 
transporters, both pathways were shown to be significantly impacted by Rutin treatment) were 
randomly selected for quantitative real-time polymerase chain reaction (qRT-PCR). Primers were 
designed based on cDNA sequences and 16S [32] was used as reference gene. Relative gene 
expression of each gene was calculated by using 2-∆∆CT method [33]. The fold change in gene 
expression was obtained by the normalization of each gene to the 16S rRNA internal control.  

The qRT-PCR was performed by the 7500 RT-PCR system (Applied Biosystems, Foster City, USA) 
using a SYBR Green RT-PCR Kit (Qiagen, Hilder, Germany). According to the manufacturer’s 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 15 March 2023                   doi:10.20944/preprints202303.0266.v1

https://doi.org/10.20944/preprints202303.0266.v1


 5 

 

instructions, 20 µL PCR reaction mixture were composed of 2 µL of cDNA, 1.5 µl of each pair of target 
primers (200 nM), 5 µL of ddH2O and 10 µL of 2 × SYBR® Green Supermix (Bio-Rad Laboratories, 
Shanghai, China). The PCR conditions were as follows: 95˚C for 5 min (initial denaturation), followed 
by 40 cycles of denaturation at 95 ˚C for 15 s, annealing at 60 ˚C for 25 s, and extension at 72 ˚C for 30 
s. The specificity of each PCR reaction was confirmed by melting curve analysis. 

2.5. Statistical Analysis  

To conduct the statistical analyses and generate data graphs, SPSS (V19.0) software and 
GraphPad Prism (V9.1.0) software were used. Data with a normally distributed distribution were 
expressed as mean ± SD. The nonnormal distribution data was shown as median (interquartile 
distribution). The t-test or one-way ANOVA test was used to quantify the differences between 
different groups. All measurements and calculations are presented as mean of 3 standard error of the 
mean (s.e.m.). Student’s t-test was used to compare data between each two groups and P < 0.05 was 
considered statistically significant. Pearson correlation analysis was performed. A P value < 0.05 was 
considered statistically significant correlation for all tests. Cytoscape (V3.8.2) software was used to 
construct the correlation network. 

3. Results 

3.1. Inhibition of Rutin and Luteolin on the Growth of K. pneumoniae Strain 

In a previous study, we evaluated the antioxidant capacity of 10 flavonoids and found that 
flavonol class posessed higher free radical scavenging capacity compared to those of flavone class 
[30]. Also, we have uncovered that the minimum inhibitory concentrations (MICs) of Rutin against 
K. pneumoniae were lower than that of Luteolin as no MIC was found in Luteolin. In present study, 
both Rutin (from flavonol class) and Luetolin (from flavone class) were used as treatments in omics 
sequencing. 

The inhibitory effects of Rutin against the growth of K. pneumoniae ATCC700603 were identified 
by both the Confocal Laser Scanning Microscopy (CLSM) and spectrophotometry methods. The 
inhibition was observed at 4h and 8h, respectively (Figure 1A). In the first 4h, Rutin was found to 
have inhibition against strain growth at the concentrations of either 256 μg/mL or 512 μg/mL. 
However, when the concentration was 256μg/mL, the inhibition of Rutin against the strains was not 
significant at 8h. Gentamicin (50 μg/mL) was used as reference antibiotic and showed obvious 
inhibitory effects through detection. The solvent (methanol : ethanol= 1:1) only treatment showed no 
obvious influence on the bacteria at two time points. The bacterial density was also evaluated by 
spectrophotometry. Consistent with the results of CLSM, the bacterial growth was inhibited by Rutin 
at 4h. When Rutin’s concentration was lowered to 256 g/mL, no obvious inhibition was found at 8h 
(Figure 1B). 

Figure 1. Inhibitory effects of Rutin against the growth of K. pneumoniae ATCC700603. (A) Growth 
states at different time points, observation by CLSM. Up, effect of Rutin in the growth of the 
planktonic cells after treatments (4h). Down, effect of Rutin treatment (8h) on the planktonic cells 
growth of this strain. (B) Biomass accumulation with or without Rutin treatments. The wild control 
group was compared to all the other groups, respectively. *** indicates P<0.001 and ns indicates not 
significant. The working concentration of Gentamicin used in this study was 50 μg/mL. 

The function of Luteolin against K. pneumoniae ATCC700603 was also evaluated. However, the 
inhibitory effects was not obvious, even the concentration was increased to 1024 μg/mL.  

3.2 Differentially Expressed Genes and Metabolites in Response to Rutin and Luteolin Treatments 

Both Rutin and Luteolin treatments were used for integrative analysis of transcriptomic and 
metabolomic sequencing. Well-grown liquid bacteria without any treatments was used as wild 
control.An average of 17,066,492 clean reads were obtained per sample from 37,497,710 raw reads for 
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all samples (Supplementary material, Data sheet 1, Table S1). The Q20 value and Q30 value were 
98.96% and 96.23%, respectively. The average mapping rate for all clean reads to the reference 
transcripts achieved to 65.59%. To search for key genes that are in response to flavonoids treatments, 
the expression levels of the transcripts were calculated utilizing the RPKM approach. We categorized 
these genes into high, medium and low groups according to their RPKM. In all the 6 libraries, more 
genes had low expression (RPKM ≤1, avg. 2,843), fewer genes had medium (RPKM 1～10, avg. 1,274) 
and high expression (RPKM ≥10, avg. 1,366) (Figure 2A). According to their RPKM values, genes in 
each library were divided into three groups, including high, medium and low. In present study, genes 
in a same RPKM group were also compared. These results were shown in venn diagrams (Figure 
2B～E). Overall, there was no big difference in the total amount of genes induced by treatments or 
without treatments within a same type RPKM group. However, in addition to the genes that they 
shared, the numbers of those unique to treatments or without treatments varied. The most obvious 
difference was that, within a same type RPKM group, the amount of unique gene induced by Rutin 
was less than that of Luteolin treatment. It indicates that Rutin inhibited the expression of these 
unique genes. However, the number of unique genes measured in wild strains was more than that of 
any treatments, except within the high RPKM group. These results indicate that, compared to wild 
control, no matter Luteolin or Rutin treatments could inhibit the medium and low RPKM genes. 
Compared to the number (40) of highly expressed genes unique to wild control, Luteolin treatment 
induced more highly expressed genes (80) while Rutin treatment decreased the number of highly 
expressed genes (14). As a result, the inhibitory effects of Rutin against K. pneumoniae ATCC700603 
could be due to the decreased number of expressed genes, especially the highly expressed ones. 

Figure 2. Quantification of transcript expression levels and metabolites. (A) Number of genes and 
their expression levels measured in 6 libraries. (B) Venn diagram showing numbers of all genes 
measured in three groups. (C) Venn diagram showing numbers of genes with low expression levels. 
(D) Venn diagram showing numbers of genes with medium expression levels. (E) Venn diagram 
showing numbers of genes with high expression levels. (F) Scattered point plots are obtained for PCA 
analysis of positive ion mode. (G) Scattered point plots are obtained for PCA analysis of negative ion 
mode. (H) Venn diagram showing numbers of DEMs. C: wild control; R: 512 μg/mL Rutin treatment; 
L: 512 μg/mL Luteolin treatment. The genes shown in venn diagrams were compared in pairs among 
KP_R group, KP_L group and KP_C group, respectively. 

To gain a holistic understanding of the results, pairwise comparisons between wild control 
group (KP_C) and Rutin treatment group (KP_R) and, KP_R and Luteolin treatment group (KP_L) 
were compared and analyzed, respectively. More DEGs were identified after Luteolin treatment 
while less DEGs yielded after Rutin treatment. The numbers of DEGs were found to be 374 and 159 
in KP_R vs KP_C and KP_R vs KP_L, respectively (Supplementary Material, Data sheet 1, Tables S2 
and S3). 

In total, 543 metabolic molecules under positive ion mode and 339 under negative ion mode 
were detected using an UPLC-MS detection platform (Supplementary material, Data sheet 2, Tables 
S1 and S2). To better understand the overall metabolic differences among the samples and the degree 
of variations between the samples within the groups, the metabolites were analyzed by principal 
component analysis (PCA). The results showed that, under positive ion mode, the principal 
component 1 (PC1) and principal component 2 (PC2) were accounted for 55.7% and 24.4% of the total 
variations, respectively (Figure 2F). Under the negative ion mode, the PC1 and PC2 were 45.4% and 
31.3%, respectively (Figure 2G). Furthermore, metabolites measured in present study of these three 
groups (Rutin treatment group, Luteolin treatment group and control group) were clearly 
distinguished from each other, and the repeated samples were compactly gathered together, 
indicating that our experiments were reproducible and reliable. 

In this project, the differentially expressed metabolites (DEMs) were screened according to the 
VIP (Variable Importance in the Projection) value (threshold ≥1) derived from the PLS-DA model 
analysis and the P-value (≤ 0.05) of the independent sample t-test. Interestingly, compared to wild 
control, Rutin and Luteolin treatments induced 38 and 38 DEMs, respectively (Figure 2H). There were 
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30 DEMs were identified in KP_R vs KP_L group. Although the total amount of DEMs was almost 
equal, the components of DEMs varied among different groups.  

3.3. Annotation and Enrichment Analysis of DEGs 

The total amount of the genes induced by Rutin treatment or Luteolin treatment were basically 
equal. After Rutin and Luteolin treatments, 3,682 and 3,703 genes were detected, respectively. 
Compared to wild control, Rutin induced 374 DEGs, among which 170 genes were down regulated 
while 204 genes were up regulated (Figure 3A). Analysis of their expression levels showed that, 214 
DEGs were moderately expressed. The other 97 and 63 out of these DEGs were that with low and 
high expression levels, respectively. 

Figure 3. KEGG enrichment of DEGs induced by Rutin and Luteolin treatments. (A) Genes induced 
by Rutin treatment, compared to wild control. (B) KEGG enrichment of DEGs in KP_C vs KP_R group. 
(C) Genes induced by Rutin treatment, compared to Luteolin treatment. (D) KEGG enrichment of 
DEGs derived from the KP_R vs KP_L group. Red indicates up regulated DEGs; blue indicates down 
regulated DEGs. 

Compared to Luteolin treatment, Rutin induced more down regulated genes and less up 
regulated genes (Figure 3C). These genes included 2552 down regulated ones and 1111 up regulated 
ones. Among these 3,663 genes, 104 were identified as down regulated DEGs while the other 55 were 
identified as up regulated DEGs. In addition, among these DEGs, 80 were moderately expressed 
genes, the other 64 and 15 were that with low and high expression levels, respectively. 

The annotation and KEGG enrichment analysis was performed using the DEGs. The KEGG 
enrichment analysis of the DEGs induced by Rutin yielded 82 pathways, including metabolic 
pathways, ABC transporters, microbial metabolism in diverse environments etc (Supplementary 
material, Data sheet 1, Table S4). It is worth mentioning that, 62 DEGs were enriched in metabolic 
pathways, 30 DEGs were enriched in ABC transporters, and 26 DEGs were enriched in microbial 
metabolism in diverse environments. These 82 pathways are mainly classified into 4 categories, 
which were metabolism, environmental information processing, cellular processes and genetic 
information processing. According to the P value and FDR, the top scored 30 pathways were shown 
in Figure 3B. The results showed that ABC transporters was a dominant pathway that was 
responsible for Rutin treatment. 

To find out the difference in efficacy of Rutin and Luteolin against strain growth, the DEGs 
induced by Rutin and Luteolin treatments were also compared and analyzed. Notably, more DEGs 
(104) were found to be down regulated and less DEGs (55) were found to be up regulated. These 
DEGs were enriched into 57 pathways (Supplementary material, Data sheet 1, Table S5). Among these 
pathways, 50 were metabolism related pathways, 3 were environmental information processing 
related pathways, 2 were genetic information processing related pathways and 2 were cellular 
processes related pathways. Further analysis showed that 38 DEGs were enriched in metabolic 
pathways, 14 DEGs were enriched in ABC transporters, 12 DEGs were enriched in biosynthesis of 
secondary metabolites and 11 DEGs were enriched in microbial metabolism in diverse environments. 
In addition, the top 30 enriched pathways identified according to p and FDR values were represented 
in Figure 3D. These results showed that both Rutin and Luteolin could cause changes in various 
pathways. Among those pathways, the metabolism related pathways were the most abundant. 
Although many pathways were enriched, only several of them contained a high number of DEGs.  

3.4. Annotation and Enrichment Analysis of DEMs 

Based on the OPLS-DA results, 38 DEMs were identified in KP_R vs KP_C group, and 30 DEMs 
were identified in KP_R vs KP_L group, respectively (Supplementary material, Data sheet 2, Tables 
S3 and S4). Among the 38 DEMs, 20 were successfully annotated to KEGG. However, among the 30 
DEMs, 15 were successfully annotated to KEGG. Further analysis uncovered that 17 DEMs were 
found in both KP_R vs KP_C group and KP_R vs KP_L group. Compared to wild control, Rutin 
treatment induced 4 down regulated DEMs and 34 up regulated DEMs. However, when compared 
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to Luteolin treatment, Rutin treatment induced 18 and 12 DEMs to be up and down regulated, 
respectively. 

The annotation of the DEMs showed that, compared to wild control, the DEMs induced by Rutin 
were annotated to 25 pathways (Supplementary material, Data sheet 2, Table S5). These pathways 
were mainly classified into metabolism, genetic information processing, environmental information 
processing and organismal systems related pathways. Interestingly, the metabolism related 
pathways were also the most abundant as 19 out of the 25 annotated pathways were involved in 
metabolism, like microbial metabolism in diverse environments and ABC transporters. This result 
was consistent with the enrichment result in DEGs. Particularly worth mentioning is that all the 
annotated DEMs in KP_R vs KP_C group were up regulated. It indicated that Rutin induced the 
production of most of the DEMs and all the annotated ones. These DEMs were enriched in 25 
pathways and shown in Figure 4A. 

Figure 4. KEGG enrichment of DEMs. (A) KEGG enrichment of the DEMs induced by Rutin treatment, 
compared to wild control. (B) KEGG enrichment of DEMs derived from KP_R vs KP_C group.  

Similarly, the DEMs derived from the KP_R vs KP_L group were also annotated to KEGG 
(Supplementary material, Data sheet 2, Table S6). Together with 7 metabolism related pathways and 
2 environmental information processing related pathways, the DEMs in this section were annotated 
to 9 pathways (Figure 4B). Unlike that in KP_R vs KP_C group, there were some up regulated DEMs 
and some down regulated DEMs in this group. These results indicated that the metabolism of Rutin 
in strains was different to that of Luteolin. Interestingly, except for the purine metabolism pathway 
(ko00230), all the other pathways enriched in KP_R vs KP_L group were contained in the pathways 
which were enriched in KP_R vs KP_C group. Further analysis showed that, the top 4 enriched 
pathways (ko00944, ko00943, ko00941 and ko01061) were found both in KP_R vs KP_C and KP_R vs 
KP_L group. These pathways are responsible for flavonoids biosynthesis or decomposition. 
Therefore, we concluded that, Rutin aroused the flavonoids metabolism and further damaged the 
balance of the growth in strains, further exhibited inhibition. 

3.5. Integrated Analysis of Transcriptomics and Metabolomics  

The integrated analysis of transcriptomics and metabolomics were performed. In this section, a 
pathway was annotated by both the transcriptome and metabolome that could be identified as a 
shared pathway. In KP_R vs KP_C group, 12 pathways were identified as shared pathways (Table 1). 
Of these pathways, 11 were metabolism related pathways and 1 was environmental information 
processing related. These results indicated that, Rutin caused changes in a series of metabolic 
pathways such as amino acid metabolism, biosynthesis of other secondary metabolites, xenobiotics 
biodegradation and metabolism, metabolism of cofactors and vitamins, metabolism of terpenoids 
and polyketides and, global and overview maps. In addition, within the metabolism related 
pathways, the metabolic pathways (ko01100) was the most enriched, since 62 DEGs and 8 DEMs were 
enriched in it. Another metabolism related pathway that was enriched was biosynthesis of secondary 
metabolites (ko01110). In this pathway, 24 DEGs and 9 DEMs were contained. Besides, a third 
enriched pathway was microbial metabolism in diverse environments (ko01120). These results 
proved that Rutin could change various metabolism related pathways by modulating both genes’ 
expression and changes in metabolites. But beyond that, Rutin also influenced environmental 
information processing, which was responsible for ABC transporters in membrane transport. Further 
analysis showed that 30 DEGs and 2 DEMs were enriched in ABC transporters (ko02010).  

Table 1. The pathways derived from the annotations of both the transcriptomic and metabolomic analysis 
in KP_R vs KP_C group. 

Similarly, the shared pathways derived from integrated metabolomic and transcriptomic 
analysis of KP_R vs KP_L uncovered the functional distinctions between Rutin and Luteolin. 
However, when compared these 2 treatments, only 4 pathways were screened as shared pathways 
(Table 2). Of these 4 pathways, 3 were responsible for metabolism and 1 was environmental 
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information processing related. Interestingly, these pathways also consisted of two major blocks, 
metabolism and environmental information processing. The metabolic pathways were the most 
enriched since 38 DEGs and 7 DEMs were found in it. And then, 12 DEGs and 7 DEMs were enriched 
in biosynthesis of secondary metabolites. Another 14 DEGs and 1 DEMs were enriched in ABC 
transporters, which was responsible for membrane transporters. Lastly, 1 DEG and 1 DEM were 
enriched in purine metabolism.  

Table 2. The pathways derived from the annotations of both the transcriptomic and metabolomic 
analysis of KP_R vs KP_L group. 

The results derived from KP_R vs KP_C group revealed that the inhibitory function of Rutin 
could be due to the changes in the 12 pathways. However, the results derived from KP_R vs KP_L 
group could tell the reason that Luteolin exhibited no inhibitory effects. All the changes of genes and 
metabolites induced by Rutin and Luteolin were contained in such 4 shared pathways. 

3.6. Correlation Network Between the Metabolites and Genes 

The correlation between the DEMs and DEGs were analyzed and represented in heat maps 
(Supplementary material, Data sheet 3, Figure S1 and S2). In KP_R vs KP_C group, more DEGs 
showed positive correlation with DEMs and less DEGs showed negative correlation with the DEMs. 
This indicated that Rutin treatment promoted more gene’s expression and inhibited less genes’ 
expression. Herein, this phenomena may be responsible for the inhibitory effect of Rutin on strain 
growth by modulating expression levels of DEGs. However, in KP_R vs KP_C group, when 
compared to results derived from the KP_R vs KP_C group, two major differences were obtained. 
The first difference was that much less pathways were found in KP_R vs KP_L group. This indicated, 
as a flavonoid, Luteolin would participate in the same pathways and played similar roles in 
metabolism and growth in K. pneumoniae strains like Rutin. However, the inhibitory effect of Luteolin 
was not obvious. Therefore, we hypothesized the pathways which were specifically enriched in KP_R 
vs KP_L group, played vital roles. The second difference, one DEG from KP_R vs KP_C showed only 
one type of correlation with all the DEMs, positive or negative. But the DEGs derived from KP_R vs 
KP_L group showed both positive and negative correlation to the DEMs, even to one single DEM. 
These results reconfirmed the differences in efficacy and properties between Rutin and Luteolin, and 
also pushed us to found out more evidence. 

To narrow down the DEGs and DEMs, only those with significant correlation coefficient were 
screed and used to build correlation network. When compared Rutin treatment to wild control, 4 
pathways consisted of 23 genes and 9 metabolites were identified to be functional in strain growth 
(Figure 5A). Among these metabolites, C00389 (Quercetin, C15H10O7) and C00188 (L-Threonine, 
C4H9NO3) were the most and least abundant substances, respectively. What we can infer is that L-
Threonine could be a vital substance as it was correlated with 16 genes’ expression, including 2 
negatively related genes and 14 positively related ones. Further analysis showed that these genes 
were involved in 4 pathways, including metabolic pathways (ko01100), microbial metabolism in 
diverse environments (ko01120), biosynthesis of amino acids (ko01230) and ABC transporters 
(ko02010), further indicating that L-Threonine was functional in multiple pathways and regulated by 
multiple genes. Therefore, we hypothesized that Rutin induced the accumulation of L-Threonine, 
further inhibited strain growth through regulating genes’ expression. Another vital substance was 
C00255 (Vitamin B2, C17H20N4O6), which was found to be correlated with 14 genes and 
simultaneously associated with 3 pathways. Of these 14 genes, 9 were involved in ABC transporters. 
Among these ABC transporters related genes, FU841_RS01625 and FU841_RS19145 were negatively 
correlated with Vitamin B2, the other 7 genes were positively correlated with it. Herein, we concluded 
that Rutin induced the production of Vitamin B2, further changed the ABC transporters pathway by 
modulating genes. In addition, the results also showed that C00509 (Naringenin, C15H12O5), C05903 
(Kaempferol, C15H10O6) and C00601 (Phenylacetaldehyde, C8H8O), each had 11 genes that related to 
them, respectively.  
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Figure 5. Correlation network of DEGs and DEMs. (A) Correlation network of KP_R vs KP_C group. 
(B) The heat map of DEGs and DEMs, derived from KP_R vs KP_C group. (C) Correlation network 
of KP_R vs KP_L group. (D) The heat map of DEGs and DEMs, derived from KP_R vs KP_L group. 
In A and C, blue colour represents metabolic pathways (ko01100), purple colour represents microbial 
metabolism in diverse environments (ko01120), yellow colour represents biosynthesis of amino acids 
(ko01230), green colour represents ABC transporters (ko02010), and gray colour represents 
biosynthesis of secondary metabolites (ko01110). DEMs or DEGs with a same colour were involved 
in a same pathway. Rectangle represents gene and ellipse represents metabolite. Dash line represents 
negative correlation and solid line represents positive correlation. In B and D, red represents high 
expression, and blue represents low expression. 

Similarly, the results derived from Rutin treatment and Luteolin treatment were also compared 
and analyzed. More DEGs were found to be clustered in the metabolic pathways while less DEGs 
were found in the ABC transporters pathway (Figure 5C). The metabolic pathways contained 20 
genes and 1 metabolite while the ABC transporters pathway covered 3 genes and 1 metabolite. In this 
section, the most abundant metabolite was also Quercetin, followed by C05625 (Rutin, C27H30O16), 
C00858 (Formononetin, C16H12O4), Kaempferol, C00814 (Biochanin A, C16H12O5), C00387 
(Guanosine, C10H13N5O5), C01514 (Luteolin, C15H10O6) and C01477 (Apigenin, C15H10O5). Here, we can 
see the big differences between Rutin and Luteolin treatments. Among these 8 metabolites, Apigenin, 
Luteolin and Guanosine were accumulated much less in Rutin treatment than that in Luteolin 
treatment. On the contrary, the other 5 metabolites were accumulated more in Rutin treatment than 
that in Luteolin treatment.  

In general, from the correlation network in KP_R vs KP_C, 23 DEGs and 9 DEMs involved in 4 
pathways (ko01100, ko01120, ko01230 and ko02010) were found. Similarly, 29 DEGs and 8 DEMs 
were identified from the correlation network of KP_R vs KP_L group. These DEGs and DEMs were 
involved in 3 pathways which were ko01100, ko01110 and ko02010. Because Rutin showed inhibitory 
effect on strains growth while Luteolin did not, we hypothesized the inhibition of Rutin was due to 
the 4 pathways and the inefficacy of Luteolin was caused by the 3 pathways, respectively. The 
metabolic pathways (ko01100) and ABC transporters (ko02010) were found in both comparative 
groups.   

Metabolic pathways- The inhibitory function of Rutin against K. pneumoniae strains could be 
related to the up regulating genes in metabolic pathways since all the 9 DEGs were induced to 
increase their expression levels after Rutin treatment (Figure 5B). The gene FU841_RS07110 (eutC) 
with highest expression level, which is responsible for ethanolamine ammonia-lyase subunit, was up 
regulated to more than 6 fold. In addition, one of the up regulated genes with the lowest expression 
levels, FU841_RS07100 (eutA), which is responsible for ethanolamine ammonia-lyase reactivating 
factor also increased its expression level to 2.5 fold. Besides, all the DEMs in this network were also 
up regulated. These results indicated that, Rutin induced both the accumulation of metabolites and 
the up regulation of genes, further disturbed the metabolic pathways and inhibited the growth of 
strains.  

However, when we studied the DEGs involved in metabolic pathways in KP_R vs KP_L group, 
we found differences. Firstly, more DEGs were found and some of them were down regulated(Figure 
5D). Only four genes, FU841_RS07110 (ydfG), which is responsible for bifunctional NADP-dependent 
3-hydroxy acid dehydrogenase/3-hydroxypropionate dehydrogenase; FU841_RS12940, which is 
responsible for NAD(P)-dependent oxidoreductase; FU841_RS00370, which is responsible for GNAT 
family N-acetyltransferase; and FU841_RS17580 (bioC), which is responsible for malonyl-ACP O-
methyltransferase showed higher expression after Rutin treatment than that of Luteolin treatment. 
All the other 16 genes were down regulated. Secondly, unlike KP_R vs KP_C group, some of the 
DEMs in KP_R vs KP_L group were down regulated. The results showed that 2 flavonoids, Apigenin 
and Luteolin, and 1 riboside, Guanosine were heavily accumulated after Luteolin treatment.  

Rutin, Kaempferol, Quercetin and Biochanin-A were found in both comparative groups 
(Supplementary material, Data sheet 2, Table S7). In this pathway, among the genes that showed 
correlation with Rutin, only FU841_RS17580 was found in both comparative groups. However, it 
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showed positive correlation with Rutin in KP_R vs KP_C group while showed negative correlation 
with Rutin in KP_R vs KP_L group. Among the genes that correlated with Kaempferol, 
FU841_RS07100, FU841_RS07110 and FU841_RS17580 were found in both comparative groups. 
However, only FU841_RS17580 gene showed positive correlation with Kaempferol of consistency in 
different groups. In addition, FU841_RS07100 and FU841_RS17580 were found to be correlated with 
Quercetin in both comparative groups. But only FU841_RS17580 showed positive correlation with 
consistency in two comparative groups. Besides, no genes from two comparative groups were found 
to be simultaneously correlated with Biochanin A. Herein, we can conclude that although within a 
same pathway, Rutin and Luteolin performed properties through different manners. The gene, 
FU841_RS17580 which was responsible for malonyl-ACP O-methyltransferase, could play vital roles 
in the inhibition of Rutin against K. pneumoniae strains. 

ABC transporters- Rutin exhibited inhibitory function against K. pneumoniae strains by 
inhibiting genes’s expression in ABC transporters. The expression of the DEGs varied in KP_R vs 
KP_C group. Expression of two genes, FU841_RS01625 (livF), which is responsible for high-affinity 
branched-chain amino acid ABC transporter ATP-binding protein, and FU841_RS19145, which is 
responsible for sugar ABC transporter ATP-binding protein were inhibited by Rutin. However, 
expression of the other genes involved in the network were promoted by Rutin. Interestingly, the 
expression of all three genes in KP_R vs KP_L group were inhibited by Rutin. These genes were 
FU841_RS29030, FU841_RS19145 and FU841_RS09200 (araG), and responsible for ABC transporter 
permease, sugar ABC transporter ATP-binding protein and L-arabinose ABC transporter ATP-
binding protein, respectively. Once again, these results demonstrated that Rutin showed different 
functions to that of Luteolin. Compared to wild control, Rutin could simultaneously promote and 
inhibit genes’ expression. However, when compared to Luteolin trement, all selected DEGs showed 
down-regulation. This results derived from two comparative groups consisted with each other, 
further indicated that, the inhibition of Rutin against K. pneumoniae strains was more likely due to the 
down regulated genes’ expression in ABC transporters. Among 4 shared metabolites, no genes were 
found to be correlated with them simultaneously in KP_R vs KP_C and KP_R vs KP_L. Further 
analysis revealed that FU841_RS19145, which was responsible for sugar ABC transporter ATP-
binding protein, could play vital roles in the inhibition of Rutin against K. pneumoniae strains. 

3.8. Gene Validation 

As we have described above, two genes FU841_RS17580 and FU841_RS19145 were screened as 
key functional genes. Results derived from the RNA-seq data showed that FU841_RS17580 was 
specifically induced by Rutin as no transcript was obtained in wild control. Another gene 
FU841_RS19145 was not specifically induced by Rutin since its transcripts could be detected among 
all samples. Further analysis showed that the lowest expression level of FU841_RS19145 was found 
in strains which were treated by Rutin. As a result, we extrapolated that FU841_RS19145 could be 
suppressed by Rutin and further limited the strain growth. Consequently, we conducted qPCR to 
validate their expression profiles.  

The results proved that low expression of FU841_RS17580 was measured in wild control group 
(Figure 6A). But when the concentration of Rutin was 256 μg/mL, the expression of FU841_RS17580 
was up regulated. Furthermore, when Rutin’s concentration increased to 512 μg/mL, the relative 
expression level of FU841_RS17580 was higher. However, when the concentration of Rutin increased, 
the relative expression level of FU841_RS19145 decreased (Figure 6B). The highest expression level 
was detected in wild control group while the lowest expression was found in the group which were 
treated by 512 μg/mL Rutin.  

Figure 6. Relative expression profiles of two genes. (A) The expression of FU841_RS17580 after Rutin 
treatment. (B) The expression of FU841_RS19145 after Rutin treatment. * indicates P<0.05, ** indicates 
P<0.01 and ns indicates not significant. 

To validate the results of DEGs identified by RNA-seq, 10 candidate modulated genes were 
selected for quantitative real-time PCR (qRT-PCR). Results showed that the expression levels of DEGs 
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detected by RNA-seq were consistent with that of qPCR method (Supplementary Material, 
Data_sheet_3, Figure S3).  

4. Discussion 

The emergence of antimicrobial resistance brings great challenges to clinical anti-infective 
therapy. This underlines the urgent need for new discovery and development of effective drugs as 
current treatment options for drug-resistant pathogen infections are severely limited [34]. Plant 
derived flavonoids are increasingly attracting attention among researchers not only because they 
have been indicated to possess effective properties against pathogenic microorganisms [35], but also 
because these phytomolecules are free of toxicity and environmental hazards [36]. However, a series 
of studies have focused on the inhibitory effects of flavonoids against bacteria but gained no great 
success [37]. Therefore, there are no classic (bacteriostatic or bactericidal) antibiotics derived from 
plant flavonoids on the market.  

 Flavonoids have been reported to possess a wide range of pharmacological properties, like 
antimicrobial and antiviral activities [38], but the antibacterial activities of different flavonoids 
components varied [39]. Rutin, a kind of flavonols, showed efficient biofilm inhibition of Streptococcus 

suis without impairing its growth [40]. Quercetin was reported not only to inhibit the carbapenemase 
and efflux pump, but also exerted bactericidal activity through disrupting cell-wall/membrane 
integrity and altering cellular morphology when used in combination with meropenem in 
carbapenem-resistant K. pneumoniae strain [41]. Another study demonstrated that Rutin showed 
higher antibacterial activity against K. pneumoniae RSKK 574 standard strain than its ESBL+ isolates 
[42]. According to our previous studies, Rutin was found to exhibit growth inhibition against K. 

pneumoniae strains, but other flavonoids showed weak or even no inhibitory effects [30]. In this regard, 
we hypothesized the inhibitory mechanism of Rutin is unique and different to other flavonoids.  

To understand the inhibitory mechanism of Rutin on strain growth, both the transcriptomic and 
metabolomic sequencing were studied. We measured 5,483 genes and 882 metabolites and identified 
DEGs and DEMs. In KP_R vs KP_C group, 12 pathways were filtered out. In KP_R vs KP_L group, 4 
pathways were identified. The results in present study uncovered that the inhibition of Rutin against 
K. pneumoniae strains mainly due to the its modulation of the metabolic pathways and ABC 
transporters pathways. Further analysis demonstrated that, Rutin could specifically induce the 
expression of FU841_RS17580 and up regulate malonyl-ACP O-methyltransferase, further inhibit the 
strain growth. Besides, Rutin inhibited the expression of FU841_RS19145 and further inhibited the 
function of sugar ABC transporter ATP-binding protein, then inhibited strain growth. 

We demonstrated the mechanism through which Rutin could inhibit the strain growth by 
narrowing down the DEGs and DEMs. There were 13 DEMs that were identified in this study. In 
addition to 4 DEMs that they shared, two comparative groups also have their own unique metabolites. 
The unique substances identified in KP_R vs KP_C were L-Threonine, Naringenin, Vitamin_B2, 
C00196 (2,3-Dihydroxybenzoic_acid, C7H6O4) and Phenylacetaldehyde. Each of these metabolites 
was correlated with several genes, indicated that they played vital roles in the pathways. In addition, 
these metabolites included amino acids, flavonoids and Vitamin, indicating the inhibitory effects on 
K. pneumoniae strains were involved in multiple pathways and complicated. Regarding to the 
metabolites that unique to KP_R vs KP_L, big difference was found. Firstly, among the 4 kinds of 
metabolites, Apigenin, Luteolin and Formononetin were flavonoids, and one Guanosine. Secondly, 
the ko01110 pathway was unique in this group. Therefore, we supposed different flavonoids induced 
different changes in K. pneumoniae strains. However, some of the changes could influence the growth 
while some others could not. 

Klebsiella pneumoniae is a common, Gram-negative organism. It is a significant pathogenic factor 
of severe infections in humans. Due to its natural resistance to antibiotics, infection with this pathogen 
can cause severe therapeutic problems. In present study we have provided valuable information 
about metabolic pathways and ABC transporters pathways leading to an better understanding of the 
inhibitions of K. pneumoniae strains, which can further lead to new drug development of new 
diagnostics and treatment strategies. 
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5. Conclusions 

The present study suggested that Rutin has the ability to inhibit K. pneumoniae growth by 
modulating the metabolic pathways and ABC transporters pathways. Also, the inhibitory mechanism 
of Rutin was different to that of Luteolin. Although these two flavonoids shared two same pathways 
in K. pneumoniae strains, the DEGs and DEMs were different. Two genes, FU841_RS17580 and 
FU841_RS19145 were identified as key genes playing vital roles in the process of inhibition. In 
conclusion, these results derived from both the associative omics study and intracellular experiments 
are encouraging for further biological or phytochemical studies aimed at new development of 
antimicrobial agents of plant origin. 
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