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ABSTRACT

In vitro studies show that DNase can inhibit Pseudomonas aeruginosa and Staphylococcus aureus biofilm formation.
However, the underlying molecular mechanisms remain poorly understood. This study used an RNA-sequencing
transcriptomic approach to investigate the mechanism by which DNase I inhibits early P. aeruginosa and S. aureus
biofilm formation on a transcriptional level, respectively. A total of 1171 differentially expressed genes (DEGs) in
P. aeruginosa and 1016 DEGs in S. aureus enriched in a variety of biological processes and pathways were
identified, respectively. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analyses revealed that the DEGs were primarily involved in P. aeruginosa two-component system, biofilm for-
mation, and flagellar assembly and in S. aureus biosynthesis of secondary metabolites, microbial metabolism in
diverse environments, and biosynthesis of amino acids, respectively. The transcriptional data were validated
using quantitative real-time polymerase chain reaction (RT-qPCR), and the expression profiles of 22 major genes
remained consistent. These findings suggested that DNase I may inhibit early biofilm formation by down-
regulating the expression of P. aeruginosa genes associated with flagellar assembly and the type VI secretion
system, and by downregulating S. aureus capsular polysaccharide and amino acids metabolism gene expression,
respectively. This study offers insights into the mechanisms of DNase treatment-based inhibition of early
P. aeruginosa and S. aureus biofilm formation.

1. Introduction

number of biofilm-related infections [6,7]. Biofilm-related microbial cells
are less susceptible to antimicrobials and more resistant to be attacked by

Biofilm-related infections, which account for 65-80% of all in-
fections, can cause serious health problems [1]. Despite recent ad-
vancements in the treatment of biofilm-related infections, these
infections remain associated with high morbidity and mortality rates [2,
3]. An increase in antibiotic resistance threatens treatment efficacy.
Antibiofilm therapies can successfully impede antibiotic resistance and
thus provide new treatment option for biofilm-related infections.

Biofilms are sessile communities of microbes surrounded by a self-
produced polymer matrix [4,5]. Pseudomonas aeruginosa (P. aeruginosa)
and Staphylococcus aureus (S. aureus) are responsible for a significant
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host immune effector mechanisms [8]. Microbial cells within biofilms are
10-1000 times more resistant to antibiotics than free-living bacteria cells
[9]. In Dbiofilm-related infections, microbial cells establish
antibiotic-resistant biofilms, which are recalcitrant to clearance and are
associated with serious adverse medical outcomes [10]. Inhibiting biofilm
formation is a viable approach to improve the efficacy of antimicrobials.
DNase degrades extracellular DNA present in the matrix of biofilms
and can inhibit or disperse P. aeruginosa and S. aureus biofilms [11,12].
DNase can also increase antibiotic susceptibility, and in combination of
antibiotics, improve the function of antibiofilm against biofilm-
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associated pathogens [13]. While DNase is effective against early bio-
films, however, this enzyme has no apparent effect on mature biofilms
[14]. Meanwhile the underlying molecular mechanism for the effect of
DNase against early biofilms remains poorly understood.

RNA-sequencing (RNA-seq) is a powerful technique that is widely
used to evaluate bacterial antibiofilm mechanism on the transcriptional
level [15]. This method has the advantage of detecting the overall
transcription of any species at the single nucleotide level. RNA-seq al-
lows the quantitative analysis of gene expression and a better under-
standing of biological processes [16]. Thus, this method is ideal for
investigating the underlying molecular mechanism of anti-biofilm
agents.

Our previous study [17]demonstrated that DNase I inhibited early
(24 h) biofilm formation in P. aeruginosa and S. aureus both in vitro and in
vivo. The current study sought to further investigate global transcrip-
tional changes using RNA-seq analysis to better understand the mech-
anism of DNase on early (24 h) P. aeruginosa and S. aureus in vitro biofilm
formation.

2. Methods
2.1. Chemicals, bacteria, and culture media

DNase I (Baoriyi Biotechnology Beijing, China), with an activity of 5
U/L, was derived from a non-animal host and stored at —20 °C. The
P. aeruginosa PAO1 wild-type strain and S. aureus ATCC25913 standard
strain were used for the current study. Both strains were stored in Luria-
Bertani (LB) broth containing 25% glycerol at —80 °C. The PAO1 strains
were grown in LB, and S. aureus standard strains were grown in tryptic
soy broth supplemented with 0.5% glucose. The bacterial suspension
was diluted to an absorbance at OD600 of 0.1, and then serially diluted
to 10° CFU/mL.

2.2. Sample treatment and collection

The bacterial suspension was transferred to a 24-well titer plate. In
the DNase I treated-group, DNase I was added to each plate at a final
concentration of 66.7 U/mL and further cultured for 24 h. This con-
centration was shown to inhibit P. aeruginosa and S. aureus biofilm for-
mation in our previous study [17]. In the control group, an equal volume
of phosphate-buffered saline (PBS) was added instead of DNase I. After a
24-h culture, planktonic bacteria were gently washed with PBS, and the
biofilm bacterial culture was centrifuged at 8000 g for 5 min prior to
RNA extraction. In each group, triplicate samples were prepared under
the same experimental conditions.

2.3. RNA extraction

The previously described RNA extraction method was used with
minor modifications (Zheng et al., 2018). In brief, total RNA was
extracted using RNAiso Plus (Takara Holdings, Kyoto, Japan). The
S. aureus suspension was suspended in a 100-pL mixture of lysostaphin
(recombinant; 1 mg/mL; Sangon) and lysozyme (25 mg/mL; Sangon),
and incubated at 37 °C for 1 h before extraction. The PAO1 suspension
was suspended in lysozyme (0.4 mg/mL), and incubated at 37 °C for 20
min. Chloroform was then added to the lysate and the supernatant was
transferred to an enzyme-free tube with isopropanol. The RNA was
precipitated with 75% cold ethanol and collected by centrifugation.
RNA integrity was assessed using the RNA Nano 6000 Assay Kit from the
Bioanalyzer 2100 system (Agilent Technologies, CA, USA).

The RNA from each sample was used for transcriptome sequencing
and quantitative real-time polymerase chain reaction (RT-qPCR).

2.4. Library construction

mRNA was purified from total RNA using probes from the Ribo-Zero
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Plus rRNA Depletion Kit (illumina/20037135) to remove rRNA. Frag-
mentation was performed using divalent cations in First Strand Syn-
thesis Reaction Buffer (5x). First-strand cDNA was synthesized using
random hexamer primer and M-MuLV Reverse Transcriptase and RNa-
seH treatment was used to degrade the RNA. In the DNA polymerase I
system, dUTP was used to replace the dNTP of dTTP as the raw material
to synthesize the second strand of cDNA. The remaining overhangs were
converted into blunt ends using exonuclease/polymerase. After the
adenylation of 3' ends of the DNA fragments, adaptors with a hairpin
loop structure were ligated to prepare for hybridization. USER Enzyme
was used to degrade the second strand of cDNA containing U. To select
cDNA fragments of preferentially 370-420 bp in length, the library
fragments were purified using the AMPure XP system (Beckman Coulter,
Beverly, USA). PCR was then performed using Phusion High-Fidelity
DNA polymerase, universal PCR primers, and the Index (X) Primer.
The PCR products were purified (AMPure XP system) and library quality
was assessed using the Agilent 2100 Bioanalyzer system.

2.5. Transcriptome sequencing

Clustering of the index-coded samples was performed on a cBot
Cluster Generation System using TruSeq PE Cluster Kit v3-cBot-HS
(lumina) according to the manufacturer’s instructions. After cluster
generation, the library preparations were sequenced on an Illumina
NovaSeq platform and 150 bp paired-end reads were generated.

2.6. Quality control

Raw data (raw reads) in the fastq format was initially processed
using fastp software. In this step, clean data (clean reads) were obtained
by removing reads containing adapters or ploy-N and low-quality reads
from the raw data. At the same time, the Q20, Q30, and GC content of
the clean data were calculated. All further analyses were conducted
using clean and high-quality data.

2.7. Reads mapping to the reference genome

Reference genome and gene model annotation files were down-
loaded directly from the genome website. Building the index and
aligning the clean reads to the reference genome were conducted using
Bowtie 2-2.2.3.

2.8. Quantification of gene expression

FeatureCounts v1.5.0-p3 was used to count the reads mapped to each
gene. The fragments per kilobase of transcript sequence per million
mapped fragments (FPKM) of each gene were then calculated according
to its length and read count. This is the most common method used to
estimate gene expression because it simultaneously considers the effect
of sequencing depth and gene length on read count.

2.9. Analysis of differentially expression genes (DEGS)

Differential expression analysis of two groups (control group and
DNase I-treated group) was performed using the DESeq R package
(1.18.0). DESeq provides statistical routines for determining the differ-
ential expression of digital gene expression data using a model based on
the negative binomial distribution. The resulting P-values were adjusted
using the Benjamini and Hochberg approach for controlling the false
discovery rate. Genes with an adjusted P-value of <0.05 found by DESeq
were assigned as differentially expressed.

2.10. GO and KEGG enrichment analysis

Gene Ontology (GO) enrichment analysis of DEGs was implemented
using the GOseq R package, in which gene length bias was corrected. GO
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Table 1

Summary of RNA-seq data from P. aeruginosa or S. aureus treated with DNase L.
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Sample name Raw reads Clean reads Raw bases Clean bases Q20 (%) Q30 (%) Total mapping rate

P. aeruginosa
CP1 15,945,828 15,820,540 2.4G 2.4G 98.39 95.33 93.83%
Cp2 17,583,572 17,386,224 2.6G 2.6G 98.41 95.35 94.49%
CP3 15,401,600 15,244,658 2.3G 2.3G 98.51 95.59 95.57%
DP1 15,075,116 14,937,782 2.3G 2.2G 98.59 95.71 93.88%
DP2 15,671,964 15,519,966 2.4G 2.3G 98.5 95.5 93.99%
DP3 15,216,034 14,971,616 2.3G 2.2G 98.46 95.34 95.03%

S. aureus
CS1 14,989,000 14,793,238 2.2G 2.2G 98.4 94.68 95.07%
CS2 15,241,410 15,007,782 2.3G 2.3G 98.26 94.33 94.85%
CS3 16,573,598 16,226,984 2.5G 2.4G 98.4 94.74 95.04%
DS1 15,409,208 15,210,890 2.3G 2.3G 98.3 94.45 93.89%
DS2 15,284,242 15,119,798 2.3G 2.3G 98.43 94.7 93.98%
DS3 15,847,888 15,603,368 2.4G 2.3G 98.35 94.62 90.60%

CP, control P. aeruginosa group; DP, DNase I-treated P. aeruginosa group; CS, control S. aureus group; DS, DNase I-treated S. aureus group.

terms with a corrected P value < 0.05 were considered significantly
enriched by DEGs. Kyoto Encyclopedia of Genes and Genomes (KEGG) is
a database resource for understanding high-level functions and utilities
of the biological system, including the cell, the organism and the
ecosystem, using molecular-level information often obtained from large-
scale molecular datasets generated by genome sequencing and other
high-throughput experimental technologies (http://www.genome.
jp/kegg/). KOBAS software was used to test the statistical enrichment
of DEGs in the KEGG pathways.

2.11. RT-qPCR

Expression in P. aeruginosa genes (tssC, tssB, tse 3, pchC, pchG, pchF,
feoA, fptA, figK, fliN, and pscQ) and S. aureus genes (hla, SAOUHSC 00812,
SAOUHSC 00008, SAOUHSC 01787, SAOUHSC 00569, Cap8F, Cap5D,
Cap8C, Cap5B, sar A, agr A) was evaluated by RT-qPCR at the mRNA level.
RNA (1 pg) was used for cDNA synthesis using the PrimeScript second-
strand cDNA synthesis kit (cat. RR047A, Takara). RT-qPCR was per-
formed with SYBR Green II (cat. RR047A, Takara) using a LightCycler 480
II real-time PCR system (Roche) with the specific primers listed in Sup-
plementary Table S1. The data were calculated using the 2722 method
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according to a previous study [18].

2.12. Staining of crystal violet stain in biofilms

The overnight cultures were inoculated in the absence or presence of
DNase I (final concentration = 66.7 U/mL) onto 13 x 13 mm glass slides
in a 24-well titer plate. After 24 h of incubation at 37 °C, we gently
washed the glass slides and stained them with a 0.1% crystal violet
ammonium oxalate solution (100 mL; Beijing Solarbio Science &
Technology Co., Ltd., Beijing, China) for 20 min. After washing with PBS
and careful drying, we visualized and photographed the samples under a
fluorescence microscope (Nikon eclipse Ni, Tokyo, Japan).

3. Results
3.1. Transcriptome sequencing and clustering DEGs

Raw reads data were sequenced and filtered for further analysis,
yielding approximately 14.97-17.39 million clean reads for

P. aeruginosa, and 14.98-16.57 million clean reads for S. aureus. The
number of high-quality clean reads in both the DNase I-treated group
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Fig. 1. Volcano graph of DEGs and up-regulated and down-regulated genes in P. aeruginosa and S. aureus, between the DNase I-treated group and control group.
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P. aeruginosa
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S. aureus

Fig. 2. Heatmap expression pattern clustering analysis of the DNase I-treated group and control group.

Table 2
The top 20 DEGs of P. aeruginosa genes between DNase I-treated group and
control group.

Table 3
The top 20 DEGs of S. aureus genes between DNase I-treated group and control

group.

GeneName |log2FoldChange| P value up-regulated or down-regulated
pchB 3.603 4.18E-19 down-regulated
pchA 3.115 2.10E-29 down-regulated
fptA 3.048 2.12E-34 down-regulated
kdpA 3.087 0.001187 up-regulated
lecA 3.016 6.79E-11 up-regulated
pchD 2.825 4.78E-29 down-regulated
pmrA 2.606 5.70E-10 down-regulated
speD 2.598 1.29E-10 down-regulated
pchE 2.594 1.06E-30 down-regulated
pmrB 2.445 2.40E-07 down-regulated
pchF 2.392 3.21E-26 down-regulated
kdpB 2.284 9.87E-06 up-regulated
hslv 2.087 5.38E-08 up-regulated
pchG 2.005 0.0135 down-regulated
pumA 1.946 1.07E-08 up-regulated
mexG 1.865 2.83E-08 up-regulated
vgrG 1.857 0.00066 down-regulated
leuB 1.854 4.46E-06 down-regulated
gPE 1.785 1.94E-06 up-regulated
cprA 1.771 1.27E-07 down-regulated

and control group was >98.39% for P. aeruginosa, and 98.26% for
S. aureus. The rate of low-quality reads was <0.02% (Table 1). These
results suggested good quality that the sequencing data were of good
quality.

The high-quality clean reads were aligned with the rRNA and mapped
to the reference genome. Transcriptome sequencing data were deposited
into the NCBI SRA database (SRA accession: PRJINA916182). Using an FDR
threshold <0.05 and a |log 2 fold change (FC)| > O in the P. aeruginosa
group, 1171 significant DEGs were identified, of which 683 were up-
regulated and the remaining 488 genes were down-regulated in the
DNase I-treated group vs. control group; In the S. aureus group, 1016 sig-
nificant DEGs were identified, of which 507 genes were up-regulated and
the remaining 509 genes were down-regulated in the DNase I-treated
group vs. control group (Fig. 1). The heat map shown in Fig. 2 shows those
genes with the most significant alterations in transcript levels in the DNase
I-treated group as compared to the control group. The top 20 DEGs
P. aeruginosa DEGs in the DNase I-treated group were identified as: pchB,
PchA, fptA, kdpA, lecA, pchD, pmrA, speD, pchE, pmrB, pchF, kdpB, hslV, pchG,
pumA, mexG, vgrG, leuB, grpE, and cprA (Table 2) and the top 20 in S. aureus
DEGs in the DNase I-treated group were identified as: SAOUHSC 02451,
SAOUHSC 02450, SAOUHSC_ 00914, SAOUHSC 02452, SAOUHSC 02449,

GeneName | P value up-regulated or down-
log2FoldChange| regulated

SAOUHSC 02451 6.006 1.31E- up-regulated
19

SAOUHSC 02450 5.855 1.81E- up-regulated
29

SAOUHSC_00914 5.605 2.54E- up-regulated
53

SAOUHSC_ 02452 5.552 2.68E- up-regulated
14

SAOUHSC_02449 5.545 3.54E- up-regulated
87

SAOUHSC_00915 5.398 1.65E- up-regulated
17

SAOUHSC_02432 5.278 0.0004 up-regulated

SAOUHSC_02453 5.209 3.43E- up-regulated
14

SAOUHSC_02454 4.892 1.97E- up-regulated
14

SAOUHSC_ 02657 4.636 0.0059 up-regulated

SAOUHSC_02455 4.620 7.60E- up-regulated
13

SAOUHSC_00916 4.532 3.93E- up-regulated
28

SAOUHSC.02717 4.336 0.0385 up-regulated

SAOUHSC.T00049  4.096 0.0298 up-regulated

SAOUHSC_T0006 3.920 3.43E- up-regulated
09

SAOUHSC_00289 3.758 0.0248 up-regulated

SAOUHSC_ 00115 3.674 4.08E- down-regulated
31

SAOUHSC_00116 3.499 1.24E- down-regulated
35

SAOUHSC 03042 3.480 0.0071 up-regulated

SAOUHSC 00243 3.302 4.85E- up-regulated
05

SAOUHSC_00915, SAOUHSC_02432, SAOUHSC_02453, SAOUHSC 02454,
SAOUHSC_02657, SAOUHSC_02455, SAOUHSC_00916, SAOUHSC 02717,
SAOUHSC_T00049, SAOUHSC T0006, SAOUHSC 00289, SAOUHSC.
00115, SAOUHSC 00116, SAOUHSC 03042, and SAOUHSC 00243
(Table 3).

3.2. Functional annotation and pathway analysis of DEGs

GO analysis provides a set of dynamic, controlled, and structured
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Fig. 3. Functional comparison of DEGs in the DNase I treated-group compared to

components, Molecular Function, and Biological Process.

terminologies to describe gene functions and products in an organism.
According to GO functions, all DEGs are classified into three categories
as: biological process (BP), cellular component (CC), and molecular
function (MF) (Fig. 3). The BP-related P. aeruginosa DEGs were mainly
involved in RNA metabolic process, gene expression, and heterocycle
biosynthetic process, the CC-related P. aeruginosa DEGs were mainly
involved in integral component of membrane, intrinsic component of
membrane, and the MF-related P. aeruginosa DEGs were mainly involved
in small molecule binding and nucleotide binding. Meanwhile, the BP-
related S. aureus DEGs were mainly involved in organic substance
metabolic process, cellular process, and primary metabolic process, the
CC-related S. aureus DEGs were mainly involved in the cellular-
component, membrane and cellular component, and the MF-related
S. aureus DEGs were mainly involved in the organic cyclic compound
binding and the heterocyclic compound binding.

3.3. KEGG pathway analysis

The DEGs were also enriched in the KEGG pathways, which provide
information on biological systems and their relationships at the molec-
ular, cellular, and organism levels. The KEGG pathways were annotated
from the assembled P. aeruginosa genes and S. aureus transcriptome, and
the results were mapped with GO terms. Of the top 20 P. aeruginosa
pathways involved in pathway enrichment, 40 DEGs were involved in
biofilm formation, and 30 DEGs were involved in flagellar assembly
(Fig. 4). Bacterial chemotaxis and propanoate metabolism were the most
significantly enriched pathways (p < 0.05). Of these, genes involved in
the P. aeruginosa two-component system, biofilm formation-Pseudo-
monas aeruginosa, flagellar assembly and quorum sensing signaling were

°
5
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v

I wolecular function
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0.50
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the control group. Functions are organized into three groups, namely Cellular

most abundant. Of the top 20 S. aureus pathways involved in pathway
enrichment, 40 DEGs were involved in microbial metabolism in diverse
environments, and 30 were involved in biosynthesis of amino acids. The
citrate cycle (TCA cycle), butanoate metabolism, and 2-oxocarboxylic
acid metabolism were the most significantly enriched pathways (p <
0.05). Genes involved in biosynthesis of secondary metabolites, micro-
bial metabolism in diverse environments, biosynthesis of amino acids
and carbon metabolism signaling were the most abundant.

3.4. Gene expression profile analysis

To validate our transcriptional analysis results, P. aeruginosa and
S. aureus were treated with DNase I, and 22 genes were selected and
confirmed by RT-qPCR. The candidate genes were chosen from a
representative set of genes involved in regulation and signal trans-
duction, production of the extracellular matrix and virulence factors,
flagella, and iron acquisition. DNase I significantly repressed transcrip-
tion levels of the selected genes (Fig. 5; p < 0.05).

3.5. Staining of crystal violet stain

To detect the effect of DNase I on the biofilm formation, P. aeruginosa
or S. aureus biofilms were stained with crystal violet stain. From the
fluorescent micrograph results, the DNase I-treated group had less bio-
films accumulation than the control group (Fig. 6).

4. Discussion

Biofilm-related infections have debilitating health outcomes. Even
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Fig. 4. KEGG enrichment of all DEGs.

after receiving appropriate antibiotic treatment, patients with biofilm-
related infections have a high risk of mortality [19]. While DNase of-
fers an antibiofilm strategy to treat biofilm-related disease, its under-
lying mechanism remains poorly understood [11]. Our previous study
showed [17] DNase I inhibits P. aeruginosa and S. aureus early biofilm
formation both in vitro and in vivo. The current study used RNA-seq
transcriptome analysis to assess the underlying mechanism by which
DNase I inhibits P. aeruginosa and S. aureus early biofilm formation in
vitro. The findings suggest that DNase I may inhibit biofilm formation by
downregulating the expression of genes involved in P. aeruginosa
flagellar assembly and type VI secretion system, and downregulating the
expression of S. aureus gene expression of capsular polysaccharide genes
and amino acids metabolism.

RNA-seq has been used to investigate molecular mechanisms un-
derlying the inhibition of biofilm formation. This technique can provide
a quantitative analysis of genes expression and a better understanding of

biological processes. Qin et al. [20] used RNA-seq show that ursolic acid
and resveratrol inhibit S. aureus biofilm formation by reducing amino
acids metabolism, quorum sensing, and adhesins expression. These
findings suggested that ursolic acid and resveratrol can be used to treat
S. aureus biofilm-involved infections. Wu et al. [21] used RNA-seq to
assess whether exopolysaccharide EPS273 genes were involved in bio-
film formation by downregulating the P. aeruginosa two-component
system PhoP-PhoQ and quorum sensing systems. RNA-seq provides an
accurate measurement of transcript levels and their isoforms [22],
providing a better understanding of the mechanistic basis of pharma-
ceuticals. Our RNA-seq transcriptomic analysis found that DNase I may
inhibit biofilm formation by downregulating genes involved in flagellar
assembly, type VI secretion system, capsular polysaccharides, and
metabolism of acid metabolism. The transcriptomic results were vali-
dated using RT-qPCR.

The transcriptome sequencing results showed that the total number



W. Deng et al.
P. aeruginosa Bl DNase I
1.5= =3 Control
=
2 1.0 I I I [ 1 I
g
=3
s
@ *k
£
£ *
< 0.5+ - ki
-7 N ok
0.0--%¢~ B T p '_il' 3 - "
tssC tssB  tse3 pchC pchG pchF feoA fptA flgK fliN pscQ
Genes
S. aureus
Bl DNasel
1.5+ = Control

Relative expression
o
G
L

0.0~

Genes

Fig. 5. Relative expression levels of selected genes in P. aeruginosa and
S. aureus in the presence or absence of DNase I, as determined using real-time
polymerase chain reaction. The data represent the mean + SD expressions.
Asterisk indicates a significant difference, *indicates p < 0.05, **indicates p <
0.01, ***indicates p < 0.001, and ****indicates p < 0.0001, compared with the
expression values in the control group based on t-tests (n = 3).

of reads and high-quality ratio reads were high and the error rate was
low, indicating that the sequencing data were of good quality. The
paired Pearson’s coefficients co-efficient within groups were all >0.85
(Supplementary Fig. S1), demonstrating good sample correlations. Heat
maps of the induced and suppressed transcripts of the DNase I samples
matched to controls in the opposite way. These results demonstrated
that exposure to DNase I involved a series of gene ontologies involved in
biological processes, cellular component and molecular function that
consequently inhibited biofilm formation.

Biofilm formation can occur through multiple pathways. Its structure
is both species-specific and dependent on environmental conditions
[23]. Previous studies indicate that the second messenger molecule cy-
clic diguanosine monophosphate, nutritional conditions, bacterial
motility, type VI secretion system, and quorum-sensing regulate biofilm
formation [24-26]. The current study focused on how DNase I impacts
P. aeruginosa and S. aureus DEGs involved in biofilm formation. KEGG
analysis showed that the DEGs were mainly involved in the P. aeruginosa
two-component system, biofilm formation-Pseudomonas aeruginosa,
flagellar assembly and quorum sensing signaling pathway, and involved
in S. aureus biosynthesis of secondary metabolites, microbial meta-
bolism in diverse environments, biosynthesis of amino acids and carbon
metabolism. These findings suggested that DNase I primarily inhibits
biofilm formation by impacting metabolism and cell signaling.

Bacteria rely on flagella to adhere to an attachment surface, and
swim to the surface of the biofilms, making it continuously thicker.
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Flagellar-mediated motility is involved in the formation of P. aeruginosa
biofilms [27]. In addition, flagellar interactions promote the formation
of bacterial biofilms and maintain their structure through contact with
the surfaces of adjacent colonies [28]. P. aeruginosa flagellar assembly
pathway genes are significantly repressed after the application of an
antibiofilm agent [29,30]. The most significantly enriched GO items of
downregulated BP  genes included those involved in
flagellum-dependent cell motility and cell motility. The expression of
several flagellar assembly genes including pscL, fliN, figH, and fIgK, were
also significantly repressed, suggesting that DNase I likely inhibits
P. aeruginosa biofilm formation preventing flagella assembly and bac-
terial movement. However, whether DNase inhibits P. aeruginosa
flagella-mediated motility requires further validation.

Bacterial cells communicate with their surrounding environment
through secretion systems. P. aeruginosa is associated with a type VI
secretion system [31] that inhibits the growth of neighboring bacterial
cells using a contact-mediated mechanism [32]. This system is also
associated with P. aeruginosa biofilm formation and environmental
adaptation [33]. Expression of type VI secretion system genes, including
hep 1, hep 2, hep 3, and lasR, were significantly higher in the biofilm than
in P. aeruginosa planktonic cells. The current study found that the most
significantly enriched GO items of downregulated BP genes were those
involved in biofilm formation- P. aeruginosa. Type VI secretion system
genes, which are involved in P. aeruginosa biofilm formation, were
significantly downregulated after DNase I treatment (Supplementary
Table S2), suggesting that DNase I is likely to inhibits biofilm formation
by inhibiting type VI secretion system.

Capsular polysaccharides are the primary components of pathogenic
microorganisms capsules, which are integral to the process of bacterial
colonization and infection. In the early stage of biofilm formation,
bacteria activate the expression of specific genes, promote the synthesis
of extracellular polysaccharides, and downregulate the expression of
capsular polysaccharides [34]. Capsular polysaccharides also hinder the
adhesion of pathogenic bacteria to host cells and are inversely related to
biofilm formation [35]. A prior study found that the capsular genotype
and phenotype are associated with the degree of S. aureus biofilm for-
mation [36]. The current study showed that the most significantly
enriched GO items of downregulated BP genes were those involved in
microbial metabolism in diverse environments. Capsular poly-
saccharides on the bacterial cell surface participate in many physio-
logical activities, including intercellular signaling, an adhesive
substance, resisting diverse adverse external environment stimulation,
and biofilm formation [37-39], illustrating that their association with
microbial metabolism in diverse environments. The present study found
that capsular polysaccharides genes were significantly downregulated
following DNase I treatment (Supplementary Table S3), suggesting that
DNase I is likely to inhibit S. aureus biofilm formation by preventing
capsular polysaccharides.

DNase cleaves DNA and provides thus the cell by nutrients (such as
nitrogen and phosphorus), one could expect the activation of systems
involved in nitrogen and phosphorus metabolism. DNase cleaves
extracellular DNA, and the cleaved small molecules can enter cells as
nitrogen and carbon sources, resulting in a series of gene expression
changes. In our RNAseq data, few genes involved in nitrogen meta-
bolism were significantly changed following DNase I treatment (Sup-
plementary Table S4), and genes involved in phosphorus metabolism
were not significantly changed following DNase I treatment, suggesting
that DNase I is unlikely to inhibit biofilm formation by nitrogen and
phosphorus metabolism.

A transposon insertion screen and RNA-Seq were previously used to
identify genes involved in eDNA release during S. aureus biofilm for-
mation [40]. These findings illustrated that impaired cell wall homeo-
stasis reduced cyclic-di-AMP levels involved in triggering eDNA release.
The current study used RNA-Seq and RT-qPCR to investigate the
mechanisms and consequences underlying the P. aeruginosa and
S. aureus biofilm inhibition by DNase 1. P. aeruginosa and S. aureus, are
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Fig. 6. Fluorescence microscopy images of P. aeruginosa or S. aureus biofilms (100 x ). Crystal violet ammonium oxalate solution-stained biofilms in purple. In the
DNase I group, the extent of crystal violet stain decreased compared with the extent in the drug-free control group.

prototype Gram-negative and Gram-positive pathogens, respectively,
with the remarkable capacity to form biofilms. Investigating how the
biofilms of these species are inhibited will inform methods for control-
ling biofilms in clinical settings.

This study has some limitations. First, the DNase I-related mecha-
nisms of inhibiting biofilm formation were only observed in
P. aeruginosa and S. aureus, and the mechanism by which DNase I
eradicates biofilm was not explored. Second, RT-qPCR only identified
genes that were downregulated following DNase I treatment in
P. aeruginosa and S. aureus. Third, while amino acid metabolism is
regulated by multiomics, including genomics, proteomics, and metab-
olomics, the current study explored genomics, providing that many of
the functions and pathways involved in downregulating gene enrich-
ment were related to amino acid metabolism, suggesting that DNase [
may inhibit biofilm formation by inhibiting the amino acid metabolism
of S. aureus, but did not explore metabolomics. The role of DNase I
metabolomics on the inhibition of biofilm formation will require addi-
tional study.

In conclusion, the transcriptome analysis performed in this study
suggested that DNase I has different mechanisms for inhibiting
P. aeruginosa and S. aureus biofilm formation. This may occur by
downregulating the expression of genes involved in P. aeruginosa
flagellar assembly and the type VI secretion system, and by down-
regulating S. aureus capsular polysaccharides and amino acids meta-
bolism gene expression, respectively. The findings offer insights into the
mechanisms of DNase treatment-based inhibition of early P. aeruginosa
and S. aureus biofilm formation.
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