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ABSTRACT

Bacterial biofilms underlie a large share of chronic and device-associated infections and are intrinsically tolerant of
antibiotics that readily kill the same organism growing planktonically, yet the regulatory network governing the
transition from free-living to surface-attached, matrix-encased growth remains incompletely mapped even in
well-studied species. We used a pooled, genome-wide CRISPR interference (CRISPRI) library targeting 5,570
annotated genes in Pseudomonas aeruginosa PAOL to screen for regulators of biofilm formation, selecting for
sgRNA abundance changes between the planktonic and biofilm-associated bacterial fractions of a static microtiter
biofilm assay after 24 hours. The screen identified 143 genes whose knockdown significantly altered biofilm
formation, of which 41 were annotated with no prior functional link to biofilm or surface-sensing biology. Individual
knockdown validation of the twelve highest-confidence novel hits confirmed a biofilm phenotype for nine, including
PA2782, a previously uncharacterised two-component sensor histidine kinase whose knockdown reduced biofilm
biomass by 68% relative to a non-targeting control without affecting planktonic growth rate. RNA sequencing of
the PA2782 knockdown strain showed downregulation of the pel and psl exopolysaccharide biosynthesis operons
and of the c-di-GMP-synthesising diguanylate cyclase gene PA2870, placing PA2782 upstream of the canonical
c-di-GMP-dependent biofilm matrix pathway. The PA2782 knockdown strain also showed a 5.4-fold increase in
tobramycin susceptibility within an established biofilm, consistent with reduced matrix production restoring
antibiotic penetration. These results expand the known regulatory network controlling P. aeruginosa biofilm
formation and identify PA2782 as a candidate target for biofilm-disruptive adjunct therapy.
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1. INTRODUCTION

Pseudomonas aeruginosa is a leading cause of chronic
lung infection in people with cystic fibrosis, of
ventilator-associated pneumonia, and of infections
associated with indwelling medical devices, and in each

1

of these settings the organism persists predominantly as
a surface-attached biofilm rather than as free-swimming
planktonic cells [1,2]. Biofilm growth confers tolerance to
antibiotic concentrations that are readily bactericidal
against the same strain grown planktonically, through a
combination of restricted drug penetration through the
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exopolysaccharide  matrix, metabolically dormant
subpopulations, and biofilm-specific stress responses,
and this tolerance, rather than classical resistance
mutation, is thought to explain much of the difficulty in
clearing chronic P. aeruginosa infection with
conventional  antibiotic  therapy alone  [3,14].
Understanding the regulatory circuitry that commits a cell
to biofilm growth, and identifying targets that could be
used to disrupt or prevent that commitment, has
therefore  attracted sustained interest as a
complementary strategy to antibiotic therapy itself.

The core biochemical logic of biofilm matrix production in
P. aeruginosa is well established: the second messenger
bis-(3'-5)-cyclic dimeric guanosine monophosphate
(c-di-GMP) accumulates in response to surface contact
and other cues, activating transcription and
post-translational production of the Pel and Psl
exopolysaccharides and of extracellular DNA and CdrA
adhesin that together form the biofilm matrix [4,15]. What
remains considerably less complete is the upstream
sensory and regulatory network that determines when
and how strongly c-di-GMP synthesis is activated: the P.
aeruginosa genome encodes more than 40 proteins with
GGDEF or EAL diguanylate cyclase or
phosphodiesterase  domains, the enzymes that
synthesise and degrade c-di-GMP respectively, and a
comparable number of two-component sensor histidine
kinases and response regulators of uncertain or only
partially characterised function, leaving considerable
scope for regulators that have simply not yet been
systematically tested [5,16].

Forward genetic screens using transposon mutagenesis
identified many of the biofilm regulators known today, but
transposon approaches are poorly suited to essential or
fithess-relevant genes, whose disruption is lethal or
strongly growth-impairing regardless of any separate role
in biofilm regulation, and to genes with partially
redundant paralogues, where a single transposon
insertion may produce little phenotype [6,17]. CRISPR
interference, using a catalytically dead Cas9 (dCas9)
targeted by a single guide RNA to block transcription
without introducing a double-strand break or gene
deletion, offers two practical advantages over transposon
mutagenesis for this purpose: knockdown strength can
be tuned by guide position and induction level rather than
being all-or-nothing, and pooled CRISPRI libraries can
be constructed with multiple independent guides per
gene at a scale and uniformity that is difficult to achieve
with transposon mutagenesis, improving statistical power
to detect genuine hits against screen noise [7,8,18]. A
further practical advantage, less often emphasised, is
that a pooled CRISPRi library is comparatively
straightforward to reuse across multiple selection
conditions once constructed, since the same plasmid
pool can be re-transformed or re-conjugated into a fresh
recipient background and subjected to a different
selective regime, whereas a transposon mutant library
typically requires either an entirely new mutagenesis
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campaign or careful archival and re-arraying of an
existing ordered collection to achieve the same flexibility.
This matters for biofilm biology specifically, where the
field has increasingly recognised that regulatory circuitry
identified under one assay format, such as a static
microtiter plate, does not always transfer cleanly to a
flow-cell or in-vivo infection model, and a reusable library
lowers the practical barrier to testing whether a given
hit's relevance is assay-specific or more generally robust
across cultivation formats [36].

We used a pooled, genome-wide CRISPRi library
targeting essentially all annotated P. aeruginosa PAO1
genes, under partial, sub-lethal induction to retain
viability even for growth-relevant targets, to screen
systematically for genes whose knockdown alters biofilm
formation in a standard static microtiter assay. Our aim
was not simply to recover already-known matrix and
c-di-GMP pathway genes, which would mainly serve as
an internal positive control, but specifically to identify
genes with no prior annotated link to biofilm biology, and
to characterise at least one such novel regulator
mechanistically and functionally in enough depth to judge
whether it represents a genuine addition to the biofilm
regulatory network rather than a screen artefact or an
indirect growth-rate effect.

2. MATERIALS AND METHODS

All experiments used Pseudomonas aeruginosa strain
PAO1 and a genome-scale CRISPRI library constructed
in this background using a chromosomally integrated,
anhydrotetracycline-inducible dCas9 cassette and a
pooled sgRNA plasmid library targeting the non-template
strand of 5,570 annotated open reading frames with a
mean of four independent guides per gene.

I 2.1 CRISPRI library construction and screening

The sgRNA library was synthesised as an
oligonucleotide pool, cloned into a mobilisable CRISPRI
plasmid  backbone, and introduced into the

dCas9-expressing PAO1 background by conjugation at a
multiplicity calculated to yield fewer than one plasmid per
recipient cell, preserving a clonal genotype-to-phenotype
relationship. The pooled library, comprising
approximately 22,000 unique sgRNA constructs, was
grown under selection to an representation of at least
200-fold coverage per guide before splitting into screen
replicates. dCas9 expression was induced with a
sub-lethal concentration of anhydrotetracycline (10
ng/mL) chosen in pilot experiments to produce partial
knockdown with minimal effect on planktonic growth rate
across a panel of essential-gene-targeting control
guides.

| 2.2 Static biofilm selection assay

Induced library cultures were seeded into 96-well
polystyrene microtiter plates and incubated statically for
24 hours at 37 degrees C. Planktonic (unattached)
bacteria were removed and retained as the planktonic
fraction; adherent biofilm bacteria were recovered by
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vigorous resuspension in phosphate-buffered saline
following removal of the planktonic fraction and a single
gentle wash step. Genomic DNA was extracted from
both fractions across three independent screen
replicates, and the integrated sgRNA cassette was
amplified by PCR and sequenced on an Illlumina platform
to quantify sgRNA abundance in each fraction.

| 2.3 Screen analysis and hit calling

Guide-level counts were normalised to total reads per
sample, and a gene-level enrichment or depletion score
was calculated as the log2 fold-change in mean guide
abundance between the biofilm and planktonic fractions,
combined across the four guides per gene using a
rank-based aggregation statistic with an associated false
discovery rate estimated by permutation. Genes with
FDR<0.05 and an absolute log2 fold-change greater than
1.0 in at least two of three screen replicates were called
as significant hits. Hits were cross-referenced against the
Pseudomonas Genome Database functional annotation
to classify each as previously linked, or not previously
linked, to biofilm, surface-sensing, or c-di-GMP signalling
biology.

I 2.4 Individual validation and mechanistic follow-up

The twelve highest-confidence novel hits were
reconstructed as individual CRISPRi knockdown strains,
each carrying a single validated sgRNA against the
target gene, and assayed for biofilm biomass by crystal
violet staining and for planktonic growth rate by optical
density time course, alongside a non-targeting sgRNA
control. For the strongest validated hit, PA2782, RNA
sequencing was performed on knockdown and control
strains grown under biofilm-inducing conditions, and
biofilm antibiotic susceptibility was assessed by
measuring the minimum biofilm eradication concentration
of tobramycin against 24-hour static biofilms of each
strain.

| 2.5 Statistical analysis

Crystal violet biofilm biomass and growth rate
comparisons between individual knockdown strains and
the non-targeting control were analysed by one-way
ANOVA with Dunnett's test. RNA sequencing differential
expression was analysed using a standard
negative-binomial generalized linear model with
Benjamini-Hochberg correction for multiple testing. All
analyses were performed in R version 4.3, with P<0.05,
or FDR<0.05 for genome-wide comparisons, taken as
the significance threshold throughout.

3. RESULTS

Across three independent screen replicates, sgRNA
representation remained above the pre-specified
200-fold coverage threshold throughout the selection,
and replicate biofilm-versus-planktonic fold-change
estimates were well correlated (pairwise Pearson r
between 0.71 and 0.79), indicating reasonable screen
reproducibility. 143 genes met the significance threshold
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for altering biofilm formation upon knockdown,
comprising 97 whose knockdown reduced biofilm
formation (candidate positive regulators) and 46 whose
knockdown increased it (candidate negative regulators).
As an internal validation of screen performance, the hit
list recovered the pel and psl operons, the master
regulator gene retS, and thirteen of the previously
characterised GGDEF-domain diguanylate cyclase
genes with an established positive role in biofilm
formation, together accounting for 34 of the 143 hits and
confirming that the screen was capturing genuine
biofilm-regulatory biology rather than noise. Table 1
summarises the screen's hit-calling statistics and
functional annotation breakdown.

Table 1. CRISPRI screen hit-calling summary and
functional annotation breakdown.

Categor Number of Example FDR
gory genes genes threshold

Positive pel

regulators operon,

(KD reduces 97 gzleron <0.05

biofilm) rotS

Negative

regulators pilA,

(KD 46 bdIA, <0.05

increases rpoS

biofilm)

Previously pelA,

known pslA,

biofim-linked 102 rets,

genes wspR

Novel PA2782,

candidate 41 PA2783, <0.05

regulators PA0575

Screen conducted across three independent replicates; hits
required FDR<0.05 and [log2FC|>1.0 in >=2 of 3 replicates.

Of the 143 significant hits, 41 had no prior annotated
functional link to biofilm formation, surface sensing, or
c-di-GMP signalling in the Pseudomonas Genome
Database, and were classified as candidate novel
regulators. Individual reconstruction and validation of the
twelve highest-confidence novel hits confirmed a
statistically significant biofilm phenotype, in the direction
predicted by the screen, for nine of the twelve (75%), a
validation rate broadly consistent with published
CRISPRI and transposon screen validation rates in this
organism and reassuring given that pooled screens are
known to carry a nontrivial false-positive rate from
guide-specific off-target effects and fitness confounds
[17,18]. The strongest validated novel hit was PA2782,
an annotated but functionally uncharacterised sensor
histidine kinase of a two-component regulatory system
whose cognate response regulator, PA2783, was also
among the 143 significant hits, lending independent
support to the pair acting together as a genuine
two-component signalling module relevant to biofilm
regulation rather than either gene being a spurious
individual hit.
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Figure 1. Biofilm biomass (crystal violet, % of non-targeting
control) for the twelve individually reconstructed novel CRISPRI
hit strains, grouped by validation outcome (n=4 independent
biological replicates per strain; error bars show SD; dashed line
marks the control mean).

PA2782 knockdown reduced crystal violet-stained biofilm
biomass by 68% relative to the non-targeting control
(one-way ANOVA, F(12,39)=24.6, P<0.001 overall;
Dunnett's P<0.001 for PA2782), the largest effect size
among the nine validated novel hits, while planktonic
growth rate in the same strain was statistically
indistinguishable from control (Dunnett's P=0.62),
arguing against the biofilm phenotype being a secondary
consequence of a general growth or fitness defect. RNA
sequencing of the PA2782 knockdown strain under
biofilm-inducing conditions identified 312 significantly
differentially expressed genes relative to control
(FDR<0.05), with the pel operon (pelA-G) and psl operon
(pslA-O) among the most strongly downregulated gene
sets (mean log2 fold-change -2.8 and -2.1 respectively),
and the diguanylate cyclase gene PA2870 also
significantly downregulated (log2 fold-change -1.6,
FDR<0.001), placing PA2782 upstream of both the
canonical c-di-GMP  synthesis and downstream
exopolysaccharide matrix production machinery. Table 2
reports the biofilm and growth phenotypes for all twelve
tested novel hit genes.

Table 2. Biofilm and growth phenotypes of individually
reconstructed novel hit knockdown strains.

Sl Dunnett's P

(biofilm)

Growth rate
(% of control)

biomass
(% of control)

Non-targeting

e 100 + 8 1005 -
PA2782 32+6 97+6 <0.001
PA2783 41:7 95+ 7 <0.001
PAO575 58+9 1016 0.004
PA3731 64£8 93+8 0.01
PAL181 (not 89+ 12 88+9 0.41

validated)

Given that reduced matrix production is expected to
improve antibiotic penetration into an established biofilm,
we measured tobramycin susceptibility of 24-hour
PA2782 knockdown and control biofilms directly. The
minimum biofilm eradication concentration of tobramycin
against the PA2782 knockdown biofilm was 5.4-fold
lower than against the control biofilm (4 microgram/mL
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versus 21.5 microgram/mL, geometric mean of three
independent biofilm preparations), while planktonic
minimum inhibitory concentrations of the two strains
were indistinguishable, confirming that the difference in
biofilm-specific tobramycin tolerance, rather than an
intrinsic change in antibiotic susceptibility of the
bacterium itself, accounted for the effect. This result is
consistent with PA2782 knockdown acting principally
through reduced exopolysaccharide matrix production
and the resulting improvement in antibiotic penetration,
rather than through a separate, matrix-independent
mechanism of antibiotic tolerance.

4. DISCUSSION

This  screen identified PA2782, a previously
uncharacterised sensor histidine kinase, as a regulator of
P. aeruginosa biofilm formation acting upstream of the
canonical c¢-di-GMP and exopolysaccharide matrix
pathway, and showed that its knockdown substantially
improves biofilm antibiotic susceptibility to a clinically
used aminoglycoside. The magnitude of the tobramycin
susceptibility shift, more than five-fold, is large enough to
be potentially therapeutically relevant if a druggable route
to inhibiting PA2782 activity, whether through direct
enzymatic inhibition of the kinase or through disruption of
its interaction with PA2783, could be developed, though
we would emphasise that a genetic knockdown
demonstrating biological relevance is a considerable
distance from a validated drug target [19,35].

The screen's 75% individual validation rate for novel hits,
alongside recovery of a broad set of previously known
biofilm regulators as positive controls, gives reasonable
confidence that the remaining unvalidated novel hits are
enriched for genuine biology rather than being dominated
by screen artefacts, though we have not individually
reconstructed and tested all 41 candidate novel
regulators and would not want to overstate confidence in
any single one beyond PA2782 without that additional
work. It is also worth noting that a pooled
selection-based screen of this kind is best suited to
detecting regulators with a reasonably large individual
effect size under the specific biofilm assay conditions
used; smaller-effect regulators, or regulators whose
contribution depends on a specific environmental cue not
present in a static microtiter assay, such as flow, a
specific carbon source, or the presence of host immune
factors, would likely be missed and would require an
assay format better matched to the condition of interest
[20,36].

The functional coupling between PA2782 knockdown
and reduced pel, psl and PA2870 expression is
consistent with, but does not by itself prove, a direct
signalling relationship; two-component sensor histidine
kinases typically act through phosphorylation of a partner
response regulator, in this case the co-hit PA2783, which
could plausibly function as a transcriptional activator of
PA2870 or of the pel and psl operons directly, or could
act indirectly through an intermediate regulatory node not
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yet identified. Resolving this mechanism would require
reconstructing the PA2782-PA2783 two-component
system biochemically, identifying PA2783's direct
transcriptional targets by chromatin immunoprecipitation
or an equivalent method, and identifying the
environmental or physiological signal that activates
PA2782 in the first place, none of which the present
screen-and-validate design was intended to establish.
More broadly, this study adds to a growing body of
evidence that pooled CRISPRi screening can
meaningfully extend biofilm regulatory networks built up
over decades of transposon-based forward genetics in
this organism, and the 41 candidate novel regulators
identified here, only nine of which have so far been
individually validated, represent a resource for the field
rather than a closed and finished catalogue [21,37]. We
would encourage other groups working on P. aeruginosa
biofilm biology, or on biofilm formation in related
opportunistic pathogens where CRISPRI libraries are
becoming increasingly accessible, to treat the full hit list,
rather than only the single gene characterised in
mechanistic depth here, as a starting point for further
investigation, particularly for hits whose homologues in
other species have better-characterised functions that
might suggest a specific hypothesis to test.

Two limitations should be kept in view. First, the screen
used a single, relatively well-studied laboratory strain
background, PAO1, and biofilm regulatory networks,
while broadly conserved, are known to show
strain-to-strain and even more pronounced
species-to-species variation in P. aeruginosa and related
pathogens; whether PA2782 plays an equivalent role in
clinical cystic fibrosis isolates, which frequently carry
mutations in core biofilm and quorum-sensing regulatory
genes relative to laboratory strains, remains to be tested.
Second, the static microtiter biofilm assay used here,
while a standard and practical screening format, does not
fully recapitulate the flow, host-tissue contact, and
polymicrobial context of a real chronic infection, and a
regulator identified under these conditions should be
validated in a more physiologically representative model,
such as a flow-cell biofilm or an airway epithelial
co-culture system, before its relevance to human
infection is asserted with confidence.

5. CONCLUSION

A genome-scale CRISPR interference screen in
Pseudomonas aeruginosa identified 143 genes whose
knockdown altered biofilm formation, including 41 with no
prior annotated link to biofilm biology. Individual
validation confirmed a biofilm phenotype for nine of
twelve tested novel hits, and mechanistic follow-up on
the strongest, PA2782, a previously uncharacterised
sensor histidine kinase, placed it upstream of the
canonical c-di-GMP and exopolysaccharide matrix
pathway and showed that its knockdown improves
biofilm tobramycin susceptibility more than five-fold.
These results extend the known P. aeruginosa biofilm
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regulatory network and identify PA2782 as a candidate
target for biofilm-disruptive adjunct therapy, while the
remaining unvalidated novel hits provide a resource for
further investigation by the wider biofilm research
community. We are now pursuing biochemical
reconstitution of the PA2782-PA2783 two-component
system to identify the direct transcriptional targets of
PA2783 and the physiological signal that activates
PA2782, and we plan to test whether PA2782
orthologues, which are present in several other
Pseudomonas species and more distantly related
Gram-negative  pathogens, play an analogous
biofilm-regulatory role outside P. aeruginosa. In parallel,
individual validation of the remaining unvalidated novel
hits, and testing of the nine confirmed regulators in a
flow-cell biofilm model and against a panel of clinical
cystic fibrosis isolates, are planned to establish how far
the laboratory-strain findings reported here generalise to
clinically relevant infection contexts.
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