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The effect of Cyclic-di-GMP on biofilm formation by Pseudomonas 
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Background: Pseudomonas aeruginosa (P. aeruginosa) is a common pathogenic bacterium which causes 
pleural empyema, and infection of P. aeruginosa is often associated with biofilm. The aim of this study was to 
establish a model of rabbit empyema infected by P. aeruginosa to determine whether it causes the formation 
of biofilm in the pleural cavity. Furthermore, we investigated the effect of cyclic diguanosine monophosphate 
(c-di-GMP) on biofilm formation in this P. aeruginosa empyema model.
Methods: Twenty rabbits were used and randomly divided into five groups: PAO1, PAO1ΔwspF, and PAO1/
plac-yhjH infection groups, and Luria-Bertani (LB) broth and turpentine control groups. A drainage catheter 
was implanted into the pleural cavity through thoracentesis. The three infection groups were respectively 
infected with PAO1, PAO1ΔwspF, and PAO1/plac-yhjH strains, which caused empyema. The two control 
groups were injected with LB or turpentine. After 4 days of infection, we sacrificed the rabbits. We evaluated 
the pathology of pleura through hematoxylin-eosin staining. Colony count and crystal violet assay were 
used to analyze the biofilm formation on the surface of catheters. Scanning electron was used to observe the 
biofilm on the surface of the pleura. Peptide nucleic acids-fluorescence in situ hybridization (PNA-FISH) 
was used to observe the biofilm in the fibrinous deposition.
Results: By the PNA-FISH assay, biofilms were observed in the fibrinous deposition of the three infection 
groups. The red fluorescence area of the PAO1ΔwspF infection group was larger than that of the PAO1 
and PAO1/plac-yhjH infection groups. Through electron microscopy, we observed that PAO1 strains were 
embedded in an electron-dense extracellular matrix on the surface of pleural tissue, and appeared to be 
biofilm-like structures. For the crystal violet assay, the optical density values of different groups were 
significantly different: PAO1ΔwspF > PAO1 > PAO1/plac-yhjH > control groups (P<0.05). 
Conclusions: To the best knowledge of the authors, this is the first study to report P. aeruginosa forming 
biofilm in a novel animal model of pleural empyema. In addition, c-di-GMP signaling molecules played an 
important role in biofilm formation in the pleural cavity.
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Introduction

Pleural empyema is a purulent infection caused by 
bacteria invading the patient's pleural cavity, resulting in 
accumulation of purulent exudate in the pleural cavity. 
Despite the progress in the medical care of pleural 
empyema in the past decades, pleural empyema is still 
associated with high morbidity and mortality (1-3). The key 
factor leading to the lack of treatment progress may be that 
the pathogenesis that we do not fully understand, such as 
the role of biofilm formation (3).

The main pathogenic bacteria in pleural empyema 
are Streptococcus pneumoniae, Staphylococcus aureus, and 
Pseudomonas spp., of which Pseudomonas spp. accounts for 
17.6% of the pathogens causing pleural empyema (1). 
Pseudomonas aeruginosa (P. aeruginosa) is one of the most 
common G- bacilli causing pleural empyema, accounting 
for 12% to 30% of all G- bacilli (4-6). The results of drug 
susceptibility tests suggest that the P. aeruginosa derived 
from pus is multi-drug resistant (7), resulting in poor 
treatment of pleural empyema. Since more than 80% of P. 
aeruginosa infections are related to biofilm (8), we speculate 
that P. aeruginosa can form biofilm in pleural empyema. 

The biofilm is a structural union of microorganisms 
surrounded by a self-produced polymer matrix (9). 
Besides the matrix secreted by the microorganism itself, 
components from the host, such as fibrin, platelets, or 
immunoglobulins, can also be integrated into the biofilm 
(8,10,11). P. aeruginosa can form biofilm on non-biological 
surfaces, such as on catheters, test tubes, surgical implants, 
and other inorganic materials. Biofilm can also attach to 
biological surfaces, such as on tracheal and wound surfaces 
(8,10). Once P. aeruginosa forms a biofilm, its resistance 
to antibiotics and phagocytic immune cells will increase, 
resulting in clinically refractory infection (12,13). 

In recent years, studies have shown that the second 
messenger cyclic diguanosine monophosphate (c-di-GMP) 
of P. aeruginosa plays a key role in biofilm formation (14).  
It has been proven that c-di-GMP is involved in the regulation 
of biofilm-related genes at the level of transcription, 
translation, and post-translation (12). In addition, P. aeruginosa 
may use c-di-GMP as a detectable signal to regulate the 
distinct stages of biofilm development (15). High levels of 
intracellular c-di-GMP can increase the production of 
extracellular matrix and promote a biofilm lifestyle (16). 
In contrast, low levels of intracellular c-di-GMP promote 
activation and a plankton lifestyle. Therefore, research 
on the second messenger c-di-GMP of P. aeruginosa is 
considered an important direction in treating biofilm 

infection. 
In this study, a rabbit model for pleural empyema 

infected by P. aeruginosa was established to verify whether P. 
aeruginosa can form biofilm in the pleural space. We further 
investigated the pathogenicity and biofilm formation 
of P. aeruginosa PAO1, its high intracellular c-di-GMP 
containing derivative and its intracellular c-di-GMP-
depleted derivative mutants. We present the following 
article in accordance with the ARRIVE reporting checklist 
(available at http://dx.doi.org/10.21037/atm-20-6022).

Methods

Animals

The rabbit experiment program has been approved by 
the Medical Ethics Committee of the First Affiliated 
Hospital of Guangxi Medical University (no. 20171228). 
Twenty male healthy New Zealand rabbits, weighing 
2.5±0.5 kg (Table 1), were used in the experiment. Under 
standardized environmental conditions, rabbits were housed 
in separate cages, with free access to water and food. Room 
temperature was 25±2 ℃ (Rabbit Experiment Center of 
Guangxi Medical University).

Bacterial strains

P. aeruginosa PAO1 wild-type strain, its high intracellular 
c-di-GMP containing derivative ΔwspF mutant and its 
intracellular c-di-GMP-depleted derivative PAO1/plac-
yhjH mutant were obtained from Singapore Centre on 
Environmental Life Sciences Engineering, Nanyang 
Technological University, Singapore. The strains were 
maintained in Luria-Bertani (LB, Landbridge Technology 
Co., Ltd., Beijing, China) broth containing 25% glycerol 
at −80 ℃. PAO1 and PAO1ΔwspF strains were grown in 
LB. PAO1/plac-yhjH strain was grown in LB with 60 μg/mL  
tetracycline to maintain the plasmid. Before each 
experiment, the bacterial stock was recovered and streaked 
onto LB agar plates. A single colony was picked and 
subcultured in LB or LB with 60 μg/mL tetracycline for 
14–16 h at 37 ℃ at 200 rpm. Cells were centrifuged at  
3,000 rpm for 15 min, the supernatant was removed, 
and cells were washed with phosphate-buffered saline 
(PBS) for three times. Then cells were resuspended in 
LB. Concentration of the bacteria in LB was determined 
in a spectrophotometer (General Analysis General T6, 
Guangzhou, China). We administered 2 mL LB with 
108 CFU/mL bacteria [optical density (OD) =0.1]. The 
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inoculum was serially diluted to 106 CFU/mL with LB  
(17-19). Before application, the bacterial concentration was 
determined by serial dilution.

Pleural empyema induction

Twenty rabbits were randomly divided into five groups: 
PAO1, PAO1ΔwspF, and PAO1/plac-yhjH infection groups, 
and control groups with LB and turpentine. Each group 
consisted of four rabbits.

All rabbits were anesthetized with 30 mg/kg of 
pentobarbital sodium. The rabbits were placed in the left 
lying position on the operating table. The right chest wall 
area was shaved from the sternal to scapular line. We used a 
scalpel to make a 1 cm long incision in the sixth intercostal 
space of the right hemithoracic cavity (2–3 cm from the 
spine), and then performed thoracentesis with a catheter. We 
excluded the air in the pleural cavity and observed whether 
the catheter moved with breathing to determine if the 
catheter was in the pleural cavity. Then, we injected 2 mL/kg 
of LB with the above-mentioned bacteria concentration into 
the right pleural cavity through the catheter. The two control 
groups were injected with 2 mL/kg LB or 1 mL turpentine, 
respectively. The catheter was rinsed with 3 mL of saline 
solution. After the above steps were completed, the wound 
was sutured. The rabbits were gently rotated manually to 
evenly distribute the bacterial solution in the pleural space 
to evenly distribute the bacterial solution in the pleural 
space. All experiments were repeated three times.

The end of the experiment

On the fourth day, all rabbits were sacrificed with a lethal 
dose of pentobarbital sodium. We then performed autopsy 
on the rabbits and collected the samples. 

Pleural empyema score 

The points of pleural empyema score 0 to 4 were used 
to evaluate the severity of pleural empyema. The pleural 
empyema score was mainly evaluated by the amount of 

pleural effusion, pleural adhesion, and purulent exudate 
according to the modified scoring system (18): 0= normal 
pleural space; 1= adhesions to the visceral and parietal 
pleura with thin fluid; 2= minimal pleural peel with only 
small amount of purulent exudate; 3= moderate pleural peel 
with purulent exudate; 4= large amount of purulent exudate. 
A single-blinded slide assessment was performed by two 
non-experimental researchers. 

Indwelling catheter analysis

The indwelling catheters in the chest cavity were removed 
adhesive floc and rinsed before collection. We cut off the  
3 cm length of the indwelling catheter at the end, and 
divided it into two halves. One half of the indwelling 
catheter was collected in 2 mL of sterile saline for colony-
forming unit (CFU) counts. The catheter was vortexed for 
10 min and sonicated for 1 min to ensure full removal of the 
biofilm from the catheters. This solution was then plated in 
various dilutions onto agar plates. The value was recorded 
as l g (CFU/mL).

The other half of catheter was collected for crystal violet 
staining. The catheter was washed three times and half-
sheared into the hole of the 24-well plate. Then, the catheter 
was stained with 0.1% crystal violet for 15 min, and washed 
three times after staining. After the catheter drying, 33% 
glacial acetic acid was used for decolorization for 20 min. The 
OD value was determined at 570 nm by microplate reader.

Peptide nucleic acids fluorescence in situ hybridization 
(PNA-FISH)

All fibrinous depositions in the purulent exudate were 
collected in a tube with 10 mL PBS. After fibrinous 
depositions were washed three times, we homogenized them 
for 3 min. The homogenate and the last washing liquid were 
used for colony counting. The value was recorded as l g  
(CFU/mL).

The PNA-FISH kit (AdvanDx, MA, USA) was used 
in our research. The homogenate was placed on the slide 
and fixed with a flame. After the slides were dried, the 

Table 1 Body weight of the control and experimental groups before operation

Baseline 
parameter

Turpentine group (n=4) LB group (n=4) PAO1 group (n=4) PAO1ΔwspF group 
(n=4)

PAO1/plac-yhjH group 
(n=4)

Body weight (kg) 2.55 (±0.1) 2.4 (±0.15) 2.6 (±0.16) 2.58 (±0.21) 2.51 (±0.25)

All data are given as mean ± SEM.
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homogenate on the slides was hybridized with the Texas 
red-labeled P. aeruginosa-specific PNA probe, and placed in 
a dark wet box at 57 ℃ for 30 min. In the dark environment, 
the slides were immersed in the washing solution provided 
by the kit, which had been preheated to 55 ℃ for 30 min. 
After the slides were washed and dried naturally, DAPI 
was added to redy for 15 min. Then slides were observed 
by fluorescence microscope. Three visual fields from each 
PNA-FISH slide were randomly selected for viewing under 
a 20× microscope to measure the area of the red fluorescent 
part, and the average value was recorded for future statistics. 

Scanning electron microscope

The right wall parietal pleurae of New Zealand rabbits 
were fixed in 3% glutaraldehyde fixative solution at 4 ℃ for 
2 h. The samples were washed three times in phosphate-
buffered saline (PBS) buffer solution for 10 min each time. 
Subsequently, the PBS buffer solution was removed, and 
osmium tetroxide was fixed for 1 h. Next, the osmium 
tetroxide was removed, and the samples were washed 
three times with PBS buffer solution for 10 min. Finally, 
the sample tissue was dried through ethanol gradient 
dehydration, 100% hexamethyldisilazane immersion, and 
vacuum drying. After the vacuum drying was completed, 
the sample was sprayed with an IB3 (IB5) ion-sputtering 
instrument and observed under an electron microscope. 
The above process was completed at 4 ℃.

Histopathological examination

The pleura  t i s sues  of  a l l  rabbi ts  were  taken for 
histopathological examination. The pleural tissues were 
fixed in 10% formaldehyde solution for 24 h. After the 
sections were paraffinized, the pleura tissues were stained 
with hematoxylin and eosin (HE). For each HE slide, three 
visual fields were randomly selected for viewing under a 10× 
microscope to measure the thickness of the pleura, and the 
average value was recorded. 

Statistics

Statistical analysis was performed using the SPSS 23.0 
statistical software package. Comparisons between multiple 
groups were conducted using one-way analysis of variance 
(ANOVA). A P value <0.05 was considered statistically 
significant.

Results

Rabbit model

A total of 60 rabbits were used in the experiment. After 
rabbits were infected by P. aeruginosa for 4 days, there were 
varying degrees of pleural adhesions and fibrin depositions 
between the visceral pleura and parietal pleura (Figure 
1A,B,C,D,E). Neutrophils could be observed in the purulent 
exudation, and Gram staining showed positive for bacteria. 
Among the three infection groups, the pleural empyema 
scores of the PAO1 and the PAO1ΔwspF infection groups 
were significantly higher than those of the PAO1/plac-yhjH 
infection group (P<0.05, Figure 1F).

Pleural histopathology

Compared with LB control group, the pleural tissues of 
three infection groups were significantly thickened (P<0.05), 
with more inflammatory cell infiltration (Figure 2A,B,C,D). 
The pleural thickness of each group was as follows: 
PAO1ΔwspF > PAO1 > PAO1/plac-yhjH > control group with 
LB (P<0.05) (Figure 2F). 

Catheter bacteriology

The colony counts of LB or turpentine control group was 
zero. The colony counts in the PAO1, PAO1ΔwspF, and 
PAO1/plac-yhjH infection groups were shown in Figure 3A. 
There was no significant difference in colony counts of 
catheters among three infection groups (P>0.05).

Catheter crystal violet staining 

The OD values of crystal violet staining of three infection 
groups were higher than those of LB or turpentine control 
group (P<0.05). There was a significant difference in the 
OD values among the three infection groups: PAO1ΔwspF > 
PAO1 > PAO1/plac-yhjH (P<0.05) (Figure 3B).

The biofilms in fibrinous deposition of purulent exudate

By counting the colonies of the washing liquid and 
homogenate liquid of the fibrinous deposition, we found 
that the number of bacteria in the washing liquid was 
significantly less than that in the homogenate liquid 
(P<0.05). The CFU of homogenate among the three 
infection groups were not significantly different (P>0.05). 
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The colony counts of homogenate in the control groups (LB 
or turpentine) was zero (Figure 4). 

The PNA-FISH method was established to detect the 
ribosomal RNA of P. aeruginosa in fibrinous deposition of 
purulent exudate, further verify the aggregation in fibrinous 
depositions of purulent exudate. For the turpentine control 
group, there was only blue fluorescence, without red 
fluorescence (Figure 5A). For the LB control group, there 
was hardly purulent exudate (Figure 5B). However, in the 
three infection groups, a large number of bacteria (red) 
were surrounded by host cells (blue), showing a bright 
PNA-FISH signal (Figure 5C,D,E). These structures were 
the aggregations. The area of red fluorescence in each 
group was compared. The area of the PAO1ΔwspF infection 
group was significantly larger than that of the PAO1 and 
PAO1/plac-yhjH infection groups (Figure 5F; P<0.05). 

Scanning electron microscopy of pleural tissue

The clustering of cells on the surface of pleural tissue was 
confirmed by scanning electron microscopy. We observed 

that PAO1 strains were embedded in an electron-dense 
extracellular matrix on the surface of pleural tissue, which 
appeared as biofilm-like structures (Figure 6). However, the 
phenomenon was only observed on a few pleural tissues 
infected by PAO1 strain.

 

Discussion

Pleural empyema is a debilitating disease. Despite receiving 
appropriate medical treatment, approximately 10–20% of 
patients with pleural empyema die (3). In recent years, the 
treatment of pleural empyema has continued to develop, 
but progress has been limited. This is perhaps because a 
lack of understanding concerning the mechanism in pleural 
infection, including how biofilm forms in the pleural cavity. 
P. aeruginosa is a common pathogenic bacterium that causes 
pleural empyema (20). However, it has not been confirmed 
whether P. aeruginosa can form biofilm in the pleural 
cavity. Therefore, the mechanism and treatment of pleural 
empyema associated with biofilm is still unclear. To the best 
knowledge of the authors, this is the first study to report 

Figure 1 The gross pathology specimens of rabbit pleural cavities 96 h after injection. For PAO1 group (A), PAO1ΔwspF group (B), and 
PAO1/plac-yhjH group (C), there were varying degrees of pleural adhesions and fibrin depositions between the visceral pleura and parietal 
pleura. (D) In the LB control group, there were no significant changes in the right pleural cavity. (E) In the turpentine control group, there 
was severe aseptic inflammation. (F) The empyema score of each group. Results displaying the mean ± SD. An asterisk indicates significant 
difference, **, P<0.01; ***, P<0.001. The ANOVA tested. (300×300 DPI). LB, Luria-Bertani.
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Figure 2 The morphological changes of the parietal pleura (HE staining, 10×). The area between the two black arrows is the pleura. (A) 
In the PAO1 infection group, there was thickening of parietal pleura, accompanied by many inflammatory cells infiltration. (B) In the 
PAO1ΔwspF infection group, the thickening of the parietal pleura was more significant than that in the PAO1 group, accompanied by a large 
number of inflammatory cell infiltration. (C) In the PAO1/plac-yhjH infection group, the parietal pleura was slightly thickened with only mild 
inflammation. (D) In the LB control group, few inflammatory cells infiltrated into the pleura. (E) In the turpentine control group, there was 
severe aseptic inflammation. (F) Pleural thickness. Results displaying the mean ± SD. An asterisk indicates significant difference, *, P<0.05; 
***, P<0.001. The ANOVA tested. (300×300 DPI). LB, Luria-Bertani.

Figure 3 The results of colony counts and crystal violet staining of the indwelling catheters. (A) Colony counts of P. aeruginosa on the 
surface of indwelling catheters showed no significant difference (P>0.05). (B) The optical density values of crystal violet staining of 
indwelling catheters in five groups. Results displaying the mean ± SD. An asterisk indicates a significant difference, *, P<0.05; **, P<0.01; ***, 
P<0.001. The ANOVA tested. (1,800 px minimum). LB, Luria-Bertani.
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P. aeruginosa forming biofilm in a novel rabbit model of 
pleural empyema for biofilm.

The formation of biofilm on catheter was verified in 
pleural empyema by colony count and crystal violet staining. 
These results indicated that biofilm-associated foreign body 
infection can also occur in the pleural empyema. Compared 
with the control group, catheters with biofilm formation by 
P. aeruginosa were surrounded by a large amount of purulent 

exudate, resulting in the formation of abscess around the 
catheter. 

Bacteria, in addition to attaching to the surface of 
foreign bodies, can also form self-aggregating flocs during 
static cultivation (21). In clinic, the patients with pleural 
empyema often have fibrinous deposition in the pleural 
cavity. However, there is a lack of research concerning 
whether the fibrinous deposition contains aggregation. 

Figure 4 The colony counts of fibrinous deposition in the purulent exudate. Results displaying the mean ± SD. An asterisk indicates a 
significant difference, **, P<0.01; ***, P<0.001. (1,800 px minimum). LB, Luria-Bertani.

Figure 5 The PNA-FISH of fibrinous deposition in the purulent exudate (20×). The PNA-FISH kit used a P. aeruginosa-specific probe 
(red) and unspecific nucleic acid stain DAPI (blue) to show biofilms. The figure showed that the bacteria were surrounded by host cells in 
C, D and E. The red part pointed by the red arrow is the aggregate, and the yellow arrow points to the blue part is the polymorphonuclear 
leukocytes around the aggregate. (A) Turpentine control group. (B) LB control group. (C) PAO1 infection group. (D) PAO1ΔwspF infection 
group. (E) PAO1/plac-yhjH infection group. (F) Biofilm size determined by PNA-FISH. Results display the mean ± SD. An asterisk indicates 
a significant difference, *, P<0.05; **, P<0.01; ***, P<0.001. The ANOVA tested (300×300 DPI). LB, Luria-Bertani.
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Through observing the fibrinous deposition by PNA-FISH, 
we observed aggregations had formed in all samples from 
infection groups. The aggregations were predominantly 
surrounded by host cells, while this phenomenon was not 
observed in the turpentine control group. Our finding is 
different with a previous description of purulent exudate 
and the traditional view which holds that the purulent 
exudate is composed of fibers and host cells (22)，likely 
requiring a very different treatment strategy in pleural 
empyema.

We further observed biofilm-like structures on the 
pleural tissue via electron microscopy. However, the 
biofilm-like structure (a structure in which a large number 
of rod-shaped bacteria were embedded in an electron-dense 
extracellular matrix) was only observed on a few pleural 
tissues. Based on the PNA-FISH results of the fibrinous 
depositions, we speculated that it may be biofilm on the 
surface of the pleura. The reason why biofilm is difficult to 
observe on the surface of pleura may be that the bacteria 
are surrounded by a large number of host leukocytes and 
exuded fibrin. We also observed the pleural slice by PNA-
FISH, but it was still difficult to observe the biofilm.

C-di-GMP is an important secondary messenger in 
P. aeruginosa cells. For the formation of biofilm, high 
concentrations of intracellular c-di-GMP are generally 
associated with biofilm formation, while low concentrations 
of intracellular c-di-GMP are associated with biofilm 
dispersion and the plankton lifestyle (23). Therefore, in 
order to explore the effect of c-di-GMP on the biofilm 
formation in pleural empyema, we used PAO1, PAO1ΔwspF 

and PAO1/plac-yhjH strains to establish different pleural 
empyema rabbit models, respectively. We found that the 
PAO1ΔwspF strain had the most powerful biofilm formation 
ability on the surface of thoracic catheter, followed by PAO1 
strain, and PAO1/plac-yhjH strain had the weakest ability. 
Similar results were obtained in the PNA-FISH analysis 
of the fibrinous depositions. This indicated that high 
levels of intracellular c-di-GMP contributed to the biofilm 
formation during the process of P. aeruginosa invading the 
pleural cavity.

Cole and Lee established a catheter-related urinary 
tract infection model (24), and compared the pathogenicity 
of P. aeruginosa with different levels of intracellular c-di-
GMP in vivo. The study showed that P. aeruginosa with 
higher intracellular c-di-GMP levels increased the bacterial 
load of the bladder and kidneys, and promoted bacterial 
colonization and biofilm formation in the bladder. This is 
consistent with our experimental results. However, the three 
infection groups did not show a significant difference in 
the colony counts. The possible reason for this was that the 
complex environment of chest cavity. Under the influence 
of confounding factors such as oxygen concentration, 
nutrition and PH value in the pleural cavity, the three P. 
aeruginosa strains might not be in the same growth period.

In addition, we also observed that pleural lesions caused 
by PAO1ΔwspF or PAO1 strain were significantly heavier 
than those caused by PAO1/plac-yhjH strain. We therefore 
speculated that intracellular c-di-GMP levels may be 
related to the pathogenicity of P. aeruginosa infections 
in vivo. Malone et al. studied the PAO1ΔyfiR strain with 

Figure 6 Observation of the pleural surface by scanning electron microscopy. (A) Biofilm-like structures on the pleural surface (5,000×). (B) 
Pleural surface host cells (5,000×). PAO1 wild-type strains were embedded in electron-dense extracellular matrix (red box), which appeared 
to be biofilm-like structures. The blue arrow indicates the polymorphonuclear leukocytes, the yellow arrow indicates the fibrin and the red 
arrow indicates erythrocyte (300×300 DPI).
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high level of intracellular c-di-GMP and wild-type PAO1 
strain. They found that PAO1ΔyfiR strain could be easier 
induced to transform into the small-colony variant, which 
has been proven to be effective in persistent infection of the 
subcutaneous catheter. In addition, compared with PAO1 
strain, PAO1ΔyfiR strain was found to be more resistant 
to macrophage phagocytosis, indicating that high levels of 
intracellular c-di-GMP may enhance the cytotoxicity of P. 
aeruginosa (25). 

Of the previous studies on pleural empyema, none has 
examined biofilm in the pleural cavity (3). Therefore, the 
understanding of the mechanism and treatment of pleural 
empyema for biofilm is insufficient. In the treatment of 
pleural empyema, drainage combined with antibiotics has 
been the standard treatment (26). However, biofilm has 
stronger resistance to antibiotics, and the antibiotics we 
generally choose cannot penetrate biofilm to kill bacteria 
(27-29). Therefore, when we ignore the role of biofilm on 
the treatment of pleural empyema, it may lead to long-
term recurrence of infection in the pleural empyema, 
which greatly increases the medical burden. Moreover, the 
biofilm formation on the indwelling catheter can make the 
management of drainage tubes on clinical pleural empyema 
even more difficult, provoking a number of dilemmas: 
Should we use a pleural drainage tube that prevents biofilm 
formation? Do we need to re-determine the retention time 
and replacement time of the drainage tube? How can we 
control the formation of biofilm on the drainage tube?

There are three limitations in this study. First, the 
growth and biofilm formation of P. aeruginosa are affected 
by many factors, such as oxygen concentration, temperature, 
and culture time (30-32). The formation of P. aeruginosa 
biofilm is an endless cycle. P. aeruginosa cells gradually form 
an early biofilm from adhesion within 24 h, and further 
form a mature biofilm within 24 to 96 h, and then disperse 
from the biofilm and enter a planktonic state (30). In harsh 
environments, whether it is low oxygen concentration or 
low temperature, it will inhibit the growth of P. aeruginosa 
and promote the formation of biofilms (31,32). Although 
we did not compare or observe these factors in our 
experiment, we will compare these factors in future studies. 
Second, our study only described the mechanism that c-di-
GMP regulates P. aeruginosa biofilm formation, but did 
not go into how c-di-GMP regulates P. aeruginosa biofilm 
formation in pleural empyema. Third, the regulation of 
biofilm formation is also related to the quorum sensing 
(QS) signaling system, and there is an internal connection 
between QS and c-di-GMP signaling pathways (33). Due 

to the impact of the Coronavirus Disease 2019, we only 
studied the c-di-GMP signaling pathway, and failed to 
explore the impact of QS on biofilm formation and the 
intrinsic relationship between QS and c-di-GMP signaling 
system.

In conclusion, our study was the first experiment to 
investigate P. aeruginosa biofilm formation in pleural 
empyema. It was also a novel biofilm model, which 
provided a platform for information on the pathogenesis 
and treatment of pleural empyema. The novel rabbit model 
for biofilm further supplied evidence for the critical role of 
c-di-GMP signaling in the establishment of biofilm and the 
pathogenicity for P. aeruginosa in vivo.
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