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There has been considerable discussion regarding the environmental life cycle of Legionella pneumophila and its
virulence potential in natural and man-made water systems. On the other hand, the bacterium’s morphogenetic
mechanisms within host cells (amoeba and macrophages) have been well documented and are linked to its ability
to transition from a non-virulent, replicative state to an infectious, transmissive state.

Although the morphogenetic mechanisms associated with the formation and detachment of the L. pneumophila
biofilm have also been described, the capacity of the bacteria to multiply extracellularly is not generally
accepted. However, several studies have shown genetic pathways within the biofilm that resemble intracellular
mechanisms. Understanding the functionality of L. pneumophila cells within a biofilm is fundamental for assessing
the ecology and evaluating how the biofilm architecture influences L. pneumophila survival and persistence in
water systems. This manuscript provides an overview of the biphasic cycle of L. pneumophila and its implications
in associated intracellular mechanisms in amoeba. It also examines the molecular pathways and gene regulation
involved in L. pneumophila biofilm formation and dissemination. A holistic analysis of the transcriptional ac-
tivities in L. pneumophila biofilms is provided, combining the information of intracellular mechanisms in a
comprehensive outline. Furthermore, this review discusses the techniques that can be used to study the

morphogenetic states of the bacteria within biofilms, at the single cell and population levels.

1. Introduction

Legionella is an intracellular Gram-negative facultative pathogen
found in natural aquatic environments worldwide (e.g., lakes, rivers,
creeks, hot springs, and other bodies of water), associated with fresh-
water protozoa [1-3]. However, the colonization of artificial water
systems like cooling towers, spa pools and showers can create environ-
ments suitable for the growth and spread of Legionella, in particular
Legionella pneumophila, leading to human infections [1,4,5].

In recent years, much has been inferred about the persistence of
Legionella in water systems [6,7]. The opportunistic nature of this bac-
terium allows the adaptation to various ecosystems, making it a subject
of extensive study as a pathogen [2]. Legionella was the etiological agent
of numerous outbreaks worldwide, resulting in considerable costs
related to hospitalizations and industrial losses [8,9]. Of the 72

Legionella species, most human infections are associated with
L. pneumophila [10-12]. L. pneumophila was first identified as being
pathogenic to humans after an outbreak of acute pneumonia at a
convention of the American Legion in Philadelphia, USA in 1976, and
has since been recognized as the main etiologic agent of Pontiac fever
and Legionnaire’s Disease (LD), two forms of respiratory illnesses
[13-15].

One of the largest outbreaks reported in Europe occurred in Portugal
in 2020 with 88 confirmed cases of Legionnaire’s Disease and 13 deaths
linked to industrial cooling towers [16]. Indeed, cooling towers have
been identified as one of the sources of contamination [17]. The ubiq-
uity of L. pneumophila and its link to human health underpins the
importance of understanding what triggers infection and motivates the
bacterium’s virulent behaviour. While not straightforward, the answer
can likely be found by its complex ecology and resilience, as
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L. pneumophila can metabolically, physiologically and morphologically
adapt as free-living cells, embedded in biofilms or inside host cells
(protozoa and macrophages). This enables this pathogen to survive in
nutrient-poor environments and inside hosts, as well as denote an
increasing resistance to antimicrobials and disinfectants [18,19]
(Fig. 1).

All these physiological transitions imply morphogenetic changes in
the bacterial cell wall, shape and motility [20]. In these water niches, the
molecular pathways involved in the amoeba intracellular mechanisms,
within the replication and transmissibility mechanisms (see below the
biphasic cycle section) have been well identified and are linked to the
pathogenesis of the bacterium and its ability to invade and delve into
host cells [21-23]. Although the regulatory pathways and genes asso-
ciated with biofilm growth are being documented [24,25], little is
known about the ecology of L. pneumophila and the cellular functionality
within the biofilm matrix under different conditions. This poses the
question: why do biofilm cells trigger bacterial pathogenicity? The
behaviour of L. pneumophila in water biofilms can be affected by various
physicochemical parameters such as surface, temperature, iron con-
centration, and the presence of biocides. Additionally, biological factors
such as the composition of the biofilm population can either enhance or
hinder the bacteria’s persistence [24].

At the cellular scale, external factors govern the formation of
L. pneumophila biofilm at the transcriptional level [24,26]. In fact, there
is a resemblance between biofilm metabolic expression and intracellular
survival mechanisms (replicative/transmissive states), and some gen-
es/molecular pathways involved might be associated with the
morphological states within a biofilm that may be linked to virulence
[27]. While few studies have found evidence to suggest that the bacte-
rium can reproduce extracellularly [28-30], it has been shown that
L. pneumophila does use eukaryotic cells to reproduce and complete the
cell cycle [31-33]. Besides that, in biofilms, the non-growing cells of
L. pneumophila, present metabolic activity and express virulence genes
[27].
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As such, knowing the spatial location of cells and the phenotypic
diversity at the single-cell level [34,35], is of great importance, since
deconstructing how biofilm functions in a given environment may be
key to understanding what strategies can be used to monitor, control and
eradicate biofilms in water systems. Fortunately, the knowledge on
biofilm dynamics and complexity at the single-cell level has been greatly
evolving in the past years accompanying the advances in technologies at
the analytical, molecular and imaging level [36]. This allowed for the
study of gene expression (e.g. RT-qPCR) [37], and spatial organization
(e.g. GFP staining; FISH techniques) [38] within these microbial com-
munities structures under different environmental circumstances.

Herein, we will start explaining the concepts behind the
L. pneumophila biphasic cycle, providing a framework for the associated
intracellular mechanisms in amoeba. Afterwards, the molecular path-
ways and gene regulation involved in L. pneumophila biofilm formation
and dissemination into new niches will be explored, harmonizing the
acquired knowledge of these regulatory pathways with the biphasic life
cycle in host cells. These insights may help to explain not only the
virulence state of the bacteria detached from a biofilm, but also
contribute to the debate of the possible extracellular replication of
L. pneumophila. Finally, state-of-the-art detection technologies that may
be used to further understand L. pneumophila ecology in water systems
biofilms will be described.

2. L. pneumophila biphasic life cycle

L. pneumophila exhibits a biphasic life cycle, which is controlled by
starvation and environmental stress that induces the transition from
metabolically active bacteria to motile, stress-resistant, virulent bacteria
[20,39,40]. The biphasic cycle is well described in the host cells’
intracellular pathway and resembles the growth curve in an experi-
mental scenario [39,41,42] (Fig. 1). In brief, when conditions are
favourable in terms of availability of nutrients and living space, such as
within amoebas or macrophages, L. pneumophila replicates (exponential
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Fig. 1. Legionella pneumophila within intracellular and extracellular environments. (A) Freshwater ecosystems. 1. Invasion of protozoan host by a free living
planktonic cell. 2. After internalization, the bacterium evades the phagosome-lysosome fusion and starts the intracellular multiplication within the Legionella-
containing vacuole (LCV) (replicative phase). 3. After the nutrient’s conditions become limited, the bacteria switch to a transmissive phase. 4. New cells can lyse the
vacuolar membrane and are released in the extracellular environment. Free-living transmissive bacteria can start a new cycle (1), associate with biofilms (5) or
persist in the extracellular environment as viable but non-culturable (VBNC). (B). In nutrient-rich medium, L. pneumophila presents a biphasic life cycle, that re-
sembles the replicative (exponential phase (EP) and transmissive intracellular forms (stationary phase (SP)). (C) Release of the mature infectious form (MIF) from the
protozoan host can cause Legionnaire’s disease through inhalation of aerosols in humans. Created with BioRender.com.
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growth/replicative state) in a non-motile and non-cytotoxic form.
However, when nutrients become limiting, L. pneumophila switches to a
transmissive phase (post-exponential/stationary growth), resulting in a
flagellated, spore-like, and stress-resistant virulent form that can egress
the host cells [43], survive planktonically in the environment and
re-establish a replicative niche in protozoa and possibly biofilms. Once
in the bulk system, L. pneumophila exhibits high infectivity, mobility,
and cyst-like morphology, and can assume a mature intracellular form
(MIF) [44,45] as well as a viable but non-culturable (VBNC) form in
response to harsh environmental conditions [46,47] (Figs. 1 and 2).

This complex pleomorphic behaviour is regulated by a set of regu-
latory systems that control gene expression. Table 1 compiles the main
regulatory systems described that play an important role in
L. pneumophila infection in amoeba and in the biofilm life cycle. Prote-
omics and transcriptomics studies revealed key metabolic pathways,
common to in vivo infection models and in vitro broth cultures, that
dictate the phenotypic shift from the replicative to the transmissive
phase [48]. This phenotype transition is coordinated by regulatory
systems that control gene expression, such as regulatory proteins (CsrA,
RpoS, FliA and FleQ), the LetA/LetS (LetA/S) two-component system
(Legionella transmission activator and sensor, respectively) the stringent
response metabolites (RelA, SpoT and ‘ppGpp’) and noncoding/small
RNA (nc/sRNA) [49-53]. During the replicative phase, genes related to
metabolism, amino acid degradation, sugar assimilation, cell division
and biosynthetic processes are upregulated. In contrast, when bacteria
enter a transmissive phase, genes related to virulence, survival, host
attachment and ingress are upregulated, including Icm/Dot type IV
secretion system (T4SS) (intracellular multiplication/defective for
organelle trafficking), motility machinery (flagellar and type IV pilus
genes), and cyclic-di-GMP regulatory proteins [42].

In the next section, the molecular mechanisms involved in the
regulation of this biphasic life cycle during the intracellular infection
cycle in the protozoa will be deeply explored.

3. L. pneumophila as a successful facultative intracellular
pathogen

In the environment, the debate on the L. pneumophila survival and
morphological states in biofilms is related to the presence of surround-
ing amoeba host cells, such as Hartmannella vermiformis and
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Acanthamoeba castellanii, and this relationship plays a fundamental role
in the ecology and pathology of L. pneumophila [91]. L. pneumophila can
also survive outside amoeba, as planktonic cells or within biofilms [54,
92,93]. Nevertheless, it is generally accepted that pre-existing biofilms
are being used by the bacteria as sheltering niches [93] but
L. pneumophila requires the protozoa to replicate within water systems
[31,33] and this can be the major strategy for their survival in these
harsh environments. Because of their near-constant exposure to
biofilm-grazing protozoan [91], L. pneumophila has been able to adapt
and withstand the eukaryotic cells phagocytosis, enabling them to
persist and replicate intracellularly [94,95]. When the cytoplasmic
environment conditions become less fortunate, the bacteria tend to
evade the host cells back into the bulk system [96]. Then, by aero-
solization of water particles, the bacteria can be inhaled and trigger
pulmonary infections (Fig. 1). The co-evolution with protozoa prompted
the adaptation of L. pneumophila to human defense cells (macrophages),
where it seems to use similar intracellular pathways to persist [21,97].
The macrophages intracellular mechanisms and lung infection are
extensively reviewed by Khweek et al. (2010), Newton et al. (2010),
Brown et al. (2017) [21,98,99].

3.1. The intracellular pathway

Several bacterial factors enhance the initial attachment of
L. pneumophila cells to the host (Table 1). Notably, the Lcl protein, which
is a collagen-like protein that plays a crucial role in protozoa and mac-
rophages adhesion [57], is also reported to be essential in biofilm for-
mation. It facilitates adhesion to abiotic substrates and participates in
biofilm cohesion processes of cell-cell/cell-matrix interactions [58,59].
Upon entering the amoeba through phagocytosis mechanisms
[100-102], the bacterium avoids lysosome-mediated degradation, loses
its flagella, and forms a unique replication-permissive compartment,
called the Legionella-containing vacuole (LCV). This compartment is
surrounded by fragments of host cellular structures such as endosomes,
and the endoplasmic reticulum. The LCV allows the bacterium to avoid
the host’s bactericidal mechanisms and provides a suitable environment
for replication (replicative state on Fig. 2 B.2) [21,47]. LCV formation is
controlled by the Icm/Dot type IV secretion system (T4SS) (intracellular
multiplication/defective for organelle trafficking). This system trans-
locate around 300 effector proteins into host cells [65,66]. These
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Fig. 2. - (A) Legionella pneumophila within multispecies biofilms. I. L. pneumophila adheres to a pre-existing biofilm. II. The cells find a favourable environment which
allows them to repress some virulence genes. III. When favourable conditions are depleted, L. pneumophila starts expressing virulence genes and detaches from the
biofilm. (B) Intracellular regulation during host protozoan infection. 1. The bacteria adhere to the host cell through phagocytosis mechanisms. 2. The T4BSS effector
proteins and other factors allow the establishment of the LCV, and the bacteria initiate the multiplication (replicative phase). 3. When nutrients become limiting, the
bacteria switch to a transmissive phase. 4. Bacteria are released into the cytosol, as mature infectious form (MIF) or enter the viable-but-not-culturable (VBNC) form.
N: nucleus; GC: Golgi complex; ER: endoplasmic reticulum; M: mitochondria; (4) High concentrations; (—) Low concentrations. Created with BioRender.com.
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regulators, such as FleQ, FliA, RpoS, LgsR,
LetA

Table 1
- Main molecules that play a crucial role in Legionella pneumophila infection in amoeba and in the biofilm.
Virulence factors Cellular function Biofilm stage Amoeba impact Biphasic cycle Reference
phase involved”
FleQ (sigma factor % The master regulator of the flagellar Formation Adhesion; Egress (?) Transmissive [52]
regulation cascade
FliA (Alternative sigma Important regulatory functions in the Formation Adhesion; Egress (?) Transmissive [54,55]
factor 62%) flagellar biosynthesis pathway
TatB and TaC (Putative Transport of folded proteins across the Formation Intracellular replication Transmissive (?) [56]
twin-arginine cytoplasmic membrane
translocation
pathway)
Lcl (Legionella collagen- Protein that binds to sulfated Formation Adhesion Transmissive (?) [57-59]
like protein) glucosaminoglycans (CAGs) present in the
host extracellular matrix
LadC Putative adenylate cyclase is involved in Unknown Adhesion Transmissive (?) [60]
host cell processes
Type IV pili Inner membrane-associated protein Formation Adhesion Transmissive [61]
BffA Involved in the regulation of motility, Formation Unknown Transmissive (?) [62]
cellular replication, and virulence
Type Il secretion Export of various virulence factors Formation Intracellular replication Nutrient acquisition [61,64]
involved in bacterial pathogenicity during replicative
phase
Dot/Icm Type 4 Modulates host processes including Unknown LCV development and Replicative [65,66]
Secretion System phagosome-lysosome binding intracellular replication
(T4SS)
EnhC Immune escape and persistent survival Unknown Intracellular replication Transmissive (?) [67]
LbtA Rhizoferrin biosynthetic gene critical for Formation Intracellular infection Replicative [63]
iron acquisition
FeoB Involved in ferrous iron uptake Formation Unknown Replicative (?) [63]
PvcAB and AhpC2D Gene’s cluster whose expression is Protection against oxidative Intracellular replication Replicative (?) [68]
regulated by iron stress
SidE effector protein Modulation of bacterial infection Unknown Recruitment of the ER vesicles  Transmissive [68,69]
family (SidE, SdeA, via ER fragmentation to the
SdeB, SdeC) LCV; Golgi fragmentation
PmrA/PmrB Virulence regulator Unknown Intracellular replication Transmissive (?) [70]
CsrA (Carbon storage Post-transcriptional regulator of gene Affects the expression of the Intracellular replication; Replicative [40,50,
regulator A) expression regulators FleQ, RpoS, LgsR pathogenicity 71]
LetA/LetS (Legionella Activate expression of two small regulatory ~ Involved in CsrA expression Lysosome evasion Transmissive [27,72,
transmission RNAs, RsmT and RsmZ 73]
activator and sensor)
RsmT/RsmZ (Regulator Relieve the repression of the transmission Unknown Intracellular replication Transmissive [74,75]
of Secondary traits through binding CsrA
Metabolism)
Lgs gene cluster Regulates the switch from the replicative Could play a role in the Intracellular replication; Transmissive (?) [76-78]
to the transmissive/virulent phase, dispersion during later stages of ~ motility
pathogen-host cell interactions, cell biofilm and regulate the
motility phenotypic variation
RpoS Virulence regulator Regulation of FliA expression Regulate motility, sodium Transmissive [53,79,
sensitivity, and evasion of the 80]
endocytic pathway
Mip Macrophage infectivity potentiator Upregulated at the end of Virulence Transmissive [81-84]
biofilm formation
LepA/LepB Non-lytic release Unknown Egress Transmissive (?) [85]
SpoT and RelA Synthesis of the alarmone ppGpp Unknown Infectivity; motility. Replicative [86,871
Transmissive
c-di-GMP Signalling system involve motility, Biofilm formation and dispersal Intracellular replication; Transmissive (?) [88]
virulence, the cell cycle, differentiation, motility
and other processes
ppGpp Involved in expressing or repressing some Unknown Intracellular replication Transmissive [89,90]1

@ (?) proposed by the authors after the literature review.

proteins signal transduction, cytoskeletal dynamics, and membrane
trafficking, controlling every step of the infection process [65,103]. The
initial differentiation from a transmissive stage to a replicative stage is
induced by the presence of nutrients, such as amino acids, inside this
compartment [104]. When nutrients become limited, bacteria enter the
stationary phase and consequently upregulate virulence genes. This
transition is a highly coordinated process that is initiated upon nutrient
limitation (transition from replicative to transmissive state on Fig. 2
B.3). Amino acid starvation triggers the synthesis and accumulation of
guanosine 3,5-bispyrophosphate (ppGpp) [105]. The ppGpp plays a
crucial role in recruiting sigma factors allowing the activation of genes

required for adapting to the new conditions and repressing those that are
no longer necessary. In short, the enzymes RelA and SpoT synthesize
ppGpp, resulting in changes in gene expression that lead to phenotypic
modulation [87,89,106]. The activation of the alternative sigma factor
RpoS, an important virulence factor, results in downstream effects that
activate the LetA/LetS two-component system [72]. This system upre-
gulates two small non-coding RNAs, which relieve the repression of
virulence-related genes by repressing the global repressor CsrA [40].
Moreover, the sigma factor FliA, an important regulatory function in the
flagellar biosynthetic pathway, positively affects the establishment of
infection by facilitating the encounter with the host cell, enhancing the
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invasion capacity, as well as the intracellular replication within Dic-
tyostelium discoideum [55,107,108]. Interesting suggestions have been
made regarding the role of transcriptional regulators in surface adhesion
and biofilm formation, although none of the mutants lacking rpoS, letA,
or csrA inhibited biofilm formation in L. pneumophila [54]. In fact, only
the mutant lacking flia showed inhibition of biofilm formation in
L. pneumophila [54]. After replicative growth (post-exponential phase),
when the nutrients of the host cells are exhausted, the bacteria undergo
from a metabolically active, non-infectious state to a virulent, trans-
missive form, completing the biphasic cycle, egressing the amoeba cells
and further integrate a new round in the environmental life cycle [20,21,
109].

Furthermore, intracellularly, L. pneumophila can differentiate into a
spore-like, stress-resistant, virulent, and metabolically dormant mature
infectious form (MIF) that is released into the cytosol and from the host
cell (Fig. 2 B.4) [18,45,110]. Bacterial release can occur via non-lytic
and lytic pathways [85]. Chen et al. (2004) showed that the LepA and
LepB proteins are involved in the non-lytic release of infected vesicles by
protozoa, via an exocytic pathway [85]. However, lysis can be mediated
by enzymes with cytolytic or hemolytic activity, such as regiolysin,
RtxA, metalloprotease MspA, phospholipase PlaB, or other phospholi-
pases [111]. Moreover, morphological forms can differentiate into the
VBNC form and persist in the environment when present in water for
prolonged periods [44]. VBNC cells have the potential to resurrect and
become culturable under favourable conditions, such as changes in
environmental factors or nutrient availability. In addition, VBNC cells
can serve as a reservoir for antibiotic resistance genes that can be
transferred to other bacteria in the surrounding environment, contrib-
uting to the spread of antibiotic resistance in water systems [112].

4. Biofilms: a shelter for L. pneumophila

The microbial communities in water systems, along with protozoa
and other microflora [113], are known to offer protection to
L. pneumophila [7,19,114] and the bacteria have developed mechanisms
to acquire nutrients through the colonization of multispecies biofilms.
Instead of attaching directly to the surface as a primary colonizer, it joins
pre-existing biofilm [31,117,118]. The crucial role in the ecology of
L. pneumophila is due to its interaction with the natural microflora [119],
which may persist both in the presence and absence of amoeba. Some
studies ascertain that L. pneumophila can’t survive without the presence
of amoeba [32,120,121]. A study conducted by Declerck et al. (2009)
using a rotating annular reactor to simulate the biofilms in water dis-
tribution pipes, found that the presence of A. castellanii in the biofilms
composed of Aeromonas hydrophila, Escherichia coli, Flavobacterium breve
and Pseudomonas aeruginosa led to a significantly higher invasion of
L. pneumophila compared to control experiments where A. castellanii was
absent [31]. Nevertheless, another study using a rotating disc reactor to
grow biofilms on stainless steel coupons, showed that L. pneumophila
was able to persist in biofilms composed of P. aeruginosa, Klebsiella
pneumoniae, and Flavobacterium sp., even in the absence of the protozoan
host H. vermiformis. The ability of L. pneumophila to replicate was
determined by quantifying the loss of plasmid through quantification of
the GFP signal. Although, the study does not delve into the detailed
processes through which L. pneumophila remains in the biofilm matrix
without replication when H. vermiformis is absent [32]. Additionally,
these studies do not explore the potential effect of environmental fac-
tors, such as temperature and nutrient availability, on the survival and
persistence of L. pneumophila in biofilms [31,32,122].

From another standpoint, L. pneumophila seems to persist even
without the presence of amoeba by using the matrix via acquiring me-
tabolites from other bacteria in the biofilm [19,32,68]. Adding to the
discussion, certain bacteria facilitate the enduring persistence and
presence of L. pneumophila in biofilms, whereas others impede its colo-
nization. For example, Pseudomonas fluorescens, Pseudomonas putida, K.
pneumoniae and Flavobacterium sp., provide a positive effect that is

Biofilm 7 (2024) 100196

described as an effect of the production of capsular extracellular matrix
material by these microorganisms, as well as the availability of nutrients
essential for the survival and growth of L. pneumophila [93]. On the other
side, the presence of other species, such as P. aeruginosa, Aeromonas
hydrophila, Burkholderia cepacia, Acidovorax sp., and Sphingomonas sp.
[119], play an antagonist role. Stewart et al. (2012) reported another
interesting finding that L. pneumophila can survive in a three-species
biofilm formed by P. aeruginosa and K. pneumoniae [93]. A previous
study suggests that P. aeruginosa Quorum Sensing (QS) exerts bacterio-
static and virulence factors by suppressing L. pneumophila growth and
biofilm formation [123], and it appears that permissive K. pneumoniae
can overcome this inhibitory effect. This complex survival strategy is
controlled by external signalling that triggers specific molecular re-
sponses and a complex genetic network.

It is worth noting that multiple studies examining L. pneumophila
biofilms found in the literature were conducted in vitro, some of them
using 12-well polystyrene microtiter plates [93,122] and may not
accurately reflect real-world aquatic systems. In fact, in some studies,
monospecies biofilm of L. pneumophila were formed in vitro, which has
not been proved to exist in natural environments [115,116]. A con-
ceptual scheme is proposed here to outline plausible molecular mecha-
nisms that operate during L. pneumophila presence in biofilms, including
adhesion to pre-established systems, persistence, and dispersal/detach-
ment (see Fig. 2). This could be used to systematize the existing infor-
mation and provide a starting point for understanding the mechanisms
involved in L. pneumophila heterogeneity in biofilms.

5. Transcriptomic regulation on L. pneumophila biofilms

It is conceivable that there are similarities between the intracellular
and extracellular mechanisms of the bacterium, including the switch
between the replicative and transmissive state, and its behaviour when
adhering to, persisting in, and releasing from the biofilm. However,
there is currently insufficient evidence to support the proposition that
morphogenetic changes are similar in both ecosystems. The information
compiled on the molecular regulation involved in the L. pneumophila
biofilms enabled us to establish a framework of the molecular mecha-
nisms involved in the adhesion, maturation, and detachment of
L. pneumophila biofilms (highlighted in Fig. 2).

It is worth noting that some structured genes involved in protozoa
invasion, such as the Lcl protein, Type IV pili, and the FliA, were found
to play an important role in biofilm adhesion [54,57,58,61,124]. In
addition, it has been found that the global regulator, CsrA, which is
involved in downregulation of virulent factors during intracellular
infection (transmissive phase), is upregulated in sessile cells [68].
Another noteworthy discovery is the upregulation of mip gene expres-
sion in the final stage of biofilm as well as in protozoa infection
(transmissive phase) [84,125]. These findings suggest that the biofilm
provides a favourable environment that protects the replicative state of
L. pneumophila. However, there are still unanswered questions regarding
the regulation of the maturation and dispersion of the L. pneumophila
biofilm. It is important to deepen our knowledge on these topics.

The upcoming sections will explore the molecular regulation
involved in the adhesion of L. pneumophila to the biofilm, the different
genes present in sessile cells, and the impact of the signalling systems on
the architecture and dispersion of the biofilm will be explored.

5.1. Molecular mechanisms involved in L. pneumophila adhesion to
biofilms

Upon attachment to a surface, bacteria undergo morphogenetic
changes that initiate the sessile lifestyle and the development of a bio-
film matrix, which is contingent upon microenvironmental parameters
such as microflora, surface type, and fluid properties [126]. Biofilm
formation is a tightly regulated process governed by multiple tran-
scriptomic networks, that are modulated by a wide range of external
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factors and trigger intricate signalling pathways [25,127]. An essential
adhesin protein is the Lcl protein that binds to sulfated glucosamino-
glycans (CAGs) present in the host extracellular matrix [58] and also
facilitates the adhesion to protozoa and macrophages [57]. It is now
well-described as playing a vital role in biofilm formation by facilitating
attachment to  abiotic  substrates and participating in
cell-cell/cell-matrix interactions, which is essential to the
three-dimensional structure of the biofilm [58,59]. Mallegol et al.
(2012), demonstrated differential regulation of Lcl during growth pha-
ses and biofilm formation in a static biofilm assay. The mutant lacking
Lcl showed impaired adhesion, biofilm formation and intercellular in-
teractions. More interestingly, the down-regulation of Lcl may facilitate
the dispersal of L. pneumophila to initiate biofilm colonization on
another surface [58]. The twin-arginine transport (Tat) secretion is
important for the transport of completely folded proteins across the
cytoplasmic membrane, and the deletion of tatB and tatC genes results in
a significant reduction in biofilm formation suggesting that this system
may facilitate the secretion of specific proteins involved in the early
stages of biofilm [56]. Additionally, the tatB and tatC mutants exhibit
impaired intracellular replication and showed a significant impact on
intracellular replication in Acanthamoeba castellanii [56]. As mentioned
in section 3.1 the flagellar sigma factor FliA gene is necessary for the
expression of genes associated with the transmissive phase of
L. pneumophila, including flagella, macrophage infection, and lysosome
evasion [124]. Indeed, a mutant lacking fliA showed reduced biofilm
formation, suggesting a role for FliA in this process [54]. Type IV pili
have also been implicated in L. pneumophila biofilm colonization based
on their role in adherence to protozoan cells [128]. Lucas et al. (2006)
showed that type IV pili and the pre-pilin peptidase facilitated
L. pneumophila colonization of biofilms and the absence of type IV pili
resulted in lower attachment levels compared to the wild-type strain.
However, the presence of amoeba allowed for attachment and retention
of the mutant type IV pili at levels similar to the wild-type strain [61].

5.2. Genes involved in L. pneumophila biofilms

Hindré et al. (2008), conducted a pioneering biofilm transcriptome
analysis of L. pneumophila, comparing the replicative and transmissive
phases during the growth of L. pneumophila in A. castellanii. The study
demonstrated that biofilm may serve as an apt habitat for
L. pneumophila, by the expression of genes that repress the transmissive
phase in sessile cells [68]. This study showed that the gene encoding the
global regulator, CsrA, which is involved in the downregulation of
flagellar gene expression and RpoS during a replicative phase [40], was
found to be induced in the sessile cells. These findings imply that the
regulatory networks are altered in the biofilm in comparison to plank-
tonic life. Additionally, four genes are expressed in the sessile form that
comprises two distinct clusters. The PvcAB gene cluster contains the
pvcA and pvcB genes, homologous to the pvcA and pveB in P. aeruginosa
which are necessary for the synthesis of the siderophore pyoverdine. In
L. pneumophila, this cluster is believed to regulate iron metabolism by
controlling concentration and facilitating uptake and sequestration
below toxic levels [68]. The other group of genes, alkyl hydroperoxide
reductases, ahpD and ahpC2, have been shown to play an influential role
in the defence against oxidative stress in the cells of the formed biofilm
[68]. Upregulation of ahpD and ahpC2 is documented to be a feature
reflecting L. pneumophila in its replicative phase [42], and a study per-
formed by Quan et al. (2020), confirms this upregulation after 24 h of
the intracellular growth phase of L. pneumophila within Acanthamoeba.
Iron is an essential nutrient for L. pneumophila growth and persistence,
which tightly controls biofilm formation [117]. Therefore, the meta-
bolism of iron and oxidative stress is related and the induction of these
two clusters in sessile cells may help L. pneumophila against oxidative
stress resulting from high iron concentrations. Another interesting study
conducted by Lopez et al. (2023) investigated the role of the rhizoferrin
biosynthetic gene (IbtA) in L. pneumophila biofilms and infection of host
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cells. The study also explored the possibility of functional redundancy
between the rhizoferrin and the ferrous iron transport pathway (FeoB) in
iron acquisition. The [btA feoB mutant of L. pneumophila was highly
defective in forming biofilms on plastic surfaces. This suggests that both
the rhizoferrin biosynthesis gene (IbtA) and ferrous iron transport gene
(feoB) are critical for biofilm formation. However, the IbtA-containing
complement of the mutant was able to restore biofilm formation, indi-
cating that the IbtA gene plays a specific role in this phenotype [63].
Besides that, Marin et al. (2022), identified a specific gene, bffA, in
L. pneumophila that appears to be involved in the regulation of motility,
biofilm formation, cellular replication, and virulence. The knockout
strain lacking bffA showed enhanced biofilm formation, reduced
motility, enhanced uptake into amoeba, and altered growth kinetics on
solid media. This suggests that bffA plays a role in signalling pathways
that govern changes in growth rate and motility in response to envi-
ronmental conditions [62]. Furthermore, Andreozzi et al. (2014)
showed that the expression levels of the macrophage infectivity poten-
tiator (mip) were constant during the early stages and upregulated at the
final stage of biofilm formation [84]. These results are similar to the
behaviour of L. pneumophila in the infection cycle in human protozoa
and macrophages. In fact, mip gene expression is downregulated during
the early stages of infection (replicative phase), but upregulated in the
final stages during host cell escape (transmissive phase) [125].

5.2.1. Signalling systems that regulate L. pneumophila biofilms

A variety of small signalling molecules generally mediates cell-cell
communication [78]. Quorum sensing is the production and release of
chemical signal molecules (autoinducers) that control bacterial group
behaviour [78,129]. Quorum sensing is the regulation of gene expres-
sion of several bacterial processes and behaviour in response to changes
in population density, including virulence, sporulation, and biofilm
formation/detachment [78,130]. In these communication processes,
L. pneumophila uses the Lgs (Legionella quorum sensing) system, which
comprises the autoinducer synthase LgsA, the sensor histidine kinases
LgsS and LgsT and the response regulator LgsR [131-133]. At high cell
density, the autoinducers accumulate and trigger a coordinated response
by binding specific receptors [130]. This system responds to LAI-1
(3-hydroxypentadecane-4-one), a molecule involved in the regulation
of virulence, cellular phase switch between the replicative/and the
transmissive phase, and motility, among others [134]. LAI-1 is an
a-hydroxyketone (AHK) and has been identified in L. pneumophila as a
quorum-sensing molecule. These molecules have been described as
being able to indirectly influence L. pneumophila biofilm colonization,
production of extracellular filaments and sedimentation through the Lgs
system [135]. Moreover, the bacterium’s response to environmental
changes is linked to the molecule cyclic di-GMP (c-di-GMP), which is a
crucial signalling system involved in various bacterial traits, such as cell
cycle, motility, virulence, and biofilm formation and dispersal
[136-138]. Planktonic and sessile lifestyles are promoted by low and
high intracellular c-di-GMP concentrations, respectively. In fact,
c-di-GMP is a key regulator in biofilm dispersion, controlling intracel-
lular levels and influencing enzyme production for matrix degradation,
facilitating dispersion. Active dispersion involves reducing c-di-GMP,
breaking down the biofilm, and releasing cells [138]. In L. pneumophila,
the c-di-GMP is linked to the Lgs system through the pleiotropic tran-
scription factor, LvbR (Legionella virulence and biofilm regulator). This
pleiotropic transcription factor is negatively regulated by the sensor
kinase LgsS, directly controlling the production of proteins involved in
c-di-GMP metabolism, as well as the biofilm architecture and
pathogen-host cell interactions [139,140]. Hochstrasser et al. (2022)
explored the Lgs-LvbR and c-di-GMP networks in the migration of
Acanthamoeba castellanii through Legionella biofilms. The authors
conclude that this regulatory network is directly involved in shaping the
biofilm architecture, contributing to the formation of either ’patchy’ or
’mat-like’ structures. The lvbR-deficient strain of L. pneumophila, which
has impaired c-di-GMP regulation, accumulates less sessile biomass, and
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forms homogeneous mat-like structures, leading to altered biofilm ar-
chitecture [88].

Personnic et al. (2021) showed that the sessile L. pneumophila ex-
hibits phenotypic heterogeneity and was able to form growing and non-
growing (“dormant") bacterial populations, controlled by the Lgs sys-
tem, the transcription factor LvbR and temperature. Interestingly the
non-growing sessile cells showed high metabolic activity, expressed
virulence genes, and showed tolerance toward antibiotics. These sessile
non-growers may lead to a dormant phase, promoting additional long-
term survival capacity in the environmental niche and infecting sur-
rounding protozoa [77]. Another interesting study showed that the LvbR
acts as a key regulator of biofilm architecture in L. pneumophila, influ-
encing the accumulation of sessile biomass and the formation of
compact bacterial aggregates within the biofilm. In fact, the lvbR-defi-
cient strain of L. pneumophila accumulates less sessile biomass and forms
homogeneous mat-like structures, while the wild-type strain develops
more compact bacterial aggregates [76].

6. Technologies for biofilms transcriptomic analyses

Knowledge of the ecology of bacteria and their three-dimensional
positioning within a biofilm has changed considerably over the last
few decades, in line with technological developments and the emer-
gence of new tools applied to the science of biofilms, both microscopic
imaging and molecular tools applied to systems biology. It is now
possible to model the entire three-dimensional biofilm structure, and
predict the changes that may occur in response to environmental vari-
ations [141]. Nonetheless, it is also possible to perform genotypic and
phenotypic analyses of biofilm cells, using “omics” (metagenomics,
transcriptomics, and metabolomics) [35,141]. As explored by Azeredo, a
deep understanding of the structure of the biofilm as a whole, but also at
the single-cell and single-molecule level and of its relationship with the
surrounding environment, will open up the development of models that
allow reproducible studies, but also its control or eradication [35]. For L.
pneumophila the application of these technologies is not prominent, but
on the rise. Table 2 outlines the advantages and disadvantages of a few
molecular technologies used to study biofilms in L. pneumophila.

Quantitative polymerase chain reaction (qQPCR) is a widely used
technique for studying and quantifying gene expression. It enables real-
time monitoring and fast, high-throughput detection and quantification
of target DNA sequences in various matrices [142]. qPCR can also sup-
plement other technologies such as microarrays and RNA-seq analysis,
making an important contribution to the study of biofilm ecology [38,
68,143,144]. This highlights the importance of using complementary
techniques to significantly improve the understanding of biofilms
functionality. Furthermore, multiplex optimized qPCR assays are viable
for detecting various targets in a sample [145,146]. While this technique
is still practiced for analyzing waterborne biofilms at the
single-molecule and single-cell level [147-152], as Nisar et al. (2022),
that study the association of L. pneumophila with free-living amoeba in
domestic and hospital water systems [152] interpreting the results re-
mains challenging, primarily caused by substances present in water
which act as qPCR inhibitors, such as debris, metal ions and humic acids
[153,154]. In addition, the number of cells may be overestimated as
there is no distinction between DNA/RNA from live and dead cells [155,
156]. The implementation of propidium monoazide (PMA), which solely
penetrates non-viable cells by damaging their membrane and impeding
DNA amplification through DNA cross-linking, has advanced the appli-
cation of this technique [37,157-160]. While substantial research has
been made focusing species detection, the research of mRNA transcripts
has also been updated, and there are some attempts to standardize
extraction, amplification, and quantification protocols [161-164].
Various extraction kits are available, but to ensure optimal bacterial cell
lysis and sample purification, an appropriate optimization of the
extraction protocols is necessary, especially due to possible interferences
from the biofilm that may still be present [164,165]. Nevertheless, the
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Table 2
- Molecular techniques: brief description of the benefits, downsides, and some
biofilms studies on L. pneumophila.

Technique Benefits Downsides References
on L.
pneumophila
biofilms

qPCR Fluorescence Quantification of  Disrupting the

detection during PCR genes expression 3D structure is
reaction levels require, for DNA
extraction
Real time Susceptible to
detection inhibitory
constituents
Multiplex Doesn’t [31,196,
experiments distinguish 197]
between live or
dead cells”
Complementary Lack of
use with correspondence
Microarray/ between GU
RNA-Seq results units and CFU’s,
probably due to
VBNC cells
CLSM  Fluorescent Real time Cells physiology
protein (FP) detection may be altered
Plasmidic
insertion of a
gene coding for No need for 3D Expression levels
a FP, that is Structures can hinder
expressed when destruction fluorescence
activated signal
Genetically Genetic [32,58,63,
encoded manipulation of 116,176,
bacteria may 198]
affect cellular
physiology and
survival
2-4 range of Biofilm growth
colours on in real
multiplex studies environments
cannot be
monitored
in vitro biofilm
studies can be
followed
FISH Biofilm growth Requires sample
Fluorescently in real fixation to
labeled environments enhance probe
oligonucleotide can be accessibility
probes that monitored, at which hinders
specifically well-defined real-time
targets RNA time points monitoring”
molecules
Multiplex studies Probes need to [31,193,
that can go to diffuse through 199-201]

dozens of targets
discriminated,

biofilm matrix"

(continued on next page)
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Table 2 (continued)

Technique Benefits Downsides References
onL.
pneumophila
biofilms

with the use of

spectral imaging

(CLASI-FISH and

seq-FISH)

Bacteria are not Fluorescence

genetically signal dependent

modified on the number of
ribosomes
(rRNA), or

expression levels
of target genes
(mRNA)

Can detect not
only rRNA
(population
level) but also
mRNA sequences
(single cell level)

# PMA-based approaches can allow the discrimination between live and dead
cells [159].

b The use of probe delivery techniques, can overcome the need for fixation
steps [195].

¢ Due to their neutrally charged and synthetic nature, the use of DNA mimics,
namely peptide nucleic acid (PNA) may enhance probes diffusion, by the
increased resistance to proteases and nucleases and more affinity to the target
sequence [178].

RNA extraction in biofilms may be the limiting factor when evaluating
spatial organization due to the necessity to disrupt the biofilm structure.
The extraction and amplification of genomic material fails to provide
accurate insights into the morphological condition of the bacteria and
the underlying three-dimensional microbial structures [34,166].

Allied with the technical progress of 3D imaging techniques, which
are predominantly based on high resolution microscopy, such as
confocal laser scanning microscopy (CLSM), fluorescence-based
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methods are employed to decode bacterial species patterns within bio-
films at a single-cell and molecular levels [166]. These technologies
include the expression of fluorescent proteins inserted into bacteria
plasmids and fluorescence in situ hybridization (FISH) [34]. While both
technologies are not superiorly used for L. pneumophila, they have
already demonstrated their versatility and robustness in biofilm studies
(Fig. 3).

The fluorescent proteins (FP) technique is based on the plasmid
insertion of a gene encoding an FP, that will be express upon activation
[167]. The abovementioned study performed by Murga et al. (2001),
applied fluorescent proteins to study the replication capacity of
L. pneumophila [32]. The use of various FPs, such as GFP or mCherry
enables multiplex studies [168,169]. Additionally, this technology,
recognized for its high specificity and ability to explore temporal and
spatial changes, has been frequently utilized over the past two decades
to research gene expression, strain identification, and measure specific
biofilm functions in real-time.

The effectiveness of FPs fluorescence may be hindered by its reliance
on a minimum Oy level during the final stage of chromophore matura-
tion. The distribution of O in biofilms is uneven since it depends on the
balance between gas diffusion through the biofilm and its consumption
by the bacteria. This balance determines the spatio-temporal Oy distri-
bution, which varies significantly according to the environmental con-
ditions and biofilm stage. To address the issue, a novel Oz-independent
small protein tag called FAST (Fluorescence-Activating and absorption-
Shifting Tag) has been used, enabling the reporting of gene expression in
oxygen-depleted conditions [170,171]. This technique can widely be
applied in water to detect specific bacteria or investigate the physiology
of the microbial community [172-175]. In the case of L. pneumophila,
researchers have drawn parallels between growth within eukaryotic
cells and biofilm formation [63,176]. One example of this approach’s
implementation is laid out in a recent study that investigates the dis-
tribution of transmissive L. pneumophila on a single-cell level within LCV
during the late stages of infection, using FP production [176]. The au-
thors identified a Pggs-positive transmissive L. pneumophila subpopula-
tion, which is controlled by the Lgs system, and becomes visible at the
LCV periphery, facilitating the exit and propagation of bacteria outside
of the damaged host cell.

FISH is a technique typically based on the complementary targeting
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Fig. 3. Multispecies biofilm visualization using (A) Fluorescent protein labeling (FP) or (B) Fluorescence in situ hybridization (FISH). Brief description of the protocol

for each technique. Created with BioRender.com.
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of ribosomal RNA (rRNA) by fluorescently labeled oligonucleotide
probes [177,178]. For the efficient access of the probe to the target
sequence, the cells must be fixed/permeabilized, yet maintaining the
cell integrity [178,179]. After the hybridization, the probe will label the
target sequence under stringent conditions, exciting the fluorochrome.
Generally, it is also performed a washing step, to remove the unbound
probe, clearing samples visualization on the microscope [180,181].
Several probes can be used simultaneously, detecting different targets in
multiplex approaches [180,182,183]. Nevertheless, these multiplex
approaches can be limited to the number of bandpass filters used in
imaging equipment’s (the same happen to FP technique). However,
several FISH variants may be used to increase the number of targets to
dozens or hundreds [166]. In a FISH-based technique for combinatorial
labeling and spectral imaging (CLASI-FISH), a unique combination of
two or more fluorophores, selected to maximize spectral discrimination,
are used in a same probe. The targets can be distinguished by the
spectral properties of the combined fluorochromes [184-186]. FISH can
also be applied to study the spatial localization of cells in mono or
multispecies biofilm [180]. Furthermore, it is possible to use FISH-based
techniques (e.g. seqFISH, MER-FISH par-seqFISH) to detect single
messenger RNA molecules (mRNA), allowing to categorize the meta-
bolic state of the bacteria in different biofilms layers. The spatial tran-
scriptomics methodology is pacing the FISH arena [38,187,188]. A work
on spatial transcriptomic analysis on P. aeruginosa planktonic and sessile
cells was published by Dar and co-workers in 2021 [38]. They developed
a parallel sequential FISH (par-seqFISH) to capture cells gene expression
profiles, maintaining biofilm structure integrity to study cellular phys-
ical and biogeographic context. For L. pneumophila, gene expression
using FISH is a promising area yet to explore, but until the present day,
this technique was only applied for Legionella detection in water samples
[189,190], industrial settings [191,192] and biofilms (species detection)
[31,193].

These two techniques are viable in biofilm studies owing to their
high signal intensity, ability to distinguish among diverse targets in one
experiment, versatility, and specificity. However, each method has
distinctive features that imply they are suitable for specific circum-
stances. FP requires genetic modification of cells, thereby restricting its
use in experimental biofilm studies. In FISH, the addition of probes to
the biofilm eliminates the need for any prior genetic manipulation,
enabling natural biofilm monitoring. Conversely, FP allows for real-time
assessment without any invasive cell treatment. On the other hand, FISH
entails fixation and permeabilization treatments at each time point, to
facilitate probe diffusion through biofilm structure and increase nucleic
acid probe target affinity. However, a possible way to overcome this is to
combine the use of probe delivery systems [194,195] which are capable
of fusing with bacterial envelopes in the absence of fixation chemicals,
and synthetic nucleic acid mimics (NAMs), such as Peptide Nucleic Acid
(PNA) probes. The shorter length compared to DNA/RNA probes,
neutral charge, and chemical structure of the PNA may improve diffu-
sion through the biofilm matrix and enhance target accessibility [178,
180,181]. To note that both methods can be combined with other
techniques (e.g. qPCR, specific matrix components staining) to provide
complementary insights into biofilm spatial organization and bacterial
physiology under varying circumstances.

7. Conclusions

This review highlights how the understanding of the functionality of
a biofilm and the physiology of the cells and their spatial organization is
extremely important in order to optimize the means of controlling and
eradicating the presence of L. pneumophila in biofilms. This is especially
significant in the case of this pathogen, as a lack of efficient water system
disinfection can lead to severe respiratory infections through bacterial
cells aerosolization.

Resembling the biphasic cycle of replicative and transmissive states
in amoeba, the bacteria present different morphogenetic states at several
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phases of biofilm development. These mechanisms are well-documented
in the literature, although the possibility of L. pneumophila reproducing
extracellularly in biofilms without a host still needs a deeper investi-
gation, considering the ecology of the bacterium and the impact of
different environmental conditions that the L. pneumophila is exposed to
in real setting conditions. In this sense, this review provides a holistic
description of the different pathways to gain a better understanding of
the behaviour of the bacterium as it enters, persists in, or disperses from
the biofilm. This study will enhance our comprehension of the bacteria
ecological role in aquatic systems. Various methods that can be inte-
grated to explore the genetic expression of the bacterium and its spatial
transcriptomics are available, such as qPCR, and 3D imaging techniques
allied to fluorescence imaging (FP labeling and FISH).
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