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Abstract

Biofilms complete a life cycle where cells aggregate, grow and produce a structured community
before dispersing to seed biofilms in new environments. Progression through this life cycle requires
controlled temporal gene expression to maximise fitness at each stage. Previous studies have
focused on the essential genome for the formation of a mature biofilm, but 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
expression of all genes in the genome. We determined how gene essentiality and expression
affects the fitness of E. coli growing as a biofilm on glass beads after 12, 24 and 48 hours. A
selection of genes identified as important were then validated independently by assaying biofilm
biomass, aggregation, curli biosynthesis and adhesion ability of defined mutants. We identified 48
genes that affected biofilm fitness 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 production and
purine biosynthesis were only important as the biofilm matured. We found strong temporal
contributions to biofilm fitness for some genes including some which were both beneficial and
detrimental depending on the stage at which they are expressed, including dksA and dsbA. Novel
genes implicated in biofilm formation included ychM and truA involved in cell division, crfC and
maoP in DNA housekeeping 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 fithess through time.
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Introduction

Bacteria rarely exist planktonically outside of the laboratory and are usually found as part of
structured, aggregated communities called biofilms *. Clinically, approximately 80% of infections
have been suggested to have a biofilm component 2. Biofilm related infections are complicated by
their intrinsic tolerance to antimicrobials, making infections difficult to treat and, often persistent *®.
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 "8, Aside from the clinical setting, there are many useful applications of biofilms,
including wastewater treatment and bioprocessing °. 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 colonisation of new surfaces 1°. 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 to planktonic growth conditions. Expressing the right genes at the right time and place is

critical for efficient production of a biofilm.

The main components of the biofilm extracellular matrix in E. coli are the amyloid protein curli, the
polysaccharide cellulose and extracellular DNA . Curli is transcribed by the divergent operons
csgBAC and csgDEFG, with curli biosynthesis regulated by CsgD 2. Cellulose biosynthetic
machinery is encoded by bcsRQABZC and bcsEFG, 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
1415 cpxR 41817 and rpoS 81° amongst others 2022, Extracellular DNA is also an important
component of the biofilm matrix, and the addition of DNase has negatively affected the biomass of
biofilms formed by Pseudomonas aeruginosa 23, Bacillus cereus ?* and a range of Gram-negative

pathogens, including E. coli %.
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Previous studies focusing on identifying the genes and pathways required for biofilm formation in
E. coli have concentrated on the mature biofilm rather than dissecting events across the life cycle.
Various studies have taken a genome wide approach to identifying genes that impact biofilm
formation. One assessed biofilm formation of all the mutants in the Keio collection 2¢, although
analysis is limited to the effect of inactivation 2’. DNA microarrays have also been used to link the
presence of different genes with biofilm capacity in panels of isolates 2. Large scale transposon
mutagenesis are high-throughput, sensitive whole genome approaches to link phenotype to
genotype methodologies 2°31, These methods are limited by an inability to assay essential genes
where transposon insertions are not viable. We sought to investigate biofilm formation using
TraDIS-Xpress, a method developed recently which allows essential genes to be assayed for their
role in survival in test conditions. In this method, gene expression changes caused by an outward-
facing inducible promoter incorporated into the transposon are captured as well as traditional

essentiality measurements 32,

This study identified 48 genes that were found to be important at different stages of biofilm
formation by E. coli. By investigating the genes important across the biofilm life cycle, we were
able to get a dynamic view of the main pathways important at different stages of biofilm
development. Genes identified by TraDIS-Xpress as important at each stage were then
phenotypically validated using defined mutants. Our findings reinforced the importance of
adhesion, motility and matrix production in the biofilm, and revealed the importance of genes not
previously implicated in biofilm formation. This included genes with roles in cell division (ychM and
truA), DNA housekeeping (crfC and maoP) and yigZ and ykgJ, the functions of which have not
been elucidated. We identified clear requirements for some pathways at specific points of the

biofilm life cycle, furthering our understanding of how biofilms maintain fithess over time.
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Results

Analysis of the TraDIS-Xpress data found 48 genes that considerably affected biofilm formation
over time in E. coli: 42 were identified as being needed to maintain the fithess of a biofilm and
expression of 6 genes was predicted to result in reduced biofilm fitness (Figure 1 and
Supplementary table 1). 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 (Figure 1).

All other loci identified affected biofilm formation at specific points in the life cycle.

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

Only 4 genes were found to be important throughout 12, 24 and 48 hours (figure 2a). These
included fimB and fimE. 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.
Fewer fimB mutants were observed in biofilm conditions compared to planktonic, and this number
decreased over time. In contrast, inactivation of fimg, responsible for only ‘ON-to-OFF’ fimbrial
regulation 33, increased biofilm fitness at all time points. Initially, there were only slightly more fimE
mutants in biofilm conditions compared to planktonic at 12 hours, but this increased over time with
a stark contrast seen between biofilm and planktonic conditions at the 24 and 48 hour time points.
The predicted impacts on biofilm formation were phenotypically validated by testing both gene
knockout mutants from the Keio collection (which contains two, independent deletion mutants for
most genes in E. coli BW25113) 3. Analysis of these mutants showed for both that there was no
deficit in biofilm biomass (Figure 3a), but both were deficient in cell aggregation (Figure 3b).
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 a fimbriae ‘ON’ or ‘OFF’ state.

Disruption of IrhA, a regulator of motility and chemotaxis *°, was beneficial for biofilm formation at
all time points (Figure 2b). LrhA also has a role in type 1 fimbriae expression through activating

expression of fimE 3¢, but in addition represses flagella-mediated motility. Analysis of the AlrhA
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biofilm showed initial formation of microcolonies occurred faster than the wild-type (Figure 4) but at
later time points the biofilms formed by this mutant were less mature than seen with the wild-type.
There was no significant change in biomass formed by this mutant (Figure 3a) and mutants
appeared less aggregative than the wild-type (Figure 3b). 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 colonisation 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 hours (Figure 2b). Consistent with this prediction, the AtomB mutant
biofilm had reduced cell aggregation and curli biosynthesis, and reduced biofilm biomass (Figure 3

a,b,c).

Requlatory genes are important in the early biofilm

In the early biofilm, at 12 hours growth, only 13 genes were found to distinguish the planktonic and
biofilm conditions. TraDIS-Xpress data indicated that inactivation of transcriptional factor dksA
promoted biofilm formation at the 12- and 24-hour time points but not in the mature biofilm (Figure
2c¢). Supporting this, analysis of AdksA mutant biofilms under flow conditions showed an initial
benefit with increased adhesion at both the 12 and 24 hour time points, but reduced microcolony
formation at the 48 hour time point, suggesting dksA affects biofilm initiation (Figure 4). Inactivation
of AdksA was also seen to reduce cell aggregation, curli biosynthesis and biofilm biomass (Figure
3 a,b,c). Expression of hdfR, a negative regulator of motility *”, was found to be detrimental to
biofilm fitness in the early biofilm after 12 and 24 hours growth (Figure 2b), and AhdfR mutant
biofilms had significantly reduced biomass (Figure 3a). In addition, the stress response regulator
marR *® and the 23S rRNA methyltransferase riml 3 were both found to be beneficial for biofilm
fitness at the 12 hour time point only, and reduced biofilm biomass was found in deletion mutants
(figure 3a). These genes have both previously been implicated in biofilm formation 341, but the

effect on early biofilm formation has not been described previously.
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Biofilms sampled after 24 hours demonstrate both adhesion and matrix production are important

More pathways were identified as being important to biofilm formation at 24 hours that at 12 hours.
Two genes involved in DNA housekeeping were found to be involved in biofilm formation at this
time point. These included dam, encoding DNA methyltransferase “2, insertional activation of which
was not tolerated in the 24 hour biofilm, and Adam mutants were defective in aggregation
compared to the wild type (figure 3b). Also, inactivation of maoP, involved in Ori macrodomain
organisation *3, was predicted to confer a fithess advantage in the 24 hour 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 hours suggesting loss of this gene was beneficial.
Phenotypic analysis of the AmaoP mutant biofilm did demonstrate a phenotype although in
opposition to the prediction, maoP mutants were significantly deficient in biofilm biomass

production, curli biosynthesis and one mutant displayed reduced aggregation (Figure 3 a,c).

In the 12 and 24 hour biofilms, dsbA (encoding disulphide oxidoreductase) was essential with no
insertions detected within this gene (Figure 2c). The role of dsbA in adhesion to abiotic surfaces
and epithelial cells has previously been suggested (Lee et al., 2008, Bringer et al., 2007).
Phenotypic validation of the AdsbA mutant showed a red, dry and rough (rdar) phenotype on
Congo red plates (Figure 3c), indicative of increased curli biosynthesis. Cell aggregation in the
AdsbA mutant was significantly improved 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. Supporting this hypothesis, dsbA was not essential at the 48 hour time

point.

Inactivation of the RNase Ill modulator ymdB #* was found to reduce fitness in the biofilm, with
fewer reads mapping here in biofilm conditions compared to planktonic at both the 24 and 48 hour

time points. This follows previous findings that both inactivation and overexpression of ymdB
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negatively affects biofilm biomass #*. In concordance with these findings, a AymdB mutant had

significantly improved cell aggregation and reduced biofilm biomass (figure 3 a,b).

Curli biosynthesis became important by the 24 hour time point as no insertions mapped to csgC,
encoding a curli subunit chaperone #° and more transposon insertions mapped upstream of the
curli biosynthesis regulator csgD 2, likely indicating its increased expression benefitted biofilm
formation. At the 48 hour time point, both genes were essential for biofilm formation, which was
also the case for the known csgD regulator, ompR #, supported by significantly reduced biofilm

biomass and reduced aggregation in knockout mutants (figure 3a,b).

The mature biofilm grown for 48 hours requires purine biosynthesis, matrix production, maotility and

solute transport

There were 38 genes found to be important for fitness of the mature biofilm after 48 hours growth,
and 25 of these genes were identified as essential at this time point only. The major pathway
implicated in biofilm formation at 48 hours was purine ribonucleotide biosynthesis, with four genes,
purD, purH, purL and purE “¢, 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 hours, whereas several reads
mapped to these loci under planktonic conditions, as well as under both biofilm and planktonic
conditions earlier at 12 and 24 hours. Visualisation of a ApurD mutant biofilm under flow conditions
saw poor biofilm formation and no microcolony formation at any time compared to the wild type
(Figure 4). Additionally, ApurD and ApurE mutants were deficient in biofilm biomass production,
curli biosynthesis, and ApurE also showed reduced cell aggregation (Figure 3 a,b,c), confirming an
important role for purine biosynthesis in matrix production and curli biosynthesis in the mature

biofilm.

The flagella master regulatory system flnDC was identified as important in the mature biofilm.
Biofilms sampled after 48 hours saw fewer flnC mutants, while insertions interpreted as over-

expressing flhD increased in numbers both at the 24 and 48 hour time points, compared to
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planktonic conditions. No mutants in flgD and fliE, encoding flagellar filament proteins, were
identified at 24 and 48 hours, respectively. It has previously been shown that motility is important
for initial biofilm formation 48, but this may not relate to biomass formation where no differences

were seen for AflhD, AflhC, AfliE and AflgD mutants.

Various pleiotropic transcriptional regulators were also important in the mature biofilm. This
included the H-NS antagonist leuO “°. Increased insertions upstream of leuO under biofilm
conditions after 12 hours growth, as well as no leuO mutants in 48 hour biofilms, indicated it was
beneficial to biofilm formation. A AleuO mutant did not aggregate as well as the wild type, and one
AleuO mutant had reduced biofilm biomass (figure 3 a,b). The AleuO mutant biofilm under flow
conditions demonstrated an inability to form microcolonies after 48 hours growth (figure 4). The
leucine-responsive global regulator Irp 5° and a transcriptional regulator responsible for survival
under acid stress, gadW 5! were also found to have fewer mutants in the 48 hour 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 mutant biofilms (figure 3 a,b,c).

Inactivation of the outer membrane channels mscL %2, tolC 53 and ompF %* was not tolerated in the
mature biofilm grown for 48 hours. This would indicate the importance of transport in the mature
biofilm, however inactivation of tolC and ompF did not result in a change in biofilm biomass (figure
3a).

Three genes involved in cell division or DNA replication, crfC, ychM and truA, were identified as
important in the 48 hour biofilm. Expression of yhcM, involved in cell division % was predicted to be
essential in the 48 hour biofilm, but this was not reflected in the phenotype of deletion mutants
(Figure 3 a). The pseudouridine synthase truA %8, also reported to be involved in cell division % was
found to be essential in the mature biofilm grown for 24 and 48 hours. Although a AtruA mutant

showed no change in biofilm biomass or curli biosynthesis, aggregation was significantly improved
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227  compared to the wild type albeit to a small degree (figure 3b), contrary to the prediction generated

228 by TraDIS-Xpress.

10
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Discussion

We have characterised the essential genome of E. coli biofilms across the biofilm lifecycle by using
the high throughput transposon mutagenesis screen TraDIS-Xpress. The identification of genes
and pathways already described to be involved in biofilm formation validates the efficacy of this
experimental model. The early biofilm established 12 hours after inoculation was characterised by
genes involved in adhesion. The 24-hour biofilm required both adhesion and matrix production,
transitioning into matrix production being of the upmost importance in the mature biofilm after 48
hours. Control of fimbriae expression and motility remained important at each stage of the biofilm

life cycle rather than just being involved in initial attachment.

As well as identifying known pathways, TraDIS-Xpress was also able to identify genes not
previously known to be involved in biofilm formation, including yigZ, ykgJ, ychM, maoP, truA, crfC.
We found that expression of maoP was detrimental to the fitness of biofilms grown for 24 hours,
but a AmaoP mutant biofilm had reduced biofilm biomass and reduced curli biosynthesis compared
to the wild type. Chromosomal organisation of the Ori macrodomain requires both maoP and maoS
43 however no signal is seen in our data for maoS. This warrants further investigation into how
chromosomal macrodomain organisation affects biofilm formation. The importance of cell division
in the mature biofilm was further supported by our findings of fewer ychM and truA mutants
compared to planktonic conditions, both of which have not before been implicated in biofilm
formation. However, deletion of either gene had no effect on biofilm biomass or curli production,
and the AtruA deletion mutant had improved aggregation compared to the wild type. Genes
involved in cell division are clearly important for the fitness of the mature biofilm, but the essential
roles of ychM and truA in this process are currently unclear but unlikely to relate to crude biomass

production.

Expression of dsbA and repression of dksA was found in this study to benefit early biofilm fitness.
Based on previous studies and phenotypic analysis of knockout mutants in this study, we believe

the increase in biofilm fitness seen is due to increased adhesion in these mutants °%°, This study

11
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257  has highlighted the benefit of close temporal gene regulation in the biofilm, where the expression
258  of certain genes can have a different effect on biofilm fitness at different stages of the biofilm life
259  cycle. For example, we found that dsbA was important for the early biofilm, but a dsbA mutant
260  biofilm had increased curli expression and increased aggregation. Expression of dsbA has been
261  previously found to result in repression of the curli regulator csgD and curli subunit csgA, essential
262  for optimal fitness of the mature biofilm . Conversely, we found that expression of the

263  transcription factor dksA was detrimental in the early biofilm, whilst a dksA knockout biofilm had
264  reduced biofilm biomass, reduced curli biosynthesis and reduced aggregation. The relationship
265  between dksA expression and curli biosynthesis has been previously characterised in similar
266  studies 311, Again, these data show differential expression of important genes at different stages
267  of the biofilm life cycle is essential for optimising biofilm fitness.

268

269  Purine biosynthesis was found to be important in the mature biofilm, through the essentiality of
270  purD, purE, purL and purH in biofilms grown for 48 hours. Similar findings have previously been
271  described in another transposon mutagenesis experiment in uropathogenic E. coli 3. Inactivation
272  of purine biosynthetic genes was also found to impair biofilm formation in Bacillus cerus, but this
273  was thought to be due to reduced extracellular DNA in the biofilm matrix 2*. Extracellular DNA is
274  thought to aid adhesion and has been found to be important in the biofilms of a wide range of
275  bacterial species 2. Our data suggest the importance is in the mature biofilm rather than initial
276  adhesion. A relationship between both purine and pyrimidine biosynthesis and curli production in
277  the biofilm has been reported 316162, More recently, curli biosynthesis in a purL mutant was

278  reported to be abrogated through addition of inosine, which is involved in the de novo purine

279  biosynthetic pathway for production of adenosine monophosphate (AMP) and guanine

280 monophosphate (GMP) ©3. This suggests that nucleotide production itself, rather than the

281  regulatory effects of the genes involved, affects curli biosynthesis, supporting one hypothesis that
282  disruption of the purine biosynthetic pathway may directly result in a reduction of cyclic-di-GMP,

283  known to regulate biofilm formation and affect curli biosynthesis *!. Quantification of intracellular c-

12
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di-GMP or further investigation of other c-di-GMP-dependent pathways in these mutants would

uncover the relationship between these pathways and biofilm formation.

TraDIS-Xpress data suggested that expression of fimB and deletion of fimE was necessary for
optimal biofilm fitness at all points in the biofilm, rather than just for initial attachment. Analysis of
AfimB and AfimE deletion mutants found no significant change in biofilm biomass and reduced
cell-cell aggregation. Previous work has observed a positive correlation between type 1 fimbriae
and exopolysaccharide production in the mature biofilm 84, but the increase in biofilm biomass to
support this was not seen in our study. These data suggest that for a population the ability to

present cells both with and without fimbriae is beneficial for fithess throughout the life cycle.

Analysis of biofilms under flow conditions found that AlrhA and AtomB mutant biofilms had a
similar appearance after 12 hours growth, could potentially indicate a similar role in the biofilm. The
role of IrhA in motility regulation has been well documented 25%:% and expression of tomB has
been seen to reduce motility through repression of fliA 6. We found deletion of eiher IrhA or tomB
resulted in reduced aggregation. Although AlrhA and AtomB deletion mutants shared many similar
phenotypes, TraDIS-Xpress data predicted that tomB was beneficial and IrhA was detrimental to
biofilm formation at 12, 24 and 48 hours. Previous studies on AlrhA mutant biofilms have reported
increased adhesion, aggregation and biomass compared to the wild type 3. This was not seen in
our study, but we did find aggregation of the AlrhA mutant changed over time, with increased
aggregates seen in biofilms grown in flow cells after 12 hours (figure 4). However, decreased
aggregation was observed in planktonic cultures after 24 hours (figure 3). The initial benefit to
biofilm formation resulting from the inactivation of IrhA predicted by the TraDIS-Xpress data agrees
with the initial phenotype of the AlrhA biofilm in the flow cells. This may be due to reduced
induction of fimE by LrhA %, thereby allowing expression of type 1 fimbriae to facilitate adhesion.
We have already described how expression of both fimB and fimE is necessary for optimal fithess
of the mature biofilm, and the effect of IrhA on biofilm formation correlates with these findings, with

reduced aggregation in AlrhA biofilms after 24 hours (also seen in fimB and fimE mutants) and no

13
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microcolony formation under flow conditions at 24 and 48 hours. Therefore, the importance of IrhA
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 relationship
with hha, which has been found to reduce expression of fimbrial subunit fimA and activate
prophage lytic genes causing cell death ¢’. Deletion of hha was found to reduce motility through
flnDC and increase curli production through csgD . We found no obvious benefit to biofilm fitness
with insertional inactivation of hha, but this may not be visible in our data due to these mutants
having a functional copy of tomB. The role of tomB in the biofilm has not previously been
suggested, but we predict tomB is involved in regulation of adhesion in the early biofilm and matrix

biosynthesis in the late biofilm.

The relationship between motility and biofilm formation is complex. Although it is widely understood
that motility is crucial for biofilm formation 44 it is also true that motility and curli production have
an inverse relationship, where csgD directly represses fliE ¢ and induces c-di-GMP synthesis
through adrA, which reduces motility through ycgR %72, This is often referred to as a lifestyle
‘switch’, where biofilm matrix production represses motility for a motile-to-sessile lifestyle transition
3. We found that although insertional inactivation of negative motility regulators IrhA and hdfR
improved biofilm fitness according to the TraDIS-Xpress data, a AhdfR deletion mutant actually
had reduced biofilm biomass, and deletion of either IrhA or hdfR impaired cell aggregation. Our
data found an important role for structural flagella components in the mature biofilm. Previous work
has suggested that flagella filaments are important for initial attachment and adhesion 74, however
we did not find this to be the case, with the expression of flagella filaments only appearing to
increase biofilm fitness in the mature biofilm grown for 48 hours. It appears that regulation of
flagella and motility, rather than their fixed expression or absence, is important for optimal biofilm

fitness.
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Previous genome-wide screens on E. coli biofilms have identified some of the same genes as this
study 26231, The TraDIS-Xpress technology used here makes for a more a powerful analysis of
biofilm formation by predicting roles of changes in gene expression as well as essentiality and by
analysing important genes over time. Differences between this work and previous studies may
reflect biofilms being grown under different conditions on different surfaces, as these
environmental factors greatly affect the pattern of gene expression and gene essentiality in the
biofilm 7. Analysis of more strains and species, grown on different abiotic and biotic surfaces
under a range of environmental conditions may provide a wider list of essential genes for biofilm
formation shared amongst a majority of human pathogens, as well as substrate-, condition- and
species-specific genes and pathways for specific industrial, clinical and drug-development
applications. As well as temporal changes in gene expression, spatial changes have been shown
to affect biofilm development 8. 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 understanding of biofilm development.

This study had revealed important time-specific roles for known and novel genes in biofilm
formation. 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.

15


https://doi.org/10.1101/2020.12.14.409862

363

364

365

366

367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.14.409862; this version posted December 14, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

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 described 2. The transposon used to construct this library

incorporates an outward-transcribing IPTG-inducible promoter.

Biofilm model conditions

The 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, 18406). Two replicates were set up, with or without 1 mM IPTG. Plates
were incubated at 30 °C with light shaking for 48 hours. After 12, 24, and 48 hours of incubation, 2
mL of planktonic sample was collected from each culture and 70 beads were taken to constitute
the biofilm sample. Beads were washed twice in sterile PBS and vortexed in tubes containing PBS
to resuspend cells from the biofilm. Both planktonic and biofilm samples were centrifuged at 2100 x

g to form pellets for DNA extraction.

TraDIS-Xpress Sequencing

DNA was extracted from pellets following the protocol described in Trampari, et al. 7. A
customised sequencing library was prepared to identify transposon insertions. DNA was
tagmented using a MuSeek DNA fragment library preparation kit (ThermoFisher) and customised
Tn5-i5 and i7 primers were used in PCR for 28 cycles 2. DNA fragments of 300-500 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) (lllumina).

Informatics
Fastq files were aligned to the E. coli BW25113 reference genome (CP009273) using the
BioTraDIS (version 1.4.3) software suite ® using SMALT (version 0.7.6). Insertion frequencies

were determined per gene using tradis_gene_insert_sites within the BioTraDIS toolkit. Insertion
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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 control
and test conditions (supplementary figure 1). The tradis_comparison.R command (also part of the
BioTraDIS toolkit) was also used to determine significant differences (p < 0.05, after correction for
false discovery) in insertion frequencies per gene between control and test conditions. For all
candidate loci, plot files generated by BioTraDIS were also examined manually in Artemis (version
17.0.1) ™ 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

Knockout mutants for genes identified by TraDIS-Xpress data were sourced from the Keio
collection ** and tested for their biofilm-forming abilities. Crystal violet assays, used to assess
biofilm biomass production, were undertaken by inoculating 10* of each mutant strain into 200 pL
LB broth without salt in a 96-well plate. After 48 hours incubation at 30 °C, the culture was
removed, wells were rinsed with water, and the residual biofilms were stained for 10 minutes with
200 pL 0.01% crystal violet. The plate was then rinsed with water to remove the stain and 200 pyL
70% ethanol was added to the wells to solubilise the stained biofilm. The optical density (OD) was
measured using a FLUOstar Omega plate reader (BMG Labtech) at 590 nM. Cell aggregation was
measured by leaving overnight cultures (normalised to an ODeoo nm Of 0.3) on an unagitated surface
at room temperature. After 24 hours, the supernatant of each culture was removed by pipetting,
diluted in PBS and measured in a plate reader at 600 nm. Biofilm matrix composition was
investigated through spotting 10 uL of each mutant (representing 10° CFU) on agar supplemented
with 40 pg/mL Congo red (Sigma, C6277) to examine curli production. Plates were incubated at
30°C for 48 hours and photographed to compare mutant 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 5 dyne/cm? and
seeded with approximately 107 cells. The plate was left at room temperature for 2.5 hours to allow

attachment, and subsequently incubated at 30 °C at a flow rate of 0.3 dyne/cm?. After 12, 24 and
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419 48 hours, biofilms were visualised with an inverted light microscope and representative images at
420  10x, 20x and 40x magnification were taken at three locations of the flow cell. Experiments were

421  performed in duplicate.
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669  Figures

670

671  Figure 1: Genes involved in biofilm formation over time in E. coli. Expression of genes in green

672  were found to be beneficial for, and those in red were found to be detrimental to, biofilm formation.
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Figure 2: Mapped reads from TraDIS-Xpress data, plotted with BioTraDIS in Artemis. a) Insertion
sites in and around fimB and fimE in planktonic and biofilm conditions after 12 and 48 hours
growth. b) Insertion sites in and around hdfR, IrhA and tomB in planktonic and biofilm conditions
after 24 hours growth. ¢) Insertion sites in and around dksA and dsbA in planktonic and biofilm
conditions after 12 and 48 hours growth. For all plot files, one of two independent replicates is

shown and the transposon-located promoter is induced with ImM IPTG in all conditions shown.

a) 12h 48h
P
Planktonic ‘ ‘
Biofilm J \ l \ ‘
| |
} ! 'W by I\I\ it “ j*‘” e |J‘ l'l g MLt L'Jlrn T I ﬂ" lll |‘ *m NERTT ‘lw"\ll |l"\" == }l‘lwl
I R T T T I L LI 1O 1 S B R I T A T T T 1 T U IR T T SR (U 11 1 L I AU |
N —) ] — R — ] C— |
fimB fimE fimB fimE
b)
Planktonic ’ ‘ ]
1L 1 L.?lll r “M‘\“H’iu | ‘l " .AImJlJJn.l J.L. atd
|
i [ tHh |
Biofilm ‘ N’.l ﬂll“‘ L.' P : *_l ’l A IL‘IH'“ H.‘ iind miali i
| : | IIII| l\JI I| II'”\ - I|| \‘l IIV‘ ‘ | I ‘ll Ill I :I Hlll\ll‘ 1
hdfR IrhA tomB
c) 12h 48h 12h 48h
Planktonic
. l‘ : : i‘ ol&i—lvlit—JA—L' = l L = 1
Biofilm {
" Il (| \‘u e |1"“ i . y L
xl | ”nlu |I e ||H|H‘ il l‘ll :ID‘III (T I G | \Ijl
||m‘ ! | ey
el e dsbA dsbA
dksA dksA

30


https://doi.org/10.1101/2020.12.14.409862

685

686

687

688

689

690

691

692

693

694

695

696

697

bioRxiv preprint doi: https://doi.org/10.1101/2020.12.14.409862; this version posted December 14, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Figure 3: Phenotypic validation of selected genes involved in biofilm formation. a) Biofilm biomass
of single knockout mutants relative to wild type E. coli BW25113, measured by crystal violet
staining. Two biological and a minimum of two technical replicates were performed for each
mutant. b) Cell aggregation of single knockout mutants relative to wild type E. coli BW25113,
measured by ODsoonm Of the supernatant of unagitated cultures. Points show the ODs of three
independent replicates. For both graphs, red points/bars show data from the first KEIO collection
mutant of each gene, and blue points/bars show data from the second mutant. Error bars show
95% confidence intervals and the shaded area shows the 95% confidence interval of the wild type.
Single asterisks (*) represent a significant difference between one Keio mutant copy and the wild
type, and double asterisks (**) denote a significant difference between both Keio mutant copies
and the wild type (Welch’s t-test, p < 0.05). ¢) Colonies grown on agar supplemented with Congo
red to compare curli biosynthesis between single knockout mutants and the wild type. Images are

representative of 2 biological and 2 technical replicates.
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Figure 4: Biofilm formation of single knockout mutants on glass analysed under flow conditions
after 12 and 48 hours growth. 10x Magnification. Images are representative of two independent

replicates. Scale bar indicates 5 um.
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Figure 5. Summary of genes important for biofilm formation by E. coli at different stages of

development.

Transcriptional regulation
T marR T leu0

Matrix production
T csgD < dsbA
™ ompR T dksA
N tomB T maoP

Matrix production
M esgD 4 ymdB
1 ompR 1 tomB
N purD . dsbA |
M purE 4 dksA ) )"

Transcriptional regulation
Mirp T lewO

Cell division
™ yheM D truA

Motility |
A rimi A ymdB M hdfR Liha Lfigp T\ ¢ J
™ tomB 1 fiiE
Motility Adhesion Motility Adhesion 1 flhDC ‘-’"
. IrhA 1 fimB |, fimE A IrhA A fimB - fimE N
- hdfR T dsbA | dksA @ hdfR N dsbA | dksA Adhesion \ )
N tomB /L“ M tomB M fimB L fimE |
el '
L
Attachment Maturation
N
”~

Time

34


https://doi.org/10.1101/2020.12.14.409862

