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Preventing legionellosis in water systems demands effective hydrodynamic management and biofilm mitigation.
This study investigates the complex relationship between hydrodynamics (80 RPM and stagnation), biofilm
mesoscale structure and Legionella pneumophila colonization, by addressing three key questions: (1) How do low
flow vs stagnation conditions affect biofilm response to L. pneumophila colonization?, (2) How do biofilm
structural variations mediate L. pneumophila migration across the biofilm?, and (3) Can specific hydrodynamic
conditions trigger L. pneumophila entrance in a viable but nonculturable (VBNC) state? It was found that Pseu-
domonas fluorescens biofilms exhibit different responses to L. pneumophila based on the prevailing hydrodynamic
conditions. While biofilm thickness and porosity decreased under shear (80 RPM), thickness tends to significantly
increase when pre-established 80 RPM-grown biofilms are set to stagnation upon L. pneumophila spiking.
Imposing stagnation after the spiking also seemed to accelerate Legionella migration towards the bottom of the
biofilm. Water structures in the biofilm seem to be key to Legionella migration across the biofilm. Finally, shear
conditions favoured the transition of L. pneumophila to VBNC states (~94 %), despite the high viable cell counts
(~8 log1o CFU/cm?) found throughout the experiments. This research highlights the increased risk posed by
biofilms and stagnation, emphasizing the importance of understanding the mechanisms that govern Legionella
behaviour in diverse biofilm environments. These insights are crucial for developing more effective monitoring
and prevention strategies in water systems.

1. Introduction external factors such as temperature [9], nutrients [10], hydrodynamic

conditions [11-13], and the presence of protozoa and biofilms within

The widespread occurrence of Legionella in water systems poses
significant public health risks [1]. Legionellosis cases are increasing
worldwide and are likely to keep rising due to societal challenges [2].
Climate changes [3], urbanization leading to more complex water sys-
tems [4,5], and increased water reuse [6] are expected to be key con-
tributors to Legionella proliferation in field-engineered systems.
Simultaneously, a growing population of immunosuppressed individuals
and the ageing demographic increase susceptibility to infection [7].

These challenges underscore the need for strengthened Legionella
management practices in water systems [1]. Beyond Legionella physio-
logical adaptations, including its ability to enter a viable but non-
culturable (VBNC) state [8], Legionella’s settlement is influenced by

the microbial ecosystem [12,14-17].

Multiple factors interact to shape Legionella behaviour within water
systems. For instance, hydrodynamics significantly influences biofilm
structure, affecting attributes like thickness, density, and porosity [18,
19], as well as the microbiome composition of the biofilm [20]. Fluid
shear forces facilitate the mass transfer of nutrients and oxygen, leading
to thinner and less porous biofilms under higher shear stresses compared
to those formed under lower forces [21-23]. Moreover, stagnation is
associated with increased risks of Legionella prevalence in water systems
[24], adversely impacting water quality [25] and promoting biofilm
development alongside Legionella settlement [13,14].

An increasing number of studies have been exploring the interactions
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between Legionella and biofilms [2,14,26,27] regarding environmental
changes. Recent findings by Margot et al. (2024) reveal that multispecies
biofilm development in new plumbing materials changes over time, with
Legionella emerging as an early colonizer [2]. Similarly, Cavallaro et al.
(2023) noted that the microbiome constituents of biofilms can influence
Legionella abundance in shower hoses [26].

Despite these advancements, many studies still rely on microbial
analyses accomplished by disrupting the biofilm matrix [2,28]. Such
approaches ignore the importance of the three-dimensional (3D) biofilm
structure, a crucial characteristic of biofilms. The biofilm 3D matrix
confers protection to microorganisms [29], enables microbial in-
teractions such as co-aggregation and gene transfer, and cell-to-cell
communication, and its viscoelastic properties provide flexibility to
adapt to environmental changes [30-32]. Shen et al. (2015) highlighted
that biofilm roughness is crucial for Legionella adhesion [11], while Silva
et al. (2024) demonstrated that L. pneumophila migrates through the
structure of P. fluorescens biofilms to the bottom in just a few hours,
remaining cultivable for several days [14].

Furthermore, the mesoscale structure of biofilms is vital for under-
standing their mechanics and interactions with the environment [33].
However, the behaviour of biofilms in the presence of L. pneumophila,
and the bacterium’s response to different biofilm structures influenced
by hydrodynamic conditions, remains poorly understood.

This study investigates how the mesoscale structure of biofilms,
influenced by different hydrodynamic conditions (80 RPM and stagna-
tion), impacts L. pneumophila in three key ways: (i) how the biofilm
rearranges upon L. pneumophila entry, (ii) how it affects Legionella
migration within the biofilm, and (iii) how it triggers the bacterium’s
transition into a VBNC state.

2. Materials and methods

The 12-well plate platform designed for controlled experiments was
used [14]. P. fluorescens biofilms were grown in this laboratory setup
under dynamic conditions — 80 RPM. On the third day, L. pneumophila
was spiked into the system, and colonization started. Following the
spiking, two hydrodynamic conditions were examined: maintaining
shear at 80 RPM and shifting from 80 RPM to stagnation. Optical
Coherence Tomography (OCT) was used to analyse the biofilm’s meso-
scale structure, while L. pneumophila was labelled with a specific 16S
rRNA peptide nucleic acid (PNA) probe to track its spatial position using
Confocal Laser Scanning Microscopy (CLSM). By combining the Direct
Viable Count (DVC) technique with PNA hybridization, it was possible
to quantify the number of VBNC cells over time.

2.1. Bacterial strains and cultivation

P. fluorescens ATCC 13525" (Pf) was used as a biofilm-forming or-
ganism and L. pneumophila serogroup 1 (WDCMO00107) (Lp) was used to
spike the pre-established Pf biofilms. The Pf bacterium was cultivated
overnight at 30 + 3 °C under agitation in sterile R2 medium, which
consists of, per liter, 0.5 g peptone, 0.5 g glucose, 0.1 g magnesium
sulphate - 7H50, 0.3 g sodium pyruvate, 0.5 g yeast extract, 0.5 g casein
hydrolysate, 0.5 g starch soluble and 0.393 g di-potassium - 3H20
(Merck, Portugal). L. pneumophila was cultivated on buffered charcoal-
yeast extract (BCYE) agar (Merck, Portugal) at 37 °C for 2 days.

2.2. Biofilm formation

Biofilms were developed on 12-well microtiter plates (VWR Inter-
national, Portugal), since this platform was shown to be suitable for
Legionella-biofilm interaction studies [14].

P. fluorescens was chosen as the biofilm-forming species due to its
ubiquity in biofilms of engineered water systems [34] and it is very well
characterized [14,19,35]. The Pf biofilm was grown in 12-well plates,
using polyvinyl chloride (PVC) coupons as reported by Silva et al. (2024)
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[14]. Briefly, it consisted of harvesting the overnight Pf culture by
centrifuging it, followed by adjusting their ODggg to reach 10% CFU/mL
in fresh R2. Afterwards, 3 mL of the Pf bacterial suspension were placed
in each well and the plates were incubated at 30 °C in an orbital shaker
with a 25 mm orbital diameter (New Brunswick Innova 44, Eppendorf,
Portugal) at 80 RPM (corresponding to a shear rate in the range of 4 and
40 s7! [36]). Three days later, a suspension of Lp (109 CFU/mL in
distilled water) was spiked to the pre-established biofilms. The plates
were reincubated either under the same flow regime (80 RPM) or
stagnation (80 RPM - Stag). The bulk media was renewed every 2 days.
The experimental design depicted in Fig. 1 was implemented.

2.3. Biofilm analysis

The biofilms were analyzed prior to and after L. pneumophila spiking.
Briefly, the bulk medium was removed from the wells and the biofilms
were gently washed with sterile saline solution (8.5 g/L NaCl) to elim-
inate the loosely attached cells. The coupons to be imaged with OCT
were kept in the wells with 3 mL of saline solution, and those to be
imaged with confocal laser scanning microscopy (CLSM) were set to air
dry. For the quantification of sessile cells, the coupons were removed
from the wells and placed in 15-mL Falcon tubes with 2 mL of saline
solution where biofilm disaggregation was made through three alternate
cycles of 30 s sonicating (Ultrasonic Cleaner USC-T, 45 kHz, VWR In-
ternational, Portugal) and vortexing.

2.3.1. Optical coherence tomography (OCT)

Biofilms were imaged using spectral-domain Optical Coherence To-
mography (OCT; Thorlabs GmbH, Germany) as previously described
[14]. The captured volume was 2.49 x 2.13 x 1.52 mm. For each
coupon under analysis, the 2D imaging was performed with a minimum
of six fields of view, while for the 3D imaging (corresponding to 509
stacks), a minimum of three fields of view were acquired. The images
were then processed with Biofilm Imaging and Structure Classification
Automatic Processor (BISCAP software) [37,38], where pixel intensity
thresholds were applied to binarize pixels as biomass or background,
distinguishing the biofilm from the liquid phase. The biofilm thickness
(distance between the biofilm’s top and bottom) and porosity (fraction
of empty spaces within the biofilms) were quantified with BISCAP.
Representative 3D — OCT images (composed by the 509 stacks) were
selected for the desired conditions and videos were set with 200 out of
the 509 stacks using the Fiji software.

2.3.2. Confocal laser scanning microscopy (CLSM)

The migration of Lp (both under 80 RPM - 80 RPM and 80 RPM -
Stag) within the pre-established Pf biofilms was tracked over 24 h by
removing biofilm coupons from the plates at the following timepoints: 5,
15, 30 and 45 min, and then every hour after spiking until the 24 h. Lp
was successfully stained red using a 16S rRNA PNA probe as already
reported [14,39]. Biofilm samples were observed using a helium-neon
laser at 565 nm and a 405-diode at 398 nm and using a 60 x water
objective lens (Leica HC PL APO CS, Leica Microsystems, Germany) in an
inverted microscope Leica DMI6000-CS. A minimum of three z-stacks of
horizontal plane images (512 x 512 pixels, corresponding to 387.5 x
387.5 pm) with a z-step of 0.36 pm were captured. For image analysis,
green corresponds to P. fluorescens cells (due to the auto-fluorescence
conferred by the production of pyoverdines [40]) and red corresponds

Lp spiking

NN 80 RPM (80 RPM - 80 RPM
‘\I\I’ﬁ < ( )

Stagnation (80 RPM - Stag)

On the 3 day

Fig. 1. Schematic representation of experimental design adopted in the pre-
sent study.
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to L. pneumophila.

Three-dimensional (3D) projections of biofilm structures were
reconstructed from z-stacks using the "Easy 3D" tool in IMARIS 9.1
software (Bitplane, Switzerland). The orthogonal perspectives were also
obtained. To quantify the biovolume (the total volume of biomass, pm?,
in a given area of the biofilm, divided by the substratum surface area,
pm?) of each bacterium, the COMSTAT2 plugin for ImageJ was used.

2.3.3. Quantification of sessile and planktonic cells

The culturability of P. fluorescens was assessed by plating the
appropriate serial dilutions in plate count agar (PCA) (Oxoid, Portugal),
following incubation at 30 °C for 24 h. Afterwards, the biofilm suspen-
sions were subjected to 50 °C for 30 min (to eliminate P. fluorescens from
the sample), spread onto BCYE-GVPC (buffered charcoal yeast extract
supplemented with glycine, vancomycin, polymyxin and cyclohexi-
mide) selective agar medium and incubated at 37 °C up to 10 days to
assess Legionella culturability.

To quantify the total number of L. pneumophila cells, the PNA probe
PLPNE620 was used in a FISH assay. Briefly, 25 pL of an appropriate
dilution was deposited on the wells of hybridization slides and let to air
dry. The slides were then flamed three times, covered with 90 % (v/v)
ethanol and air dried, allowing cell fixation. The hybridization and
washing was performed as described previously [41]. After the FISH
assay, the slides were dried and a drop of nonfluorescent immersion oil
(Sigma, Portugal) was put onto the slide and a coverslip was placed on
the top. Then, another drop of immersion oil was placed on the objective
and slides were observed using a Nikon Eclipse Ti SR inverted epi-
fluorescence microscope (Nikon Instruments, Netherlands) using 40 x
Plan APO objectives (Nikon Instruments). The microscope was con-
nected to a DS-Ri2 camera (Nikon Instruments).

2.3.4. Viable but nonculturable L. pneumophila

Direct viable count (DVC) was used to enumerate Lp VBNC cells. The
DVC-FISH method allowed a fast and specific detection of viable
L. pneumophila cells, overcoming the limitations of other methods, such
as the need for DNA extraction and lack of specificity for Legionella. One
mL of the biofilm or bulk sample was added to 4 mL of sterile distilled
water and to 5 mL of R2 media. Pipemidic acid - the antibiotic that
inhibits cell division, thus allowing the viable cells to elongate [42] —
was added at a final concentration of 10 pg/mL. Samples were then
incubated overnight at 37 °C under agitation. Afterwards, samples were
hybridized and observed under the microscope as aforementioned. The
cells that have elongated, at least twice their original size, were
considered viable. The percentage of VBNC cells was calculated as the
difference between the numbers of viable and culturable cells in relation
to total Lp cell counts, as the equation below.

Viable cells — CFU

%VBNC=——————x 100
oV Total cells x

2.4. Statistical analysis

The obtained data were further analyzed by the software GraphPad
Prism 9.0 for Windows (GraphPad Software, USA). To ensure the ac-
curacy of the data obtained, three independent experiments were per-
formed with two biological replicates. The mean and standard deviation
(SD) for each considered parameter were calculated. An ANOVA single-
factor statistical analysis and Student’s t-test were used to compare data.
The level of significance was set for p-values <0.05.

3. Results

The first hypothesis explored in this study is whether L. pneumophila
behaves differently (biofilm colonization and migration), depending on
the prevailing mesoscale structure of biofilms shaped by the hydrody-
namic conditions. Additionally, the study investigates how biofilm
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responds to the colonization of Lp.

Pf biofilms were formed at 80 RPM, and two different conditions
were evaluated, over 24 h, upon Legionella spiking: a) the flow regime
was kept the same — (80 RPM - 80 RPM) and b) the flow regime was
changed to stagnation (80 RPM - Stag).

3.1. Biofilm structural response to L. pneumophila

The mesoscale structure of the pre-established Pf biofilms before and
24 h after Lp spiking (80 RPM - 80 RPM and 80 RPM - Stag) was
evaluated through OCT imaging, as depicted in Fig. 2.

Biofilms kept at 80 RPM appear to be thinner 24 h after Lp intro-
duction (comparison Fig. 2a and c). On the other hand, biofilms grown
at 80 RPM and then set to stagnation (80 RPM - Stag) become thicker
after Lp spiking (comparison Fig. 2a and e).

To complement the 2D — OCT images shown in Fig. 2, the 3D — OCT
imaging of the biofilms was also accomplished. The videos, corre-
sponding to the reconstruction of 200 2D — OCT stacks, are available in
the Supplementary Material (SM) and allow a more detailed investiga-
tion of the biofilm mesoscale structure. All the biofilms imaged show an
irregular top surface and that the water channels and pores (marked in
blue) were essentially positioned in the upper layer of such biofilms. It is
also observed that shifting the hydrodynamics from 80 RPM to stagna-
tion (Fig. 2d and e, SM3 video named “80 RPM - Stag, day 4 (24 h after
Lp spiking)™) resulted in the development of biofilms with more pro-
tuberances and microcolonies within just 24 h in comparison to the Pf
biofilm. These biofilms become very similar to the ones found when
stagnation was maintained for the entire experiment (Stag — Stag) [14].

The 3D - OCT images were processed in the BISCAP software to
determine the mesoscale properties of the biofilm, including biofilm
thickness (Fig. 3a) and porosity (Fig. 3b).

When the biofilm is kept under 80 RPM (80 RPM - 80 RPM) the Lp
spiked biofilms (blue bar) had a significant thickness reduction of ~20 %
between days 3 and 4 (p < 0.0005). Similarly, there was a significant
decrease in biofilm porosity, even though Legionella presence aggravated
such reduction - from 0.30 + 0.04 (day 3) to 0.25 + 0.01 (day 4) for
P. fluorescens alone and to 0.21 + 0.01 (day 4, p < 0.0001) for the mixed
biofilm of Pf and Lp. Concerning the reincubation of biofilms under
stagnation (80 RPM - Stag), the presence of L. pneumophila promoted a
significant thickness increase between the Pf control (19.40 + 3.09 pm)
and the spiked biofilm (45.45 + 11.11 pm), p < 0.0001) in just 24 h. No
significant differences were found for porosity. These data are compat-
ible with the OCT observations formerly discussed.

3.2. L. pneumophila migration under different hydrodynamics’

Lp migration within the Pf biofilms was followed over 24 h post-
spiking using confocal microscopy keeping the 80 RPM dynamic con-
ditions (80 RPM - 80 RPM, Fig. 4) and after a shift from dynamic to
stagnant conditions (80 RPM - Stag, Fig. 5). Sampling was performed 5
min, 15 min, 30 min, 45 min and then every 1 h until the 24 h after Lp
spiking. Lp was tracked in red fluorescence using a 16S rRNA PNA-FISH
probe.

Confocal images of the L. pneumophila positioning and migration
across the pre-established Pf biofilm, under 80 RPM (condition 80 RPM —
80 RPM), are shown in Fig. 4. Lp was observed in the upper layers of the
biofilm 5 min after spiking, as indicated by the white arrow in the 3D
projection (Fig. 4A) and the predominance of red-fluorescent cells in the
orthogonal view (Fig. 4, right box, first line — 5 min). Within 1 h, Lp was
already distributed between the top and middle layers of the biofilm,
with greater accumulation in the later one. This is shown in Fig. 4B,
where no Lp can be observed at the top of the biofilm through the 3D
projection. By the 4-h mark, significant amounts of Lp remained in the
mid layers of the biofilm, yet some Lp began to appear at the bottom, as
depicted in the orthogonal view (XZ plane) where the red Lp cells appear
closer to the bottom - Fig. 4, right box, third line — 4 h. Clear
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80 RPM P. fluorescens biofilm

(day 3 — before Lp spiking)

80 RPM - 80 RPM 80 RPM - Stag

(day 4 — Pf alone) (day 4 — Pfalone)

80 RPM - 80 RPM 80 RPM - Stag

(day 4 — 24 h after Lp spiking) (day 4 — 24 h after Lp spiking)

Fig. 2. Representative images obtained by 2D — Optical Coherence Tomography (OCT) of (a) pre-established P. fluorescens (Pf) biofilms before L. pneumophila spiking
(on day 3), and Pf biofilms (b) alone on day 4 (control) and (c) 24 h after Lp spiking under 80 RPM (80 RPM - 80 RPM) - left side, and (d) alone on day 4 (control) and
(e) 24 h after Lp spiking and reincubation under stagnation (80 RPM - Stag) — right side. The empty spaces within the biofilm structure are coloured blue. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. Thickness (a) and porosity (b) of 80 RPM - 80 RPM and 80 RPM - Stag biofilms before L. pneumophila (Lp) spiking (day 3, white bars), and on the day after —
P. fluorescens (Pf) biofilm control (day 4, green bars) and Pf biofilm spiked with Lp (day 4, blue bars). The mean + standard deviation shown (n = 18) 1nc1udes three
independent experiments with two replicates (coupons) each. Statistically significant differences are represented for p < 0.0005 by *** and <0.0001 by ****, The
parameters were quantified through the analysis of 3D — OCT images with BISCAP software. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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CLSM visualization (80 RPM — 80 RPM)

(Z-stack image)

3D - Projection

Fig. 4. Representative CLSM images of biofilms 5 min, 1, 4 and 8 h after spiking with L. pneumophila under continuous dynamic conditions (80 RPM — 80 RPM). Lp
was stained with a 16S rRNA PNA probe (in red). The confocal images are 3D projections (left box) and orthogonal XZ planes (right box) of the acquired CLSM images
using IMARIS. The white arrow indicates Lp presence in the top layer of the biofilm and the blue arrow indicates Lp accumulation at the bottom of the biofilm. The
white scale bars are 50 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

accumulation at the bottom was observed 8 h after spiking, and no
Legionella was found in the top or middle layers (Fig. 4D — the 3D pro-
jection demonstrate two distinct layers). These results suggest that Lp
had an initial preference for the middle of the biofilm before reaching
the bottom.

Lp migration pattern within the Pf biofilm at stagnation (80 RPM —
Stag) - Fig. 5 - is different than the one previously discussed.
L. pneumophila was detected in the top of the biofilm within the first 5
min after spiking (Fig. 5A, red cells accumulated in the top of the XZ
orthogonal view - right box, first line). The orthogonal views
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CLSM visualization (80 RPM - Stag)
(Z-stack image)

3D - Projection

50 ym

Fig. 5. Representative CLSM images of biofilms 5 min, 1, 4 and 6 h after spiking with L. pneumophila (Lp) under continuous dynamic conditions (80 RPM - 80 RPM).
Lp was stained with a 16S rRNA PNA probe (in red). The confocal images are 3D projections and orthogonal XZ planes of the acquired CLSM images using IMARIS.
The white scale bars are 50 pm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

corresponding to the time points of 1 and 4 h (Fig. 5, right box, second the orthogonal view), 6 h after the spiking, Lp is mostly located at the

and third line) show a progressive movement of Lp across the biofilm. bottom of the biofilm. The migration was faster than under continuous
For instance, at the 4-h mark, Lp seems to start reaching the bottom dynamic conditions (80 RPM-80 RPM).
(Fig. 5 — right box, third line). Finally, as can be observed through the The biovolume of Pf and Lp were determined 24 h after spiking and

two distinct layers of bacteria (both in the 3D projection — Fig. 5D — and the ratio of Pf over Lp is presented in Fig. 6.
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80 RPM - 80 RPM 80 RPM - Stag
Hydrodynamic condition

Fig. 6. The ratio of the biovolumes of P. fluorescens (Pf) and L. pneumophila (Lp)
in spiked biofilms 24 h after spiking with hydrodynamic conditions set to 80
RPM (80 RPM - 80 RPM) and to stagnation (80 RPM - Stag). The biovolume
values were extracted from confocal microscopy images with the COMSTAT
plugin. The mean + standard deviation (n = 18) shown includes three inde-
pendent experiments with two replicates (coupons) each. Statistically signifi-
cant differences are represented for p < 0.0005 by ***.

The biovolume data is presented as the ratio between the biovolume
of Pf and Lp. The biovolume ratio significantly decreases when stagna-
tion is imposed on the biofilms (p < 0.0005).

3.3. L. pneumophila behavior within biofilms over time

One of the most important physiological characteristics of Legionella
is its ability to enter the VBNC state [43]. Fig. 7 shows L. pneumophila
culturability (colony-forming units, blue line), PNA-positive cells
(PNA-FISH assay, black line), and VBNC cells (DVC-FISH assay,
expressed as percentage values) data over 11 days in biofilms (corre-
sponding to a biofilm with 14 days) under the 80 RPM-80 RPM
(Figs. 7a) and 80 RPM - Stag (Fig. 7b) conditions.

Fig. 7 shows that very high numbers of PNA-positive Lp cells (black
lines) were observed over the 11 days of Lp residence within the biofilm,
regardless of the tested conditions (p > 0.01). Also, the constant Lp cell
numbers over time reveal that cells enter very quickly in a pseudo-steady
state.

Regarding the culturable Lp numbers, significant differences were
found between days 4 and 7 for the 80 RPM - Stag biofilms, as the
cultivability decreased (4.61 + 0.12 to 3.56 + 0.27 log;oCFU/cm?, p <

a) 80 RPM - 80 RPM

43%

g 3

52% 57% 93% 94%

@ s
1 ]

o
1

Logqo (cells/cmz) of L. pneumophila
Logqo (cellslcmz) of L. pneumophila
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0.0001). However, from days 7-14, the Lp cultivable numbers remained
constant. Regarding the 80 RPM - 80 RPM condition, no significant
differences were found in Legionella culturability until day 9. After-
wards, Lp stopped being recovered from the 80 RPM — 80 RPM biofilms,
while in the 80 RPM - Stag it was culture recovered until day 14. That
was an earlier indicator that the continuous dynamic conditions could
induce Lp into VBNC earlier than when stagnation is imposed after
spiking. That hypothesis was confirmed by the different VBNC per-
centages on days 11 and 14 (93 and 94 % vs 58 and 60 %, respectively).
Furthermore, there were no significant differences (p > 0.01) between
both hydrodynamic conditions until day 9.

It is important to highlight that in both hydrodynamic conditions the
numbers of PNA-positive Lp cells (FISH-assay, black line) were signifi-
cantly higher (p < 0.0001) than the numbers of cultivable cells (blue
line). Surprisingly, just after 24 h in the biofilm, 43 % of the
L. pneumophila population is already in VBNC. Nevertheless, the real
number of viable cells might be underestimated, as the DVC method
used R2 nutrient medium (in line with some reported studies) instead of
BCYE. Since this method relies on cell elongation — indicative of cell
division — it may not capture all viable cells accurately [44]. Moreover,
given the preference of Legionella for BCYE, it is possible that the cells
would be more likely to divide, potentially resulting in a higher number
of elongated cells.

4. Discussion

The results show that hydrodynamics’ play a crucial role in how
biofilm and Legionella interact. Changing from 80 RPM to stagnation,
compared to maintaining 80 RPM throughout the experiment, results in
(a) a significant increase in biofilm thickness, (b) accelerated migration
of Legionella to the bottom of the biofilm, and (c) a decreased concen-
tration of culturable L. pneumophila (VBNC) within the biofilm.

Additionally, the presence of water channels within the biofilm
seems to be a facilitating aspect for L. pneumophila migration. To further
support the discussion, key findings from this study are summarized in
Table 1. It also includes data from a previous study accomplished by the
same authors [14], where Pf biofilm and Lp colonization were conducted
under stagnation for the entire experimental period.

4.1. Biofilm structural rearrangement upon Legionella colonization,
shaped by hydrodynamics

The structural shifts of biofilms in response to pathogen colonization
are well-documented in the literature [14,45]. Biofilm structures tend to
rearrange in a way that dominant bacteria within the consortium can
meet their nutritional and physiological needs while maintaining their
dominance [46]. This phenomenon, along with the physiological re-
quirements of Legionella [47,48] appears to drive the readjustments of Pf

b) 80 RPM - Stag

44%

H\'\i/'

55% 61% 58% 60%

-®- Culturable L. pneumophila
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Fig. 7. The number of culturable (CFU, log;o CFU/cm? or mL) and PNA-positive cell counts of L. pneumophila (Lp; cells/cm?) over time for (a) 80 RPM - 80 RPM and
(b) 80 RPM - Stag biofilms. The percentages of the Lp population in VBNC are shown for each timepoint and were calculated considering the culturable and the total
Lp cell counts. The mean =+ standard deviation (n = 12 for the culturable cells and n = 120 for the PNA-positive cell counts) shown includes three independent

experiments with two replicates (coupons) each. Statistically significant differences are represented for p < 0.0005 by *** and <0.0001 by
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Table 1
Data regarding L. pneumophila migration within differently structured biofilms.
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Hydrodynamic Time to reach the layer Linear migration Biofilm structural parameters Biovolume ratio Culturable Pf in the
diti locity to the bottom” Pf/L; biofilm (log10 CF
condition Top Middle Bottom o oo fo the bottom Biofilm thickness Biofilm porosity (PE/Lp) c:r?z)m (logl0 CFU/

Before 24 h Before 24 h Before 24h
Lp after Lp Lp after Lp Lp after Lp
80 RPM - 80 RPM 5-15 30 min-1 6-8 h ~2 pm/h 19 pm 15 pm 0.30 0.21 2.22 7.7 6.9
min hour
80 RPM - Stag 5-15 1-2h 4-6h ~6 pm/h 45 pm 0.28 1.19 7.0
min
Stag - Stag® 15-30 1-2h 2-4h ~22 pm/h 57 pm 56 pm 0.19 0.23 1.0 7.4 7.5

min

@ Data were collected from Ref. [14] and correspond to biofilms grown under stagnation before and after Lp spike.
b Calculated considering the average thickness of the biofilm before and after Lp spiking and the average time to reach the bottom.
¢ The presented parameters correspond to the quantitative analysis made to the OCT images.

observed in this study. So, the primary biofilm producer and initial
colonizer, Pseudomonas, defines the dominant biofilm structure, allow-
ing Legionella to use existing pores and water channels for rapid
migration to the biofilm’s bottom [14].

Interestingly, biofilm rearrangements are different according to the
hydrodynamic conditions imposed after Lp spiking. For instance,
maintaining 80 RPM throughout the experiment (80 RPM — 80 RPM)
causes Legionella to destabilize the upper layers of the biofilm (SM1 and
SM2, “80 RPM, day 3 (before Lp spiking)” and 80 RPM — 80 RPM, day 4
(24 h after Lp spiking)™), leading to sloughing-off and thickness reduc-
tion [49]. Given that most pores and water channels in the initial Pf
biofilm are in the upper layers (SM1, “80 RPM, day 3 (before Lp
spiking)”), it is not surprising that biofilm removal results in decreased
porosity. These findings agree with those of Puga et al. (2016), who
observed that spiking L. monocytogenes into pre-established P. fluorescens
biofilms at 80 RPM resulted in diminished thickness and increased
compaction [45]. The authors hypothesized that species interactions led
to the production of new extracellular matrix components, causing
matrix reduction.

Similarly, in our study, biofilm thickness significantly increased
under stagnation, indicating an overproduction of biomass in response
to L. pneumophila entry. Dong et al. (2023) reported similar findings,
noting that Enterococcus faecalis biofilms became thicker when patho-
gens such as Escherichia coli O157:H7 and Salmonella enteritidis were
introduced into the microbial consortium [46]. It has been suggested
that E. faecalis manipulates the microenvironment through structural
changes and the activation of “biological weapons”. Silva et al. (2024)
reached similar conclusions [14].

However, it is noteworthy that when stagnation is maintained
throughout the experiment (during biofilm build-up and spiking),
P. fluorescens biofilms take several days post-L. pneumophila colonization
to increase thickness. As summarized in Table 1 (Stag — Stag condition),
no significant thickness changes were observed 24 h after spiking. The
rapid rearrangement of the Pf biofilms (80 RPM - Stag) is likely linked to
the cessation of shear forces. Pf capitalizes on the accumulation of sus-
pended solids within the biofilm, also benefiting from the absence of
removal forces [50].

Increased fluid velocity enhances turbulence near the biofilm sur-
face, improving mass transfer between the bulk fluid and the biofilm,
which facilitates the exchange of oxygen, nutrients, and metabolic waste
[29,51]. Simultaneously, biofilm experiences shear forces, resulting in
increased removal rates that likely justify the reduced thickness at 80
RPM in comparison to the one at stagnation [52,53].

The interplay between biofilm structure, flow regime, and Legionella
interaction has been previously acknowledged. For example, Shen et al.
(2015) demonstrated that local flow hydrodynamics affect biofilm
roughness, altering the biofilm surface area and consequently influ-
encing Legionella adhesion [11].

4.2. Legionella migration across the biofilm: biofilm structure and
hydrodynamics

Legionella migration patterns within biofilms varied significantly
depending on the hydrodynamic conditions imposed during biofilm
formation and the ones after spiking. Legionella exhibits flagellar
motility, which further supports its ability to navigate through biofilms
[54]. Nonetheless, as summarized in Table 1, regardless of the tested
conditions, Lp was entirely located in the bottom layers of the biofilms
within less than 8 h after spiking. A key driver for Legionella movement
to the bottom of the biofilm is its microaerophilic nature, which allows it
to thrive in environments with lower oxygen availability [47]. The
bottom layers, while having lower oxygen levels, will favour Legionella
physiological requirements [47].

Not surprisingly, the structure of the biofilms seems to be important
to how fast Legionella reaches the bottom layers of the biofilm. A first
insight from the results is that biofilm porosity is probably closely
related to Legionella migration. Biofilms formed at 80 RPM and set to
stagnation (80 RPM - Stag) kept the same porosity over the 24 h after Lp
spiking (Table 1), enabling a faster movement of Legionella across the
biofilm. Indeed, as shown in the videos (SM3), the water-filled structures
within the biofilm are mostly positioned at the biofilm top layers
keeping the environment near the surface with higher oxygen content
leading Lp to migrate away from this region. However, it is important to
note that, while porosity is the same, biofilm thickness increased over
time meaning that new water-filled structures have been established,
probably as a result of Legionella movement across the biofilm structure.
For instance, Houry et al. (2012) reported that a strain of B. thuringiensis
swims over the biofilm matrix and rapidly reaches the bottom by
creating channels [55]. The rearrangement into a thicker structure un-
dergone over the 24 h period is the most likely reason why the migration
velocity observed for the 80 RPM - Stag condition is substantially lower
than the one observed when stagnation (Stag — Stag) was kept for the
entire experiment [55].

Additionally, the CLSM images show that when the experiment ran
the whole period under shear (80 RPM — 80 RPM), Lp accumulated
during some hours in the middle layers. The videos in the supplementary
material clearly show that at 80 RPM the water-filled areas (marked in
blue) are evenly distributed across the biofilm height (SM2). This pro-
motes an increased oxygen concentration at the bottom of the biofilm,
diminishing the driving force that pushes Legionella to the bottom.

Another hypothesis to justify the different migration rates across the
distinct studied conditions is related to the bacterial species biovolume.
A higher Pf/Lp biovolume ratio was observed for the lower migration
rate, even though there are no significant differences for culturable Pf
(last two columns, Table 1). The higher volumetric densities of Pf cells in
comparison with the one from Lp (80 RPM — 80 RPM), are expected to
restrict Lp movement across the biofilm not only due to space constrains
[55], but also due to relative abundance of the dominant bacterial
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species.

Apart from the time Legionella needs to reach the bottom layers, it is
important to remark that under stagnation, and facing the sedimentation
forces, Legionella needed between 15 and 30 min to be detected at the
top of the biofilm. While it was much faster (between 5 min and 15 min)
to reach the top of the biofilms formed under 80 RPM, regardless of the
hydrodynamics imposed after spiking. As mentioned, Shen et al. (2015)
observed a positive correlation between the biofilm roughness, which
increases the surface area, and L. pneumophila adhesion to biofilms [11].
In the present study 80 RPM-grown biofilms were rougher (data not
shown) than the ones grown under stagnation (data not shown), which
might explain the quickest adhesion of L. pneumophila to the biofilm top
layer. Finally, in the migration under 80 RP),, it is feasible to accept that
shear forces prevail over the Brownian motion [51,56], which drives
Legionella into flow-driven paths to the top of the biofilm. Under stag-
nation, it is likely that Brownian motion and flagellar motility are more
relevant regarding Legionella migration to overcome the effects of sedi-
mentation [17,57,58]. Legionella’s movement within the biofilm is likely
influenced by chemotaxis [59], driven by its need for nutrients like
cysteine and iron, and lower oxygen/redox conditions. In dynamic en-
vironments, where lower oxygen zones are less prevalent, Legionella
takes longer to reach the bottom of the biofilm, despite its preference for
those regions.

4.3. Legionella behaviour within the biofilm: how fast does it enter the
VBNC state?

A significant portion of the L. pneumophila population (~45 %) is in
VBNC state, in just 24 h. This can be partially explained by the fact that
culture methods underestimate Legionella cultivable numbers [60,61].
Even the samples’ pre-treatment with acid or heat treatment (as
accomplished in the present study) were shown to increase underesti-
mation [8]. The transition of Lp to the VBNC state is a survival strategy
of the bacteria triggered by environmental stresses. In this state,
Legionella remains metabolically active but loses the ability to form
colonies on standard culture media [62]. In the present study, Legionella
is under nutritional stress since none of the nutritional requirements for
its growth is supplied. However, findings are similar to other studies that
showed that a stable sub-population of Legionella in VBNC resisted for
several months under starvation [63]. Nisar et al. (2024) reported that
almost half of the Legionella population in a biofilm (with a diverse
community of bacteria and amoebae) grown in a model plumbing sys-
tem was in the VBNC state, with this sub-population demonstrating high
tolerance to environmental stresses such as nutrient depletion and
chlorine exposure [64]. Additionally, Pf is known to support Legionella
settlement but not its growth [34]. Both aspects might have triggered
the quick Legionella shift to VBNC.

More intriguing is L. pneumophila’s “choice” to colonize the biofilm.
Entering the biofilm seems to speed up culturability loss in comparison
to what happens in the bulk, where only 17 % of the L. pneumophila
population entered VBNC (data not shown). So, why did Legionella enter
the biofilms? One hypothesis that has been already discussed concerns
the effect of gravity (sedimentation). In that case, the energy spent by
bacteria to keep swimming in the bulk would be extremely high in
comparison to the one spent at the biofilm. Additionally, under the stress
conditions imposed in the current study, entering the biofilm is arguably
a long-term more successful survival strategy. In the absence of key
nutrients in the bulk, the biofilm provides protection against external
aggression [65,66] and allows Legionella to persist under a more
favourable microaerophilic environment [47]. Concerning the two
tested conditions, under shear (80 RPM — 80 RPM) Lp lost culturability
faster than when set to stagnation. Probably, this difference is related to
the shear forces and lower biofilm thicknesses (higher oxygen concen-
tration) promoting an increased stress for Legionella.

It is worth highlighting the high number of total viable cells (~1og8)
observed over the 11 days of the experiment. No significant decrease (p
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> 0.05) was observed over time in cells’ viability regardless of the
decrease in cells’ culturability. This suggests that an extremely high
number of cells can replicate as soon as the conditions become favour-
able. This, associated with the fact that Legionella is positioned at the
bottom of the biofilm, raises serious concerns for Legionella monitoring
and control practices in water systems. Most Legionella monitoring ap-
proaches in real field systems are grounded on culture-based water
sampling, disregarding the role of biofilms. Given that, if the data from
the present work would refer to a real field scenario, most certainly
Legionella risk would be underestimated (low numbers of CFU’s).

Apart from the scientific questions addressed in the current investi-
gation, there is a final contribution associated with the combination of
imaging methods for biofilm studies which can strengthen the current
real-field studies concerning Legionella. Finally, the authors recognize
that the platform of study does not represent the interactions of biofilms
and Legionella in engineered water systems. Yet, it allows the approach
of several questions regarding Legionella-biofilms interactions.

5. Conclusions

Understanding the interactions between Legionella and biofilms
concerning hydrodynamic conditions is vital for advancing biofilm
analysis and monitoring. In the present study, a biofilm model of
P. fluorescens grown in 12-well plates was used. This investigation’s
main conclusions are:

(i) Stagnation significantly increases the risk of Legionella prolifera-
tion, as thicker biofilms facilitate faster colonization and settle-
ment of the bacteria at the biofilms’ bottom.

(ii) The water channels within biofilms seem to be crucial in enabling
Legionella movement throughout the biofilm structure.

(iii) While high concentrations of viable L. pneumophila cells remain
constant for 11 days, exposure to shear conditions leads to a
complete loss of culturability after 9 days, resulting in 100 % of
the population entering the viable but nonculturable (VBNC)
state.
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