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Massively parallel transposon mutagenesis identifies temporally
essential genes for biofilm formation in Escherichia coli
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Abstract

Biofilms complete a life cycle where cells aggregate, grow and produce a structured community before dispersing to colonize
new environments. Progression through this life cycle requires temporally controlled gene expression to maximize fitness at
each stage. Previous studies have largely focused on identifying genes essential for the formation of a mature biofilm; here, we
present an insight into the genes involved at different stages of biofilm formation. We used TraDIS-Xpress, a massively parallel
transposon mutagenesis approach using transposon-located promoters to assay the impact of disruption or altered expression
of all genes in the genome on biofilm formation. We identified 48 genes that affected the fitness of cells growing in a biofilm,
including genes with known roles and those not previously implicated in biofilm formation. Regulation of type 1 fimbriae and
motility were important at all time points, adhesion and motility were important for the early biofilm, whereas matrix produc-
tion and purine biosynthesis were only important as the biofilm matured. We found strong temporal contributions to biofilm
fitness for some genes, including some where expression changed between being beneficial or detrimental depending on the
stage at which they are expressed, including dksA and dsbA. Novel genes implicated in biofilm formation included zapE and truA
involved in cell division, maoP in chromosome organization, and yigZ and ykgJ of unknown function. This work provides new
insights into the requirements for successful biofilm formation through the biofilm life cycle and demonstrates the importance
of understanding expression and fitness through time.

DATA SUMMARY

Sequence data supporting the analysis in this study has been
deposited in ArrayExpress under the accession number
E-MTAB-9873.

INTRODUCTION

Bacteria rarely exist planktonically outside of the labora-
tory and are usually found as part of structured, aggregated
communities called biofilms [1]. Clinically, approximately
80 % of infections have been suggested to have a biofilm
component [2], and biofilm-related infections are compli-
cated by their intrinsic tolerance to antimicrobials, making
infections difficult to treat and often persistent [3-6]. Cells
within a biofilm grow more slowly than those in planktonic
culture and this reduced level of metabolic activity has been
associated with tolerance to antimicrobials, allowing biofilms

to be typically 10-1000-fold less sensitive to antibiotics than
corresponding strains in planktonic conditions [7, 8]. Aside
from the clinical setting, there are many useful applications of
biofilms, including wastewater treatment and bioprocessing
[9]. Biofilms undergo a life cycle that commonly consists
of initial attachment to a surface, growth and maturation
of the biofilm over time with characteristic production of
extracellular matrix components, followed by dispersal of
planktonic cells to facilitate colonization of new surfaces [10].
The switch between planktonic and biofilm lifestyles is driven
by environmental stimuli promoting large-scale changes in
gene expression and regulation that are necessary to support
the bacterial community through the life cycle, which is
distinct from planktonic growth conditions. Expressing the
right genes at the right time and place is critical for efficient
production of a biofilm.
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The main components of the biofilm extracellular matrix in
Escherichia coli are the amyloid protein curli, the polysac-
charide cellulose and extracellular DNA [11]. Genes involved
in curli biosynthesis are transcribed by the divergent operons
csgBAC and c¢sgDEFG, with their expression regulated by
CsgD [12]. Cellulose biosynthetic machinery is encoded by
besRQABZC and besEFG, and its production is regulated by
c-di-GMP [13]. Several genes are known to be involved in
the regulation of matrix production, including ompR [14, 15],
cpxR [14, 16, 17] and rpoS [18, 19], amongst others [20-22].
Extracellular DNA is also an important component of the
biofilm matrix, and the addition of DNase has been shown
to negatively affect the biomass of biofilms formed by Pseu-
domonas aeruginosa [23], Bacillus cereus [24] and a range of
Gram-negative pathogens, including E. coli [25].

Many previous studies have focused on identifying the genes
and pathways required for biofilm formation in E. coli in the
mature biofilm. One assessed biofilm formation of all the
mutants in the Keio collection [26, 27], another used a tran-
scriptomic approach to identify genes with altered expression
in biofilms over time [28], and DNA microarrays have also
been used to link the presence of different genes with biofilm
capacity in panels of isolates [29].

Large-scale transposon mutagenesis experiments represent
another high-throughput, sensitive, whole-genome approach
to link phenotype to genotype [30-32]. These methods make
use of massive libraries of transposon mutants, where many
independent mutants of each gene in the genome are repre-
sented in the pool. This provides great power in assaying
the role of genes, and in a high-density library resolution is
often high enough to make inferences about the intragenic
essentiality of domains within proteins encoded by genes by
analysing the fitness of multiple independent mutants within
a gene. Transposon mutagenesis approaches, however, have
been historically limited by an inability to assay essential
genes within which transposon insertions are not viable.
In order to provide information about these genes, we have
recently developed TraDIS-Xpress. This method uses trans-
posons containing an outward-facing inducible promoter.
Addition of an inducer of the transposon-encoded promoter
results in overexpression of genes downstream of transposon
insertions, or repression of genes where the transposon is
positioned downstream but in an antisense orientation.
Therefore, we can assay the impact of altering expression of
all genes (including those which cannot be inactivated), as
well as capturing traditional essentiality measurements. We
recently demonstrated the utility of this approach, and its
ability to provide information about roles of essential genes
in survival of drug exposure [33]. In this work, we sought to
investigate biofilm formation using TraDIS-Xpress to get a
more detailed view of important genes than possible in the
previous studies described above. Predictions made by this
approach were then tested in a range of assays that measure
different aspects of biofilm formation using defined mutants
from the Keio library [34], a collection of single knockout
mutants in the same parent strain as the transposon mutant
library.

Impact Statement

Bacteria often exist in aggregated communities known
as biofilms, the formation of which involves different
sets of genes for different events, from colonization to
maturation. The genetic basis for biofilm formation at
different stages is not fully understood. Biofilms are a
clinical concern due to their tolerance of high levels of
antimicrobials, so understanding the development and
key events in the biofilm life cycle will be key to finding
new ways to prevent and manage bacterial infection
and contamination. This study identified the genes and
pathways that affect biofilm fitness through the biofilm’s
development, using the recently developed transposon
mutagenesis approach TraDIS-Xpress. Genes with roles
in adhesion and motility were important for the fitness of
the early biofilm, whereas matrix production and purine
biosynthesis were only important as the biofilm matured.
We also found roles for genes not previously described
to affect biofilm formation. This work furthers our
understanding of the requirements for biofilm forma-
tion at distinct stages of development. Additionally, this
approach could be exploited to identify targets for anti-
biofilm therapeutics or as biomarkers to identify biofilm
infections, improving treatment efficacy.

This study identified 48 genes that were found to be important
at different stages of biofilm formation by E. coli. By investi-
gating the genes important across the biofilm life cycle, we
were able to get a dynamic view of the main pathways with
roles at different stages of biofilm development. Our findings
reinforced the importance of adhesion, motility and matrix
production in the biofilm, and revealed roles for genes not
previously implicated in biofilm formation. This included
genes involved in cell division, zapE [35] and truA [36],
chromosome organization (maoP) [37], and yigZ and ykg],
the functions of which have not been elucidated. We identi-
fied clear requirements for some pathways at specific points
of the biofilm life cycle, furthering our understanding of how
the fitness of cells in the biofilm is affected over time.

METHODS
Transposon mutant library

The E. coli BW25113 transposon mutant library containing
over 800 000 distinct mutants that was used in this study has
recently been described by Yasir et al. [33]. The transposon
used to construct this library incorporates an outward-
transcribing IPTG-inducible promoter. This strain was chosen
due to the high-quality transposon mutant library available,
and because it is the parent strain for the Keio collection [34],
an extensive library of single gene knockout mutants, which
could be used to test defined mutants of genes where predic-
tions were made from the TraDIS-Xpress data.
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Biofilm model conditions

The pooled mutant library was used to inoculate parallel
cultures of 5 ml LB broth (without salt) with approximately
107 cells. Cultures were grown in 6-well plates containing 40
sterile 5 mm glass beads per well (Sigma). Each experiment
was set up with or without 1 mM IPTG for promoter induc-
tion. Plates were incubated at 30 °C with light shaking for 48 h.
After 12, 24 and 48 h of incubation, a 2 ml planktonic sample
was collected from each culture and 70 beads were taken to
constitute the biofilm sample. Planktonic and biofilm samples
were taken from the same well to match as closely as possible.
Beads were washed twice in sterile 1x PBS and vortexed in
tubes containing 1x PBS to resuspend cells from the biofilm.
Both planktonic and biofilm samples were centrifuged at 2100
gto form pellets for DNA extraction. All conditions were run
with two independent identical replicates.

TraDIS-Xpress sequencing

Customized sequencing libraries were prepared to identify
transposon insertions following the protocol described by
Yasir et al. [33]. In short, DNA was extracted from pellets
following the protocol described by Trampari et al. [38] and
was fragmented using a MuSeek DNA fragment library prepa-
ration kit (ThermoFisher). Fragments containing transposons
were amplified by PCR with Tn5-i5 and i7 primers custom-
ized to recognize the transposon and the MuSeek tagged
ends of the DNA [33]. Fragments between 300 and 500 bp
were size selected using AMPure beads (Beckman Coulter),
and nucleotide sequences were generated using a NextSeq
500 and a NextSeq 500/550 High Output v2 kit (75 cycles)
(Illumina). Between 1.7 and 26 million reads were obtained
per condition.

Informatics

Fastq files were aligned to the E. coli BW25113 reference
genome (accession no. CP009273) using the BioTraDIS
(version 1.4.3) software suite [39] using SMALT (version
0.7.6). This generated plot files for visualization of the trans-
poson insertion locus and frequency to compare planktonic
and biofilm conditions. Conditions with and without IPTG
were combined for initial analysis. Where a change in insert
patterns was identified upstream or downstream of a coding
sequence, the insert patterns from cultures grown with and
without IPTG were manually visualized. This was to confirm
an expression change was likely, and to determine whether
there was a difference in distribution of reads with and without
IPTG. Insertion frequencies per gene for each replicate were
plotted against each other to determine the experimental
error between replicates, as well as differences in insertion
frequency between planktonic and biofilm conditions (Fig.
S1, available with the online version of this article). The
tradis_comparison.R command (also part of the BioTraDIS
toolkit) was used to determine significant differences (P<0.05,
after correction for false discovery) in insertion frequen-
cies per gene between control and test conditions. Inserts
predicted to only impact fitness of planktonic growth were
excluded from further analysis. For all candidate loci, plot

files generated by BioTraDIS were also examined manually in
Artemis (version 17.0.1) [40] to confirm the results from these
two approaches, as well as to identify regions where inserts
were under differential selection but did not fall within coding
regions of the genome.

Validation experiments

The predicted impacts on biofilm formation of candidate
genes were investigated further by testing both gene dele-
tion mutants from the Keio collection (which contains two
independent mutants for most genes in E. coli BW25113) for
each gene [34]. These mutants were assessed in several assays
relevant to different aspects of biofilm formation. Crystal
violet assays, used to assess biofilm biomass production, were
undertaken by inoculating 10* of each mutant strain into 200
ul LB broth without salt in a 96-well polystyrene plate. After
48 h incubation at 30 °C, the culture was removed, wells were
rinsed with water, and the residual biofilms were stained for 10
min with 200 pl 0.1 % crystal violet. The plate was then rinsed
with water to remove the stain and 200 pl 70 % ethanol was
added to the wells to solubilize the stained biofilm. The optical
density was measured using a FLUOstar Omega plate reader
(BMG Labtech) at 595 nm. Cell aggregation was measured
by leaving bacterial cultures (normalized to an OD_, of 3.0)
on an unagitated surface at room temperature. After 24 h, the
supernatant of each culture was removed by pipetting, diluted
in 1x PBS and measured in a plate reader at 600 nm. Biofilm
matrix composition was investigated through spotting 10 pl
of each mutant (representing 10° c.f.u.) on agar supplemented
with 40 pg Congo red ml™ (Sigma) to examine curli produc-
tion. Plates were incubated at 30 °C for 48 h and photographed
to compare mutation strain biofilm composition to the wild-
type. Adhesion and biofilm architecture were investigated
under flow conditions for selected mutants using the Bioflux
system. Flow cells were primed with LB broth without salt at
0.5 Pa and seeded with approximately 107 cells. The plate was
left at room temperature for 2.5 h to allow attachment, and
subsequently incubated at 30 °C at a flow rate of 0.03 Pa. After
12,24 and 48 h, biofilms were visualized with an inverted light
microscope and representative images at x10, x20 and x40
magnification were taken at three locations of the flow cell.
Experiments were performed in duplicate.

RESULTS
Confirmation of model efficacy

Wild-type E. coli BW25113 was grown on glass beads and
harvested over time to investigate biofilm development after
12,24 and 48 h (Fig. 1). The changes in biofilm c.f.u. (Fig. 1a)
and architecture (Fig. 1b) after 12, 24 and 48 h growth show
the development of the biofilm through time. A transposon
mutant library containing approximately 800 000 unique
mutants was then grown on glass beads and harvested at these
time intervals. The genomic DNA obtained from biofilms and
planktonic culture at each time point was analysed following
the TraDIS-Xpress methodology to determine differences in
gene essentiality and importance during biofilm formation
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Fig. 1. Biofilm formation of wild-type E. coli BW25113 on glass over time. (a) Numbers of c.f.u. of planktonic and biofilm samples
harvested from the model at different time points through biofilm development. Planktonic samples are measured in c.f.u. ml™" (culture),
and biofilm samples are measured in c.f.u. of cells isolated from one glass bead. Points represent four independent replicates and error
bars show 95 % confidence intervals where present. (b) Biofilms formed on glass under flow conditions after 12, 24 and 48 h growth.
Images are representative of two independent replicates. Magnification x20. Bar, 5 ym.

over time. TraDIS-Xpress found 48 genes as candidates that
considerably affected biofilm formation over time in E. coli:
42 were identified as being beneficial for biofilm fitness and
6 genes were predicted to be detrimental to the fitness of
cells in the biofilm (Fig. 2, Table S1). The main pathways that
were consistently important in the biofilm through all the
time points included type 1 fimbriae, curli biosynthesis and
regulation of flagella.

Fimbriae expression and motility are important at
all stages of biofilm formation

Only four genes were found to be important throughout 12,
24 and 48 h (Fig. 2). These included fimB and fimE involved in
control of fimbriae expression, where deletion of fimB results
in no fimbriated cells in a population, and deletion of fimE
results in more fimbriated cells in a population relative to

wild-type culture [41]. The recombinase gene fimB, which
helps mediate both ‘ON-to-OFF’ and ‘OFF-to-ON’ switching
of fimbriae expression, was beneficial for biofilm formation at
all time points. There were fewer insertions within, and more
insertions upstream of fimB in biofilm conditions compared
to planktonic conditions at all time points. This suggests that
fimB expression was beneficial throughout biofilm develop-
ment (Fig. 3a). In contrast, inactivation of fimE, responsible
for only ON-to-OFF fimbrial regulation [42], increased
biofilm fitness at all time points. Initially, there were only
slightly more fimE mutants in biofilm conditions compared
to planktonic at 12 h, but this increased over time with a stark
contrast seen between biofilm and planktonic conditions at
the 24 and 48 h time points (Fig. 3a). Biofilm biomass was
measured by growing knockout mutation strains in a 96-well
plate for 48 h and staining the resulting biofilm with 0.1 %
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Fig. 2. Genes involved in biofilm formation over time in E. coli. Plus symbols indicate genes that were beneficial for biofilm formation and
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crystal violet. Cell aggregation was quantified by measuring
the optical density of the supernatant of cultures left unagi-
tated for 24 h. Deletion of fimE resulted in reduced biofilm
biomass (Fig. 4a), contrary to the TraDIS-Xpress prediction,
and both AfimB and AfimE mutation strains were deficient
in cell aggregation (Fig. 4b). Together, the TraDIS-Xpress and
phenotypic data suggest that the ability to regulate fimbriae
expression in a phase-dependent manner is important for
fitness of a biofilm, rather than being constrained in an ‘ON’
or ‘OFF state.

Disruption of IrhA, a regulator of motility and chemotaxis
[43], was beneficial for biofilm formation at all time points
(Fig. 3b). LrhA also has a role in type 1 fimbriae expression
through activating expression of fimE [44], but in addition
represses flagella-mediated motility. Analysis of the AlrhA
biofilm showed initial formation of microcolonies occurred
faster than the wild-type (Fig. 5a) but at later time points
the biofilms formed by this mutation strain were less mature
than seen with the wild-type. There was no significant change
in biomass formed by this mutation strain (Fig. 4a) and the
strain appeared less aggregative than the wild-type (Fig. 4b).
These data suggest that inactivation of IrhA impacts both
adhesion and aggregation differently at distinct stages of the
biofilm life cycle, and may result in a benefit to early surface
colonization but with a cost to later maturation.

Expression of the Hha toxin attenuator tomB was also found
to be consistently important for biofilm formation at 12, 24
and 48 h (Fig. 3b). Consistent with this prediction, the AtomB
mutation strain biofilm had reduced cell aggregation and curli
biosynthesis, and reduced biofilm biomass (Fig. 4a—c). Under
flow conditions, the AtomB mutation strain biofilm has a
similar appearance to the AlrhA mutation strain biofilm, with
microcolonies visible after 12 h growth, which disappeared
over time (Fig. 5a).

Regulatory genes are important in the early biofilm

In the early biofilm, after 12 h growth, only 13 genes were
found to distinguish the planktonic and biofilm conditions.
Of these, nine had roles in transcriptional regulation. The
TraDIS-Xpress data indicated that inactivation of transcrip-
tional factor dksA promoted biofilm formation at the 12
and 24 h time points but not in the mature biofilm (Fig. 3¢).
Supporting this, analysis of AdksA mutation strain biofilms
under flow conditions showed an initial benefit with increased
adhesion at both the 12 and 24 h time points, but reduced
microcolony formation at the 48 h time point, suggesting
dksA affects biofilm initiation (Fig. 5a). Inactivation of AdksA
was also seen to reduce cell aggregation, curli biosynthesis
and biofilm biomass (Fig. 4a—c). Expression of hdfR, a nega-
tive regulator of motility [45], was found to be detrimental to
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biofilm fitness in the early biofilm after 12 and 24 h growth
(Fig. 3b), and AhdfR mutation strain biofilms had significantly
reduced biomass (Fig. 4a). In addition, the stress response
regulator marR [46] and the 23S rRNA methyltransferase rlmI
[47] were both found to be beneficial for biofilm fitness at the
12 h time point only, and reduced biofilm biomass was found
in the corresponding deletion mutation strains (Fig. 4a).
These genes have both previously been implicated in biofilm
formation [47-49], but the effect on early biofilm formation
has not been described previously.

Two genes of unknown function, yigZ and ykgJ, were found to
affect biofilm formation at 12 h. Fewer mutants were observed
in yigZ in biofilm conditions relative to planktonic at 12 h,
indicating its importance in early biofilm formation. We also
saw that reduced expression of ykgJ was beneficial for biofilm
formation, with more transposon insertions in an antisense
orientation to ykg/J present in biofilm conditions relative to
planktonic. Although there were no differences seen between
the wild-type and ykg/ in biofilms grown under flow condi-
tions for 12 h, differences became apparent at the 24 and 48
h time points, where the ykg/ mutation strain is significantly
more filamented. For both yigZ and ykgJ, one mutant copy
showed slightly increased aggregation relative to the wild-type
(Fig. 4b), but there were no differences observed in biofilm
biomass, curli biosynthesis or adhesion (Figs 4a, ¢ and 5b).

DNA housekeeping, adhesion and matrix production
are important as biofilms mature

Two genes involved in DNA housekeeping were found
to be involved in biofilm development after 24 h growth.
This included dam, encoding DNA methyltransferase [50],
insertional activation of which was not tolerated in the 24
h biofilm, with Adam mutation strains defective in aggrega-
tion compared to the wild-type (Fig. 4b). Also, inactivation
of maoP, involved in Ori macrodomain organization [37],
was predicted to confer a fitness advantage in the 24 h biofilm
compared to the planktonic condition. TraDIS-Xpress data
showed more reads mapped to maoP in the biofilm conditions
compared to the planktonic at 24 h, suggesting loss of this
gene was beneficial. Phenotypic analysis of the AmaoP muta-
tion strain biofilm did demonstrate a phenotype although in
opposition to the prediction, maoP mutation strains were
significantly deficient in biofilm biomass production, curli
biosynthesis and one mutant displayed reduced aggregation
(Fig. 4a, ¢). After 48 h growth under flow conditions, AmaoP
mutation strain biofilm was considerably less dense than the
wild-type (Fig. 5b).

There were fewer insertions detected within dsbA (encoding
disulphide oxidoreductase) [51] in biofilms grown for 12 and
24 h relative to planktonic culture (Fig. 3c). The role of dsbA in
adhesion to abiotic surfaces and epithelial cells has previously
been suggested [51, 52]. Phenotypic validation of the AdsbA
mutation strain showed a red, dry and rough (rdar) pheno-
type on Congo red plates (Fig. 4c), indicative of increased
curli biosynthesis. Cell aggregation in the AdsbA mutation
strain was significantly higher compared to the wild-type,

implying a role of dsbA in inhibiting cell-cell aggregation.
Our data showed that dsbA is important in the early biofilm,
but its deletion appears to be beneficial to the formation of a
mature biofilm, according to the Congo red and aggregation
data.

Mature biofilm requires purine biosynthesis, matrix
production, motility and solute transport

There were 38 genes found to be important for fitness of
the mature biofilm after 48 h growth, and 25 of these genes
were identified to affect fitness at this time point only. The
major pathway implicated in biofilm development at 48 h was
purine ribonucleotide biosynthesis, with four genes, purD,
purH, purL and purE [53], found to be essential at this time
point only. TraDIS-Xpress did not identify mutants in any
of these genes in biofilms sampled at 48 h, whereas several
reads mapped to these loci under planktonic conditions, as
well as under both biofilm and planktonic conditions earlier
at 12 and 24 h. Visualization of a ApurD mutation strain
biofilm under flow conditions saw poor biofilm formation
and no microcolony formation at any time compared to the
wild-type (Fig. 5a). Additionally, ApurD and ApurE mutation
strains were deficient in biofilm biomass production, curli
biosynthesis, and ApurE also showed increased cell aggre-
gation (Fig. 4a—c), confirming an important role for purine
biosynthesis in matrix production and curli biosynthesis in
the mature biofilm.

Two genes involved in cell division, zapE [35] and truA [36],
were identified as important in the 48 h biofilm. No mutants
were seen within zapE in biofilms grown for 48 h, suggesting
its essentiality for biofilm development at this stage. This
was, however, not reflected in the phenotype of the defined
Keio deletion mutants tested, with no changes observed in
biofilm biomass or curli biosynthesis, and increased aggrega-
tion seen in AzapE mutation strains relative to the wild-type
(Fig. 4a—c). A zapE mutation strain did have considerably
reduced adhesion after 12 h growth under flow conditions,
relative to the wild-type (Fig. 5b). The pseudouridine synthase
truA [54] was found to be essential in the mature biofilm
grown for 24 and 48 h, and when grown independently under
flow conditions, AtruA mutation strain cells were extremely
filamented in biofilms (Fig. 5b).

The flagella master regulatory system fliDC was identified as
important in the mature biofilm. Biofilms sampled after 48 h
saw fewer fIhC mutants, while insertions interpreted as over-
expressing fIhD increased in numbers both at the 24 and 48 h
time points, compared to planktonic conditions. No mutants
in flgD and fliE, encoding flagellar filament proteins, were
identified at 24 and 48 h, respectively. It has previously been
shown that motility is important for initial biofilm formation
[55, 56], but this may not relate to biomass formation where
no differences were seen for AfIhD, AflhC, AfliE and AflgD
mutants.

Various pleiotropic transcriptional regulators were also
important in the mature biofilm. This included the H-NS
antagonist leuO [57]. Increased insertions upstream of leuO
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Fig. 6. Summary of genes important for biofilm formation by E. coli at different stages of development.

under biofilm conditions after 12 h growth, as well as no leuO
mutants in 48 h biofilms, indicated it was beneficial to biofilm
formation. A AleO mutation strain did not aggregate as well
as the wild-type, and one AlenO mutation strain had reduced
biofilm biomass (Fig. 4a, b). The AleuO mutation strain
biofilm under flow conditions demonstrated an inability to
form microcolonies after 48 h growth (Fig. 5a). There were
also fewer mutants within Irp, the leucine-responsive global
regulator [58], and gadW, a transcriptional regulator respon-
sible for survival under acid stress [59], in the 48 h biofilm
compared to the planktonic condition, indicating their
importance in the mature biofilm. Reduced biofilm biomass,
aggregation and curli biosynthesis were observed for one copy
of Alrp, but no differences in biofilm formation or aggregation
were seen for AgadW mutation strain biofilms (Fig. 4a-c).

DISCUSSION

We have characterized the essential genome of E. coli biofilms
across the life cycle(Fig. 6). The identification of genes and
pathways already described to be involved in biofilm forma-
tion validates the efficacy of this experimental model and
shows how assessing many mutants in parallel can identify
many genes involved in a phenotype using a single set of
experiments. Different genes showed importance at different
stages of biofilm; the early biofilm established 12 h after
inoculation was characterized by genes involved in adhesion.
The 24 h biofilm required both adhesion and matrix produc-
tion, and after 48 h genes involved in matrix production, cell
division and purine biosynthesis were beneficial to biofilm
fitness. In concordance with previous work identifying genes
whose importance varies with time in the E. coli biofilm, we
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also reported that control of fimbriae expression and motility
remained important at each stage of the biofilm life cycle
rather than just being involved in initial attachment [28].

TraDIS-Xpress was able to identify several genes not previ-
ously reported to be involved in biofilm formation, including
yigZ, ykg], zapE, maoP and truA. The TraDIS-Xpress data
predicted that expression of maoP was detrimental to the
fitness of biofilms grown for 24 h, but a AmaoP mutation
strain biofilm had reduced biofilm biomass and reduced
curli biosynthesis compared to the wild-type. A homologue
to maoP in Yersinia pestis was identified as having a role in
adhesion and may positively regulate adhesin expression [60].
It is unclear why the defined mutants made less biofilm that
the wild-type when TraDIS-Xpress predicted expression of
maoP was detrimental to biofilm formation. Chromosomal
organization of the Ori macrodomain requires both maoP
and maoS$ [37], and it may be that deletion of maoP affects the
interplay between these two genes. Further investigation into
how chromosomal macrodomain organization affects biofilm
formation is warranted. The importance of cell division in the
mature biofilm was shown by our observation of fewer zapE
and truA mutants surviving in biofilm conditions compared
to planktonic conditions. We found reduced adhesion in the
AzapE mutation strain biofilm and increased filamentation
in the AtruA mutation strain biofilm. ZapE has been found
to be required for growth under low oxygen conditions as
well as having a role in cell division [35], and this may be
relevant for why its expression was beneficial for cells within
a submerged biofilm. Deletion of truA has previously been
reported to result in filament formation and reduced cell divi-
sion [36], and increased expression of truA was seen to benefit
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intracellular survival and survival under oxidative stress
conditions [61]. Deletion of ykgJ was also found to cause
filament formation in biofilms grown for 24 and 48 h, which
suggests a role in cell division for this gene. Filamentation has
previously been suggested to provide a competitive advantage
in adhesion and early biofilm formation, but filamented cells
were outcompeted as the biofilm matured [62].

This study has highlighted the benefit of close temporal
gene regulation in the biofilm, where the expression of
certain genes may only be required at one stage or can even
have a different effect on biofilm fitness at different stages
of the biofilm life cycle. For example, we found that dsbA
was important for the early biofilm, and previous work has
shown DsbA-DsbB facilitates export and assembly of various
adhesins by acting as a chaperone [52].We found that dsbA
deletion resulted in increased curli expression and increased
aggregation. Expression of dsbA has been previously found
to result in repression of the curli regulator csgD and curli
subunit csgA, essential for optimal fitness of the mature
biofilm [63]. Conversely, we found that disruption of the
transcription factor dksA was beneficial in the early biofilm,
whilst a dksA knockout strain biofilm had reduced biofilm
biomass, reduced curli biosynthesis and reduced aggregation.
The effect of dksA expression of biofilm formation has been
extensively studied and it is known that the deletion of dksA
increases fimbriae-dependent adhesion, but reduces motility
[64] and curli production [32, 65, 66]. Again, these data show
differential expression of important genes at different stages of
the biofilm life cycle is essential for optimizing biofilm fitness.

Purine biosynthesis was found to be important in the
mature biofilm, through the essentiality of purD, purE, purL
and purH in biofilms grown for 48 h. Similar findings have
previously been described in another transposon mutagen-
esis experiment in uropathogenic E. coli [32]. Inactivation of
purine biosynthetic genes was also found to impair biofilm
formation in B. cereus, but this was thought to be due to
reduced extracellular DNA in the biofilm matrix [24]. Extra-
cellular DNA is thought to aid adhesion and has been found
to be important in the biofilms of a wide range of bacterial
species [23, 25]. Our data suggest the importance is in the
mature biofilm rather than initial adhesion. A relationship
between both purine and pyrimidine biosynthesis and curli
production in the biofilm has been reported [32, 65, 67] and
curli biosynthesis in a purL mutation strain was reported
to be abrogated through addition of inosine, which is
involved in the de novo purine biosynthetic pathway [68].
This suggests that nucleotide production itself, rather than
the regulatory effects of the genes involved, affects curli
biosynthesis, supporting one hypothesis that disruption
of the purine biosynthetic pathway may directly result in
a reduction of c-di-GMP. In support of this, we identified
two genes involved in c¢-di-GMP metabolism, rcdA and
pdeF [69], to be important for biofilm formation at 48 h. The
effects of c-di-GMP on biofilm biomass production and curli
biosynthesis have been thoroughly described [32, 69]. Quan-
tification of intracellular c-di-GMP or further investigation
of other c-di-GMP-dependent pathways in these mutants
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would uncover the relationship between these pathways and
biofilm formation.

The relationship between motility and biofilm formation is
complex. Although it is widely understood that motility is
crucial for initial adhesion [55, 56], there is also an inverse
relationship between motility and expression of matrix
components; when biofilm matrix production is induced,
motility is repressed in a motile-to-sessile lifestyle transition
[66, 70, 71]. We found that insertional inactivation of negative
motility regulators IrhA and hdfR improved biofilm fitness
according to the TraDIS-Xpress data. Interestingly, our data
found an important role for structural flagella components
only in the mature biofilm, this observation is supported by
previous work that found expression of flagella is important
at all stages of the developing biofilm [28]. Previous work
has suggested that flagella filaments are important for initial
attachment and adhesion [72]; however, we did not find this
to be the case, with genes encoding flagella filaments only
appearing to contribute to biofilm fitness in the mature
biofilm. It appears that maintaining the ability to flexibly
regulate production of flagella and motility, rather than their
fixed expression or absence, is important for optimal biofilm
fitness of a population throughout biofilm development.

Analysis of biofilms under flow conditions found that AlrhA
and AtomB mutation strain biofilms had a similar appearance
after 12 h growth, with microcolonies visible that disappeared
over time. The similarities in phenotypes could indicate both
genes influence biofilms in a similar manner. The role of IrhA
in motility regulation has been well documented [43, 44, 73],
and expression of tomB has been seen to reduce motility
through repression of fliA [74]. Although AlrhA and AtomB
deletion mutation strains shared many similar phenotypes,
TraDIS-Xpress data predicted that tomB was beneficial and
IrhA was detrimental to biofilm development at 12, 24 and 48
h. Therefore, these genes may regulate the same pathways but
in different ways. Previous studies on AlrhA mutation strain
biofilms have reported increased adhesion, aggregation and
biomass compared to the wild-type [44]. This supports the
findings from the TraDIS-Xpress data, showing inactivation
of IrhA was beneficial for biofilm fitness throughout biofilm
development. This may be due to reduced induction of fimE
by LrhA [44], thereby allowing expression of type 1 fimbriae
to facilitate adhesion. We have already described how expres-
sion of both fimB and fimE is necessary for optimal fitness of
the mature biofilm, and the effect of IrhA on biofilm formation
correlates with these findings, with reduced aggregation in
AlrhA biofilms after 24 h (also seen in fimB and fimE mutation
strains) and no microcolony formation under flow conditions
at 24 and 48 h. The importance of [rhA to biofilm formation
clearly appears to be time dependent, with the most important
role in early events. Studies on the effect of tomB on biofilm
formation have focused on its toxin-antitoxin relation-
ship with hha, which has been found to reduce expression
of fimbrial subunit fimA and activate prophage lytic genes
causing cell death [75]. Deletion of hha was found to reduce
motility through flhDC and increase curli production through
csgD [76]. We found no obvious benefit to biofilm fitness with
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insertional inactivation of hha, but this may not be visible in
our data due to these mutation strains having a functional
copy of tomB, which would mask impacts from loss of hha.

Previous genome-wide screens on E. coli biofilm forma-
tion have identified many of the same genes as this study
[26, 30, 32]. The TraDIS-Xpress technology used here differen-
tiates this work, as we are able to predict the effect of changes
in gene expression and gene essentiality over time. We found
the overexpression of three genes and reduced expression
of one gene was beneficial for biofilm fitness. Differences
between this work and previous studies may reflect differ-
ences in experimental conditions, which can affect biofilm
formation [77], and may also reflect the high sensitivity of
transposon mutagenesis approaches where genes with small
impacts on fitness can be identified in massive competition
experiments. Most of the defined mutants tested here did have
a phenotype in one or more of the validation experiments
we used (Table S1) but some did not. Whole-gene-knockout
mutants differ from transposon insertion mutants, with an
insertion on average every 6 bp, the mutant library used here
gives an in-depth screen of exactly which regions of the genes
in question are important for a given phenotype [33]. In addi-
tion, the TraDIS-Xpress experiments involved competition
of each mutant against the rest of the pool, this is very sensi-
tive to changes in fitness. Whilst we chose a set of important
biofilm-associated phenotypes for validation of our candidate
important genes using defined mutants, these are inevitably
somewhat crude and cannot replicate the competition
happening within the biofilms in the main experiments. It is
likely we failed to identify the basis for a phenotypic impact
of some of our candidate mutants in our limited validation
conditions with whole-gene inactivation mutants.

Various genes were expected to be identified by the model to
confirm its efficacy, such as genes involved in curli biosyn-
thesis; however, there were some genes that were not detected
by TraDIS-Xpress that are known to affect biofilm formation.
Although many genes involved in curli biosynthesis were
identified by our model, the gene encoding the main curli
subunit, csgA, was not detected. This is likely to be because
TraDIS-Xpress experiments use a mutant library pool, where
CsgA produced by the surrounding population will comple-
ment any AcsgA mutants [78]. Although this may be a poten-
tial limitation for studying a gene’s role in biofilm formation,
it is more representative of intercellular interactions in a
non-clonal multispecies biofilm found outside the laboratory.
We also did not identify antigen 43 (agn43/flu) as important
for biofilm formation, despite its strong role in aggregation
and adhesion [79, 80]. Previous work found antigen 43 was
important for biofilm formation in glucose-minimal media,
but not LB [80]. This justifies the need for more genome-wide
studies analysing a wide range of environmental conditions,
strains and species, abiotic and biotic surfaces, to provide a
wider list of conditionally essential genes for biofilm forma-
tion shared amongst important human pathogens. As well as
temporal changes in gene expression, spatial changes have
been shown to affect biofilm development [81]. Integration
of the spatial component into this model, to assay how gene

expression throughout the biofilm over time affects biofilm
fitness, would be the next logical step in furthering our under-
standing of biofilm development.

This study has revealed important time-specific roles for
known and identified novel genes with roles in biofilm forma-
tion. We reveal some pathways have a more important role in
the mature biofilm than previously appreciated and identify
genes with time-dependent conditional essentiality within
the biofilm. We also identify potential new candidate genes
essential for biofilm formation, which could be targeted for
novel anti-biofilm therapies. Further work using high-density
transposon mutant libraries across time and in different
conditions is likely to further our understanding of biofilm
biology.
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