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ABSTRACT

Objective: To use the gene chip of pseudomonas aeruginosa as a research sample and to explore it at an omics level, aiming at
elucidating the co-expression network characteristics of the virulence genes exoS and exoU of pseudomonas aeruginosa in the
lower respiratory tract from the perspective of molecular biology and identifying its key regulatory genes.
Methods: From March 2016 to May 2018, 312 patients infected with pseudomonas aeruginosa in the lower respiratory tract who
were admitted to Department of Respiratory Medicine of Baogang Hospital and given follow-up treatments in the hospital were
selected as subjects by use of cluster sampling. Alveolar lavage fluid and sputum collected from those patients were used as
biological specimens. The genes of pseudomonas aeruginosa were detected with the help of oligonucleotide probes to make
a pre-processing of chip data. A total of 8 common antibiotics (ceftazidime, gentamicin, piperacillin, amikacin, ciprofloxacin,
levofloxacin, doripenem and ticarcillin) against Gram-negative bacteria were selected to determine the drug resistance of biological
specimens. MCODE algorithm was used to construct a co-expression network model of the drug-resistance genes focused on
exoS/exoU.
Results: The expression level of exoS/exoU in the drug-resistance group was significantly higher than that in the non-resistance
group (p < .05). The top 5 differentially expressed genes in the alveolar lavage fluid specimens from the drug-resistance group
were RAC1, ITGB1, ITGB5, CRK and IGF1R in the order from high to low. In the sputum specimens, the top 5 differentially
expressed genes were RAC1, CRK, IGF1R, ITGB1 and ITGB5. In the alveolar lavage fluid specimens, only RAC1 had a positive
correlation with the expression of exoS and exoU (p < .05). In the sputum specimens, RAC1, ITGB1, ITGB5, CRK and IGF1R
were positively correlated with the expression of exoS and exoU (p < .05). The genes included in the co-expression network
contained exoS, exoU, RAC1, ITGB1, ITGB5, CRK, CAMK2D, RHOA, FLNA, IGF1R, TGFBR2 and FOS. Among them, RAC1
had a highest score in the aspect of regulatory ability (72.00) and the largest number of regulatory genes (6); followed by ITGB1,
ITGB5 and CRK genes.
Conclusions: The high expression of exoS and exoU in the sputum specimens suggests that pseudomonas aeruginosa has a higher
probability to get resistant to antibiotics; RAC1, ITGB1, ITGB5 and CRK genes may be the key genes that can regulate the
expression of exoS and exoU.
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1. INTRODUCTION
Pseudomonas aeruginosa is one of the most commonly seen
drug-resistance bacteria in the lower respiratory tract infec-
tion. It is reported that[1–4] the drug-resistance genes of pseu-
domonas aeruginosa mainly consist of some gene families
such as mecA/aph/tetM/aac/ermA. In addition, there exist
some differences in methylation level, copy number varia-
tion, carrying and combination mode as well as transcript of
the drug-resistance genes, the high variation of which may
be a decisive factor for the drug resistance of pseudomonas
aeruginosa. From the perspective of clinical medication, it
is indisputable that one of the most important missions is
to enhance the rational use of antibiotics. It means that the
preliminary antimicrobial susceptibility test is required no
matter in the aspect of dosage or type. It is not only pro-
posed to reduce the occurrence of nosocomial infection, but
also objectively reduce the sensitivity of the drug-resistance
genes of the corresponding strain. It is also feasible to estab-
lish a more rational medication pattern for patients with the
combination of the particularity of drug interactions (such as
synergistic effect, antagonistic effect, joint effect, indepen-
dent effect, etc.). In the meantime, with the completion of
the human genome project and the progress of clinical molec-
ular diagnosis technology, the application of bioinformatics
concerning the exploration of omics data gradually becomes
a research topic of intense interest at present.[5–7] Thereinto,
the co-expression network is a method designed specifically
to describe the relationship of gene interactions. Through
different combination patterns of dots and lines, the diagram
of the co-expression network can present the relationship of
gene interactions and their weight in a very intuitive way.[5–7]

The genetic principle has thoroughly demonstrated that the
molecular biological mechanism for the occurrence of drug
resistance is the consequence of the synergistic (or antago-
nistic) effect of multiple genes. Hence, this study is designed
to take gene chips as research samples and explore them at
an omics level, aiming at elucidating the formation mecha-
nism for drug resistance of virulence genes exoS and exoU
of pseudomonas aeruginosa in the lower respiratory tract
infection.

2. DATA AND METHODS

2.1 General information
From March 2016 to May 2018, 312 patients infected with
pseudomonas aeruginosa in the lower respiratory tract who
were admitted to Department of Respiratory Medicine of
Baogang Hospital and given follow-up treatment in the hos-
pital were selected as subjects by use of cluster sampling.
After explaining the research purpose to the subjects, spec-
imens (including sputum and alveolar lavage fluid, each of

them was equally divided in duplicate and placed under the
temperature of -20◦C for different detections) were subse-
quently collected from these patients. The containers of
sputum specimens should be kept clean, wide-mouthed, ster-
ile, covered, sealed, leak-proof and disposable, and they can
be acquired from Clinical Laboratory. For most of the sub-
jects, the sputum volume should be largest in the morning,
with a highest bacterial concentration. It was recommended
for the patients to use gargle and then use cold boiled water
or normal saline to remove bacteria from the oral cavity. Sub-
sequently, each of them was instructed to expectorate one to
two mouthfuls of sputum into a sterile jar after deep breath.
For the patients with a small sputum volume, it was work-
able to use 45◦C 10% sodium chloride solution to perform
an atomization inhalation treatment to lead out sputum.

2.2 Research methods

2.2.1 Inoculation

The specimens were required to be inoculated in Columbia
agar plates and MacConkey agar plates, and then cultured
in the constant temperature incubator at 35◦C for 24-48 h in
order to isolate pseudomonas aeruginosa.

2.2.2 The cultivation of pseudomonas aeruginosa in the
lower respiratory tract infection and the amplifica-
tion of the products

The primers were designed according to the bioinformatics
data of the related gene sequence in Genbank database in
NCBI and synthesized by Genminix Biotechnology Co., Ltd..
The sequence of the upstream primer was: 5’- GTT CAG
GTA GCG ATG AGC TAG CAA C-3’, and the sequence of
the downstream primer was: 5’-CTG CAT GCA GTG AGC
AGA GAG CGT C-3’. The primer length was 592 bp, and
the reaction temperature was as follows: 95◦C, 60 s/55◦C,
30 s/75◦C, 60s. After 40 circles, the primers were extended
for 10 min at the temperature of 75◦C.

2.2.3 The preparation of gene chips

The genes of 312 strains of pseudomonas aeruginosa were
detected with the help of oligonucleotide probes (Thermo
Fisher Scientific Inc. (Beijing)) to make a pre-processing of
chip data (to convert the acquired hybridization signals to the
omics expression profile data). In this study, the method of
expression profile data normalization was global normaliza-
tion.[8] Meanwhile, SAM (significance analysis of microar-
rays) algorithm[9] was applied to the screening of differential
genes, and Fold Change value was considered as a standard
to judge whether there existed the differential expression of
a certain gene. The method of calculation was as follows:
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Whereas, x1 was set as the signal mean value of the spec-
imens in the drug-resistance group (a total of 8 common
antibiotics in Department of Respiratory Medicine were se-
lected to make a drug-resistance analysis, and drug-resistance
to no less than 3 types was defined as drug-resistance. There-
fore, such specimens were included in the drug-resistance
group), and x2 was set as the signal mean value of the speci-
mens in the non-resistance group.

2.2.4 The principle and process of co-expression network
analysis

The original information for the construction of co-
expression network was based on the original samples (i.e.,
sputum or alveolar lavage fluid specimens acquired through
biological sampling in this study). Nevertheless, in the pro-
cess of analysis, it was workable to utilize various databases
(KEGG/Reactome/BIND/Biogrid/HPRD) to make an in-
depth analysis (including the comparison with the results
from other researches) of omics data (such as differential
genes and proteins, microRNA target genes and copy num-
ber variation) in the specimens. The co-expression network
was made up of multiple signaling pathways, and the genes
were considered as nodes (the size of the nodes can deter-
mine the regulatory ability of the gene). The area of the
nodes was positively correlated with the regulatory ability
of the gene. MCODE algorithm was applied to the analysis

of the regulatory weight of the gene in the whole network
model. In essence, it was a weighting approach based on
clustering coefficients.[10]

2.3 Statistical treatment
The comparison in the expression of exoS/exoU between
the drug-resistance group and the non-resistance group was
described by use of X̄± s and M (P25-P75) in combination
with data normality test results. The comparison between two
groups was made by use of t test and Z test. Similarly, the
analysis on the correlation of differentially expressed genes
with exoS/exoU was made by use of linear correlation and
rank correlation. The difference (p < .05) was of statistical
significance.

3. RESULTS

3.1 Analysis on the correlation of the expression of viru-
lence genes exoS and exoU with the drug resistance
of pseudomonas aeruginosa in the lower respiratory
tract infection

A total of 8 common antibiotics (ceftazidime, gentam-
icin, piperacillin, amikacin, ciprofloxacin, levofloxacin,
doripenem and ticarcillin) in Department of Respiratory
Medicine against Gram-negative bacteria were selected to
consolidate and analyze the analysis results of the gene
chips of sputum and alveolar lavage fluid specimens. The
results showed that the expression of exoS/exoU in the drug-
resistance group was significantly higher than that in the
non-resistance group, and the difference was of statistical
significance (p < .05). See Table 1 for details.

Table 1. Analysis on the correlation of the expression of exoS and exoU with the drug resistance of pseudomonas
aeruginosa in the lower respiratory tract infection

 

 

Item Ceftazidime Gentamicin Piperacillin Amikacin Ciprofloxacin Levofloxacin Doripenem Ticarcillin 

Drug resistance (%) 
19.32 

(85/440) 

3.18  

(14/440) 

11.36 

(49/440) 

21.82 

(96/440) 

29.32 

(129/440) 

8.18  

(36/440) 

2.50 

(11/440) 

7.27 

(32/440) 
Expression level of 

exoS in the 
drug-resistance group 

5.03±0.92 4.32±0.86 3.70±0.72 
3.94  
(2.95, 4.90) 

3.82±0.75 3.90±0.71 
3.85  
(3.44, 4.20) 

3.59±0.88 

Expression level of 
exoS in the 

non-resistance group 

1.21±0.57 1.02±0.34 1.66±0.39 
1.80  
(1.54, 2.21) 

1.47±0.44 1.52±0.32 
1.67 
(1.44, 2.13) 

1.83±0.63 

t1/Z1 13.362 14.455 7.150 3.696 8.663 8.483 4.839 3.415 

p1 < .001 < .001 < .001 < .001 < .001 < .001 < .001 < .001 

Expression level of 
exoU in the 

drug-resistance group 

4.94±1.03 4.77±1.22 4.91±1.79 
4.82  
(4.15, 5.35) 

4.67±1.32 4.92±1.16 
4.98  
(4.56, 5.33) 

4.60±1.34 

Expression level of 
exoU in the 

non-resistance group 

2.03±0.93 2.15±0.65 2.02±0.25 
2.19  

(2.02, 2.56) 
2.21±0.53 2.05±0.74 

2.10  

(1.87, 2.51) 
2.29±0.56 

t2/Z2 8.182 6.838 9.211 6.199 5.356 7.570 6.757 4.955 

p2 < .001 < .001 < .001 < .001 < .001 < .001 < .001 < .001 
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3.2 The correlation of the top 5 differentially expressed
genes in the drug-resistance group with the expres-
sion of virulence genes exoS and exoU

The top 5 differentially expressed genes in the alveolar lavage
fluid specimens from the drug-resistance group were RAC1,
ITGB1, ITGB5, CRK and IGF1R in the order from high to
low. In the sputum specimens, the top 5 differentially ex-
pressed genes were RAC1, CRK, IGF1R, ITGB1 and ITGB5.
In the alveolar lavage fluid specimens, only RAC1 had a pos-
itive correlation with the expression of exoS and exoU (p <
.05). In the sputum specimens, RAC1, ITGB1, ITGB5, CRK
and IGF1R were positively correlated with the expression of
exoS and exoU (p < .05). See Tables 2 and 3.

Table 2. The correlation of the top 5 differentially expressed
genes in the alveolar lavage fluid specimens from the
drug-resistance group with the expression of virulence genes
exoS and exoU

 

 

Item RAC1 CRK IGF1R ITGB1 ITGB5 

exoS 0.335* 0.026 0.039 0.074 0.077 

exoU 0.285* 0.113 0.082 0.102 0.040 

  Note. * p < .05. 

 

Table 3. The correlation of the top 5 differentially expressed
genes in the sputum specimens from the drug-resistance
group with the expression of virulence genes exoS and exoU

 

 

Item RAC1 ITGB1 ITGB5 CRK IGF1R 

exoS 0.328* 0.372* 0.270* 0.336* 0.392* 

exoU 0.447* 0.321* 0.306* 0.317* 0.420* 

  Note. * p < .05 

The main function of RAC1 encoding protein is to activate
the signaling pathway of 1-phosphatidylinositol 3-kinase
(PI3K)-Akt, control the dynamic balance of the cell quantity
in local tissues and participate in cytoskeleton reassembly,
and its variation characteristic is up-regulation; the main
function of ITGB1 encoding protein is to participate in cell
adhesion, recognize membrane receptors and improve pro-
tein kinase activity, and its variation characteristic is up-
regulation; the main function of ITGB5 encoding protein is
to participate in hemostasis, vascular remodeling, immune
response, MHC I antigen processing and peptide antigen
submission, and the variation characteristic is up-regulation;
the main function of CRK encoding protein is to be related
with adaptive immune response and answer the activation of
TGF-β signaling pathway, and the variation characteristic is
up-regulation; the main function of IGF1R encoding protein
is to participate in the negative regulating process of the sig-
naling pathway of TGF-β, this type of protein can work as an
anti-apoptotic agent in most of malignant tissues to improve
the survival rate of cells, and its variation characteristic is

up-regulation.

3.3 The construction of co-expression network model
of drug-resistance determining genes focused on
exoS/exoU

The genes included in the co-expression network in this study
were exoS, exoU, RAC1, ITGB1, ITGB5, CRK, CAMK2D,
RHOA, FLNA, IGF1R, TGFBR2 and FOS, and exoS/exoU
was considered as the core to construct the co-expression
network model of drug-resistance determining genes of pseu-
domonas aeruginosa. Among them, RAC1 had a highest
score in the aspect of regulatory ability (72.00) and the largest
number of regulatory genes (8); followed by ITGB1, ITGB5
and CRK genes. See Figure 1 for the co-expression net-
work model of drug-resistance determining genes focused
on exoS/exoU, and see Table 4 for the score of the regulatory
ability of each gene and the number of regulatory genes.

Figure 1. Co-expression network model of drug-resistance
determining genes focused on exoS/exoU

4. DISCUSSION
It is found in this research that, for any selected antibiotic,
there is a statistically significant difference in the expression
of exoS/exoU no matter in the drug-resistance group or the
non-resistance group. It is indicated that exoS/exoU is highly
correlated to the formation of the drug-resistance mechanism
of pseudomonas aeruginosa, which is similar with the re-
sults from the same type of research at home and abroad.
According to the past reports, the drug-resistance mecha-
nism of virulence gene exoS/exoU involves multiple aspects:
(1) the generation of inactivated enzymes (such as β-
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lactamases, aminoglycosides modifying enzymes, and the
generation of the former is the main mechanism of drug
resistance); (2) lowered membrane permeability: many gly-
coproteins in the membrane of pseudomonas aeruginosa can
actively exclude antibiotics (the exclusion systems contain
MexAB-oprM, MexCD-oprJ, MexEF-oprN, MexJk-oprM,
MexGHI-opmD, Mex-VW-oprM and MexXY-oprM), reduce
the permeability of bacterial outer membrane and generate
the synergistic effect of drug resistance.[13–15]

Table 4. Score of the regulatory ability of each gene and the
number of regulatory genes in the co-expression network
model

 

 

Name of 
Gene 

Score of the 
regulatory ability 

The number of 
regulatory genes 

exoS 127.33 8 

exoU 75.33 6 

RAC1 72.00 6 

ITGB1 64.00 5 

ITGB5 51.00 4 

CRK 36.67 3 

CAMK2D 33.00 3 

RHOA 22.67 2 

FLNA 22.33 2 

IGF1R 3.67 1 

TGFBR2 3.67 1 

FOS 3.00 1 

 

The genes included in the co-expression network in this
study include exoS, exoU, RAC1, ITGB1, ITGB5, CRK,
CAMK2D, RHOA, FLNA, IGF1R, TGFBR2 and FOS. In
the co-expression network model of drug-resistance genes fo-
cused on exoS/exoU, RAC1 had a highest score in the aspect
of regulatory ability (72.00), followed by ITGB1, ITGB5 and
CRK. It may be closely associated with the drug resistance of
exoS and exoU, and it is probable to be the key gene for reg-
ulating the expression of exoS/exoU. It has been found in the
research that,[15] the encoding products of RAC1 can lead to
gene mutation of two types of topoisomerase, which is asso-
ciated with the formation of the drug-resistance mechanism
of pseudomonas aeruginosa. Gene mutation may prevent an-
tibiotics from stably binding to enzyme-DNA complexes, so
that the anti-bacterial effect is lost consequently. In addition,
as ITGB gene family has a protective effect in the biofilm
(polysaccharide matrix, fibrous proteins and other complexes
secreted by bacteria after adhesion to and proliferation on
the surface of inert matters) of pseudomonas aeruginosa, it
can prevent DNA topoisomerase II and IV of pseudomonas

aeruginosa from being inactivated and avoid organism im-
munity to a certain degree. Nevertheless, CRK is associated
with the structural variation of integron, which is a type of
gene-captured genetic unit existing on bacterial plasmids and
chromosomes. They can transfer between bacteria by conju-
gation, transformation, transduction and transposition, which
becomes an important factor for the rapid development of the
drug resistance of pseudomonas aeruginosa. It is more obvi-
ous in Gram-negative bacteria, particularly in pseudomonas
aeruginosa. The biofilm of pseudomonas aeruginosa can
generate a large amount of granulocyte colony-stimulating
factors, while IGF1 mediates in this signaling process; at the
same time, IGF1 can also induce exoS and exoU genes to
participate in the interaction of epithelium and mesenchyme.
It is thus found that, as a typical representative of Gram-
negative bacteria, pseudomonas aeruginosa has a great differ-
ence in the drug-resistance gene from Gram-positive bacteria.
Moreover, the loss of membrane microporous protein genes
ITGB1 and ITGB5 and the generation of carbapenaemse may
have a certain synergistic effect with this pathway. During
the process of the corresponding messenger playing a role
in the synergistic effect, microporous proteins are influenced
by promoter genes or upstream genes, and this influence is
manifested as the up-regulation (the drug-resistance mecha-
nism for most of bacteria) or down-regulation of the activity
of encoding protein, so that the reason for the occurrence of
drug resistance is explained from the perspective of cytobiol-
ogy.[12]

In this study, it is found that the co-expression network anal-
ysis of exoS and exoU based on omics data expression pro-
file has the following advantages in the process of study
on the formation of the drug-resistance mechanism: (1) the
omics data in the biological specimens are thoroughly used
to explore the genetic data of genes and protein products of
pseudomonas aeruginosa in different biological specimens
(sputum and alveolar lavage fluid) from all patients with the
help of high-density gene probes, make a comparison of the
research results in combination with the omics information
such as KEGG, Bingo and Gene Ontology data, and provide
many molecular biological demonstrations for the formation
of the drug-resistance mechanism of pseudomonas aerugi-
nosa; (2) the co-expression network model makes a quantita-
tive analysis of gene interactions, with MCODE algorithm
used to maximize the utilization of the genetic information
of pseudomonas aeruginosa (Fluorescent staining signal val-
ues in the gene chips are used to completely quantify the
research results in combination with the changing rule of
different gene detection sites in the same chip and recover
the contribution weight coefficients of genes to drug resis-
tance), providing a theoretical foundation for the follow-up
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in-vivo and in-vitro tests on the function of genes and pro-
tein products; (3) with the application of weight evaluation
model, the co-expression network model can directly reflect
the primary and secondary relation and the research value
of gene action to further support the previously acquired
research conclusions.

It is found in the recent related literatures that,[1–4, 11–15] the
drug resistance of pseudomonas aeruginosa is mostly caused
by the gene mutation of its own. In nature, this type of
mutation can be manifested as a self-defense mechanism of
bacteria, i.e., bacteria can withstand various adverse factors
in the environment by encoding the corresponding proteins.
Meanwhile, abundant evidence confirms that the drug resis-
tance of pseudomonas aeruginosa doesn’t result from a single
gene, but is caused by various genes and their interactions.
It can also get resistant to antibiotics by consolidating its
encoding proteins at a functional level. It can also indicate
that to explore the function, mechanism and signaling path-
way of the key genes which can lead to drug resistance is a
subsequent research focus for bacterial drug resistance.

It is noted that the biological effectiveness dose may be also

an important factor for the determination of bacterial drug
resistance. MIC0, MIC50, MIC90, MIC100, ID0, ID50,
ID90 and ID100 are indicators which can directly reflect
drug dose and the corresponding toxicological relationship,
and they are considered as a significant factor for the drug
resistance of the same individual to the same drug. However,
the steps in the corresponding toxicological analysis of drugs
are rarely applied directly in the clinic, the potential effects
are often ignored.[16, 17]

5. CONCLUSION

Taking the exploration of omics data as the research basis,
this study is intended to construct the co-expression network
model of virulence genes exoS and exoU of pseudomonas
aeruginosa in the respiratory tract, analyze the action pattern
of the key genes and provide a new idea for the study on the
drug-resistance mechanism of pseudomonas aeruginosa in
the respiratory tract.
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