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Abstract

Bacterial biofilms are composed of aggregates of cells encased within a matrix of extracellular polymeric substances (EPS). 
One key EPS component is extracellular DNA (eDNA), which acts as a ‘glue’, facilitating cell–cell and cell–substratum interac-
tions. We have previously demonstrated that eDNA is produced in Pseudomonas aeruginosa biofilms via explosive cell lysis. This 
phenomenon involves a subset of the bacterial population explosively lysing, due to peptidoglycan degradation by the endolysin 
Lys. Here we demonstrate that in P. aeruginosa three holins, AlpB, CidA and Hol, are involved in Lys-mediated eDNA release 
within both submerged (hydrated) and interstitial (actively expanding) biofilms, albeit to different extents, depending upon 
the type of biofilm and the stage of biofilm development. We also demonstrate that eDNA release events determine the sites 
at which cells begin to cluster to initiate microcolony formation during the early stages of submerged biofilm development. 
Furthermore, our results show that sustained release of eDNA is required for cell cluster consolidation and subsequent micro-
colony development in submerged biofilms. Overall, this study adds to our understanding of how eDNA release is controlled 
temporally and spatially within P. aeruginosa biofilms.

INTRODUCTION
The biofilm mode of growth, in which bacterial aggregates 
are encased in a matrix of extracellular polymeric substances 
(EPS), confers many advantages to bacteria, including 
increased resistance to antibiotics, predators, host cells and 
mechanical removal [1]. The extreme difficulty in eradicating 
bacterial biofilms has important ramifications for industry and 
healthcare, where biofouling and medical device-associated 
biofilms cost billions of dollars each year and increase the 
morbidity and mortality of affected individuals [2–4]. The 
complex EPS component of biofilms, which comprises up 
to 90 % of the biofilm biomass, consists of polysaccharides, 
extracellular DNA (eDNA), proteins, lipids and membrane 
vesicles [5]. Together these components give the biofilm 
structure, stability and protection. Although individual 
biofilm components have been widely studied in many 
species [5–11], there is little understanding of the temporal 
and spatial production of each component and their roles in 

different stages of biofilm development. To develop means of 
preventing biofilm formation and disrupting mature biofilms, 
the complex interplay between cells, matrix components and 
the environment needs to be fully elucidated.

Pseudomonas aeruginosa is a World Health Organization 
(WHO) multi-drug-resistant ‘priority pathogen’ and is a 
model organism for studying biofilm structure and develop-
ment [12]. eDNA is most notably described as having glue-like 
properties, facilitating cell–cell and cell–substratum interac-
tions in both submerged (hydrated) and interstitial (actively 
expanding) biofilms [8, 13, 14]. Other roles of eDNA in the 
biofilm matrix include coordinating migration, facilitating 
horizontal gene transfer and altering antibiotic tolerance 
[14–18]. We previously demonstrated the requirement of 
eDNA for biofilm formation by P. aeruginosa in submerged 
[13] and interstitial biofilms [14] using the DNA-degrading 
enzyme deoxyribonuclease I (DNase I), and showed that 
eDNA in both interstitial and the early developmental stages 
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of submerged P. aeruginosa biofilms is produced by explosive 
cell lysis [19]. Explosive cell lysis involves a subset of the bacte-
rial population rapidly transitioning from a rod-shaped cell 
to a round morphotype, due to peptidoglycan degradation 
by the endolysin Lys. This dramatic and rapid event results 
in expulsion of the cellular contents and membrane vesicles 
into the biofilm milieu.

Lys (PA0629) is a bacteriophage-related endolysin encoded in 
the R- and F-pyocin gene cluster, along with the holin Hol, 
which are both required for pyocin release from producing 
cells [20]. In P. aeruginosa, overexpression of Hol has previously 
been shown to increase lysis [21]. Holin proteins form pores in 
the inner membrane to transport endolysins to the periplasm 
and are usually associated with an antiholin that protects cells 
from their activity [22]. Together the holin/antiholin system 
acts as a gatekeeper to the activity of Lys. Disruption of the 
outer membrane is also required for cell lysis and this is usually 
achieved by proteins called spannins [23]. Lys is the only puta-
tive endolysin encoded on the P. aeruginosa PAO1 genome, 
but Hol is not the only holin. Two other putative holins have 
previously been reported, namely, AlpB and CidAB. AlpB 
is part of a DNA damage-dependent self-lysis pathway in P. 
aeruginosa, which has been linked to eDNA release in broth 
cultures and increased colonization of the murine lung [24]. 
The Cid (and associated Lrg) system shares similarities with the 
Bax/Bcl-2 family of proteins that are involved in the regulation 
of apoptosis in eukaryotes [25]. In Staphyloccus aureus CidA 
is involved in eDNA release [26, 27]. In P. aeruginosa CidA is 
the putative holin that is homologous to CidA holins in other 
bacteria. In P. aeruginosa a double mutant of cidA as well as the 
uncharacterized downstream gene cidB (PAO1ΔcidAB) have 
been linked to cell death and the dispersal stage of submerged 
biofilm development [11]. Although both of the holins AlpB 
and CidA have been associated with programmed cell death 
(PCD) pathways and eDNA release, no associated endolysins 
have been identified for these systems.

In our previous study we hypothesized that Hol is responsible 
for transportation of Lys across the inner membrane, and 
subsequent explosive cell lysis, as it is found alongside Lys 
in the pyocin gene cluster [19]. In the current study we show 
that the three holins, Hol, AlpB and CidA, are involved in 
Lys-mediated explosive cell lysis. We demonstrate that each 
holin plays a different role in this process, depending upon 
the type of biofilm (actively expanding or submerged) as well 
as the stage of submerged biofilm development. Furthermore, 
within submerged biofilms we show that the sites of explo-
sive cell lysis-mediated eDNA release events correspond to 
the sites of subsequent cell cluster formation in the early 
stages of submerged biofilm formation, prior to microcolony 
formation. Additionally, we show that continual release of 
eDNA within these cell clusters is required for cell cluster 
and microcolony consolidation. To our knowledge this is the 
first report demonstrating that eDNA is required for initiating 
cell clustering and microcolony formation. Overall, this work 
establishes a link between the activity of P. aeruginosa holin-
mediated explosive cell lysis resulting in eDNA release and 
the spatial regulation of biofilm formation and consolidation.

METHODS
Bacterial strains and plasmids
The P. aeruginosa and Escherichia coli strains used in this 
study, as well as plasmids, are listed in Table S1, available 
with the online version of this article. The primers used in 
this study are listed in Table S2. In-frame deletions of hol 
and alpB were constructed in P. aeruginosa strain PAO1 by 
allelic exchange using the Flp/FRT recombination system 
for site-specific excision of chromosomal sequences as 
described previously [28]. Briefly, 1 kb sections that flanked 
the hol and alpB regions were synthesized by GeneArt 
Gene Synthesis (Thermo Scientific), creating pALH3 and 
pALH9, respectively. This also included 100 bp of the 5′ 
and 3′ ends of the target gene with a HindIII site introduced 
in the middle. The FRT-GmR cassette from pPS856 [29] 
was subcloned into the internal HindIII site of pALH3 and 
pALH9, resulting in pALH5 and pALH10 containing the 
flanking regions of hol and alpB separated by the FRT-GmR 
cassette. The resultant clones were then digested with SpeI 
and cloned into the suicide vector pRIC380, resulting in 
pALH7 and pALH11. The pRIC380 vector contains the 
genes sacB/sacR, which results in sensitivity to sucrose, 
and oriT, which enables conjugal transfer. The resultant 
clones were transformed into the E. coli donor strain S17-1 
in preparation for conjugal transfer into P. aeruginosa PAO1 
strains. The GmR gene was then excised using the pFLP2 
plasmid that expresses the Flp recombinase as described 
previously [28], creating P. aeruginosa strains with the 
hol or alpB regions deleted and replaced with an FRT 
sequence. Allelic exchange mutants were confirmed by PCR 
of isolated chromosomal DNA. Complementing plasmids 
were constructed by cloning the wild-type gene synthesized 
by GeneArt Gene Synthesis (Thermo Scientific) into the 
multiple cloning site of pJN105 using SpeI and SacI restric-
tion enzymes from New England Biolabs (Australia). To 
create the double and triple mutants, a step-wise deletion of 
each holin was accomplished by following the same proce-
dure as described above, starting with the PAO1ΔcidAB 
strain [11] (double and triple mutants) or the PAO1Δhol 
strain (double mutant).

Growth conditions
All P. aeruginosa strains were cultured in lysogeny broth 
(LB) or cation-adjusted Mueller–Hinton broth (CAMHB) 
and cultured at 37 °C overnight at 250 r.p.m., or on LB agar 
[1.5 % (w/v)] and incubated at 37 °C overnight. E. coli strains 
were cultured in LB overnight at 37 °C and 250 r.p.m., or 
on LB agar [1.5 % (w/v)] and incubated at 37 °C overnight. 
Media were supplemented where appropriate with anti-
biotics at the following concentrations: for E. coli 100 μg 
mL−1 ampicillin (Astral Scientific), 50 μg mL−1 kanamycin 
sulphate (Astral Scientific) and 10 μg mL−1 gentamicin 
sulphate (Sigma-Aldrich), and for P. aeruginosa 50 μg mL−1 
gentamicin sulphate . l-arabinose (Sigma-Aldrich) was 
added at 0.02 % (w/v) to induce gene expression under the 
control of araBAD promoter on pJN105 in P. aeruginosa.
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Interstitial biofilm assays and microscopic analysis
Interstitial biofilm assays were performed as described 
previously [14]. Briefly, gellan gum-solidified nutrient media 
[TMGG; 0.4× LB, 0.1 % MgSO47H2O (w/v), 0.8 % (w/v) GelGro 
gellan gum (MP Biomedicals)] was evenly spread across 
sterilized microscope slides. Fluorescent stains [TOTO-1 
iodide; 1 µm, Life Technologies, and ethidium homodimer-2 
(EthHD-2); 1 µm, Biotium] were added to the molten media 
immediately prior to pouring where indicated. Once set, a 
small inoculum of the strain of interest was applied to the 
TMGG-coated slide, a coverslip (0.13–0.16 mm thick; Menzel 
Glaser) was placed on top and the slide was incubated at 37 °C 
in a humidified chamber for 4 h. The slides were imaged on 
a Nikon Ti inverted research microscope with a ×100 10.45 
numerical aperture (NA) PlanApo objective, using NIS 
Elements acquisition software (Nikon Instruments, Tokyo, 
Japan), solid state illumination (Lumencor, Beaverton, OR, 
USA) and a Cascade 1Kx1K EMCCD camera (Photometrics), 
and fitted with an environmental chamber (ClearState Solu-
tions, Mt Waverley, VIC, Australia). For quantitative analysis 
of eDNA release sites in interstitial biofilms, series of overlap-
ping images spanning the outermost leading edge through to 
the inoculation site were obtained and stitched using the NIS 
Elements acquisition software (Nikon Instruments, Tokyo, 
Japan). The area analysed was 148.75×400.80 μm (59.6 mm2) 
back from the leading edge of the interstitial biofilm, which 
contains a monolayer of actively migrating cells and excludes 
older cells with compromised membranes at the inoculation 
site (Figs S1 and S2). Within this area the number of eDNA 
release sites and the area covered by cells within the biofilm 
were quantified using FIJI [30]. Briefly, the ‘Subtract Back-
ground’ process (rolling ball radius=50 pixels) was applied 
to both the phase-contrast and fluorescent images followed 
by ‘Auto-Thresholding’ using a ‘Triangle’ method with a dark 
background. The ‘Analyze Particles’ process was used to 
calculate the area of each eDNA release event (5-Infinity μm2 
to only include explosive eDNA release events; Circularity 
0.00–1.00) and the ‘Measure’ process was used to calculate 
the area covered by cells within the biofilm.

Submerged biofilm assays and microscopic 
analysis
Submerged biofilm assays were performed as described previ-
ously [19]. To avoid carryover of eDNA from the overnight 
cultures, cells were washed three times with fresh CAMHB, 
diluted 1/100 in CAMHB, cultured at 37 °C for 2 h (250 r.p.m.) 
and diluted again 1/100 in CAMHB, before 300 µl was trans-
ferred to a μ-Slide 8 well ibiTreat microscopy chamber (ibidi, 
GmbH, Germany) and then incubated statically at 37 °C 
for the indicated time. For submerged biofilm assays with 
complementation plasmid pJN105 l-arabinose [0.02 % (w/v)] 
was also added to the inoculum.

To visualize biofilm formation after 8 h of static culture, 
wells were washed twice with fresh media before CAMHB 
containing the eDNA stain [EthHD-2 (1 µm; Biotium)] was 
added to the wells. Biofilms and cells at the substratum were 
then imaged with phase-contrast and wide-field fluorescence 

microscopy (Olympus IX71, ×40 objective). The size of micr-
ocolonies formed and the raw integrated density after 8 h were 
determined using FIJI [30]. Briefly, for phase-contrast images 
the ‘Find Edges’ and ‘Sharpen’ processes were performed, 
followed by a ‘Gaussian Blur’ filter [Sigma (Radius)=2.00] 
and ‘Auto-Thresholding’ using a ‘Triangle’ method with a 
dark background. The ‘Analyze Particles’ process was used 
to calculate the size of each microcolony (90-Infinity μm2; 
Circularity 0.00–1.00). The ROI for each microcolony in a 
field of view was overlaid onto the corresponding fluorescent 
image which had been processed using ‘Auto-Thresholding’ 
with a ‘Triangle’ method and dark background. The ‘Analyse 
Particles’ process was used to calculate the raw integrated 
density of the fluorescent signal within the bounds of overlaid 
ROI (30-Infinity μm2; Circularity 0.00–1.00).

To observe eDNA release and cell cluster formation during 
the development of the submerged biofilms, cells were incu-
bated as described for the 8 h static culture setup, except in 
this case TOTO-1 iodide (1 µm; Life Technologies) was added 
with the inoculum to each well of the microscopy chamber. 
Time-lapse imaging (phase-contrast and wide-field fluo-
rescence microscopy) commenced at 1 h post-inoculation 
and continued at 30 min intervals for 5.5 h total (Nikon Ti 
inverted research microscope, ×100 objective). eDNA release 
events and cell cluster formation during the development of 
submerged biofilms were analysed using FIJI [30]. The same 
processes as described above for the 8 h microcolonies were 
used to generate a binary fluorescent image. The ‘Analyze 
Particle’s process was used to determine the raw integrated 
density of each eDNA release event over time (0-Infinity μm2; 
Circularity 0.00–1.00). Raw integrated density values greater 
than 100000 were included in further analysis. The time of cell 
cluster formation and the X, Y coordinate were determined 
manually using the ‘Multi-Point’ tool in FIJI.

Statistical analysis
The effects of gene deletions were typically estimated using 
linear mixed models, with deletions included as fixed effects 
and field of view nested within replicates as random effects. 
Models were estimated using the lme4 (version 1.1–23) [31] 
and lmerTest (version 3.1–2) [32] packages for R (version 
4.0.1) [33]. Effects on counts were estimated using negative 
binomial mixed models or Poisson regression where there 
was no evidence of over-dispersion; effects on continuous 
outcomes using linear models following log transformation 
where necessary. See Tables S3–S10 for the effect sizes, 95 % 
CIs and P-values associated with relevant figures, and figure 
captions for details of specific analyses.

RESULTS
Hol and AlpB contribute to explosive cell lysis in 
interstitial biofilms
To identify the holin(s) involved in Lys-mediated explosive 
cell lysis during twitching motility-mediated biofilm expan-
sion, we cultured interstitial biofilms of PAO1, PAO1ΔalpB, 
PAO1ΔcidAB, PAO1Δhol and PAO1Δlys in the presence of 
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the membrane-impermeant nucleic acid stain EthHD-2 and 
quantified the number of explosive cell lysis-mediated eDNA 
release sites across 30 random fields of view. We observed a 
large number of cells taking up EthHD-2 stain in the inoculum 
(Fig. S1), likely because these older cells have compromised 
membranes. To avoid the contribution of dead cells in our 
analyses, we only quantified eDNA events within the area at 
the leading edge of the interstitial biofilm that was composed 
of a monolayer of actively migrating cells (Figs S1 and S2). In 
this area we observed numerous sites of eDNA release events 
for PAO1 (Figs 1a, c and S1). As described previously [19], 
we observed very few eDNA release events/area for PAO1Δlys 
(rate ratio=0.04, 95 % CI=0.02–0.08, P<0.001; Table S3) 
(Figs 1b, c and S2). We did not see a significant difference in 
the rate of eDNA events/area for PAO1ΔalpB, PAO1ΔcidAB 
or PAO1Δhol compared to PAO1 (P=0.702, 0.705 or 0.768, 
respectively; Table S3) (Figs 1a, c, S1 and S2).

To determine whether there was redundancy in the contri-
bution of these holins or if there were additional holins 
that might be involved in Lys translocation to the peri-
plasm, we created a triple holin unmarked deletion mutant 
(PAO1ΔalpBΔcidABΔhol) and deletions of combinations 
of two holins (PAO1ΔalpBΔcidAB, PAO1ΔalpBΔhol, 
PAO1ΔcidABΔhol). The triple mutant had a similar rate of 
explosive cell lysis events in interstitial biofilms compared 
to PAO1Δlys, demonstrating that there are likely to be no 
additional holins in PAO1 (rate ratio=0.07, 95 % CI=0.04–
0.12, P<0.001; Table S3) (Figs  1b, c and S2). Neither 
PAO1ΔalpBΔcidAB nor PAO1ΔcidABΔhol had a significant 
difference in the rate of eDNA release events compared to 
PAO1 (P=0.929 or P=0.556, respectively; Table S3) (Figs 1a, 
c and S2). However, PAO1ΔalpBΔhol was just as defective 
in explosive cell lysis events as the triple holin mutant and 
PAO1Δlys (rate ratio=0.06, 95 % CI=0.03–0.10, P<0.001; Table 
S3) (Figs 1b, c and S2), suggesting that either AlpB or Hol are 
sufficient to facilitate Lys-mediated eDNA release in actively 
migrating interstitial biofilms. To our knowledge, this is the 
first description of multiple holins facilitating translocation 
of a single endolysin.

Hol, AlpB and CidA mediate microcolony formation 
in submerged biofilms
We have previously demonstrated that eDNA is required for 
submerged biofilm development in P. aeruginosa [13] and that 
Lys-mediated explosive cell lysis is required for microcolony 
formation in submerged P. aeruginosa biofilms [19]. Based on 
our findings that Hol and AlpB are required for explosive cell 
lysis in interstitial biofilms, we hypothesized that at least one 
of these holins and/or CidA would also be involved in micro-
colony formation in submerged biofilms. To investigate this, 
submerged biofilms of PAO1, PAO1ΔalpB, PAO1ΔcidAB, 
PAO1Δhol, PAO1ΔalpBΔcidABΔhol and PAO1Δlys were 
cultured for 8 h, washed to remove unattached cells, and then 
stained with the eDNA stain EthHD-2. The number of micro-
colonies, their size and the amount of eDNA present within 
microcolonies was measured in over 30 random fields of view 
for each strain. The amount of eDNA was determined by the 

integrated density value of the corresponding fluorescence 
signal within the microcolony.

In accordance with our previous observations [19], PAO1Δlys 
was completely defective in producing eDNA through explo-
sive cell lysis and did not form any microcolonies (Fig. 2a). 
The triple holin deletion strain (PAO1ΔalpBΔcidABΔhol) was 
just as defective as PAO1Δlys in this assay (Fig. 2a), again 
suggesting that there are no additional holins contributing 
to Lys translocation in PAO1. For PAO1, each field of view 
contained between 4–19 (mean of 8) microcolonies (Fig. 2b). 
All PAO1 microcolonies were distinct and well-structured 
with eDNA present throughout the whole structure (Fig. 2a). 
Their sizes ranged in area from 30 to 16 953 µm2, with a 
median area of 127 µm2 (Fig. 2c). The size of the microcolony 
correlated to the amount of eDNA present (Fig. S3).

For each of the single deletion holin mutants we visualized 
significantly fewer microcolonies compared to PAO1, with 
between 0–4 (mean of 2.2) microcolonies per field of view 
for PAO1ΔalpB, between 0–5 (mean of 1.4) microcolonies per 
field of view for PAO1ΔcidAB and between 1–10 (mean of 3.6) 
microcolonies per field of view for PAO1Δhol (Fig. 2b; Table 
S4). Overall the microcolonies for the single holin mutants 
were significantly smaller than PAO1, ranging from 30 to 
429 µm2 (mean of 77 µm2) for PAO1ΔalpB, 31–262 µm2 (mean 
of 51 µm2) for PAO1ΔcidAB and 30–586 µm2 (mean of 63 µm2) 
for PAO1Δhol (Fig. 2C; Tables S5). There was no evidence 
that the relationship between amount of eDNA (integrated 
density) and microcolony size varied between PAO1 and the 
single holin mutants (Fig. S3). However, the microcolonies 
formed by the holin mutants contained significantly less 
eDNA and were not as tightly formed as the microcolony 
structures observed for PAO1 (Fig. 2d; Table S6).

Wild-type microcolony formation was restored to each of 
the individual holin mutants by exogenous expression of the 
cognate holin gene, indicating that these defects in micro-
colony formation were due to loss of the holin and not due 
to secondary mutation (Fig. S4; Table S7). Our data thus far 
demonstrate that Lys-mediated eDNA release facilitated by 
the holins AlpB, CidA and Hol is required for the formation of 
densely packed microcolonies in submerged biofilms imaged 
at 8 h and that these microcolonies always contain eDNA.

eDNA release initiates the formation of cell clusters 
in submerged biofilms
Given the requirement for AlpB, CidA and Hol in the 
formation of microcolonies in submerged biofilms imaged 
at 8 h, we next investigated the contribution of these holins 
to microcolony formation. We used phase-contrast and 
fluorescence time-lapse microscopy of PAO1, PAO1ΔalpB, 
PAO1ΔcidAB and PAO1Δhol cultured in the presence of the 
membrane-impermeant nucleic acid stain TOTO-1 from 
1 h post-inoculation and recorded the coordinates of eDNA 
release events and transient and stable cell clusters every 
30 min for 5.5 h post-inoculation in 12 random fields of 
view for each strain. We were unable to follow the fate of cell 
clusters beyond this time point in this assay due to the high 
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Fig. 1. Hol and AlpB are both required for Lys-mediated eDNA release in interstitial biofilms. Interstitial biofilms of PAO1, PAO1ΔalpB, 
PAO1ΔcidAB, PAO1Δhol, PAO1ΔalpBΔcidAB, PAO1ΔalpBΔhol, PAO1ΔcidABΔhol, PAO1ΔalpBΔcidABΔhol and PAO1Δlys were allowed to 
expand for 4 h at 37 °C prior to imaging. (a, b) Representative phase-contrast (left) or EtHD-2 stained eDNA (green, right) images for 
(a) PAO1 or (b) PAO1ΔalpBΔcidABΔhol. Images of PAO1ΔalpB, PAO1ΔcidAB, PAO1Δhol, PAO1ΔalpBΔcidAB and PAO1ΔcidABΔhol were 
indistinguishable from (a), and PAO1Δlys and PAO1ΔalpBΔhol were indistinguishable from (b). Scale, 20 µm. (c) Numbers of eDNA release 
sites per area of cells within each field of view in the expanded biofilm area. The estimated means with 95 % CIs are presented, which 
are from analysis of 10 individual fields of view from 3 biological replicates (n=30). Means and CIs were estimated using a negative 
binomial mixed effects regression model, with genotype nested within biological replicate as a random effect, and genotype as a fixed 
effect. ***P<0.001 compared to PAO1. All other comparisons to PAO1 are ns, i.e. P>0.05. See Table S3 for estimates, 95 % CIs and P-values.
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Fig. 2. Mutations in alpB, cidAB and hol result in fewer microcolonies that are smaller and contain less eDNA than PAO1 under submerged 
biofilm conditions. Microcolonies formed by PAO1, PAO1ΔalpB, PAO1ΔcidAB, PAO1Δhol, PAO1ΔalpBΔcidABΔhol and PAO1Δlys after 8 h 
incubation at 37 °C. (a) Representative images of each strain with phase contrast (left) and eDNA (EthHD-2, right) are shown. Random fields 
of view were imaged for each strain across three biological replicates [n=25 (PAO1), n=30 (PAO1ΔalpB, PAO1Δhol, PAO1ΔalpBΔcidABΔhol 
and PAO1Δlys) and n=29 (PAO1ΔcidAB)]. Scale, 10 µm. (b) Number of microcolonies, (c) microcolony size (μm2) and (d) integrated density 
of fluorescent signal (eDNA) in microcolonies. No microcolonies were observed in PAO1Δlys and PAO1ΔcidABΔholΔalpB. For (b–d) data 
are presented as the mean±se; ***P<0.01, comparison of each deletion to PAO1. For (b) P-values and 95 % CIs were calculated by Poisson 
regression comparing counts of microcolonies in each field of view over genotype. For (c) and (d) P-values were calculated by linear 
mixed models of log(outcome) on genotype, including a random effect of field of view. See Tables S4–S6 for estimates, 95 % CIs and 
P-values.
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density of planktonic cells that obscured the cell clusters. A 
cell cluster was defined as being stable if it was observed in at 
least two consecutive time points and also still present at 5.5 h. 
Transient cell clusters were defined as being present in at least 
one time point but were absent at the final time-point (5.5 h).

We have shown previously that eDNA released during the 
initial stages of submerged biofilm formation occurs via 
Lys-mediated explosive cell lysis [13]. Here we found that 
the majority of these eDNA release events dissipated rapidly 
and were not associated with the formation of cell clusters 
visible within the time frames captured (Fig. 3). However, 
by the end of the time period (5.5 h) across all 12 fields of 
view, PAO1 formed a total of 24 stable and 2 transient cell 
clusters, PAO1ΔalpB formed 9 stable and 4 transient cell 
clusters, PAO1ΔcidAB formed no stable cell clusters and 2 
transient cell clusters, and PAO1Δhol formed 8 stable and 10 
transient cell clusters (Fig. 3; Figs S5 and S6). PAO1Δlys and 
PAO1ΔalpBΔcidABΔhol did not form any stable or transient 
cell clusters.

We also explored the temporal relationship between eDNA 
release and the formation of stable and transient cell clusters. 
For all strains, the sites of stable or transient cell clustering 
were associated with an eDNA release event either within the 
same 30 min period or prior to the cluster formation (Fig. 3b; 
Fig. 4a; Figs S5 and S6), with the majority of stable cell clusters 
forming within 1 h of a prior eDNA release event at the same 
location (Fig. 3b; Figs S5 and S6). These observations suggest 
that eDNA released via explosive cell lysis initiates subsequent 
cell clustering and microcolony formation during the early 
stages of submerged biofilm development.

To determine why the holin mutants were either completely 
(PAO1ΔcidAB) or partially (PAO1ΔalpB and PAO1Δhol) 
defective in the formation of stable cell clusters we looked 
at the total number of eDNA release events, including those 
that were not associated with cell clusters, and when these 
events occurred. In all strains, including PAO1, the first eDNA 
events occurred 1.5 h after inoculation (Fig. 4b). Over the 
ensuing 4.5 h PAO1 had a total of 83 eDNA release events 
at distinct locations. There was no significant difference in 
the total number of eDNA release events for PAO1ΔalpB and 
PAO1ΔcidAB compared to PAO1 (78 events, P=0.77 and 62 
events, P=0.162 for PAO1ΔalpB and PAO1ΔcidAB respec-
tively, compared to PAO1; Table S8). Only PAO1Δhol showed 
significantly fewer total eDNA events (52 events, P=0.039; 
Table S8) compared to PAO1 (Fig. 4b).

These observations suggest that the ability to release eDNA is 
not sufficient for stable cell clusters to form, as PAO1ΔcidAB 
is able to release eDNA at a similar rate to PAO1, but did 
not form any stable cell clusters during this 5.5 h period 
(Fig. 4b). Additionally, while both PAO1ΔalpB and PAO1Δhol 
were also able to release eDNA, their ability to form stable 
cell clusters was significantly impaired compared to PAO1 
(rate ratios=0.37 or 0.33; 95 % CI=0.17–0.81 or 0.15–0.74; 
P=0.012 or 0.007 for PAO1ΔalpB and PAO1Δhol, respectively; 
Table S9), with both of these mutants forming stable cell clus-
ters at approximately 1/3 the rate of PAO1 (Fig. 4c). While 

PAO1ΔcidAB did not form any stable cell clusters during 
the first 5.5 h, this strain did form some microcolonies by 8 h 
(Fig. 2), which suggests that in the period between 5.5 and 8 h 
in the absence of CidA the two other holins, AlpB and Hol, are 
eventually able to contribute sufficient eDNA to form stable 
cell clusters and develop microcolonies.

Cell cluster consolidation requires a continual 
increase in eDNA levels over time
One consideration that would affect the ability to consolidate 
a stable cell cluster and influence the size of the subsequent 
microcolony, is how much eDNA accumulates within the 
cell cluster over time. Indeed, at 8 h the amount of eDNA 
in the microcolony appears to correlate with the size of the 
microcolony (Fig. S3). To investigate this further, we followed 
the accumulation of eDNA in each stable cell cluster in the 24 
PAO1, 9 PAO1ΔalpB and 8 PAO1Δhol stable cell clusters by 
evaluating the integrated density value of the corresponding 
fluorescence signal of the eDNA stained with TOTO-1 over 
the time period of 1–5.5 h. We then modelled the growth of 
integrated density values over time since the first appearance 
of a cluster as a function of genotype (Fig. 5a). These analyses 
showed that there was significant variation in trajectories 
between clusters according to genotype. While PAO1 and 
PAO1ΔalpB clusters showed similar increases in integrated 
densities over time, there was significantly less increase in 
integrated densities for PAO1Δhol over time, and in fact an 
overall decrease in many cases (Fig. 5a; Table S10). Together 
these data suggest that both PAO1 and PAO1ΔalpB are able 
to provide sustained release of eDNA over time within the 
cell cluster, whereas PAO1Δhol is partially defective in this 
process.

We noted that in 4 of the 24 PAO1 stable cell clusters, eDNA 
accumulated at a much higher level than in the other clusters 
(Fig. 5a). For these cell clusters it appeared that in addition 
to the initial explosive lysis event, at least one additional 
large release event occurred within the cell cluster. It is 
likely that multiple explosive events within the same cell 
cluster and/or within adjacent cell clusters may explain how 
very large microcolony structures were observed with high 
frequency at 8 h in PAO1 [69/203 (33 %) microcolonies were 
greater than 200 µm2] (Fig. 5b; Fig. 2c), but at a much lower 
frequency in PAO1ΔalpB, PAO1ΔcidAB or PAO1Δhol [5/65 
(8 %), 1/42 (2 %) or 2/107 (2 %) were greater than 200 µm2] 
(Fig. 2c).

We also followed the integrated density values of TOTO-1-
stained eDNA fluorescence over time for transient cell clusters 
of each strain and observed that in every case the eDNA 
content of the transient clusters had dissipated within 30 min 
of the initial eDNA release event (Figure S7). Overall our 
observations suggest that cell cluster consolidation requires 
sustained release of eDNA over the early stages of biofilm 
formation and that releasing more eDNA is likely to result in 
larger microcolonies.
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Fig. 3. eDNA release events initiate the formation of cell clusters in submerged biofilms. Cell clusters and eDNA (as visualized with TOTO-
1 stain) release events by PAO1, PAO1ΔalpB, PAO1ΔcidAB and PAO1Δhol from 1 to 5.5 h at 37 °C. (a) Total eDNA release events that are 
associated with stable cell clusters, transient cell clusters or not associated with any cell clusters. (b) X, Y coordinates for eDNA release 
events and associated stable or transient cell clusters. Data are combined from 12 random fields of view across 2 biological replicates 
(n=12). See Figs S5 and S6 for data by biological replicate and field of view.
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DISCUSSION
In this study we found that eDNA release through explosive 
cell lysis determines the sites at which cells begin to cluster 
to form microcolonies in later stages of submerged biofilm 
development. The spatial overlap between sites of eDNA 
release and sites of cell clusters was 100 % and it appeared 
that cell clusters never formed in the absence of a prior eDNA 
release event. Our observations suggest that eDNA released 
through Lys-mediated explosive cell lysis is required for the 
initiation of microcolony formation in submerged biofilms.

We investigated the contribution of the putative P. aerugi-
nosa holins Hol, AlpB and CidA to eDNA release within P. 
aeruginosa interstitial and submerged biofilms. We found that 
while all three holins are able to facilitate Lys-mediated eDNA 

release, their contribution to this varies depending upon the 
type of biofilm and the stage of biofilm development. We 
found that AlpB and Hol appear to be the key holins for eDNA 
release in actively expanding interstitial biofilms. In contrast, 
within submerged biofilms, all three holins are involved 
in eDNA release during biofilm development to different 
extents. Specifically, PAO1Δhol was the only holin mutant 
significantly defective in explosive cell lysis events during the 
initial 5.5 h period (Figs 3 and 4b, c, Table S8). This strain 
also had more transient cell clusters and significantly fewer 
stable cell clusters than PAO1 and appeared to trend toward 
losing eDNA in the stable cell clusters over time (Figs 3–5a). 
These observations suggest that Hol is involved in the initial 
release of eDNA via explosive cell lysis and also contributes 

Fig. 4. The ability to release eDNA is not sufficient for stable cell clusters to form. (a) eDNA release events and associated stable cell 
cluster formation by PAO1 with phase contrast (bottom) and eDNA (TOTO-1, top); Scale bar, 10 µm. eDNA release events from 1 to 5.5 h 
for PAO1, PAO1ΔalpB, PAO1ΔcidAB and PAO1Δhol represented as (b) cumulative sum of all eDNA release events or (c) the cumulative 
sum of stable cell clusters from 1 to 5.5 h. Data are combined from 12 random fields of view across 2 biological replicates (n=12). 
Means and 95 % CIs were estimated using a negative binomial regression of event counts at 5.5 h on genotype. See Tables S8 and S9 for 
associated effect sizes, 95 % CIs and P-values.
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Fig. 5. Holins are involved in sustained eDNA release over time to consolidate stable cell clusters. (a) Integrated density of fluorescence 
signal (eDNA, as visualized with TOTO-1 stain) associated with stable cell clusters formed over 1–5.5 h for PAO1, PAO1ΔalpB or PAO1Δhol. 
Original data were generated from analysis of 12 random fields of view across 2 biological replicates (n=12). Slopes correspond to 
average growth over time, estimated using a linear mixed model with log(density) as an outcome, time, genotype and their interaction 
as fixed effects, and random slope of density over time. The slope of PAO1Δhol is significantly different from PAO1 – see Table S10 
for log growth rate, 95 % CIs and P-values. (b) Multiple eDNA release events within the same or adjacent stable cell clusters results in 
the formation of large multi-structured microcolonies in PAO1 submerged biofilms after incubation at 37 °C for 8 h. Images are eDNA 
(EthHD-2, top) or phase contrast (bottom). Scale 10 µm.
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to the sustained release of eDNA during cluster consolidation. 
In contrast, in the absence of CidA there was no significant 
defect in the rate of eDNA release events during the first 
5.5 h (Figs 3 and 4b, Table S8). However, PAO1ΔcidAB failed 
to form any stable cell clusters during this period (Fig. 3). 
This suggests that CidA is not involved in the initial release 
of eDNA via explosive cell lysis but does contribute to the 
sustained release of eDNA that is required to stabilize clus-
ters during the initial stages of submerged biofilm formation. 
Finally, PAO1ΔalpB did not show significant defects in the 
rate of eDNA release events, but was significantly defective 
in the formation of stable cell clusters (Figs  3 and 4b, c, 
Table S9). However, unlike PAO1Δhol, the stable cell clusters 
formed by PAO1ΔalpB tended to increase eDNA content in 
the stable cell clusters as measured by integrated fluorescence 
intensity (Fig. 5a). Despite this increase in eDNA content in 
stable clusters, the microcolonies formed by PAO1ΔalpB at 8 h 
were significantly smaller than those of PAO1 (Fig. 2c, Table 
S5), which suggests that AlpB contributes to further release 
of eDNA after stable cell cluster formation when cells begin 
to form microcolonies. Due to the defects in stable cluster 
formation by PAO1Δhol and PAO1ΔcidAB we are unable to 
determine the contribution of Hol and AlpB to microcolony 
development following stable cluster formation.

One hypothesis to explain our observations is that each holin 
is responsible for eDNA release at a different time during 
submerged biofilm development. This is supported by the 
known role for holins as the ‘protein clocks’ of bacteriophage 
infections [34]. Although lysis is executed by the action 
of a muralytic endolysin, in this case Lys, it is temporally 
controlled by a cognate holin [23]. Lysis occurs when holin 
expression is triggered, at a specific time that is ‘programmed’ 
into the holin gene, to form endolysin-transporting pores in 
the inner membrane [34]. It is possible that each of AlpB, 
CidA and Hol have different ‘programmed’ times of activity 
during biofilm development and as such contribute differing 
roles during biofilm development. It may also be that each 
holin is expressed at different levels in different stages of 
submerged biofilm development.

It is also possible that different environmental signals deter-
mine how much of each holin will be expressed and when 
this will occur. This may account for why different holins are 
involved in eDNA release in actively expanding or submerged 
biofilms and at different stages of submerged biofilm devel-
opment. We do not currently know what controls holin and 
Lys-mediated explosive cell lysis in P. aeruginosa. While we 
have previously demonstrated that exogenous stress increases 
the frequency of cells undergoing explosive cell lysis, exog-
enous stress per se is not required for this phenomenon to 
occur [19]. Previous studies have shown that both hol and 
lys are under the regulation of RecA and PrtN [20], that 
alpB expression is not affected by the deletion of prtN and 
is instead regulated by AlpR [24], and that cidA is activated 
by CidR, which is upstream of CidA [11]. It is possible that 
each of these holins is regulated by these proteins to mediate 
explosive cell lysis in response to certain conditions, but it is 
also possible that there is some overlap or crosstalk between 

these pathways, or even that regulation of holins for explosive 
cell lysis is controlled in a completely different manner.

Given that explosive cell lysis releases all cellular contents as 
public goods [19], a temporally regulated, partially redun-
dant holin system for explosive cell lysis would support the 
controlled production and distribution of other essential 
biofilm matrix components. Our data in this study demon-
strate that sustained eDNA release over time is required 
for cell cluster consolidation and subsequent microcolony 
formation. This may fit with the ‘rich get richer’ model that 
Zhao et al. proposed [35] for another matrix component, the 
exopolysaccharide Psl. In their study they propose that Psl 
is laid down by single cells and as cells cluster around the 
Psl, they produce more Psl, creating a positive feedback loop. 
It has been shown that Psl and eDNA physically interact in 
established submerged biofilms [36]. It would therefore be 
interesting to determine in future work where Psl trails and 
eDNA are relative to one another in the very early stages of 
submerged biofilm development, and also if eDNA release by 
explosive cell lysis attracts more cells to the cell cluster, which 
then leads to more eDNA release, facilitating microcolony 
formation. Interestingly, it has been shown previously that 
the cation chelation activity of eDNA stimulates Pel and Psl 
production via RetS repression and activation of the Gac 
system [37]. This is consistent with a role for eDNA in initi-
ating aggregate formation, prior to the involvement of these 
other EPS components.

One additional consideration for why each of AlpB, CidA 
and Hol have different roles in actively expanding and 
submerged biofilms, and why they are involved in different 
stages of submerged biofilm formation, may also be linked 
to putative interactions with spanins, another component 
of the phage lysis system. These proteins accumulate in the 
inner and outer membranes and are involved in rupturing 
the outer membrane of Gram-negative bacteria to complete 
the lysis process [23]. However, little work has been done on 
these proteins in P. aeruginosa and it is unknown whether 
holins and spannins interact in the inner membrane, when 
they are expressed, or if spanins play any role in explosive cell 
lysis. Indeed, investigation of these possibilities would be an 
interesting avenue to explore in future work.

The available options for treating bacterial biofilms are 
becoming increasingly limited. Fully understanding the 
spatial, temporal and mechanical control of biofilm forma-
tion, as well as the genetic components involved, will assist 
with the development of novel strategies to prevent and 
disrupt biofilms. In the current study we show that multiple 
holins contribute to Lys-mediated explosive cell lysis in both 
interstitial and submerged P. aeruginosa biofilms. We also 
demonstrate that eDNA release occurs prior to microcolony 
initiation and that sustained eDNA release is required for 
microcolony development. This adds to our understanding 
of how P. aeruginosa biofilm development occurs and could 
aid in the development of antimicrobial treatments targeting 
this process.
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