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Cas3 of type I-Fa CRISPR-Cas system
upregulates bacterial biofilm formation
and virulence in Acinetobacter baumannii
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Tingting Guo1,2,3,8, Jie Yang4,8, Na Zhou1,8, Xiaoli Sun1, Changchao Huan5, Tao Lin6, Guangyu Bao6,
Jian Hu 7 & Guocai Li 1,2,3

Acinetobacter baumannii (A. baumannii) is an important pathogen causing various nosocomial
infections. CRISPR-Cas system is the adaptive immune system of bacteria, which is also closely
related to the drug resistance and virulence of bacteria. However, the effect and mechanism of cas3
(type I-Fa) in A. baumannii is still unclear. In this study, we successfully constructed a cas3 deletion
mutant (19606Δcas3) and complemented strain (19606Δcas3/pcas3) to study the regulatory
mechanismof type I-Fa cas3on bacterial virulence.Our results showed that deletion of cas3(type I-Fa)
significantly reduced the biofilm formation, virulence and pathogenicity to mice. The organ bacterial
load of mice infected with cas3 deletion strain was significantly reduced, the lung inflammation was
slightly changed, and the serum cytokine level was also decreased. All results demonstrated that cas3
enhanced the virulence and pathogenicity of A. baumannii. Mechanism analysis showed that deletion
of cas3 can lead to the down-regulation of virulence factors such as biofilm formation related factors
and outer membrane protein A(ompA). In addition, cas3 was also involved in the regulation of carbon
metabolism and oxidative phosphorylation pathway of A. baumannii. Altogether, our study may
provide cas3 as a therapeutic target in the future because of the close link to the virulence of A.
baumannii.

A cinetobacter baumannii (A. baumannii) is an important gram-negative
non-fermenting opportunistic pathogen that causes hospital-acquired
pneumonia and ventilator-associated pneumonia easily in hospital
patients with low immunity1. Due to the rapid development of its antibiotic
resistance, the World Health Organization has listed carbapenem-resistant
A. baumannii as one of the pathogens in urgent need of exploring new
drugs2. In addition to studying its drug resistance mechanism, more and
more virulence-related studies on A. baumannii have been conducted in
recent years. For example, the major virulence factors found include those
that relate to adherence (Ata, TFP)3,4, effector delivery systems (T2SS,
T6SS)5,6, exotoxin (phospholipase C, phospholipase D)7,8, exoenzyme
(CpaA)9, immune modulation (capsule, LPS, ompA, pbpG)10–13, biofilm

(adeFGH efflux pump, Bap, Csu fimbriae, PNAG, Quorom sensing)14–18,
and nutritional/metabolic factors (Acinetobactin, HemO cluster)19,20. With
the absence of some virulence factors, the pathogenicity of the highly
virulent strain in the mouse infection model is remarkably reduced21.
Therefore, the regulation of different virulence factors may point to a new
direction in the treatment of A. baumannii infection.

The clustered regularly interspaced short palindromic repeats
(CRISPR)-Cas system is an acquired immune system widely present in
genomes of archaea andbacteria,which acts as a defensemechanismagainst
the invasion of exogenous nucleic acids such as phages and plasmids22.
CRISPR-Cas systems consist of the CRISPR arrays, leader sequences, and
CRISPR-associated (cas) genes. Type I CRISPR-Cas system is the most
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widely distributed in bacteria, andType I-FCRISPR-Cas system is themain
type existing in A. baumannii23. Type I-F CRISPR-Cas system is char-
acterized by the fusion of Cas2 and Cas3 (Cas2/3), as well as the integration
of the Cas1-mediated spacer to the CRISPR site24. The I-Fa subtype of the
CRISPR-Cas system is composed of the cas genes: cas1, cas3, csy2, csy3, and
cas6 (Fig. 1). Cas3 is the marker of type I CRISPR-Cas system, which
encodes a protein that may form cascade-like complexes with different
compositions, in addition, it encodes a large protein with independent
helicase and deoxyribonuclease activities25.

Apart from its role in adaptive immunity, CRISPR-Cas system also
plays an important role in regulating gene expression, especially in the
regulation of bacterial virulence and population behavior26. Previous studies
have shown that the CRISPR-Cas system can regulate the synthesis of outer
membrane proteins of Salmonella typhi by regulating the outer membrane
protein synthesis gene OmpR27. The biofilm formation, virulence, and
pathogenicity of Salmonella are reduced after cas3 deleted in Salmonella28.
Jose Solbiati et al.29 found that the virulence of the pathogen Porphyromonas
gingivalis is controlled by the CRISPR-Cas protein Cas3. These all indicated
that CRISPR-Cas system might be a potential virulence regulatory factor.
Ourprevious researchmainly focusedon the effect of type I-FbCRISPR-Cas
systemon the biological traits inA. baumannii30,31, and conducted thewhole
genome analysis of the related strains32.We found that different subtypes (I-
Fa and I-Fb) cas genes had low homology and identity. The results showed
that a complete I-Fb CRISPR-Cas system could inhibit the acquisition of
antimicrobial resistance and reduce the virulence of A. baumannii31.
However, the role of the type I-Fa CRISPR-Cas system in the acquisition of
antimicrobial resistance and virulence ofA. baumannii is still unclear. Cas3
is a key protein of I-FaCRISPR-Cas system24. To further understand the role
of cas3 gene in the virulence of A. baumannii, we constructed a type I-Fa
cas3 gene knockout strain, and complemented the deletion strain in A.
baumannii ATCC19606. We explored the effect of cas3 gene deletion on
bacterial growth, biofilm formation, and measured adhesion and invasion
efficiency on A549 cells. We also established a bacteremia model of A.
baumannii infection in mice to evaluate the role of cas3 in A. baumannii
infection. In conclusion, our results indicated that type I-Fa cas3 is essential
for biofilm formation and virulence of A. baumannii.

Results
Deletion of cas3 gene does not affect growth
We successfully constructed the 19606Δcas3 mutant, and 19606Δcas3/
pcas3 complement strains, which were verified by PCR and sequencing
(Figs. S1 and S2). The ATCC19606, 19606Δcas3, and 19606Δcas3/pcas3
strains were cultured in a shaking table, and the standard growth curves
were measured for 24 h. According to the OD600 value and the number of
viable bacteria, the growth of ATCC19606, 19606Δcas3, and 19606Δcas3/
pcas3 showed no significant difference (Fig. 2).

Deletion of cas3 gene reduces bacterial biofilm formation
Bacterial biofilm is definedas a structuredmicrobial community adherent to
surfaces and encasedwithin a self-produced extracellular polymericmatrix.
Strong biofilm-forming bacterial strains can exhibit significantly enhanced
resistance to both antimicrobial agents and host immune defense33. In order
to evaluate the effect of cas3 gene on bacterial biofilm formation, the biofilm
formation ability was quantified by crystal violet staining, and the results
showed that both ATCC19606 strain and the 19606Δcas3 mutant strain
could form biofilm. However, the ability to form biofilms after cas3 gene
knockout was significantly reduced, and the complementary strain restored

the biofilm-forming ability (Fig. 3A, B). The bacterial biofilm matrix is
composed of a complex consortium of extracellular polymeric substances,
including exopolysaccharides (EPS), structural and functional proteins,
lipids, extracellular DNA (eDNA), lipoteichoic acids, and lipopoly-
saccharides. To comprehensively characterize the three-dimensional
architecture and spatial organization of these biofilm components, we
employed confocal laser scanning microscopy (CLSM) with appropriate
fluorescent staining protocols. Specifically, the extracellular polysaccharide
(EPS) matrix was labeled using Alexa Fluor 647-conjugated dextran
(emission: 668 nm), while bacterial cells within the biofilm were counter-
stained with SYTO9 green fluorescent nucleic acid stain (emission:
498 nm)34. This staining strategy enables distinct visualization of biofilm
architecture,withEPScomponents exhibiting redfluorescenceandbacterial
cells displaying green fluorescence, allowing for clear spatial differentiation
between the extracellular matrix and cellular constituents. As shown in
Fig. 3C, D, the fluorescence intensities of ATCC19606 and 19606Δcas3/
pcas3 strains were similar under CLSM. In addition, the fluorescence
intensity of 19606Δcas3 strain biofilm was significantly lower, and the
thickness of the biofilm exhibited a significant reduction in theΔcas3 strain.
Therefore, cas3 gene of the type I-Fa CRISPR-Cas system is an important
factor affecting the biofilm formation of A. baumannii.

Deletion of cas3 gene decreases virulence and pathogenicity of
A. baumannii
As the knockout of cas3 gene resulted in a decrease in the biofilm formation
ability of the strain, and biofilm is also a virulence-related factor that can
avoid immune-mediated clearance and establish persistent infection, we
speculated that the virulence of 19606Δcas3 may also be changed. The
virulence of bacteria is closely related to the adhesion and invasion of bac-
teria into host cells. Epithelial cells forma layer of cells that cover the internal
and external surfaces of the human body, constituting the protective barrier
of the skin and various organs. A. baumannii employs multiple molecular
mechanisms to invade epithelial cells, with its adhesive and invasive cap-
abilities being closely associated with bacterial virulence. The deletion of the
cas3 gene has been shown to significantly alter the pathogen’s virulence
profile. To systematically investigate these pathogenic characteristics, we
conducted in vitro infection assays using A549 human alveolar epithelial
cells as a model system3,35. Specifically, confluent monolayers of A549 cells
were infected with three isogenic strains: 19606WT, 19606Δcas3, and
19606Δcas3/pcas3 at a standardized multiplicity of infection (MOI) of 100,
and their adhesion and invasion ability to mammalian cells were observed.
As shown in Fig. 4, compared with 19606WT and 19606Δcas3/pcas3, the
adhesion rate and invasion rate of strain 19606Δcas3 were significantly
reduced.

To evaluate the effect of cas3 gene on the virulence ofA. baumannii, an
infection model of Galleria mellonellawas established, and the survival was
observed. An equal bacterial inoculum (1.0 × 106 CFU in 100 μL PBS) was
administered to each Galleria mellonella. Results were shown in Fig. 5A, as
we can see that a total of 90% larvae infected with ATCC19606 strain died
within 12 hours, while only 20% of the larvae infected with 19606Δcas3
strain died. After 24 hours, all larvaes infected with ATCC19606 strain and
the complementary strain were dead, while those infected with 19606Δcas3
strain maintained a 50% survival rate after 96 hours.

To further evaluate the impact of cas3 gene deletion on the virulence of
A. baumannii, we established amurine infectionmodel that closely mimics
human disease progression. Based on the above findings, we hypothesized
that the cas3 knockout strain would exhibit attenuated infectivity and

Fig. 1 | Composition of the type I-Fa CRISPR-Cas system.
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reduced bacterial burden in vivo compared to the wild-type and com-
plemented strains. The mice were intraperitoneally injected with the bac-
terial suspension to construct a systemic infection model and further
understand the virulence changes. After 24 h infection, we observed that the
bacterial load of each organs in infected 19606Δcas3mice was significantly
lower than that in infected ATCC19606 and 19606Δcas3/pcas3 strains
(Fig. 5B). The changes of pneumonic inflammation and injury were
observed by hematoxylin and eosin (H&E) staining. Representative pictures
were shown in Fig. 6B, the alveolar structure in the lung of ATCC19606-
infected mice was filled with neutrophil infiltration and edema, and the
alveolar structure was incomplete. However, the injury was milder in mice
infected with 19606Δcas3 and was not observed in non-infected mice. The
H&E staining results in the 19606Δcas3/pcas3 strain infection group were
consistent with the observation and analysis results in the ATCC19606
infection group. In addition, enzyme-linked immunosorbent assay (ELISA)
was used to determine the levels of cytokines (interleukin -1β [IL-1β], IL-6,
and tumor necrosis factor-α [TNF-α]) in mice serum. Results showed that
IL-1β, IL-6, and TNF-α in the 19606Δcas3-infected mice were reduced
significantly compared to the ATCC19606 or 19606Δcas3/pcas3-infected
mice (Fig. 6A). In conclusion, our results demonstrate that the presence of
cas3 gene could enhance the virulence and pathogenicity of A. baumannii.

RNA-seq to explore the potential regulatory mechanism of cas3
In order to further understand the mechanism of cas3 gene in regulating
biofilm and virulence, we performed transcriptome sequencing analysis.
After cas3 gene knockout, other related cas genes in CRISPR-Cas system
were upregulated except for cas3 and cas6 genes, as shown in Table 1.
Compared with the ATCC19606 strain, 539 genes in 19606Δcas3 strain
were differentially expressed, including 272 genes upregulated and 267
genes downregulated (Fig. 7A and Supplementary Data 1), suggesting that
cas3 gene was associated with multiple activities that are essential for bac-
teria. The differential expressed genes (DEGs) between ATCC19606 and
19606Δcas3 strains were evaluated according to Gene Ontology (GO)
classification to investigate potential biological functions in which DEGs
might be involved (Fig. 7C), differentially expressed genes were mainly
present in biological process, cellular component andmolecular function. In
the classification of biological processes, differentially expressed genes are
mainly enriched in redox, fatty acid metabolism, cation transport, mono-
carboxylic acid transport, metal ion transport, and other processes. In the
classification of cell composition, it ismainly enriched in protein complexes,
the cell membrane, the mitochondrial membrane, and other components.
In molecular function, it is mainly enriched in oxidoreductase activity,
adenine flavin dinucleotide binding, 3-hydroxyacyl-CoA dehydrogenase
activity, ion transmembrane transporter activity, and other functions.

Different genes usually coordinate with each other to exercise their
biological functions in microbiology. Through the significant pathway
enrichment in the Kyoto Encyclopedia of Genes and Genomes (KEGG)
database, we can identify the most important biochemical metabolic

pathways and signal transduction pathways involved in the differentially
expressed genes. As shown in Fig. 7D, the main pathway changes were
microbial metabolism in diverse environments, carbon metabolism, pyr-
uvate metabolism, and benzoate degradation, and the top 20 pathways are
shown in the figure. We also found that genes related to the oxidative
phosphorylation pathway are significantly downregulated, and oxidative
phosphorylation is the pathway of ATP synthesis, so we detected the
intracellular ATP of ATCC19606, 19606Δcas3, and 19606Δcas3/pcas3. The
result is consistent with our conjecture; the intracellular ATP content of
19606Δcas3 decreased significantly (Fig. S3).

Our results showed that the deletion of cas3 gene had a strong impact
on the biofilm and virulence. Analysis of transcriptome results also indi-
cated that the expression of biofilm and virulence genes was downregulated
after cas3 gene knockout, as shown inTable 2. The expression levels of genes
associated with Csu pili (specifically csuA, csuB, csuC, and csuE) were
observed to be significantly downregulated. It is noteworthy that the
majority ofA.baumannii strainshave the ability to encode andproduce type
I chaperone-usher pilus, known as Csu pili. Csu pili play a critical role in the
formation and maintenance of biofilms on abiotic surfaces36. Notably, the
expression levels of OmpA family proteins and two-component regulatory
system BfmSR were also downregulated. BfmR is essential for cell attach-
ment and initiation of biofilm formation byA. baumannii 19606 cells37, and
the results were verified by qRT-PCR (Fig. 8). Therefore, RNA-seq further
indicated that cas3 gene could regulate the bacterial virulence and biofilm
formation by affecting the expression of related genes.

Discussion
In recent years, multi-drug resistant rates of A. baumannii have gradually
increased, and MDR bacteria can tolerate a variety of adverse stimuli to
adapt to the environment and survive easily36. CRISPR-Cas system plays an
important role in the adaptive immune activity of bacteria, itsmain function
is defending against bacteriophage, plasmids, and other foreign DNA22.
Recent studies have shown that CRISPR-Cas system not only protects the
host against mobile genetic elements, but also regulates other physiological
functions of bacteria, such as virulence, biofilm formation, drug resistance,
and quorum sensing26. Jianjian Jiao et al. found that Cas proteins were
secreted virulence factor, which can activate the host immune response in
Mycobacterium tuberculosis38. Our research discovered the unconventional
function of A. baumannii type I-Fa CRISPR-Cas system, cas3 significantly
enhanced the biofilm formation capacity of the strain, potentially through
the regulation of Csu-related genes. This regulatory mechanism facilitates
bacterial adhesion and host invasion, ultimately contributing to enhanced
virulence.

In this study, we studied the effect of cas3 gene on the biological activity
ofA. baumannii by knocking out the cas3 gene. Results first showed that the
deletion of cas3 gene did not affect its growth, indicating that cas3 gene was
not necessary gene for bacterial growth. Biofilm formation is a collective
behavior of bacteria regulated by quorum sensing, which helps bacteria

Fig. 2 | Effect of type I-Fa cas3 on the growth ofA. baumannii.AOD600 value for 24-hour bacterial growth test.BBacterial calculate after dilution plating. Values represent
mean ± SD (n = 3).
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stand up to external environmental pressure39,40. Through the biofilm for-
mation assay, the biofilm formation ability of 19606Δcas3 strain was
decreased compared with ATCC19606. Similar to a previous study showed
that biofilm formation of the Δcas3 Streptococcus strain (type I-C CRISPR-
Cas system) was reduced41. Also, type I-E CRISPR-Cas Salmonella typhi-
muriumwild strain has a stronger biofilm formation ability compared with
the Δcas3 strain28.

The effect of cas3 gene on the virulence ofA. baumanniiwas explored
through the infectionmodel ofGalleriamellonella andmice. Results showed
that the virulence and pathogenicity of A. baumannii decreased after cas3
gene was knocked out. Previous studies have also shown that CRISPR-Cas
can enhance or reduce the virulence of bacteria. For example, cas9 could
enhance the virulence by inhibiting its transcription regulatory factor regR
in Streptococcus agalactiae42. Type I-F CRISPR-Cas system of Pseudomonas
aeruginosa PA14 can change its virulence by targeting and inhibiting LasR,

and cas3 gene knockout increases the virulence of PA14 and the host’s
innate immune response43.

After the deletion of cas3 gene, the expression of many genes was
upregulated or downregulated, indicating that cas3might be involved in the
regulation of other bacterial life activities. Cas3 has an important influence
on the expression of several Outer membrane protein A (OmpA) family
protein. OmpA is amajor component of outermembrane proteins (OMPs)
in gram-negative bacteria, which is a key virulence factor.Overexpression of
OmpA was strongly associated with severe hospital infection, bacteremia,
and pneumonia infection44. Similarly,Medina-Aparicio L et al.27 studied the
CRISPR-Cas system in Salmonella spp. and showed that the CRISPR-Cas
system could participate in the regulation of OmpR gene synthesis of Sal-
monella typhi. It suggested to us that the regulation of bacterial virulence by
cas3 could be targeted to the OmpA family protein. We also found that the
largest number of gene changes was in the oxidation-reduction process in

Fig. 3 | Effect of cas3 gene onbiofilm formation ofA. baumannii.AQuantification
of 19606WT, 19606Δcas3, and 19606Δcas3/pcas3 strains biofilm formation by
crystal violet staining. B Observation of biofilm growth of A. baumannii strains
incubated at 37 °C for 48 hours by crystal violet staining in sterile 24-well plates.

C Images of A. baumannii biofilm (EPS (red) and bacterial cells (green)) under a
confocal microscope. D Thickness of the formed biofilm using ZEN software. Data
are presented as mean ± SD from three independent biological replicates. P values
were determined using a two-tailed Student’s t test, *p < 0.05, **p < 0.01.
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GO terms (Fig. 7C). KEGG analysis showed that the oxidative phosphor-
ylation pathway was inhibited after cas3 gene deletion. The bacterial oxi-
dative phosphorylation (OxPhos) system plays an essential role in energy
production in the form of ATP, which has been considered to be a potential
antibacterial drug target45. KEGG analysis showed that the oxidative
phosphorylation pathway of A. baumannii was inhibited, and ATP pro-
duction was decreased after cas3 gene deletion, whichmay be related to the
weakening of the virulence of 19606Δcas3.What is alsoworthmentioning is
that A. baumannii 17978 and some newly detected clinical A. baumannii
strains do not have CRISPR-Cas system at all, this implies that the function
of cas3 limited in certain A. baumannii strains.

In our previous study, we found that the resistance, biofilm formation
ability, and virulence of the strain were upregulated after any cas gene
knocked out in the type I-Fb CRISPR-Cas system46. However, the opposite
situation appeared after the cas3 gene knocked out in the type I-FaCRISPR-
Cas system in this study, which indicated that the two subtypes of CRISPR-
Cas system in A. baumannii played different regulatory roles in resistance
and virulence. It is still necessary to continue to study how the CRISPR-Cas
system regulates these functions. Exceedingly, all these evidences indicated
that cas3 gene and CRISPR-cas system are closely linked to the virulence of
A. baumannii, which maybe a therapeutic target in the future.

Methods
Bacterial strains, plasmids, and growth conditions
Bacterial strains, plasmids and primers used in this study are listed in
Supplementary Table S1. A. baumannii and E.coli strains were grown in
lysogeny broth (LB) at 37 °C. To select colonies during the construction of
mutant and complementary strains, antimicrobial agents, tetracycline
(50 μg/ml), carbenicillin (75 μg/ml), kanamycin (50 μg/ml), were added to
the growth medium.

Construction of cas3 gene deletion strain 19606Δcas3
TheΔcas3mutant strainwas constructedby aRecETrecombinase system in
A. baumanniiATCC19606 as previously described30,47. First, the kanamycin
resistance gene fragment with FRT locus was amplified using pKD4 as the
template, upstream(165 bp) and downstream(142 bp) fragments of cas3
were amplifiedusingATCC19606 as the template.All primer sequences and
corresponding product sizes in this study were listed in Supplementary
Table S2. The polymerase chain reaction (PCR) products were identified by
agarose gel electrophoresis and purified using the Fast Pure gel DNA
ExtractionMini Kit (Vazyme). Products of three stageswere fused by fusion
PCR, and the recombinant product was recovered by gel cutting and
sequencing by Beijing Tsingke Biotech Co., Ltd. Then electrotransform the
sequenced correct 1 μg fusion PCR product into ATCC19606-pAT04(-
plasmid pAT04 with RecAb system) competent cells (100 µL) in a 2mm

cuvette at 1.8 kV, transfer it to 4mL liquid LB containing 2mM IPTG
culture for 4 hours, centrifuge at 4000 rpm for 10minutes to collect bacteria.
Incubate bacteria overnight on LB agar medium containing 50 μg/mL
kanamycin and 10 μg/mL tetracyline at 37 °C. Positive clones confirmed the
insertion of the kanamycin resistance gene by screening primers.

The kanamycin resistance gene in mutant 19606Δcas3::kan was then
lost by the following procedure. First, the pAT03 (pMMB67EHwithflippase
recombinase) plasmid was introduced by electroporation into the
ATCC19606Δcas3::kan mutant. Then, the bacteria were incubated with
liquidLBcontaining 2mMIPTG for 1 hour. Positive cloneswere selectedon
LB agar plates containing carbenicillin (75 μg/mL) and incubated overnight
at 37 °C. cas3 gene knockoutmutantwas confirmed by PCR and sequencing
of the cloned PCR fragment, primer sequences were listed in Table S2.

The single colonies verified by PCR as successful recombinant deletion
mutants were subcultured on antibiotic-free LB solid plates and incubated
statically at 37 °C. After three passages, several single colonies were selected
for enrichment, with each colony simultaneously streaked onto both a dual-
antibiotic plate (containing tetracycline and carbenicillin) and an antibiotic-
free plate. If a colony grew only on the antibiotic-free plate but not on the
antibiotic-containing plates, this indicated the loss of both the pAT04 and
pAT03 plasmids.

Construction of 19606Δcas3/pcas3 and 19606Δcas3/
empty vector
Complementation of cas3 gene in the gene knockoutmutantwas performed
through constructing a recombinant plasmid by the pMMB67EH vector. A
3236 bp fragment of cas3 was amplified from ATCC19606 genome DNA
and ligated to the pMMB67EHvectorwith the tac promoter.Upstream cas3
fragment with EcoR I enzymatic restriction site, and downstream cas3
fragment with BamH I enzymatic restriction site. Then, the recombinant
plasmid was introduced by electroporation into 19606Δcas3 competent
cells. We also constructed the 19606Δcas3 strain with an empty vector as a
negative control, named 19606Δcas3/empty vector, the empty vector
(pMMB67EH) was electro transformed into 19606Δcas3 competent cells.
TheΔcas3mutant transformedwith the complementary vectorwas selected
on LB agar plates containing 50 μg/mL kanamycin and 50 μg/mL tetra-
cycline. Positive clones were verified by PCR and sequencing.

Determination of growth curve
ATCC19606, 19606Δcas3 and 19606Δcas3/pcas3 cultured overnight were
inoculated into fresh liquid LB broth at a ratio of 1:1000, and cultured by
shaking at 37 °C. Theoptical density at 600 nm(OD600)wasmeasured every
2 hours after inoculation, bacteria counts were performed on LB plates
after fold dilution in 96-well plates. Growth curve was drawn according to
the results.

Fig. 4 | Deletion of cas3 gene in A. baumannii
weakens the adhesion and invasion to host cells.
A Adhesion rate to A549 cells. B Invasion rate to
A549 cells. Values represent mean ± SD (n = 3). P
values were determined by two-tailed Student’s t
test, *p < 0.05, **p < 0.01, ***p < 0.001.
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Biofilm formation assay
The bacteria were cultured in a shaking table at 37 °C until the OD600 value
was 0.5 (the bacterial count was 1.0 × 108 CFU/mL), inoculated in 200 μL to
96-well plates at a ratio of 1:100, and placed in an incubator at 37 °C for
48 hours with no shaking. Then the bacterial solution was washed three
timeswithPBS.After the 96-well platewas dried, it was dyedwith 4%crystal
violet (Solaribo) for 30min in dark. Discard the staining solution and wash
three times with PBS. Finally, the crystal violet dye adsorbed on the biofilm
was dissolved with 95% ethanol, and the absorbance at 595 nm was

measured. In this experiment, liquid LBmediumwithout bacteria was used
as the negative control.

Confocal scanning laser microscopy
The bacteria were cultured until the OD600 value was 1 and diluted 100-
fold. Inoculate 500 μl of the bacterial liquid with the Alexa Fluor
647 (Thermo Fisher) and inoculated into a 24-well plate. A round
coverslip, untreated with poly-glycine, was placed at the bottom of
each well and placed in an incubator at 37 °C in the dark for about 24h.

Fig. 5 | Observation of virulence changes in two animal infection models.
A Survival rates ofG.mellonella larva. Infected larvae (n = 10) with 10 μl (~1.0 × 106

CFU) 19606WT, 19606Δcas3, and 19606Δcas3/pcas3 strains at the right posterior
gastropoda.BBacterial load of organs inmouse bacteremiamodel (n = 8). Bacterial

load determinations for 19606WT, 19606Δcas3 and 19606Δcas3/pcas3 in murine
infected organs at 24 h post infection. P values were determined by two-tailed Stu-
dent’s t test, *p < 0.05, **p < 0.01, ***p < 0.001.
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Discard the bacterial liquid and rinse it twice with physiological
salt solution. According to the manufacturer’s instructions, the biofilm
was dyed with SYTO9(Invitrogen) for 15 minutes in the dark, observed
under a laser confocal scanning microscope and analyzed by ZEN
software34.

Adhesion and invasion
TheA549 cells were cultured in a 24-well cell culture plate to a cell density
of ~3.0 × 105 cells/well. A. baumannii strains were infected with a bac-
terium: cell ratio of infection multiple (MOI) of 100:1. The adhesion
and invasion of strains to A549 cells were measured by colony-forming
unit (CFU) counts. After the bacteria strains and cells were co-cultured
for 2 h, the extracellular free bacteria were removed by washing with
PBS three times, and treated with freshly prepared sterile 0.1% Triton
X-100 for 15 minutes. The cell culture medium containing 32 μg/mL
tigecycline was replaced in the remaining wells and incubated for a
further 90 min at 37 °C to kill bacteria adhering to the outside of the cells.
Then discard the cell culture medium and wash the cells three times with
PBS. Finally, 0.1% Triton X-100 was added to each well for incubation
10 minutes to release intracellular bacteria, and the bacterial CFUs assay
was performed on agar plates. The results are expressed as the percentage
of adherent and invasive bacterial counts relative to the number of
infected bacteria for adhesion frequency and invasion frequency,
respectively35.

Infection model of Galleria mellonella
All the Galleria mellonella larvae used in the experiment were purchased
from the Organisms of Family Origin Company in Yunnan Province. We
randomly selected four groups of healthy larvae (10/group) with no evi-
dence of blacking, weighing between 200 ~ 300mg, for subsequent infec-
tion. The Galleria mellonella larvae were infected by right posterior
gastropoda injection of 10 μl (~1.0 × 106 CFU) each, control group was
injected with equivalent PBS. The Galleria mellonella larvae, dead or not,
were determined by two distinct phenotypic indicators: complete melani-
zation of the cuticle and cessation ofmovement uponphysical stimulation48.
The number of dead larvae was observed and recorded every 12 hours.

Mouse bacteremia model and cytokines determination
Eight-week-old female C57 mice were raised under conventional condi-
tions. Mice were handled following the Guidelines for the Care and Use of
Laboratory Animals, and procedures were approved by the Ethical Com-
mittee of Yangzhou University. We have complied with all relevant ethical
regulations for animal use. Cyclophosphamide was used to induce neu-
tropenia in mice, as described previously31. The neutropenic mice were
infected with 5 × 108 CFU of A. baumannii. The mice were sacrificed
24 hours after infection. Blood from the eyeball and organs were taken. The
left lung and other organs were used for bacterial load count on LB agar
plates. Right lung tissues were fixed in formalin solution and stained
with H&E.

Fig. 6 | Inflammation changes of mice infected with A. baumannii 19606WT,
19606Δcas3 and 19606Δcas3/pcas3 strains. A Detection of TNF-α, IL-6, IL-1β in
serum by ELISA, values represent mean ± SD (n = 8), P values were determined by

two-tailed Student’s t test, **p < 0.01, ***p < 0.001. B Right lung tissue was stained
with hematoxylin and eosin. Magnification, ×100. The arrow indicates the site of
alveolar destruction and inflammatory cell infiltration.

Table 1 | Cas genes expression of ATCC19606Δcas3

Locus-tag Gene Protein log2 Fold Change(Δcas3/WT) P value

H0N29_14350 cas3 type I-F CRISPR-associated helicase Cas3 –8.0022 3.212E-27

H0N29_14380 cas1 type I-F CRISPR-associated endonuclease Cas1 0.57393 0.0029863

H0N29_14365 csy2 type I-F CRISPR-associated protein Csy2 1.1589 4.37E-20

H0N29_14370 csy3 type I-F CRISPR-associated protein Csy3 0.41792 3.13E-06

H0N29_14375 cas6/csy4 type I-F CRISPR-associated endoribonuclease Cas6/Csy4 –0.19228 0.89166
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Fig. 7 | Transcriptome analysis of ATCC19606 and 19606Δcas3. A Differential
gene volcanomap.BVenn diagramof gene co-expression.CGOanalysis of different
expression genes.DKEGG enrichment analysis of differentially expressed genes; the

color of the dot represents the size of the Q value, and the size of the dot represents
the number of differentially genes.

Table 2 | Expression of virulence genes in the 19606Δcas3 strain versus ATCC19606 strain

Locus-tag Gene log2 Fold Change P value Protein and function

H0N29_11295 OmpA –1.8528 0.091911 OmpA family protein

H0N29_15280 bfmR –0.83203 4.99E-14 response regulator transcription factor BfmR

H0N29_15275 bfmS –0.66782 2.31E-07 sensor histidine kinase BfmS

H0N29_06290 csuE –4.9714 1.73E-98 Csu fimbrial tip adhesin CsuE

H0N29_06270 csuA –3.7801 2.18E-25 Csu fimbrial biogenesis protein CsuA

H0N29_06275 csuB –3.7334 5.57E-58 Csu fimbrial biogenesis protein CsuB

H0N29_06280 csuC –4.9373 1.13E-219 Csu fimbrial biogenesis chaperone CsuC

Fig. 8 | Detection of virulence-associated genes expression inA. baumannii 19606WT, 19606Δcas3, 19606Δcas3/empty vector, and 19606Δcas3/pcas3 strains by qRT-
PCR. Values represent mean ± SD (n = 3). P values were determined by two-tailed Student’s t test,*p < 0.05, **p < 0.01, ***p < 0.001.
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Cytokines in the serumof infectedmicewere detected byELISA. Blood
was taken from eyeball of each aforementioned mice. After blood was
naturally coagulated at room temperature for 30minutes, it was centrifuged
at 1000 × g for 10min at 4 °C. The supernatant(serum) was aliquoted into
EP tubes and stored at −20 °C for future use. ELISA were completed by
Solarbio’s kit.

RNA transcriptome sequencing and qRT-PCR
The bacteria RNA samples were subjected to quality detection, cDNA
synthesis, cDNA fragment modification and sorting, library amplification,
and the constructed cDNA library was sequenced by Illumina HiSeqTM.
Technical services for this process and subsequent bioinformatics analysis
were provided by Shanghai Shenggong Biotechnology Limited liability
Company.

Bacteria used in qRT-PCR were cultured overnight to 109 CFU/ml,
1 ~ 3ml of bacterial culture was centrifuged, and the total RNA of bacteria
was extracted by RNAprep Pure Bacteria Kit (TIANGEN, Beijing)
according to the instructions. cDNA was obtained by reverse transcription
of RNAwith reverse transcription kit (Vazyme,Nanjing, China), whichwas
packaged and stored at−20 °C for future use, and qRT-PCRwas performed
with ChamQ SYBR qPCRMasterMix (Vazyme, Nanjing, China). The fold
change in mRNA expression was calculated by 2−ΔΔCt method using 16S
rRNA as reference gene. Primers used are listed in Supplementary Table 1.

Statistics and reproducibility
Data were presented as the mean standard deviation of replicates(n ≥ 3).
Mean comparisons between groups were performed using the two-tailed
Student’s t test. All statistical analyses were performed using GraphPad
Prism version 8.4.2 (GraphPad Software Inc., San Diego, CA, USA), and a
significant P value of <0.05 was considered significant.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
RNA-sequencing data have been deposited in the National Center for
Biotechnology Information (NCBI) sequence read archive (SRA) database
(PRJNA1209644). Source data for the main figures are provided in Sup-
plementary Data 2. Uncropped gel images are provided in Supplementary
Fig. 4 of Supplementary materials. All other data are available from the
corresponding authors.
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