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Summary
Many bacteria can communicate with each other, coordinating and
synchronizing their behaviour by means of production and sensing of extracellular
signal molecules called autoinducers. Most autoinducers modulate intraspecies
communication, but autoinducer 2 (AI-2) functions as a universal quorum sensing
signal that enables interspecies communication. In this work, we show novel roles of
AI-2 in intra- and interspecies interactions of E. coli.
We demonstrate that motility and chemotaxis play a crucial role in the
collective behaviour – autoaggregation – of E. coli. This provides the first
physiologically relevant example of collective behaviour in bacteria being driven by
chemotaxis to a self-produced attractant. Equally important is our finding that this
self-attraction is mediated by the quorum-sensing signal AI-2. AI-2 is produced by a
large number of bacteria including E. coli, but significance of AI-2-mediated
signalling remains poorly understood. Using comprehensive whole-population and
single-cell analysis, we have conclusively shown that AI-2 import and metabolism
represent the only AI-2 uptake-dependent phenotype in E. coli. Nevertheless, our
work shows that, by promoting aggregative behaviour via chemotaxis, AI-2 plays a
true signalling function in E. coli. Such AI-2-mediated autoaggregation promotes not
only bacterial stress resistance but also formation of surface-attached biofilms. Our
work thus establishes direct connection between these two forms of bacterial
collective behaviour that are normally treated separately.
We also demonstrate that autoaggregation behaviour and biofilm formation by
E. coli are enhanced in presence of Enterococcus faecalis that naturally co-occurs
with E. coli in mammalian gut. We further show that this enhancement is due to the
interspecies signalling that is mediated by AI-2, which enables E. coli to maintain
activity of its quorum sensing system and promotes its chemotaxis-dependent
aggregation at lower cell densities. Formation of such mixed dual-species biofilms
increases stress resistance of both E. coli and E. faecalis.

Zusammenfassung
Viele Bakterien können miteinander kommunizieren und ihr Verhalten sowohl
koordinieren als auch synchronisieren, indem sie extrazelluläre Signalmoleküle,
sogenannte Autoinduktoren (Autoinducer), produzieren und analysieren. Ein Großteil
der Autoinducer moduliert die intraartielle Kommunikation, Autoinducer 2 (AI-2)
hingegen funktioniert als universelles Quorum-Sensing-Signal und ermöglicht so die
interartielle Kommunikation. In dieser Arbeit zeigen wir neue Rollen des AI-2 in
intra- und interartiellen Interaktionen von E. coli.
Wir zeigen, dass Motilität und Chemotaxis eine entscheidende Rolle im
kollektiven Verhalten - der Autoaggregation - von E. coli spielen. Dies liefert das
erste physiologisch relevante Beispiel kollektiven baktieriellen Verhaltens, welches
durch Chemotaxis zu einem selbstproduzierten Lockstoff angetrieben wird.
Gleichermaßen bedeutsam ist unsere Entdeckung, dass diese Selbstanziehung durch
das Quorum-Sensing-Signal AI-2 vermittelt wird. AI-2 wird von einer großen Anzahl
an Bakterien, einschließlich E. coli, produziert, über die Signifikanz der AI-2vermittelten Signalübertragung ist jedoch noch immer wenig bekannt. Mit Hilfe einer
umfassenden Gesamtpopulations- und Einzelzellanalyse konnten wir schlüssig
zeigen, dass der AI-2 Import und Metabolismus, den einzigen AI-2 Aufnahme
abhängigen Phänotyp in E. coli darstellt. Nichtsdestotrotz zeigt unsere Arbeit, dass
der AI-2 durch die Unterstützung des aggregativen Verhaltens mittels Chemotaxis,
eine tatsächliche Signalfunktion in E. coli spielt. Eine solche AI-2-vermittelte
Autoaggregation fördert nicht nur die bakterielle Stressresistenz, sondern auch die
Bildung von Oberflächenbiofilmen. Unsere Arbeit stellt somit einen direkten
Zusammenhang zwischen diesen beiden Formen des bakteriellen Kollektivverhaltens
her, welche normalerweise getrennt behandelt werden.
Wir zeigen außerdem, dass das Autoaggregationsverhalten und die
Biofilmbildung von E. coli in Gegenwart von Enterococcus faecalis, welcher
natürlicherweise im Darm von Säugetieren zusammen mit E. coli vorkommt, verstärkt
wird. Zudem zeigen wir, dass diese Verstärkung auf die interartielle Signalgebung
zurückzuführen ist, die durch AI-2 vermittelt wird. Das wiederum ermöglicht es E.
coli, die Aktivität seines Quorum-Sensing-Systems aufrechtzuerhalten und seine
Chemotaxis-abhängige Aggregation bei niedrigeren Zelldichten zu fördern. Die

Bildung solcher gemischter Biofilme, durch zwei verschiedene Arten, erhöht die
Stressresistenz, sowohl die von E. coli als auch die von E. faecalis.
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1. Introduction
1.1 Quorum sensing
Microbiology during the twentieth century was marked by two beautiful
discoveries that completely changed our notion of microbes as solitary organisms. It
gradually became clear that microbes prefer surface-attached communities to solitary
planktonic lifestyle (Zobell 1943), and that they actively communicate with each
other, modulating a broad range of behaviours important for their fitness. This kind of
communication, later termed quorum sensing (QS) was first described in 1960s1970s. In a series of elegant experiments, it was shown that luminescence in marine
bacteria Vibrio fischeri and Vibrio harveyi as well as genetic competence in
Streptococcus pneumoniae were activated by production of extracellular molecules
(Nealson et al. 1970; Tomasz 1965). John Hastings, the pioneer in the field, and his
colleagues referred to this phenomenon as autoinduction (Nealson et al. 1970).
However, as it often happens to paradigm-shifting discoveries, the concept of
autoinduction was met with high degree of skepticism and largely ignored until its
genetic and biochemical background was revealed. The luminescence genes from V.
fischeri were identified along with the genes required for its transcription (luxI and
luxR) (Engebrecht & Silverman 1984; Engebrecht et al. 1983). LuxI was shown to be
required for production of diffusible signal molecule, N-3-oxohexanoyl-L-homoserine
lactone (3OC6-HSL) (Eberhard et al. 1981), which was subsequently bound by a
cognate transcriptional activator LuxR, leading to activation of lux operon
transcription. Throughout the following decade, a genetic evidence for luxI/luxR
homologue pairs was growing, and their importance for various behaviours like
exoenzyme and antibiotic production was shown (Fuqua et al. 1994). All these
behaviours were controlled in the same way: a LuxI homologue was producing an
acylated homoserine lactone (AHL), which was recognized by a cognate LuxR
homologue. At this point, a concept of QS was introduced: bacteria used diffusible
signals to monitor their cell density in order to produce costly public goods only when
the population density was high enough to benefit from them (Schuster et al. 2013).
Since then, a big progress was made on understanding the diverse chemical
nature of autoinducer molecules and their functions in Gram-negative and Grampositive bacteria (Figure 1.1) (Waters & Bassler 2005). QS signalling systems were
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shown to modulate not only intra-, but also interspecies communication via
autoinducer 2 (Figure 1.1D) (Chen et al. 2002; Schauder et al. 2001). More recently,
QS-like systems in eukaryotic microorganisms and even viruses were described
(Hornby et al. 2001; Kügler et al. 2000; Erez et al. 2017).

Figure 1.1. Representative bacterial autoinducers. (A) Diversity of acylhomoserine lactones produced by Gram-negative bacteria. (B) and (C) Oligopeptides
and γ-butryolactones used as QS molecules by a range of Gram-positive bacteria. (D)
Autoinducer 2 QS molecule is a proposed signal for interspecies communication in
bacteria. This figure is a reproduction from (Waters & Bassler 2005).
Understanding how QS works at single-species levels and in natural habitats is
of great interest and is important for both fundamental and applied research. QS
systems provide a model for investigating the evolution and mechanisms of
cooperation and communication, and since many epidemiologically relevant bacteria
employ QS for regulation of their virulence, it is a promising target for novel therapy
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approaches (LaSarre & Federle 2013). In the following part, I will briefly discuss
general principles and examples of bacterial communication.
1.1.1 Intraspecies communication in Gram-positive and Gram-negative
bacteria
As mentioned above, QS is a cell-to-cell communication process that involves
production, detection and response to extracellular signalling molecules called
autoinducers. QS allows bacterial populations to modify their behaviour in response
to changes in local cell density and species composition. QS-regulated behaviours
include those effective only when undertaken by a group: biofilm formation,
production of public goods or virulence (Bassler & Losick 2006).
Despite their diversity, all QS systems depend on several basic principles. All
members of a bacterial population produce AIs, which are either diffused away (at
low cell densities) or reach locally high concentrations (at high cell densities). Once
the concentration threshold is reached, AIs are detected by specific cytoplasmic or
membrane-bound receptors, which lead to activation of the genes necessary for
cooperative behaviours (Kaplan & Greenberg 1985). Finally, the whole population
sharply induces its response, in a coordinated fashion, at high concentration of cells,
and thus of AIs, thanks to a feed-forward autoinduction loop (Seed et al. 1995;
Novick et al. 1995).
Gram-positive bacteria use secreted oligopeptides termed autoinducing
peptides (AIPs) as signalling molecules (Figure 1.1B) (Waters & Bassler 2005). AIPs
are not diffusible across the membrane and thus require a specific exporter. Most
AIPs undergo cleavage and modifications (addition of lactone rings or isoprenyl
groups) upon export (Booth et al. 1996; Nakayama et al. 2001; Ansaldi et al. 2002).
Additionally, many gram-positive bacteria rely on several types of AIPs for cell-tocell communication. When extracellular concentration of AIPs is high enough, they
bind to a cognate two-component histidine kinase receptor and activate its
autophosphorylation activity. The activated kinase then passes the phosphate to a
cognate response regulator, which in turn activates transcription of the genes
belonging to the QS regulon. A classical example of such signalling mechanism is
Staphylococcus aureus. Normally a human commensal bacterium, it can cause serious
infections upon penetration into host tissues (Lyon & Novick 2004). Its QS system
consists of an AIP encoded by agrD and a two-component signalling system, AgrC-
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AgrA (Ji et al. 1995; Novick et al. 1995). Another protein, AgrB, is required for AIP
export and modification (Saenz et al. 2000). At low cell densities, when AIP
concentration is low, bacteria express genes necessary for attachment and
colonization. However, at high cell densities AIPs bind to the histidine kinase AgrC,
causing its autophosphorylation and subsequent phosphorylation and activation of
response regulator AgrA. Phospho-AgrA represses expression of attachment factors,
while inducing expression of secreted toxins, proteases and AIPs (a positive feedback
loop which ensures that the whole population switches to high-cell-density state)
(Novick et al. 1993; Novick et al. 1995).
Notably, not all Gram-positive bacteria have peptide-based QS systems. For
example, soil-inhabiting bacteria belonging to Streptomyces genus use γbutryolactones as autoinducers (Chater & Horinouchi 2003). As seen in Figure 1.1C,
their structure resembles AHLs.
Gram-negative bacteria mostly rely on production of AHLs or other Sadenosylmethionine-derived molecules for cell-to-cell communication. AHLs, which
are produced by LuxI-type AHL synthases, are the most common type of AIs. They
consist of a core N-acylated homoserine-lactone ring and a acyl chain with variable
number (ranging from 4 to18) of carbon atoms (Galloway et al. 2011). Unlike the
AIPs, AHLs can freely diffuse through the membrane. What is common between
Gram-negative and Gram-positive bacteria is that both of them often use several types
of autoinducers for communication and that the autoinducer-driven activation results
in increased AI synthesis.
Commonly, Gram-negative bacteria use cytoplasmic LuxR-type receptors that
detect AIs produced by the cognate LuxI-type synthase. LuxR proteins consist of two
domains: a N-terminal ligand binding domain and a C-terminal DNA-binding domain
(Smith et al. 2006). N-terminal domains share homology to GAF and PAS domains
known to play important roles in signal transduction (Galperin et al. 2001), and Cterminal regions have characteristic DNA-binding helix-turn-helix domains (Galperin
2006). In absence of AIs, LuxR proteins fail to fold properly and are quickly
degraded. On the contrary, LuxR proteins with bound AI are stable, dimerize and bind
DNA sequences (lux boxes) upstream of target genes (Stevens et al. 1994).
Interestingly, the majority of LuxR proteins in bacteria lack accompanying LuxI
synthases (Hudaiberdiev et al. 2015). This suggests existence of AIs produced by
non-LuxI synthases or that these orphan receptors are capable of detecting AIs
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produced by other bacteria. SdiA, a LuxR homologue in Escherichia coli and
Salmonella typhimurium, is a nice example of this phenomenon since these bacteria
do not naturally use AHL-based QS. In fact, SdiA of E. coli was reported to respond
to 3-oxo-C6-HSL, affecting expression of 15 genes (Houdt et al. 2006). SdiA of S.
typhimurium was able to detect different types of AHLs produced by pathogenic
bacteria Aeromonas hydrophyla and Yersinia enterocolitica (Dyszel et al. 2010; Smith
et al. 2008).
Another group of AI receptors is represented by membrane-bound receptors.
This type of receptor localization effectively decouples the sites of AI production
from those of its detection (Ng & Bassler 2009). Nice examples of such quorum
sensing network architecture are QS systems of Vibrio spp. including a model
organism for QS research, V. harveyi.
V. harveyi uses three different types of AIs for intraspecies, intragenera and
interspecies communication (Miller et al. 2002). Together, these systems affect
expression of more than 600 genes (≈11% of V. harveyi genome) (van Kessel et al.
2013). LuxM synthase produces 3OH-C4-HSL (HAI-1), which is used for
intraspecies signalling (Bassler et al. 1993). V. harveyi also produces (Z)-3aminoundec-2-en-4-one, an autoinducer which is structurally related to that of V.
cholerae. Together, these molecules were termed cholera autoinducer 1 (CAI-1)
(Higgins et al. 2007). Various related forms of CAI-1 are synthesized and sensed by
bacteria belonging to Vibrio spp., making this AI an intragenera QS signal. Finally, V.
harveyi also produces autoinducer 2 (AI-2) (Schauder et al. 2001). AI-2-synthase
LuxS is present in more than 500 bacterial species, making AI-2 a plausible candidate
for interspecies signalling. Even bacteria that lack LuxS enzyme and do not produce
AI-2 (like Pseudomonas aeruginosa), can still detect and respond to AI-2 produced
by other species (Duan et al. 2003).
It is clear that bacteria mostly live in heterogeneous populations and thus
constantly encounter a mix of AIs emitted by other microbial species. Therefore,
bacteria face a challenge of deciphering information from mixtures of related and
unrelated signalling molecules. High level of precision in discrimination between
often slightly structurally different AIs is necessary to avoid performing costly
collective behaviours when not enough bacteria of the same species are around.
Indeed, most QS receptors show a high degree of specificity for their cognate
autoinducer molecules. In V. harveyi, the LuxN and CqsS receptors possess strict
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specificity for their ligands, which is mediated by “gatekeeper” amino acids in
receptors’ ligand binding pockets (Ke et al. 2015; Ng et al. 2010). As a consequence,
the LuxN receptor is activated exclusively by 3OH-C4-HS and not by non-cognate
AHLs. Furthermore, AHLs with longer carbon chains can even act as antagonists of
its activity (Ke et al. 2015). That suggests that LuxN detects AIs produced by
competing bacterial species and turns off quorum sensing in order to avoid the
exploitation of public goods produced by the V. harveyi population. A similar
mechanism governs CqsS receptor activity: CAI-1 with altered acyl chains do not
activate CqsS, and enlargement of the CAI-1 head group converts it into an antagonist
(Ng et al. 2010).
So how does the QS system of V. harveyi control its cooperative behaviours
on the molecular level? At low cell density, when no or little autoinducer is present,
LuxN, CsqS and LuxPQ receptors act as kinases that autophosphorylate and transfer
phosphate to LuxU (Figure 1.2A) (Freeman & Bassler 1999). LuxU in turn passes the
phosphate to the response regulator LuxO. In its phosphorylated form, LuxO
functions together with σ54 to activate transcription of five regulatory sRNAs (Qrr
RNAs), which affect expression of 20 mRNAs in an Hfq-dependent manner (Lenz et
al. 2004; Shao et al. 2013). Importantly, the Qrr RNAs activate the expression of the
low cell density master regulator AphA via revealing the ribosome-binding site of its
mRNA (Feng et al. 2015; Lenz et al. 2004). Simultaneously, they repress the
translation of mRNAs for a high cell density master regulator LuxR (Lenz et al.
2004). Translation of luxMN (HAI-1 synthase and receptor pair) and luxO (response
regulator) is also repressed at low cell densities (Feng et al. 2015). At this point,
bioluminescence in repressed, and several virulence factors like biofilm formation,
type III secretion system, extracellular toxin and metalloprotease production are
activated (Bassler et al. 1993; Henke & Bassler 2004; Manefield et al. 2000; Mok et
al. 2003).
At high cell density, autoinducers accumulate in the medium and bind their
cognate receptors (Figure 1.2B). AI binding inhibits autophosphorylation, which leads
to a dominant phosphatase activity for the receptors (Wei et al. 2012). The phosphoflow through the signalling cascade is reversed, resulting in termination of Qrr RNAs
and aphA expressions. On the contrary, luxR is expressed and it activates genes
required for collective behaviours including bioluminescence. The QS dynamics are
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further modulated by a set of six feedback loops and other regulatory feedbacks that
tune the information flowing though the regulatory network, ensuring optimal
dynamics and robustness of the QS system (Papenfort & Bassler 2016).

Figure 1.2. Quorum sensing in V. harveyi. (A) Signal transduction at low cell
densities. At low concentrations of AIs, LuxN, CqsS and LuxPQ act as kinases and
phosphorylate LuxU. LuxU passes the phosphate to transcriptional regulator LuxO.
Together with σ54, LuxO activates transcription of fire regulatory small RNAs (Qrr15). The Qrr RNAs repress luxR and activate aphA. AphA activates genes required for
virulence and biofilm formation. (B) At high cell densities, LuxN, CqsS and LuxPQ
act as phosphatases. LuxO is dephosphorylated and as a consequence no transcription
of the Qrr RNAs occurs. Instead of AphA, LuxR is expressed, activating genes that
are required for group behaviours including bioluminescence. HAI-1, 3OH-C4homoserine lactone; Ea-C8-CAI-1, (Z)-3-aminoundec-2-en-4-one; AI-2, autoinducer
2; P, phosphorylated form of the protein. The figure is adapted from (Papenfort &
Bassler 2016).
1.1.2 Autoinducer 2 and interspecies communication
A possibility of interspecies cell-to-cell communication was shown in late
1970s, when an induction of V. harveyi bioluminescence by cell-free supernatants
from other bacteria was reported (Greenberg et al. 1979). Further studies have led to
the discovery of a novel quorum system, and its signalling molecule was eventually
termed AI-2 (Bassler et al. 1994). Interestingly, a AI-2 synthase gene, luxS, was
identified in more than 50% of sequenced bacterial genomes including both Gram-
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negative and Gram-positive bacteria, and AI-2 activity was verified in a large number
of these species (Pereira et al. 2013). Together, these findings suggested an intriguing
possibility that bacteria use AI-2 for interspecies cell-to-cell communication.
What makes AI-2 signalling system so unique is that its central AI-2
producing enzyme, LuxS, functions in the pathway (termed activated methyl cycle or
AMC) for metabolism of S-adenosylmethionine (SAM) (Schauder et al. 2001). In all
living organisms, SAM is the main methyl donor for a variety of biological reactions
and processes varying from cell growth and chemotaxis to synthesis of vitamins and
phospholipids (Parveen & Cornell 2011; Fontecave et al. 2004). The use of SAM as a
precursor for AI synthesis is not restricted to AI-2. As described above, AHLs and
CAI-1 are also derived from SAM.
In the AMC, transfer of the methyl group to various substrates produces the
toxic byproduct S-adenosylhomocysteine (SAH) (Schauder et al. 2001). Non-LuxScontaining bacteria, Archaea and eukaryotes use an enzyme called SAH hydrolase to
metabolize SAH to adenosine and homocysteine. LuxS-containing bacteria, however,
possess a two-step system of SAH detoxification: Pfs and LuxS enzymes sequentially
convert SAH to homocysteine, adenine and 4,5-dihydroxy-2,3-pentanedione (DPD)
(Schauder et al. 2001).
DPD quickly rearranges and undergoes additional reactions, turning into a
mixture of signalling molecules that bacteria recognize as AI-2. In S. typhimurium
and E. coli, AI-2 is (2R-4S)-2-methyl-2,3,3,4-tetrahydroxytetrahydrofuran (R-THMF)
(Miller et al. 2004). In contrast, in V. harveyi, AI-2 is (2R-4S)-2-methyl-2,3,3,4tetrahydroxytetrahydrofuran-borate (R-THMF borate) (Chen et al. 2002). Since
concentration of boron is high in marine environments, its presence in AI-2 molecules
of V. harveyi is not surprising, although biological roles of boron are not well known
yet.
Two classes of AI-2-specific receptors have been described to date. Receptors
of LuxP family are found in Vibrio spp., whereas LsrB-like receptors were found in S.
typhimurium, E. coli, other members of Enterobacteriaceae and also in some
members of Rhizobiaceae and Bacillaceae families (Pereira et al. 2009). In
Haemophilus influenza and Actinobacillus actinomycetemcomitans, a ribose binding
protein RbsB is known to bind AI-2 (Armbruster et al. 2011; Shao et al. 2007).
Additionally, it was recently shown that AI-2 signalling in Streptococcus pneumoniae
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is dependent on a fructose-specific phosphoenolpyruvate-phosphotransferase (PTS)
system, which is conserved in Gram-positive pathogens (Trappetti et al. 2017).
AI-2-mediated signalling has been extensively studied, and its clear role in
quorum sensing was shown in certain bacteria. Apart of bioluminescence in V.
harveyi, it includes regulation of biofilm formation (in Streptococcus gordonii, S.
pneumoniae, Mycobacterium avium, Actinobacillus pleuropneumoniae, Bacillus
cereus), motility (Helicobacter pylori), virulence factors production (P. aeruginosa),
AI-2 incorporation (S. typhimurium, E. coli) and chemotaxis towards AI-2 (E. coli)
(Pereira et al. 2013). As LuxS in not only the AI-2 synthase but also an important
metabolic enzyme, it is possible, however, that many other species of bacteria
produce AI-2 as a mere metabolic byproduct of AMC. luxS deletion can affect gene
expression as a result of metabolic perturbations and general imbalance in the cell
caused by AMC disruption. This particular point has become the cause of an ongoing
debate questioning whether AI-2 can be defined as a true interspecies quorum-sensing
signal (Whiteley et al. 2018). The studies concerning AI-2 functions often rely solely
on phenotypes of cells lacking luxS. Without proper controls (phenotype
complementation by addition of exogenous AI-2 to ΔluxS cultures) the conclusions
made by these studies can be potentially misleading. On the other hand, it is important
to emphasize that the majority of these studies was conducted using monospecies
cultures. Such experimental setup may not provide a proper context and thus can be
simply insufficient for proper induction of AI-2 signalling. This point is supported by
studies with H. influenza-Moraxella catarrhalis and Porphyromonas gingivalis-S.
gordonii systems. H. influenzae (naturally luxS+ and AI-2 producing) promotes M.
catarrhalis (lacks LuxS enzyme and AI-2 activity) biofilm formation in AI-2
dependent way (Armbruster et al. 2011; Armbruster et al. 2010), and mutualistic
biofilms of P. gingivalis with S. gordonii are result of AI-2 signalling (Cuadra-Saenz
et al. 2012). In the latter case, biofilm biomass deficiencies caused by ΔluxS mutation
in either species could be successfully restored by chemical complementation with
AI-2.
1.1.2.1 AI-2 signalling in E. coli
In this section, we will specifically discuss the structure and function of AI-2based signalling system in E. coli. AI-2 molecules are produced as a byproduct of a
LuxS-catalyzed conversion of S-rybosylhomocysteine to homocysteine in AMC. In
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contrast to S. typhimurium, in which luxS gene is constitutively expressed (Beeston &
Surette 2002), expression of luxS in E. coli increases with bacterial growth (Xavier &
Bassler 2005a). Additionally, luxS expression was shown to increase in response to
glucose and was indirectly repressed by cAMP-CRP complex possibly in UvrYdependent manner (Wang et al. 2005a; Mitra et al. 2016).
At low cell densities, AI-2 is accumulated in extracellular medium. AI-2 is a
hydrophilic membrane-impermeable molecule, meaning that its transport through cell
membrane requires an exporter (Kamaraju et al. 2011). Though YdgG (a putative
membrane transporter protein) was proposed for this role (Herzberg et al. 2006), the
changes in extracellular AI-2 accumulation between the wild-type and ΔydgG cells
were rather mild. This indicates the existence of other yet unidentified AI-2 exporting
mechanisms.
Once a certain cell density is reached (mid-to-late exponential phase), AI-2 is
depleted from the medium (Xavier & Bassler 2005a). In contrast to AI-2 export, AI-2specific uptake system is well described. It consists of two divergently expressed
operons: lsrKR and lsrACDBFG (Figure 1.3) (Taga et al. 2003; Xavier & Bassler
2005a). During uptake, AI-2 is bound with high affinity in the periplasm by LsrB
protein. LsrB interacts with the ABC transporter system LsrACD (or shortly Lsr for
LuxS-regulated). This transport system is required for AI-2 import and consists of a
membrane channel (formed by LsrC and LsrD proteins) and an ATPase LsrA (Xavier
& Bassler 2005a). Importantly, LsrB protein together with Tsr chemoreceptor elicits a
chemotactic response towards AI-2 (Hegde et al. 2011). Chemotaxis towards AI-2
was further shown to be independent of AI-2 uptake. This feature of the Lsr system
implies another (chemotaxis-driven) level of AI-2-mediated collective behaviour in E.
coli, which essentially lays the foundation of this thesis.
Internalized AI-2 undergoes phosphorylation by LsrK kinase (Xavier et al.
2007). In absence of phosphorylated AI-2 (P-AI-2), LsrR represses transcription of
lsrKR and lsr operons (Wang et al. 2005b). Accumulation of P-AI-2 in the cell leads
to its binding to LsrR, resulting in inhibition of LsrR activity and de-repression of
both operons (Xavier et al. 2007; Xue et al. 2009). It was also proposed that initial
internalization of AI-2 occurs via a PTS-dependent mechanism (Pereira et al. 2012).
The authors suggested a mechanism by which the first pool of AI-2-P is provided by
basal levels of LsrK, allowing initial lsr operon de-repression and Lsr-mediated AI-2
uptake.
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Activation of lsr operon by AI-2-P represents a positive feedback loop in the
AI-2-based QS system, in which initial import and phosphorylation of AI-2 stimulates
the further activation of AI-2 uptake system and rapid depletion of AI-2 from the
medium. Two enzymes, LsrG and LsrF, consequently process AI-2-P to
dihydroxyacetone phosphate (DHAP) and acetyl-CoA, thus terminating the signal
(Marques et al. 2014).

Figure 1.3. AI-2-mediated QS system in E. coli. AI-2 is produced by the LuxS
enzyme as a byproduct of AMC and is exported from the cell by an unidentified
transporter. At low cell densities, extracellular concentration of AI-2 is low. However,
as cell population density grows, AI-2 accumulates in the medium and initial AI-2
uptake occurs (supposedly via PTS system). Imported AI-2 is phosphorylated by the
kinase LsrK and binds to the transcription repressor LsrR, leading to de-repression of
lsr operon. Activation of the lsr operon expression leads to rapid AI-2 import via Lsr
transporter. LsrB periplasmic binding protein binds AI-2 and channels its
internalization via ABC transporter LsrACD. Further accumulation of phosphorylated
AI-2 in the cell leads to higher levels of lsr operon induction and rapid AI-2 depletion
from the medium. Phosphorylated AI-2 is eventually degraded by LsrG and LsrF
enzymes. SRH, S-ribosylhomocystein; AI-2, autoinducer 2; PTS, phosphotransferase
system; DAHP, dihydroxyacetone phosphate, P, phosphorylated form of AI-2; IM,
inner membrane.
Thus, two major differences between AI-1 and AI-2 QS systems can be
outlined at this point. First, unlike in classical QS circuits, where extracellular AIs
concentration increases with population density, AI-2 is accumulated in extracellular
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medium only until a certain point (lsr operon activation), and then gets rapidly
imported and degraded, leading to AI-2 depletion in the medium. Second, no positive
feedback loop to AI-2 production occurs upon AI-2 QS system activation.
The way the Lsr system works has raised a still not fully answered question
about its physiological role in the cell. Why would bacteria export AI-2 in order to
import and degrade it at higher cell densities? E. coli cells grow poorly on AI-2 as a
sole carbon source, and no direct metabolic benefit of degrading AI-2-P has been
shown so far (Marques et al. 2014). The possible existence of AI-2 regulated genes
other than lsr operon was also extensively studied, producing several studies
(González Barrios et al. 2006; Ren et al. 2004; Bansal et al. 2008). Although AI-2
mediated regulation of biofilm formation and motility in E. coli was proposed based
on microarray studies, further investigations are required to confirm this hypothesis.
And finally, as the Lsr system is capable of AI-2 uptake without discriminating
between self- and non-self-produced AI-2, lsr operon encoding bacteria like E. coli
could possibly affect the behaviours of neighboring bacteria (which rely on this
molecule for their collective behaviours) by interfering with their AI-2-dependent
signalling. By this mechanism, Lsr expressing bacteria could gain competitive
advantage in multispecies communities. Experimental evidence for this hypothesis
includes interference of E. coli with V. harveyi QS system (Xavier & Bassler 2005b).
Another example is the ability of the non-AI-2-producing, but lsr operon containing
bacterium Sinorhizobium meliloti to “eavesdrop” on AI-2 produced by a plant
pathogen Erwinia carotovora (Pereira et al. 2008).
In vivo, E. coli-mediated manipulation of AI-2 levels in the antibiotic-treated
mouse gut led to significant community composition shifts (Thompson et al. 2015). In
particular, AI-2 promoted the expansion of Firmicutes, hindering Bacterioides.
Notably, many more Firmicutes encode functional AI-2 signalling systems than
Bacterioides. Recently, the discovery of an AI-2 mimic produced by mammalian
epithelial cells and sensed by LuxP and LsrB receptors has shed light on possible
interkindom signalling (Ismail et al. 2016). It is tempting to think that AI-2 and AI-2like molecules could play a role in coordinating host-microbe interactions in the
mammalian gut. These findings further underline the necessity of comprehensive
studies on polymicrobial communities in vivo or in complex in vitro systems
mimicking natural environments for understanding AI-2 signalling.
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Concluding this section, I would like to highlight another remarkable feature
of AI-2-based signalling. A growing body of evidence suggests its tight integration
into cellular metabolic state. AI-2 production levels depend on various factors
including carbon sources, temperature, salinity/osmotic pressure and pH (Surette &
Bassler 1998; Moslehi-Jenabian et al. 2009; Yeo et al. 2015; DeLisa et al. 2001;
Zhang et al. 2008; Jahid et al. 2015). The lsr operon expression and thus AI-2
reception and uptake is regulated not only by LsrR, but it is also subject to catabolite
repression, which occurs on both transcriptional (cAMP-CRP-dependent activation of
lsr operon) and post-translational levels (inhibition of LsrK activity in presence of
PTS-dependent substrates) (Wang et al. 2005a; Ha et al. 2018). Taken together, these
examples show that AI-2 signalling could not only provide information on metabolic
status of the cell, but also allow bacteria to quickly respond to changing
environmental conditions on population scale.
1.2 Bacterial autoaggregation
The ability of bacterial cells to clump together (termed autoaggregation,
autoagglutionation or cell clumping) is wide spread among environmental and
pathogenic bacteria. Although in this part we are going to mainly discuss
autoaggregation in bacteria, it is worth mentioning that this type of collective
behaviour is also known in eukaryotes like social amoebae (Gerisch 1982; Loomis
2008).
In contrast to biofilms, which are restricted to surfaces or interfaces,
aggregates are freely floating cellular clumps. Bacterial autoaggregation can be easily
observed macroscopically as flocculation and sedimentation of bacterial clumps at the
bottom of culture tube. Such autoaggregative phenotype can be constant or induced in
response to changing environmental conditions including oxygen levels or stress cues
(McLean et al. 2008; Klebensberger et al. 2007; Schmutzler et al. 2015). Despite its
wide occurrence, the knowledge about autoaggregation and its physiological
functions remains somewhat limited.
Autoaggregation generally requires specific surface structures. These are
mostly proteins, although autoaggregation determinants of carbohydrate nature like
glycosyl groups present on Campylobacter flagella (Guerry 2007) or staphylococcal
poly-N-acetylglucosamine also exist (Formosa-Dague et al. 2016). Autoaggregationmediating proteins include fimbriae, pili, curli fibers, type V autotransporter proteins,
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M proteins and flagella (Nataro et al. 1992; Bieber et al. 1998; Grantcharova et al.
2010; Wells et al. 2010; Caparon et al. 1991; Guerry 2007; Hoeflinger & Miller
2017). Type V autotransporter proteins are widely distributed in Gram-negative
bacteria including E. coli. A notably high amount of these proteins is implicated in
autoaggregation and biofilm formation, including YadA of Y. enterocolitica (Heise &
Dersch 2006), AIDA-I, antigen 43, TibA proteins of E. coli (Wells et al. 2010) and
Hap of H. influenzae (Hendrixson & St Geme 1998).
Physiological functions of autoaggregation remain a matter of studies and
often vary depending on the model organism. In P. aeruginosa, aggregates were
shown to be structurally and physiologically distinct from single cells (Kragh et al.
2016). Autoaggregation in this species is induced upon exposure to detergents such as
sodium dodecyl sulfate (SDS) (Klebensberger et al. 2007). SDS-induced
autoaggregation is dependent on a specific signal transduction pathway, which results
in synthesis of cyclic di-guanosine monophosphate (c-di-GMP) (Klebensberger et al.
2009). Aggregation and sedimentation of clumps of P. aeruginosa cells was also
proposed to play a major role during the first stages of biofilm formation along with
surface attachment of single planktonic cells (Kragh et al. 2016).
In a couple of other cases, autoaggregation phenotype occurred in presence of
predators, suggesting its role in surviving under grazing pressure (Hahn et al. 2000;
Blom et al. 2010). Autoaggregation of Sphinobium sp. in presence of the protozoan
Poterioochromonas provides an interesting example of such behaviour, since cell-free
supernatants of predator-prey co-culture are also able to induce autoaggregation of
Sphinobium cells grown in monoculture (Blom et al. 2010). This observation suggests
the existence of an autoaggregation-inducing small molecule signalling mechanism in
this species.
Autoaggregation is often associated with pathogenic bacteria. By enhancing
population’s survival under antibiotic stress or attacks of phagocytes (Haaber et al.
2012; Caceres et al. 2014; Fexby et al. 2007; Galdiero et al. 1988), cell clumping is
generally thought to promote fitness and thus enhance virulence of such human
pathogens as P. aeruginosa, S. aureus and uropathogenic E. coli. In case of the latter,
aggregative autotransporter protein antigen 43 is also required for long-term
persistence of bacteria in urinary bladder (Ulett et al. 2007). Autoaggregation
phenotype of Yersinia spp. positively correlates with its virulence, with nonaggregating
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autoaggregation contributes to virulence of Legionella pneumophila (Abdel-Nour et
al. 2014) and Bartonella henselae (Dehio et al. 1997) by increasing its cell invasion
frequency and efficiency.
In the following section, we will review the current state of knowledge about
autoaggregation and its functions in commensal and pathogenic E. coli strains
followed by a short discussion of chemotaxis signalling systems in control of cell
clumping.
1.2.1 Structural determinants of autoaggregation in E. coli
1.2.1.1 Antigen 43
1.2.1.1.1 Autotransporter adhesins
To successfully colonize various ecological niches, E. coli possesses a
spectrum of adhesins with different specificities. Two major groups of adhesins were
identified in E. coli: chaperone-usher fimbriae that generally recognize glycosylated
proteins or lipids (Korea et al. 2011; Wurpel et al. 2013), and autotransporter adhesins
that recognize specific receptors or mediate intercellular interactions including
aggregation (Wells et al. 2010; Leo et al. 2012; Klemm et al. 2006).
Autotransporter (AT) adhesins belong to type V secretion pathway proteins
and represent their largest group (Wells et al. 2010). AT proteins are outer membrane
proteins that are present in all classes of Proteobacteria and play important roles in
aggregation (Henderson et al. 1997; Sherlock et al. 2004; Sherlock et al. 2005),
adhesion (Benz & Schmidt 1989), biofilm formation (Kjaergaard et al. 2000),
haemagglutination, protease activity (Otto et al. 1998) and toxicity (Reyrat et al.
1999). All AT adhesins share a common domain architecture: an N-terminal signal
sequence, a passenger (α) domain and a translocation domain (β) (Wells et al. 2010).
The passenger domains can be either anchored to the outer membrane or released into
the external milieu, and their variable structure and length determine the general
function of the protein (Henderson et al. 2000). The translocation domain consists of
250-300 amino acid (aa) residues and inserts into the outer membrane as β-barrel
integral protein (Henderson et al. 2000). Despite their name, AT proteins often rely on
additional factors like periplasmic chaperones or components of Bam complex for
their secretion (Ieva & Bernstein 2009; Ruiz-Perez et al. 2009).
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AT proteins of E. coli consist of three broad groups:
1. SPATEs (serine protease autotransporter of the Enterobacteriaceae);
2. TAAs (trimeric autotransporter adhesins);
3. AIDA-I-type AT proteins.
The three groups differ in their domain organization, with TAAs having the
most distinct motif arrangement (Wells et al. 2010). TAAs are characterized by
presence of additional 70-100 aa C-terminal membrane anchor domain and twodomain structure of the passenger domain. Their general function is adhesion (Cotter
et al. 2005). SPATE proteins are strongly associated with pathogenic E. coli and are
involved in intestinal colonization (Leyton et al. 2007), mucinase activity (Parham et
al. 2004), hemoglobin degradation (Otto et al. 1998) and cytotoxicity (Guyer et al.
2002).
The AIDA-I-type proteins are the largest and the most diverse group of AT
proteins (Henderson et al. 2004). In E. coli, 16 subgroups of AIDA-I-type proteins
were identified (Wells et al. 2010). The diversity of their structure (the length of their
passenger domain ranges from 776 to 2771 aa) corresponds to various functional roles
they adopted. AIDA-I protein mediates cell adhesion (Benz & Schmidt 1992), and
TibA protein is essential for cell adhesion and invasion (Elsinghorst & Weitz 1994).
Though different in structure, both of these proteins also promote autoaggregation
(Klemm et al. 2006; Sherlock et al. 2004; Sherlock et al. 2005).
1.2.1.1.2 Structure of antigen 43
Antigen 43 (Ag43), an abundant outer membrane protein, is one of the beststudied representatives of the AIDA-I-type group. In contrast to AIDA-I and TibA
proteins, the eukaryotic receptors of which are known, Ag43 does not play any role in
cell adhesion and mostly promotes autoaggregation (Henderson et al. 1997), biofilm
formation (Kjaergaard et al. 2000; Danese et al. 2000) and persistence (Ulett et al.
2007) of E. coli. Ag43 is encoded by the flu gene (stands for fluffing) (Diderichsen
1980), which is a located within a CP4 phage-like element and is widely spread across
E. coli strains, including closely related Citrobacter rodentium (van der Woude &
Henderson 2008).
The cell expressing Ag43 contains ~50,000 copies of the protein (Owen
1992), which are evenly distributed over the cell surface (Henderson et al. 1997).
Ag43 domain structure is typical for AT proteins (Figure 1.4A). It contains an N-
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terminal signal peptide, a passenger domain (α43), an autochaperone domain and a Cterminal β-barrel domain (β43) (Klemm et al. 2004). The α43 domain folds into a threestranded β-helix structure and forms an L-shaped protein protruding ca. 10 nm from
the cell surface (Figure 1.4B). The β43 domain consists of the integral outer membrane
translocator domain and a surface-exposed β-helical structure, which contains the
autochaperone domain. The latter is dispensable for the proper folding of the β-helix
found in the passenger domain.
Ag43 of E. coli K-12 is produced as a 1039-amino-acid pre-protein. An Nterminal signal sequence directs translocation of the protein across the cytoplasmic
membrane to the periplasm. The passenger domain is then presented to the surface
with the help of β-barrel domain. During the passage to the surface, the peptide bond
linking these two domains is cleaved in an autocatalytic reaction. The interaction
between the domains ensures that the passenger domain remains bound to the surface
(Henderson & Owen 1999; Klemm et al. 2004).

Figure 1.4. Structure of Ag43 and mechanism of Ag43-Ag43 self-association. (A)
Schematic representation of the protein domains of Ag43, including the signal peptide
(SP), the α domain, the β domain and the autochaperone (AC) domain. (B) Ribbon
representation of secondary-structure elements of the α (passenger) domain. (C)
Model of a “Velcro-like” mechanism of Ag43-mediated autoaggregation. The α
domains are predicted to interact with β domains (grey cylinders) using the foot of L,
which positions the long stem of the protein nearly perpendicular to the cell surface,
making the interacting surfaces of the proteins (shown in yellow and orange)
accessible to each other. The figure is adapted from (Heras et al. 2014).
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The distinctive L-shape of Ag43 promotes protein self-association and
autoaggregation of Ag43-expressing cells via “Velcro-like” handshake mechanism
(Heras et al. 2014). Upon contact of two Ag43 expressing cells, the α43 passenger
domains of on the surface of one cell are predicted to interact with respective β43
domains of Ag43 on the surface of a neighboring cell (Figure 1.4C). The L shape of
the passenger domain allows the positioning of the long stem of the protein almost
perpendicular to the cell surface, thus exposing the interacting surfaces of the
contacting proteins. Several hydrogen bonds and salt bridges formed at the interaction
interfaces stabilize Ag43-Ag43 assembly.
1.2.1.1.3 Phase variation of Ag43 expression
Remarkably, expression of flu (agn43) is regulated by an epigenetic
mechanism called phase variation (Haagmans & Van Der Woude 2000; Henderson et
al. 1997; Correnti et al. 2002; Waldron et al. 2002). As a result of phase variation, any
given clonal population of E. coli consists of a mixture of cells that either express
(Ag43-ON cells) or do not express Ag43 (Ag43-OFF cells), with both states being
stably inherited. Generally, phase variation is associated with expression of surface
proteins of commensal and pathogenic bacteria, providing them with a mechanism for
successful immune system evasion. The most prominent examples include fimbriae,
Pap pili, type IV pili, flagella and capsule production (van der Woude & Baumler
2004).
Phase variation of flu expression is a result of the interplay between a
repressor, oxidative stress regulator OxyR, and an activator, the Dam methylase
which methylates the adenine at GATC sequences (Haagmans & Van Der Woude
2000; Henderson & Owen 1999; Schembri et al. 2003; Waldron et al. 2002). OxyR
was initially thought to regulate Ag43 phase variation in response to oxidative stress.
Though a reasonable assumption (induction of Ag43 expression and autoaggregation
under oxidative stress conditions), it has not found any experimental support
(Wallecha et al. 2003). The binding affinity of OxyR to flu promoter was not affected
by the oxidation state of the protein.
The regulatory region of the flu gene overlaps with its promoter and contains a
consensus sequence for OxyR binding along with three closely spaced GATC sites
(Figure 1.5). Binding of an OxyR tetramer to the flu regulatory region blocks
methylation, repressing flu expression and generating the OFF state. However, OxyR
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can occupy its binding site only if GATC sites are not methylated. Methylation of any
two of the three GATC sites is sufficient to inhibit binding of OxyR and allow flu
transcription (ON state, Figure 1.5A) (Waldron et al. 2002). Since DNA cannot be demethylated, the only way methylated DNA (and thus ON state) can be diluted out of
the population is by series of DNA replication and cell division. In every round of
replication, half of methylated DNA molecules become hemimethylated (Figure
1.5B). In its turn, hemimethylated DNA that was not methylated by the next round of
DNA replication becomes unmethylated. At this point, the unmethylated regulatory
region of flu can be methylated by Dam methylase or occupied by OxyR, defining the
state of flu expression (Figure 1.5C).

Figure 1.5. Phase variation of flu expression. The phase variable expression of flu
is due to competition between a repressor, the oxidative stress regulator OxyR, and an
activator, the Dam methylase. (A) The ON state is represented by fully methylated
GATC sites in the regulatory region of flu, which block the binding of OxyR. (B)
After one round of DNA replication, the methylation state changes from fully
methylated to hemimethylated. OxyR can bind to the regulatory region of flu as a
tetramer, blocking transcription and generating an intermediate OFF state. (C) OxyR
binds to unmethylated DNA with higher affinity than to the hemimethylated DNA,
repressing flu expression and stabilizing the OFF state. M, methylated adenine base in
GATC site. The promoter of flu is marked with -35 and -10, and the transcription
initiation site is marked with +1.
Thus, methylation and OxyR binding are mutually exclusive and the state of
flu expression is defined by the outcome of competition between OxyR and Dam
methylase for the regulatory region. Besides ON and OFF state, an intermediate state
of low flu expression that did not require flu promoter and regulatory region was
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recently identified (Lim & van Oudenaarden 2007). It was predicted to regulate the
distribution of ON- and OFF-cells and the transitions between them.
Generally, switching between ON (methylated) and OFF (unmethylated) states
occurs at rates of ~10-3 cells per generation in both directions (Haagmans & Van Der
Woude 2000; Schembri et al. 2003). This explains the slow changes in Ag43
expression states within a population if no external selection pressure is applied.
Apart from phase variation, antitermination of transcription and translation initiation
in the flu leader RNA were proposed as two additional regulators of flu expression
(Wallecha et al. 2014). However, the detailed mechanism of antitermination is still
unknown.
1.2.1.1.4 Structural and functional diversity of antigen 43
The flu gene was most likely acquired by horizontal gene transfer and displays
a remarkable diversity in gene sequence and gene copy number in different E. coli
strains. E. coli W3110 strain, for example, has one copy of the flu gene, while two
variants of it are present in a reference uropathogenic E. coli (UPEC) strain CFT073.
The overall number of flu alleles in a single chromosome can reach four (EPEC strain
B171) (Wells et al. 2010). An intriguing question is how such sequence diversity is
generated. One could suggest that its origins lie in the very mechanism of flu phase
variation. The cells in the OFF state are characterized by an unmethylated state of
both DNA strands adjacent to the flu gene. Moreover, OxyR is bound to GATC sites
in the regulatory region of flu with high affinity. This could potentially lead to failure
of DNA mismatch repair (MMR) system in two ways. First, MMR relies on
hemimethylated DNA in order to discriminate between the original and newly
synthesized strand that contains erroneously inserted bases (Harfe & Jinks-Robertson
2000). Second, MMR requires access to GATC sites for the proper functioning of its
molecular machinery. Since the OFF state is stable over many generations, no
proofreading of flu gene sequence could quickly render it hypermutable.
Phylogenetic analyses of flu alleles revealed their distribution into two
subfamilies (van der Woude & Henderson 2008). Subfamily I includes flu alleles
from E. coli K-12 and CFT073, while Subfamily II incorporates flu alleles from
UTI89, B171 and O157:H7 EDL933. Subfamily II is more prevalent that Subfamily I,
with all its members being associated with pathogenic E. coli. However, such
distribution could also be explained by the bias towards sequencing of pathogenic
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strains rather than commensal ones. Furthermore, although an intuitive assumption,
particular flu alleles do not correspond to particular clinical diseases. Interestingly, flu
promoter regions of these subfamilies also showed some variation in the regulatory
region controlling phase variation (van der Woude & Henderson 2008). However,
three GATC sites were conserved in both subfamilies, suggesting the same
mechanism of flu gene expression.
As shown in Figure 1.6, the passenger domains of Ag43 proteins vary
significantly in their sequence, producing protein variants with different functional
properties (Wells et al. 2010). Ag43 of E. coli K-12 strains is required for
autoaggregation (Henderson et al. 1997), whereas its function in UPEC strain UTI89
is associated with chronic urinary tract infections via the formation of intracellular
biofilm communities (Anderson et al. 2003). The Ag43 variants of CFT073, Ag43a
and Ag43b, share 85% homology in their α43 domains, and only Ag43a was
implicated in autoaggregation, biofilm formation and colonization of urinary tract
(Ulett et al. 2007).

Figure 1.6. Distribution of variable and conserved amino acid residues in the
passenger domain of Ag43. Alignment of 57 Ag43 protein sequences was performed
with help of ConSurf using UniProt (searching for homologues using HMMER
algorithm) and MAFFT (multiple sequence alignment). Conservation scores were
calculated by Bayesian method (Glaser et al. 2003; Landau et al. 2005; Ashkenazy et
al. 2010; Celniker et al. 2013; Ashkenazy et al. 2016).
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It is interesting to speculate whether such structural diversity could represent a
form of kin discrimination in E. coli by facilitating aggregation only between closely
related strains. Under stress conditions like oxidative stress, cells positioned within
the aggregates most likely enjoy a competitive advantage (Schembri et al. 2003). This
comes at the expense of the cells at the top of the aggregate, so the aggregation
phenotype should have an advantage only when performed by closely related bacteria.
One can imagine that autoaggregation-mediating Ag43 protein would therefore
undergo diversifying selection in order to be able to discriminate between kin and
non-kin.
A proper functional characterization of Ag43 variants and understanding the
significance of their sequence diversity still represents a challenge. Most of the
studies on this topic were conducted using episomal expression of Ag43 alleles in
distinct genetic backgrounds or strains locked in Ag43-ON state (Fexby et al. 2007;
Heras et al. 2014; Kjaergaard et al. 2000; Klemm et al. 2004; Danese et al. 2000).
This could potentially result in somewhat artificial observations and conclusions. A
nice example of it is Ag43a (encoded by fluA) from E. coli CFT073. Once expressed
in E. coli K-12 background, it confers an autoaggregation and biofilm phenotype.
However, no effects of fluA overexpression or deletion were observed in the native
background. On the other hand, fluA deletion was clearly shown to affect long-term
urinary tract colonization in vivo (Ulett et al. 2007). These observations clearly
demonstrate the importance of genetic background, natural phase variation and
experimental setup when examining the role of Ag43.
1.2.1.2 Curli fibers
Enteric bacteria including Salmonella spp. and E. coli produce extracellular
proteinaceous fibers, or curli, to mediate a spectrum of behaviours from
autoaggregation and biofilm formation (Ute Römling et al. 1998; Römling et al. 2000;
Serra et al. 2013; Besharova et al. 2016) to host colonization and virulence (Gophna
et al. 2002; Gophna et al. 2001; Hung, Marschall, C. D. Burnham, et al. 2014). Both
E. coli and S. typhimurium produce curli as a major biofilm matrix component which
allows bacteria to aggregate into microcolonies within biofilms (Serra et al. 2013; Ute
Römling et al. 1998; Grantcharova et al. 2010). A remarkable structural feature of
curli is that they resemble eukaryotic amyloid fibers (Chapman et al. 2002),

1. Introduction

23

formation of which is generally connected to human neurodegenerative diseases like
prion disease, Parkinson’s or Alzheimer’s (Cohen & Kelly 2003).
Similar to their eukaryotic counterparts, curli fibers are highly stable
nonbranching beta-sheet rich fibers of high molecular weight (Fowler et al. 2007).
Their beta-strand structure in well conserved and comprises condensed beta-sheets
that are stacked parallel to the fiber axis, and individual beta-strands lying
perpendicularly to the fiber axis (Sunde et al. 1997; Sunde & Blake 1997). However,
in contrast to human amyloids, curli fibers of enteric bacteria are deliberately
assembled (Shu et al. 2012; Hammar et al. 1995; Hammer et al. 2007; Chapman et al.
2002). The genetic machinery facilitating the formation of such structures consists of
seven proteins encoded by the two divergently transcribed operons: csgBAC and
csgDEFG (Hammar et al. 1995). CsgG is an outer membrane lipoprotein required for
the secretion of CsgA and CsgB (Figure 1.7) (Robinson et al. 2006). CsgA is exported
out of the cell, where CsgB nucleates it into a mature fiber (Shu et al. 2012). CsgE
and CsgF interact with CsgG and are dispensable for correct assembly of the fibers
(Nenninger et al. 2011; Nenninger et al. 2009).
The regulation of curli expression is an extremely complex process involving
an interplay between stress-induced sigma factor RpoS and two transcriptional
regulators, MlrA and CsgD (Yousef et al. 2015). The signalling network is
additionally regulated by c-di-GMP levels (Weber et al. 2006; Simm et al. 2007;
Romling et al. 2013) and integrates an array of environmental cues (Gerstel &
Römling 2001; Gerstel & Römling 2003; Serra et al. 2013). Another remarkable
feature of curli expression is its bistability (Grantcharova et al. 2010; Serra et al.
2013). Although the phenotype resulting from the bistable curli expression resembles
that of phase variation of Ag43 (both result in a heterogeneous phenotype of a clonal
population, in which individual cells either express the gene or not), its molecular
mechanism is completely different. In a genetic regulatory network, bistability is
generated by low-level noisy gene expression amplified by positive feedback
(Veening et al. 2008), while phase variation is regulated by chromosome DNA
modifications like methylation or recombination (van der Woude & Baumler 2004).
Despite extensive research, which has suggested the central role of CsgD in the
bistability of curli expression (Grantcharova et al. 2010; Yousef et al. 2015;
Besharova et al. 2016), the mechanism behind the functioning of this genetic network
remains elusive.
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Figure 1.7. Curli biogenesis. The proteins required for curli assembly are secreted
into the periplasm via the Sec secretion pathway. CsgG is an outer membrane protein
required for CsgA and CsgB export. CsgA is secreted outside of the cell in its soluble
form (CsgAsoluble) and is subsequently nucleated by CsgB into amyloid (CsgAamyloid).
CsgE and CsgF interact with CsgG and are necessary for efficient curli assembly.
CsgE directs CsgA export through the outer membrane and CsgF governs CsgB
assembly into amyloid-templating conformation. This mechanism of secretion is
termed nucleation-precipitation or type VII secretion system. IM, inner membrane;
OM, outer membrane.
The central role of curli expression in cell-to-cell aggregation and biofilm
formation suggests an intuitive explanation for the physiological function of its
bimodality. Biofilm formation is associated with costly extracellular matrix
production. Division of labour in curli synthesis, where only a subpopulation of cells
is responsible for curli matrix production, would decrease the cost and increase the
benefit of cooperation in biofilm formation (Branda et al. 2006). This was
consequently shown for S. typhimurium and E. coli biofilms, where curli-OFF cells
were integrated into biofilm structures formed by curli-ON cells (Serra et al. 2013;
Grantcharova et al. 2010). An equally possible explanation for observed heterogeneity
in curli expression is bet hedging, a type of strategy of bacterial populations to
maximize the chances of survival in constantly changing environment (Veening et al.
2008). Within this strategy, curli-ON and curl-OFF cells would rely on different
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modes of survival under detrimental conditions: motile curli-OFF cells are capable of
escaping microenvironments with unfavourable conditions, whereas curliated cells are
placed under collective protection provided by the structural and functional properties
of aggregates or biofilms (Gerstel & Römling 2001; Scher et al. 2005; White et al.
2006).
E. coli W3110 along with many other strains expresses curli at temperatures
below 30 °C (Serra et al. 2013; Besharova et al. 2016) and curli production was
primarily thought to represent an adaptation for survival at low temperatures (Olsén et
al. 1993). However, many pathogenic E. coli strains express curli at physiological
temperature, i.e. 37 °C (Zogaj et al. 2003; Kikuchi et al. 2005; Kai-Larsen et al. 2010;
Hung, Marschall, C.-A. D. Burnham, et al. 2014).
Curli fibers are implicated in attachment and invasion of host cells and
interaction with host proteins. Specifically, curli can bind to the extracellular matrix
proteins fibronectin and laminin (Olsén et al. 1989; Olsén et al. 1993), to tissuedegrading enzyme plasminogen (Sjöbring et al. 1994), and to contact-phase proteins
including fibrinogen and factor XII (Ben Nasr et al. 1996; Herwald et al. 1998; Olsén
et al. 2002). The function of the proteins bound by curli suggests the role of the latter
in bacterial dissemination through the host and in sepsis (Bian et al. 2000; Hung,
Marschall, C.-A. D. Burnham, et al. 2014). In a comparative study with bacteremic
(isolated from blood) and non-bacteremic UPEC isolates, strong correlation between
curli production at physiological temperatures and urinary-sourced bloodstream
infections was found (Hung, Marschall, C.-A. D. Burnham, et al. 2014). At 37 °C, the
percentage of curli expressing isolates was significantly higher among bacteremic
strains. Interestingly, the difference in curli production between the two groups was
abolished at 30 °C, indicating host-specific activation of curli expression in
bacteremic UPEC. Possible bistable expression of curli in the host would further
confer a selective advantage, since curli fibers are highly immunogenic (Tükel et al.
2005; Kai-Larsen et al. 2010).
Affecting individual and collective behaviour along with bacteria-host
interactions, both Ag43 and curli fibers represent interesting and important model
systems to study, from their expression regulation to their functional properties.
Further in-depth studies on the fascinating diversity of their genetic networks and
functional properties can provide us with valuable knowledge on fundamental
principles of optimization and convergence in evolution of biological systems.
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1.2.2 Role of chemotaxis in bacterial aggregation
Chemotaxis signalling pathways allow motile bacteria to sense and rapidly
response to external chemical signals. Homologues of the main chemotaxis proteins
are well conserved across many species and are found in genomes of bacteria
performing swimming, twitching or gliding motility (Alexander & Zhulin 2007;
Wadhams & Armitage 2004).
E. coli chemotaxis pathway represents one of the best-studied signal
transduction systems in biology. Being too small to sense chemical gradients along its
cell length, it performs a random walk composed of alternating straight motions (runs)
and changes of direction (tumbles) (Berg & Purcell 1977; Colin & Sourjik 2017).
Runs and tumbles are controlled by the direction of flagellar rotation. When motors
spin counterclockwise (CCW), flagella form bundles, propelling the cells forward in a
run. Clockwise (CW) rotation of one, or more, of the motors disrupts the bundle and
causes the cell to tumble. If a chemical attractant is sensed, suppression of tumbling
leads to longer runs in preferable direction. Vice versa, probability of tumbling is
increased in presence of repellents so the cell can change direction of swimming
(Colin & Sourjik 2017).
Inputs for chemotaxis system are sensed by transmembrane chemoreceptor
proteins, which bind ligands in periplasm and control autophosphorylation activity of
CheA kinase via the coupling protein CheW (Figure 1.8A). These proteins are
localized at the cell poles and at future division sites in large hexagonal signalling
clusters (Jones & Armitage 2015; Thiem et al. 2007). When no attractant is bound to
the receptors, CheA autophosphorylates and transfers phosphate to the response
regulator protein CheY, which then interacts with flagellar motor to increase the
probability of tumbling (Parkinson et al. 2015). Binding of an attractant inactivates
the receptors and thus inhibits CheA activity. Rapid dephosphorylation of CheY-P by
CheZ results in corresponding decrease in tumbling rate, and the cell runs. Adaptation
to the constant attractant concentrations requires two antagonistic enzymes. CheR
constantly methylates inactive chemoreceptors at multiple glutamate residues, thus
increasing the autophosphorylation activity of the bound kinases, whereas CheB demethylates the active ones with opposite effect. This integral feedback allows
adaptation to a wide range of background chemical concentrations (Vladimirov &
Sourjik 2009).
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Figure 1.8. Chemotaxis system in E. coli and homogolous chemosensory systems
in A. brasilense and M. xanthus. (A) In E. coli, signals are detected though
transmembrane chemoreceptors (Tsr, Tar, Trg, Tap or Aer) and transferred via the
adaptor protein CheW to the CheA kinase. Changes in kinase activity are transmitted
to flagellar motors through CheY response regulator. Adaptation of the receptor
complex is controlled by opposing activities of CheR (methylation) and CheB (demethylation), with both of them in turn depending on the activity levels of the
receptor. (B) Che1 chemosensory system of A. brasilense senses oxygen levels via
AerC receptor. At persisting high levels of oxygen, Che1 system controls transient
cell clumping and eventual flocculation of the cells by the direct modulation of their
swimming velocity and the indirect activation of EPS production. (C) Frz
chemosensory system of M. xanthus regulates gliding (via RomR) and twitching (via
FrzS) motility of the cells. Under starvation conditions, this system is dispensable for
initial aggregation of the cells, which starts a complex developmental program of the
population. IM, inner membrane; MCP, methyl-accepting chemotaxis proteins; H,
histidine kinase; D, response regulator; P, phosphorylated form of the protein. The
figure is adapted from (Kirby 2009; Mauriello et al. 2010).
Microbes that occupy complex environmental niches are likely to possess not
only classical chemotaxis signalling pathways, but also so-called chemosensory
systems (Kirby 2009). These are basically variations on the chemotaxis theme.
Chemosensory systems incorporate non-chemotactic proteins (like DNA-binding
transcription regulators or diguanylate cyclases) for processing various environmental
stimuli and combining them with a respective set of physiological outputs. These
often include not only regulation of motility. Chemosensory systems also control
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biofilm formation in P. aeruginosa (Hickman et al. 2005; Güvener & Harwood 2007)
and cell differentiation in Rhodospirillum centenum (Jiang & Bauer 1997; Berleman
& Bauer 2005). Interestingly, chemosensory signalling pathways were also shown to
control autoaggregation in Azospirillum brasilense (Bible et al. 2012) and
Myxococcus xanthus (Zhang et al. 2012).
A. brasilense is a soil bacterium closely associated with plant roots
(Steenhoudt & Vanderleyden 2000). It is microaerophile, and under persisting high
aeration A. brasilense cells form transient cell clumps at the non-flagellated pole
followed by flocculation (Zhulin et al. 1996; Bible et al. 2012; Bible et al. 2008). Cell
clumping is thought to protect the cells from elevated oxygen by limiting its diffusion,
but the structural determinants of clumping are yet unknown. Importantly,
autoaggregation of A. brasilense is modulated by Che1 chemosensory system, which
directly regulates cell swimming velocity and indirectly EPS production required for
flocculation (Figure 1.8B) (Bible et al. 2012). Flocculated cells have altered
morphology and physiology, which allows them to survive environmental stresses
(Sadasivan & Neyra 1985).
M. xanthus is a predatory soil bacterium which is able to undergo various
developmental programs (Zhang et al. 2012). Upon starvation, M. xanthus cells
aggregate to form transient mounds. During several cycles of mound formation and
dispersal, some cells at the center of large aggregates become trapped and lose
motility. This eventually leads to formation of fruiting bodies containing stressresistant myxospores (Zhang et al. 2012).
Gliding and twitching motility are required for aggregation and fruiting body
formation. Interestingly, the Frz chemosensory system, which regulates both gliding
and twitching motility, is essential for initial aggregation between motile cells (Figure
1.8C) (Mauriello et al. 2010; Zhang et al. 2012). Frz signalling controls such transient
aggregation by modulation of motility that brings the cells together and by properly
orienting them in aggregates. Mutations in Frz signalling pathway affect development
of fruiting bodies caused by the inability of the cells to aggregate into mounds.
Chemotaxis-controlled aggregation of motile cells is likely an advantageous
behaviour, since cells within such aggregates are better protected from fluctuations in
environmental conditions and from various stress factors. Moreover, due to the oftentransient nature of aggregation, cells can easily return to the motile planktonic state.
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All these suggest that such behaviours and their underlying mechanisms can be
potentially widely spread in bacterial world.
1.3 Aims of this thesis
During the last decades, research in microbiology has been gradually shifting
from studies concentrating solely on particular molecular mechanisms to attempts of
putting these mechanisms into a broader context of cell- and population behaviours. It
is now widely accepted that bacteria prefer to live in communities, which exist in
form of surface-attached biofilms or freely floating aggregates.
E. coli cells are well known to aggregate via outer membrane protein Ag43.
However, other determinants and mechanisms controlling autoaggregation of E. coli
remained unidentified. The overall aim of this thesis was to whether formation of E.
coli cells aggregates depends on intercellular signalling and what physiological
functions are modulated by autoaggregation.
More specifically, we aimed at investigating the following questions:
- What are the roles of motility and chemotaxis in autoaggregation of E. coli?
- If chemotaxis plays a role, what is the chemical nature of autoaggregationpromoting chemoattractant?
- What are the physiological functions of aggregates?
- Is there a connection between autoaggregation and another type of collective
behaviour, biofilm formation?
- How does AI-2-driven autoaggregation affect behaviours of E. coli in mixed
bacterial communities?
- Are there global effects of AI-2 signalling on gene expression in E. coli apart
from lsr operon induction?
- How conserved is AI-2 signalling system in different E. coli isolates?
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2.1 Abstract
Bacteria communicate by producing and sensing extracellular signal
molecules called autoinducers. Such intercellular signalling, known as quorum
sensing, allows bacteria to coordinate and synchronize behavioural responses at high
cell densities. Autoinducer 2 (AI-2) is the only known quorum-sensing molecule
produced by Escherichia coli but its physiological role remains elusive, although it is
known to regulate biofilm formation and virulence in other bacterial species. Here we
show that chemotaxis towards self-produced AI-2 can mediate collective behaviour –
autoaggregation – of E. coli. Autoaggregation requires motility and is strongly
enhanced by chemotaxis to AI-2 at physiological cell densities. These effects are
observed regardless whether cell-cell interactions under particular growth conditions
are mediated by the major E. coli adhesin antigen 43 or by curli fibers. Furthermore,
AI-2-dependent autoaggregation enhances bacterial stress resistance and promotes
biofilm formation.
2.2 Introduction
It is well established that under many natural environmental conditions
bacteria prefer to exist as multicellular structures, such as surface-attached biofilms or
freely floating aggregates. Within these structures cells are protected from various
stress factors such as exposure to ultraviolet light, acids, detergents or antimicrobial
agents (Hall-Stoodley et al. 2004; Klebensberger et al. 2007).
The gram-negative bacterium Escherichia coli is one of the model organisms
for studying both cell aggregation and biofilm formation. Autoaggregation in E. coli
is observed as emergence of microscopic cell clumps that can further lead to
macroscopic flocculation and settling of cells in static liquid cultures (Hasman et al.
1999). A major determinant of autoaggregation in E. coli is antigen 43 (Ag43), the
abundant outer membrane protein which belongs to the autotransporter family and is
secreted via the Type V secretion system (van der Woude & Henderson 2008).
During autoaggregation, Ag43 α-subunits of adjacent cells interact in a head-to-tail
conformation resulting in dimer formation (Heras et al. 2014). While Ag43 is the only
known surface factor implicated in autoaggregation of exponentially growing nonpathogenic E. coli, pathogenic strains can also aggregate via fimbriae or pili
(Schembri et al. 2001; Czeczulin et al. 1997; Bieber et al. 1998). Moreover, at lower
growth temperatures (below 30 °C) and in the later growth phase, formation of
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cellular aggregates can also be mediated by interactions of curli fibers, a major
proteinaceous component of E. coli biofilm matrix (Barnhart & Chapman 2006;
Römling et al. 2000; U Römling et al. 1998; Serra et al. 2013).
Expression of Ag43 is a classic example of phase variation, where cells in a
clonal population can be either in an ON-state (expressing Ag43) or in an OFF-state.
Ag43 phase variation results from binding competition between the repressor OxyR
and Dam methyltransferase (methylase) to the regulatory region of agn43
(alternatively called flu). Deletion of oxyR leads to a locked-ON state, whereas
deletion of dam leads to a locked-OFF state (Waldron et al. 2002).
Although bacterial autoaggregation is normally thought of as a passive
process, during the mid- to late exponential phase of growth when aggregation
becomes apparent E. coli cells are highly motile and chemotactic, i.e., able to follow
gradients of nutrients and other environmental stimuli (Sourjik & Wingreen 2012).
These chemotactic stimuli are detected by transmembrane chemoreceptors that
regulate activity of the cytoplasmic histidine kinase CheA and subsequent
phosphorylation of the response regulator CheY. Phosphorylated CheY binds to
flagellar motors and induces a switch from the default counter-clockwise (CCW) to
clockwise (CW) rotation, promoting cell tumbling. Increased binding of
chemoattractants to the sensory domain of receptors – which can be either direct or
mediated by periplasmic binding proteins – results in inhibition of the
autophosphorylation activity of CheA and decrease in the level of phosphorylated
CheY, causing smooth swimming.
Chemotaxis to self-secreted attractants is well known to promote aggregation
of eukaryotic organisms, such as social amoebae (Gerisch 1982). It was thus
speculated that chemotaxis-dependent aggregation might also exist in bacteria
(Gladys 2015), but direct evidence for such behaviour is still missing. In a porous
medium or in a microfluidic channel, E. coli can indeed form large dynamic clusters
where thousands of cells are kept together solely through chemotactic self-attraction
(Park, Wolanin, Yuzbashyan, Lin, et al. 2003; Mittal et al. 2003; Budrene & Berg
1991; Budrene & Berg 1995; Park, Wolanin, Yuzbashyan, Silberzan, et al. 2003).
However, this behaviour only occurs under specific conditions when E. coli secretes
high levels of amino acids that act as attractants, and its physiological significance
remained unclear. Besides E. coli, regulation of motility by the chemotaxis pathway
has been shown to affect autoaggregation (clumping) of Azospirillum brasiliense, but
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this regulation is inhibitory and chemotaxis itself is not required for aggregation
(Bible et al. 2008).
In this study, we provide evidence for the involvement of motility and
chemotaxis in the Ag43-dependent aggregation of E. coli. Our results suggest that
aggregation should be seen as an active process that requires not only specific
adhesins but also swimming to promote random intercellular collisions and
subsequent chemotactic response to gradients of self-produced attractant. We further
show that this self-attraction is mediated by the quorum-sensing (QS) molecule
autoinducer-2 (AI-2), the only QS signal described for E. coli. Chemotaxis to AI-2
similarly promotes aggregative behaviour mediated by curli fibers in cells grown at
low temperature to the early stationary phase. Our results demonstrate that such
chemotaxis-driven aggregation enhances AI-2-mediated signalling, biofilm formation
and stress resistance.
2.3 Results
Aggregation of E. coli depends on motility and chemotaxis. We first
investigated aggregation of E. coli strain W3110 (RpoS+) (Serra et al. 2013) grown at
37°C to a mid-exponential growth phase. Consistent with previous studies performed
for other E. coli K-12 strains (Bieber et al. 1998), under these conditions the highdensity (OD600 of 2.0) culture of W3110 showed reproducible aggregation that was
dependent on Ag43 (Figure S1) but not on curli or on other biofilm matrix
components, poly-beta-1,6-N-acetyl-D-glucosamine (PGA) and colanic acid (Figure
S2). This result confirms that a large fraction of W3110 cells is in the ON-state of
agn43 expression under our conditions. Nevertheless, to avoid potential complexity
associated with the phase variation of agn43 expression between and within
individual cultures (Chauhan et al. 2013), we subsequently used overexpression of the
Dam methyltransferase to lock our strains in the ON-state (Figure S3). The Dam++
wild-type strain aggregated even more efficiently than the original W3110 wild type
(compare Figure 2.1a and S1). Aggregation was also dependent on density of the cell
culture, being negligible below OD600 of 0.25, relatively constant in the OD600 range
between 0.5 and 2.0, and further increasing at OD600 of 6.0 (Figure 2.1a and S4).
Notably, we observed that aggregation was completely abolished not only by deletion
of agn43 (Δflu) (Figure 2.1b) but also upon deletion of fliC that encodes flagellin
(Figure 2.1c and S1).
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Figure 2.1. Swimming motility and chemotaxis are required for autoaggregation.
a-e, Aggregation of the wild-type E. coli W3110 (a), and its Δflu (b), ΔfliC (c),
ΔmotA (d) and ΔcheY (e) knockouts grown to OD600 of 0.6 at 37 °C. For aggregation
experiments, cells were resuspended in fresh TB medium to OD600 of 1.0 (two left
panels) or 6.0 (right panel) and aggregation was assayed at room temperature in
channels using microscopy as described in Methods. Aggregation at OD600 of 6.0 is
shown at 120 min. Scale bars, 20 µm. f, Quantification of the area occupied by
aggregates in microscopy images for the wild type and indicated mutants. Error bars
indicate standard deviation of three independent replicates.
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A similar defect was observed for a ΔmotA mutant that lacks a major component of
the flagellar motor and has paralyzed flagella (Figure 2.1d). Aggregation of Δflu,
ΔfliC and ΔmotA strains could not be restored even at very high cell density, meaning
that both Ag43 and flagella-driven motility are strictly required for this process.
Furthermore, we observed that aggregation was severely affected in the nonchemotactic (but motile) ΔcheY mutant (Figure 2.1e and S1). In contrast to motilitydeficient strains ΔcheY cells still formed small aggregates. However, at OD600=1.0
these aggregates did not reach the size of the wild-type structures (Figure 2.1f). This
requirement of chemotaxis for aggregation was even more pronounced at lower cell
densities, but it was largely alleviated at very high cell density when aggregation of
ΔcheY and wild-type cells became comparable (Figure 2.1e and S4). We thus
concluded that while chemotaxis (as opposed to motility) is not absolutely essential
for aggregation, it strongly enhances aggregation at lower cell densities, likely by
chemotaxis-mediated attraction of individual motile cells towards aggregates. We
further observed that aggregation requires chemoreceptor Tsr, which is highly
abundant in exponentially growing E. coli cells (Li & Hazelbauer 2004), whereas the
deletion of Tar, another major chemoreceptor, had a milder effect (Figure 2.1f and
S1).
Chemotaxis to AI-2 enhances aggregation. The involvement of Tsr in
aggregation was particularly interesting, since this receptor has been previously
shown to mediate chemotactic response to AI-2, a universal quorum-sensing molecule
that can be produced and recognized by many bacteria (Pereira et al. 2013; Miller et
al. 2004). AI-2 is a byproduct of the activated methyl cycle, required for recycling of
S-adenosyl-L-methionine. In E. coli, AI-2 is initially produced by the enzyme LuxS
as (S)-4,5-Dihydroxy-2,3-pentandione (DPD) and later undergoes spontaneous
cyclisation. E. coli possesses a specific ATP-binding cassette (ABC) transporter for
AI-2 uptake, which includes the periplasmic binding protein LsrB, the cytoplasmic
ATP-binding protein LsrA, as well as two membrane proteins, LsrC and LsrD, that
form the transport channel (Pereira et al. 2013). The imported AI-2 undergoes
phosphorylation by LsrK and then binds to and activates LsrR, which leads to derepression of the lsr operon and possibly other genes (Pereira et al. 2013). Besides its
function in transport, AI-2-bound LsrB was proposed to interact with the sensory
domain of Tsr, thereby eliciting a chemotactic response (Hegde et al. 2011).
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E. coli is known to primarily produce and secrete AI-2 during the mid- to late
exponential growth phase (Pereira et al. 2013) (Figure 2.2a), which is seemingly
consistent with the growth-phase dependence of autoaggregation (Figure 2.2b).
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Figure 2.2. Autoaggregation depends on production and sensing of autoinducer
2. a, Activity of the lsr promoter reporting AI-2 levels during growth of the wildtype population as a function of the growth stage of E. coli culture. b, Aggregation
of the wild type at different stages of growth, assayed as in Figure 1. c, Aggregation
of strains defective in production (ΔluxS), sensing and import (ΔlsrB) or only import
(ΔlsrC) of AI-2. d, Effects of indicated concentrations of added (S)-4,5-Dihydroxy2,3-pentandione (DPD) on aggregation of the wild-type cells. Error bars in all
panels indicate standard deviation of three independent replicates.
Together with the requirement of Tsr for aggregation, this indicated that AI-2
might be the aggregation-promoting chemotactic signal. This hypothesis was
supported by strongly reduced aggregation of ΔluxS and ΔlsrB mutants that are
impaired in production and perception of AI-2, respectively (Figure 2.2c, Figure S1
and S5). Although the deletion of luxS also resulted in decreased motility (Figure S5a)
thus complicating data interpretation, ΔlsrB showed normal motility and chemotaxis
towards amino acids while its aggregation was reduced to the level of ΔcheY strain.
This defect of ΔlsrB strain in aggregation was apparently due to its deficiency in the
sensing of AI-2 and not because of the deficient uptake, because deletion of lsrC that
similarly abolishes the AI-2 uptake led to only a minor reduction of aggregation
(Figure 2.2c). Consistent with the involvement of AI-2 signalling, addition of
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synthetic DPD/AI-2 (i.e., DPD that spontaneously converted to AI-2) to the wild-type
culture reduced aggregation in a dose-dependent manner (Figure 2.2d).
To directly confirm that AI-2 is a specific LsrB-dependent chemoattractant for
E. coli (Hegde et al. 2011), we studied E. coli behaviour in microfluidic gradients of
the synthetic DPD/AI-2, using a non-metabolizable attractant α-D,L-methylaspartic
acid (MeAsp) as a positive control (Figure S6a,b). The movement of wild-type cells
showed a pronounced chemotactic bias up the 0-10 µM gradient of DPD/AI-2 (Figure
S6c), comparable to the bias observed for the 0-200 µM gradient of MeAsp. As
expected, ΔlsrB strain showed no chemotaxis to AI-2. Notably, wild-type cells were
no longer able to follow the same gradient of DPD/AI-2 above the background of 200
µM. This is consistent with a narrow dynamic range of attractant concentrations that
can be sensed via a periplasmic binding protein (Neumann et al. 2010), due to
saturation of the sensor at high background stimulation. Importantly, no apparent
effect of even high background concentration of AI-2 on swimming speed or
chemotaxis to MeAsp was observed (Figure S6c,d). Taken together, these results
strongly suggest that AI-2 acts as a specific chemoattractant during autoaggregation
of E. coli.
Chemotaxis governs kinetics of aggregation and disaggregation. To better
understand the dynamics of autoaggregation and its dependence on AI-2 chemotaxis,
we followed its early stage with high time resolution and at lower cell density
(OD600=0.5) (Figure 2.3a-c). We observed that the aggregation of the wild-type cells
proceeds very rapidly, with ~50% of cells being incorporated into the aggregates
already during the first 5 min of observation (~8 min after the cells were loaded into
the channel; Figure 2.3a,b). During this phase, both the number (Figure 2.3b) and size
of aggregates (Figure 2.3c) increased. Subsequently, the aggregation slowed down,
reaching a peak at about 1 h, when the majority of cells became incorporated into the
aggregates. Nevertheless, individual aggregates remained highly dynamic in their size
(Figure S7). Such dynamics demonstrates reversibility of cell incorporation into
Ag43-mediated aggregates, which is consistent with a relatively low strength of
interactions mediated by Ag43 (Heras et al. 2014).
The rate of aggregation was significantly lower for ΔcheY and ΔlsrB strains
(Figure 2.3a-c), with both the number and the size of aggregates increasing slower
than in the wild type. Notably, this difference in the aggregate size and number was
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already observed at the early stage of aggregation, when the size of aggregates was
below 50 µm. The rate of aggregation and particularly the number of aggregates were
also moderately decreased in ΔlsrC cells that are deficient in AI-2 uptake, indicating
that degradation might play a role in sharpening the AI-2 gradients.
Consistent with the reversible nature of cell association within aggregates, we
further observed that after 2 h of incubation, aggregates formed by the wild-type cells
began to disperse again (Figure 2.3d), despite individual cells remaining highly
motile. Dispersal was not observed for ΔcheY or ΔlsrB aggregates, which remained at
approximately constant size for over 5 h, suggesting that it might be caused by the
loss of chemotaxis towards aggregates. We hypothesized that this loss of chemotaxis
is likely to be explained by excessive accumulation of AI-2 in the medium during the
experiment, which disables sensing of AI-2 gradients above this high background
(Figure S6). Indeed, quantification of AI-2 in the cell-culture supernatant using
transcriptional reporter showed that levels of AI-2 continued to rise at the onset of
disaggregation (Figure 2.3e and S8). Consistent with an excess rather than depletion
of AI-2 being a cause of disaggregation, similar dispersal kinetics was observed for
the uptake-deficient ΔlsrC and wild-type cells (Figure 2.3d).
Further supporting our hypothesis, addition of external synthetic DPD/AI-2
(0.2 mM) even at later stages of autoaggregation greatly reduced the growth of the
aggregates (Figure S9a,d), although the effect is presumably weakened by rapid
consumption of AI-2. Similar inhibition and even moderate dispersal of the
aggregates could be achieved by very high levels (10 mM) of Tsr ligand L-serine,
which are known to generally disable chemotaxis (Neumann et al. 2014). Even more
pronounced dispersal effect was observed upon incubation with 2-aminoisobutyric
acid (AIbu), a less chemoattractive but non-metabolizable analogue of L-serine (Berg
& Tedesco 1975),consistent with our assumption that degradation weakens the
dispersal effects that are induced by added chemoattractants. Importantly, no dispersal
was observed for ΔcheY and ΔlsrB aggregates upon addition of AI-2 or other
chemoattractants (Figure S9b,c,e,f), which confirms the key role of the chemotaxis
inhibition in the dispersal process.
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Figure 2.3. Kinetics of initial aggregation and dispersal depend on AI-2. a-c,
Time dependence of the fraction of cells in aggregates (a), number of aggregates (b)
and aggregate size (c). Distribution of aggregate sizes in (c) is shown at 0 min
(black squares), 5 min (red circles) and 20 min (blue triangles), as indicated in (a).
Aggregation was assayed as in Figure 1, except OD600 was adjusted to 0.5. d,e,
Dynamics of aggregation and dispersal for the wild-type, ΔcheY, ΔlsrB and ΔlsrC
strains over 5 h incubation (d) and corresponding levels of AI-2 activity in
supernatants quantified using fluorescence reporter strain as described in Methods.
Reporter fluorescence was measured using flow cytometry and expressed in
arbitrary units (a.u.) of fluorescence. Aggregation was assayed as in Figure 1. Error
bars in all panels indicate standard deviation of three independent replicates.
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Aggregation promotes AI-2 signalling. We next explored the consequences
of such chemotaxis-mediated autoaggregation on the AI-2-dependent transcriptional
response. We speculated that high density of AI-2 secreting cells within aggregates
might lead to more efficient response induction. Indeed, when cultures were incubated
under conditions that enable aggregation, the induction of the Plsr-egfp reporter in the
wild type – but not in the aggregation-deficient Δflu, ΔcheY or ΔlsrB mutants –
increased significantly during the first 40 min (Figure 2.4a). This was likely explained
by the increased local accumulation of AI-2 in the aggregates, because the wild-type
strain overexpressing LuxS showed a steadily high level of lsr operon expression.
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Figure 2.4. High cell density in aggregates promotes induction of AI-2
response. a, lsr promoter activation in the aggregating wild-type and nonaggregating ΔcheY, Δflu and ΔlsrB strains, as well as in the wild type
overexpressing LuxS. P values were calculated using Mann-Whitney test
(**P<0.05, NS – not significant, P>0.05). b, Distribution of fluorescence levels of
Plsr-egfp at 40 min of aggregation in the wild type, ΔcheY (Mann-Whitney test,
P<0.05, n=3) and in the wild type overexpressing LuxS (Mann-Whitney test,
P<0.05, n=3), measured using flow cytometry and expressed in arbitrary units (a.u.)
of fluorescence. c, Confocal microscopy images and corresponding quantification of
Plsr-egfp fluorescence in aggregates and in planktonic cells of the wild-type
population (left, Mann-Whitney test: P<0.0001) and of cells expressing egfp from
the IPTG-inducible trc promoter (right, Mann-Whitney test: P>0.05). Scale bars, 20
µm. Error bars in all panels indicate standard deviation of three independent
replicates.
Consistent with the proposed higher induction of the reporter in only a fraction
of cells within aggregates, wild-type cells showed a broader distribution of the levels
of reporter fluorescence than aggregation-deficient strains or than the wild type
overexpressing LuxS (Figure 2.4b). To further confirm this interpretation, reporter
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fluorescence was imaged within aggregates and in non-aggregated planktonic cells
using confocal microscopy. Aggregated cells had indeed higher level of lsr operon
induction (Figure 2.4c), in contrast to the control cell expressing only egfp.
Aggregation enhances oxidative stress resistance and biofilm formation.
Aggregation is known to enhance stress resistance of bacteria (Klebensberger et al.
2007), including E. coli (Schembri et al. 2003). Consistent with these previous
observations, wild-type cells that were treated with H2O2 had much higher rate of
survival under conditions that favour aggregation (Figure 2.5a). In contrast, no
increase in survival was observed in non-aggregating Δflu cells, even upon
overexpression of LuxS. Based on these results, we conclude that the increased
oxidative stress resistance is indeed mediated by physical protection of cells within
aggregates rather than by the QS signalling.
Although Ag43 is usually not considered as a major determinant of biofilm
formation, the effect of flu deletion on surface-attached biofilms has been reported
(Danese et al. 2000). We thus tested possible involvement of the Ag43- and
chemotaxis-dependent aggregation in biofilm formation. Indeed, crystal violet (CV)
staining of surface-attached biofilms grown for 24 h at 37°C in microtiter plates
revealed significant decrease in biofilm formation in Δflu, ΔcheY and ΔlsrB strains
(Figure 2.5b). Microscopic observation of biofilms formed under such static
conditions demonstrated that biofilms formed by ΔlsrB, ΔcheY or Δflu cells were
significantly less structured (unpaired t-test, P<0.0001) than the wild-type biofilm
(Figure 2.5c). This was further confirmed by quantification of the microcolony
volumes in biofilm images, which showed that the wild type formed significantly
larger microcolonies than ΔcheY or ΔlsrB, and Δflu formed no detectable
microcolonies (Figure S10). Consistent with its greater importance for aggregation,
deletion of Ag43 had a more pronounced effect on biofilm formation than the lack of
AI-2 chemotaxis.
AI-2 chemotaxis enhances curli-mediated aggregation. Although curli
fibers are not important for autoaggregation of E. coli cells grown to late exponential
phase at 37 °C, curli expression is highly upregulated at lower temperatures (below 30
°C) and higher OD. Consistent with previous reports (Römling et al. 2000; U
Römling et al. 1998), we observed that aggregation behaviour of cell grown at 30°C
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to OD600=1.0 was dependent on curli, whereas flu deletion had only a moderate effect
(Figure 2.6a and S11a).
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Figure 2.5. Ag43-dependent aggregation promotes resistance to oxidative stress
and biofilm formation. a, Aggregation improves viability under oxidative stress
conditions. Survival of the wild-type and Δflu cells upon exposure to 0.5% H2O2
under aggregation (no shaking) or non-aggregation (shaking at 270 rpm) conditions.
Overexpression of LuxS does not rescue viability defect on the autoaggregationdefective Δflu strain. P value was calculated using Mann-Whitney test (***P<0.01).
b, Biofilm formation under static culture grown at 37°C for 24 h, quantified using
crystal violet (CV) staining. Shown in arbitrary units (AU) are CV values
normalized by the optical density. P values were calculated using Mann-Whitney
test (** P<0.05, NS – not significant, P>0.05). Error bars in (a,b) indicate standard
deviation of five independent replicates. c, Confocal laser scanning microscopy of
biofilms formed by the wild-type strain and by the aggregation-deficient mutants
after 24 h static culture grown at 37 °C. Scale bars, 40 µm.
Despite this different mode of cell-cell interaction and lower expression of lsr operon
at 30°C (Figure S12a), the dependence of curli-mediated aggregation on motility and
AI-2 chemotaxis was similar to the Ag43-mediated aggregation. However, aggregates
formed under these conditions showed little dispersal even after 3.5 h of observation
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(Figure S11b), presumably due to the lower rate of AI-2 accumulation at 30°C and/or
higher stability of curli-mediated interactions. Consistently, biofilm formation at 30°C
was affected by cheY and lsrB deletions, whereas flu deletion had lesser effect in this
case (Figure 2.6b), as confirmed by the CV staining (Figure S12b) and quantification
of the microcolony size distribution within biofilms (Figure S12c).
a

0 min

40 min

120 min

0 min

WT

ΔlsrB

ΔcsgA

ΔlsrC

Δflu

ΔfliC

ΔcheY

ΔmotA

40 min

120 min

b
WT

ΔcheY

ΔlsrB

Δflu

Figure 2.6. Chemotaxis to AI-2 enhances curli-mediated aggregation and
biofilm formation. a, Aggregation of the wild-type E. coli W3110 cells and
indicated knockout mutants grown to OD600 of 1.0 at 30 °C, and assayed as in
Figure 1 but at OD600 of 2.0. b, Confocal laser scanning microscopy of biofilms
formed at 30°C after 24 h static culture growth. In both experiments, cells with
native level of Dam expression were used. Scale bars, 40 µm.
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2.4 Discussion
The ability to form multicellular agglomerations, either suspended aggregates
or surface-attached biofilms, is widespread among bacteria. Multicellular structures
provide a number of benefits, such as increased resistance to various stress factors
that are essential for bacterial survival under changing environmental conditions.
Despite the importance of bacterial aggregation in the environmental context, current
understanding of this behaviour is still limited, even for such model organism as E.
coli.
Flagellar motility and chemotaxis are normally associated with the behaviour
of individual planktonic cells, and formation of biofilms is viewed as an irreversible
transition from motile to the sessile lifestyle (Hall-Stoodley et al. 2004; Beloin et al.
2008; Guttenplan & Kearns 2013). Although under some conditions flagella and
motility are known to contribute to formation of surface-associated biofilms (Pratt &
Kolter 1998; Houry et al. 2010), these effects have been interpreted in the context of
bacteria-surface interactions and not cell-cell interactions. It was proposed that
flagella may function as surface adhesins (Haiko & Westerlund-Wikström 2013) or
sensors (Belas 2014; Cairns et al. 2013) or that swimming may promote transient cellsurface contacts (Conrad 2012). The role of chemotaxis in biofilm formation has not
been demonstrated to date, and E. coli chemotaxis mutants can form normal biofilms
under standard conditions (Pratt & Kolter 1998; Danese et al. 2000).
Even less explored are the functions of motility and chemotaxis in formation
of suspended cell aggregates. In E. coli, autoaggregation was proposed to be mutually
exclusive with motility (Ulett et al. 2006). In A. brasilense, aggregation (clumping) is
affected by the deletion of Che1 chemotaxis pathway that modulates swimming
velocity (Bible et al. 2012), suggesting an important role for motility. However, the
Che1-mediated tactic response itself is not required for aggregation since deletion of
the pathway increases rather than decreases clumping (Bible et al. 2008).
Our study thus provides the first direct evidence that chemotaxis towards a
self-secreted attractant mediates autoaggregation of bacteria. Notably, motility and
chemotaxis are required regardless of the adhesin that mediates cell interactions in E.
coli – Ag43 during exponential growth at 37°C or curli during early stationary phase
at 30 °C. According to our observations, the aggregation process could be principally
divided into three phases (Figure 2.7). Phase I corresponds to the initial formation of
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“seeding” aggregates by random collisions of motile cells, which does not require
chemotaxis.

Figure 2.7. Proposed model of autoaggregation. Ag43-mediated autoaggregation of
E. coli can be schematically divided into three phases. Phase I corresponds to
formation of initial “seeding” aggregates by random collisions of Ag43-expressing
motile cells. These initial aggregates subsequently grow during phase II. Here
gradients of AI-2 that are produced by the aggregates serve to attract additional cells.
Higher local cell density in the aggregates promotes AI-2-mediated autoinduction (derepression of the lsr operon). Due to relative weakness of Ag43-mediated interactions,
a fraction of individual swimming cells remains at an equilibrium with the aggregates,
and cells continue leaving and joining aggregates during this phase. Finally, phase III
reflects dispersal of the aggregates. During this phase, increased levels AI-2 in the
culture lead to the loss of chemotaxis due to high background. This results in the
subsequent gradual disaggregation, because more cells detach from aggregates than
join them. Phases I and II are similar for curli-mediated aggregation, whereas phase
III is less pronounced because of greater stability of interactions.
Consistent with that, formation of small aggregates is observed for ΔcheY but
not for ΔfliC or ΔmotA cells (Figure 2.1). At physiological cell densities, however,
further growth of these aggregates through purely random collisions is relatively
inefficient. Instead, during the next phase (phase II) these seeding aggregates
apparently secrete sufficiently high levels of AI-2 to mediate gradient formation and
chemotactic attraction of individual cells to the aggregates. Such chemoattraction
greatly enhances the rate of aggregate growth, likely by increasing local cell density.
Consistent with that, chemotaxis has a more pronounced effect on aggregation at
lower densities of the cell culture (Figure 2.1a,e and S4). Chemoattraction results in a
transient phase of rapid aggregate growth that subsequently slows down as the
aggregates reach equilibrium with free-swimming cells, which is strongly shifted
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towards aggregates in the wild type compared to non-chemotactic cells (Figure 2.3).
Subsequent gradual increase in the background levels of AI-2 in the medium disrupts
chemotaxis towards aggregates, because cells are no longer able to follow gradients of
AI-2 above high background, thus inducing aggregate dispersal (phase III).
Supporting this explanation, during dispersal the levels of aggregation in the wildtype cells gradually approached those in the non-chemotactic or AI-2-insensitive
strains, whereas these latter strains showed no significant dispersal. Dispersal phase is
particularly prominent for the Ag43-mediated aggregation, whereas curli-mediated
interactions seem to be significantly more stable.
Aggregation mediated by the AI-2 taxis appears to have several physiological
consequences. First, we observed that high local cell density within aggregates
promotes AI-2 signalling in comparison to non-aggregating cells. E. coli can thus use
autoaggregation to reach critical densities for quorum sensing already at low overall
density of the population. Such local induction of quorum-sensing response within
aggregates is consistent with a theoretical concept of efficiency sensing (Hense et al.
2007) as well as with a previously observed local QS response induction in Vibrio
harveyi (Park et al. 2003).
Although AI-2 is produced by many bacteria and is used for communication
both within and between species, there are few characterized examples of
physiological functions of AI-2 signalling (Pereira et al. 2013). Consequently, the
importance of E. coli response to AI-2 beyond its uptake and metabolism remained
unclear to date, although metabolism of AI-2 might itself provide bacteria with a
benefit (Marques et al. 2014) and/or with a competitive advantage in mixed
communities (K. B. Xavier & Bassler 2005). Building upon a previous observation
(Hegde et al. 2011) of the chemotactic response to AI-2, here we characterized the
first uptake-independent function of AI-2 signalling in E. coli. Importantly, AI-2
mediated autoaggregation not only promotes local AI-2 signalling, but it also provides
physical protection against oxidative stress and contributes to the development of
surface-attached biofilms. Our results thus provide evidence for the longhypothesized role of self-attraction in cell aggregation and in biofilm formation.
Given the ubiquitous nature of AI-2 production by bacteria, it is likely that
chemotaxis to AI-2 is involved in aggregation, and possibly even co-aggregation, of
other species.
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2.5 Materials and Methods
Bacterial strains, plasmids and media. The strains and plasmids used in this
study are listed in Table 2.1. All strains were derived from E. coli W3110 (RpoS+)
(Serra et al. 2013). Cells were grown either on 1.5% LB agar or in liquid TB medium
(10g tryptone, 5g NaCl per liter) supplemented with antibiotics where necessary.
Gene deletions were obtained via PCR-based inactivation of chromosomal genes
(Datsenko & Wanner 2000) or using P1 transduction (Miller 1972). KmR cassettes
were eliminated via FLP-recombination (Cherepanov & Wackernagel 1995).
To lock the ON-state of Ag43 production, cells were transformed with a highcopy number plasmid (pVS1722) encoding Dam methyltransferase under control of a
trc promoter inducible by isopropyl β-D-1-thiogalactopyranoside (IPTG). However,
no induction was used, since the basal expression of Dam from pVS1722 was
sufficient to abolish the Ag43 phase variation.
Autoaggregation assay. E. coli cells were grown overnight in TB with
appropriate antibiotics at 37°C as indicated, diluted 1:1000 and grown at 37°C with
shaking at 200 rpm to OD600 of 0.5-0.6, unless stated otherwise. Where indicated,
cells were alternatively grown at 30°C to OD600 of 1.0. Cells were then harvested by
centrifugation (5 min, 4700 rpm) and resuspended in TB to final OD600 of 1.0 (or 2.0
for cells with the native level of dam expression), unless stated otherwise. Cell
suspensions were loaded into ibidi channels (µ-Slide Chemotaxis 3D; ibidi GmbH,
Germany) and cell clumping was observed at room temperature (20 °C) using phasecontrast microscopy (Nikon TI Eclipse, 10x objective, NA=0.3, CMOS camera
EoSens 4CXP). Images were analysed using Particles Analysis Tool (ImageJ,
http://imagej.nih.gov/ij/) to determine the area occupied by aggregates. Where
indicated, synthetic DPD solution (provided by Dr. Rita Ventura, ITQB, Oeiras,
Portugal) (Ascenso et al. 2011) was added to cell suspensions (because DPD
spontaneously converts to AI-2, we referred to it as DPD/AI-2).
Aggregation kinetics was recorded at the final OD600=0.5 and at a frame rate
of 0.5 frames per second. Image in each frame was corrected for the uneven
illumination in the large field of view (1.2 x 0.72 mm), using the Fit Polynomial filter
of ImageJ to subtract the background approximated as a 4th order polynomial. E coli
cells and their aggregates were identified using a threshold (-10 gray levels) relative
to the evened background and analyzed for their size using a custom-written particle
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tracking algorithm. Aggregates were defined as objects with the size above 50 px²,
with single cells being on average approximately 10 px². The exact value of the size
threshold for aggregate assignment did not qualitatively affect the results.
Immunodetection of Ag43. For the immunoblot analysis of Ag43 production
(Chauhan et al. 2013), cells were grown at 37°C to OD600=0.6 as described above,
harvested by centrifugation at 5000 rpm for 5 min and adjusted to the final OD600 of
1.0. Samples (100 µl) were separated using 10% sodium dodecyl sulphate
polyacrylamide gel electrophoresis and transferred to the nitrocellulose membrane
using Western blotting. A polyclonal rabbit antiserum raised against the α-domain of
Ag43 (a gift of Dr. Christophe Beloin, Institute Pasteur, Paris, France) was used at a
dilution 1:10,000 for immunodetection of Ag43.
Hydrogen peroxide treatment. Cell survival upon treatment with H2O2 was
tested as described previously (Schembri et al. 2003). Briefly, cells were grown to
OD600 of 0.6 as described above, washed once and resuspended in TB at final OD600
of 1.0, and 100 µl cell aliquots containing approximately 109 cfu/ml were incubated
for 1h at room temperature in a microtiter plate. Subsequently 100 µl of 1% H2O2 was
added to each sample, incubated for 15 min at room temperature, and cells were
washed in TB and plated at appropriate dilutions in order to determine the number of
surviving cells.
Flow cytometry. Activity of the lsr promoter was assayed using a plasmidbased egfp reporter that contains the 217 nucleotide region upstream of the lsrA gene.
Samples for flow cytometry were prepared as described above, diluted 1:20 in
tethering buffer (10 mM KH2PO4, 100 µM EDTA, 1 µM L-methionine, 10 mM lactic
acid, pH=7.0) and fluorescence was measured with BD LSRFortessa SORP cell
analyzer (BD Biosciences, Germany). Before the measurements, cell aggregates were
dispersed by vigorous mixing.
The same reporter transformed in ΔluxS strain was used as a biosensor to
quantify levels of AI-2 in supernatants. Cell-free supernatants were prepared by
filtration of liquid cultures through 0.2 µm filter, and 20 µl aliquots of the reporter
strain (OD600=0.5) were added to each sample followed by 40 min incubation at 37
°C. The reporter was calibrated using defined concentrations of synthetic DPD/AI-2.
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Biofilm formation. Biofilm formation in polystyrene microtiter plates was
tested using crystal violet staining assay (Genevaux et al. 1996). Briefly, overnight
cultures of samples were diluted in TB to OD600 0.05 and 300 µl of each sample was
added into the wells of 96-well plate (Corning Costar, flat bottom; Sigma-Aldrich,
Germany). After 24 h of incubation at 37 °C, the OD600 of the samples was measured,
the wells were rinsed with H2O and 300 µl of 1% crystal violet solution was added to
each well. After 15 min incubation at room temperature, the wells were rinsed three
times with H2O. Remaining crystal violet was solubilized by adding 300 µl of 96%
ethanol, and the OD595 of the solution was measured. Values of crystal violet staining
were normalized for each sample by the respective OD600.
For biofilm imaging, overnight cultures carrying a high-copy number plasmid
pVS1515 encoding egfp were diluted in TB to OD600 0.05 and grown with shaking at
30°C or 37°C to the mid-exponential phase (OD600=0.6). The samples were then once
again diluted in fresh TB containing 5 µM IPTG to OD600=0.05 and 350 µl of each
sample was loaded into the wells of 8-well glass bottom slides (µ-Slide, 8-well glass
bottom; ibidi, Germany). The cultures were grown at 30°C and 37°C for 24h without
shaking.
Confocal laser scanning microscopy. The biofilm formation was visualized
using Zeiss LSM-800 microscope equipped with Apochromat 40x objective. Z-stack
image processing and analysis were performed using ZEN Black software (Zeiss).
Quantification of microcolonies in mature biofilms was performed using 3D Objects
Counter plugin for ImageJ (Bolte & Cordelières 2006), with Image segmentation
threshold set to 30.
Same setup was used to quantify levels of Plsr-egfp expression in cell
aggregates, prepared as described before. Images were analysed with ImageJ to
evaluate the fluorescence intensity of the aggregates as well as of individual cells.
Chemotaxis assays. Chemotaxis assays were performed in microfluidic
chemotaxis chambers (Wilson et al. 2011; Krembel et al. 2015) that consisted of two
reservoirs linked via a small channel with the length of 2 mm and width of 1 mm
(Figure S6a), which was imprinted in a poly-di-methylsiloxane (PDMS) layer
covalently bound to a microscopy glass slide. Cells were grown as described
previously, washed thrice with motility buffer (MB; 10 mM KPO4, 0.1 mM EDTA,
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67 mM NaCl, pH 7), and resuspended to a final OD600=1 in MB supplemented with
0.5% glucose (MBg). Cells were stored for 20 minutes in the fridge to reduce
metabolic activity.
To measure chemotaxis towards synthetic DPD/AI-2, one of the reservoirs
was filled with a cell suspension and the other with a MBg solution containing either
0 (negative control) or 10 µM DPD/AI-2. Where indicated, further 200 µM DPD/AI-2
was added to both reservoirs. No cells were added to the high-concentration reservoir,
because DPD/AI-2 consumption by the cells could abolish the gradient. To test
chemotaxis towards MeAsp in the presence of DPD/AI-2 (Figure S6a), the reservoirs
were filled with cell suspension containing 200 µM background DPD/AI-2 and either
0 or 200 µM of MeAsp. Since E. coli does not metabolize MeAsp, cells were added
on both sides. As demonstrated previously(Wilson et al. 2011), diffusion of
chemoattractants from the high-concentration reservoir through the channel creates a
linear gradient of concentration within 1h.
The motion of the bacteria was observed using phase-contrast microscopy
(magnification 10×, NA = 0.3) in the middle of the channel and recorded using a
CMOS camera (Eosens 4CXP) at 100 frames per second. The average swimming
speed (𝑣! ) and the fraction of cells swimming (𝛼) were determined using Differential
Dynamic Microscopy (DDM) (Wilson et al. 2011). The average net drift of the
population of cells 𝑣!"#$% was measured using phase differential microscopy (Colin et
al. 2014). The chemotactic bias was defined as 𝑏 = 𝑣!"#$% /𝛼 𝑣! , which estimates the
velocity-independent movement of the population of swimming cells in the gradient.
In the case of diffusion alone, this bias can be estimated as 𝑏!"## = 𝑙/ 3 1 −
𝑐𝑜𝑠𝜃 𝐿 , where 𝑙 is the run length, L the length of the channel and 𝜃 the average
reorientation angle during tumbles (Lovely & Dahlquist 1975). In our case, we
estimated 𝑏!"## ~ 0.007, with higher bias indicating attraction towards a chemical in
the source reservoir.
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Table 2.1. Strains and plasmids used in this study
Strains
W3110 (RpoS+)
VS670
VS683
VS695
VS703
VS704
VS705
VS823
VS824
VS825
VS826
VS827
VS828
pTrc99a
pUA66
pVS1515
pVS1721
pVS1722
pVS1723
pCP20

Relevant genotype or phenotypea
W3110 derivative with functional
RpoS (rpoS396(Am))
W3110 ΔmotA::Kmr
W3110 ΔfliC::Kmr
W3110 ΔcheY Kms
W3110 ΔpgaC Kms
W3110 ΔcsgA::Kmr
W3110 ΔwcaF::Kmr
W3110 ΔluxS Kms
W3110 Δflu Kms
W3110 ΔlsrB Kms
W3110 Δtsr Kms
W3110 Δtar Kms
W3110 ΔlsrC Kms
Plasmids
r
Amp ; Expression vector; pBR ori;
pTrc promoter, IPTG-inducible
Kmr; Expression vector; SC101 ori;
GFPmut2 under control of promoter
of interest
r
Amp ; egfp in pTrc99A, IPTGinducible
r
Amp ; luxS in pQE30, IPTGinducible
r
Amp ; dam in pTrc99A, IPTGinducible
r
Km ; Plsr-egfp in pUA66
Ampr; flp

Reference
(Serra et al. 2013)
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
(Amann et al. 1988)
(Zaslaver et al.
2006)
This work
(Schauder et al.
2001)
This work

This work
(Cherepanov &
Wackernagel 1995)
a
Ampr, Kmr indicate ampicillin and kanamycin resistance, respectively.
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3.1 Abstract
Biofilms in nature typically consist of multiple species, and microbial
interactions are likely to have crucial impact on biofilm development, structure and
functions. The best understood form of communication within bacterial communities
is by means of production, release and detection of signal molecules (autoinducers),
known as quorum sensing. Although autoinducers mainly promote intraspecies
communication, autoinducer 2 (AI-2) is produced and detected by variety of bacteria,
thus principally allowing interspecies communication. Here we show the importance
of AI-2 mediated signalling in formation of mixed biofilms by Enterococcus faecalis
and Escherichia coli. Our results demonstrate that AI-2 produced by E. faecalis
promotes collective behaviour of E. coli at lower cell densities, enhancing
autoaggregation of E. coli but also leading to the chemotaxis-dependent coaggregation between the two species. Finally, we show that formation of such mixed
dual-species biofilms increases stress resistance of both E. coli and E. faecalis.
3.2 Importance
The role of interspecies communication in development of mixed microbial
communities is becoming increasingly apparent, but specific examples of such
communication remain limited. A universal signal molecule autoinducer 2 (AI-2) is
well known to regulate cell density-dependent phenotypes of many bacterial species,
but despite its potential for interspecies communication the role of AI-2 in
establishment of multispecies communities is not well understood. In this study, we
explore AI-2 signalling in a dual-species community between two bacteria species
that naturally co-occur in their mammalian hosts, Escherichia coli and Enterococcus
faecalis. We show that active production of AI-2 by E. faecalis allows E. coli to
perform collective behaviours already at low cell densities. Additionally, AI-2 and
chemotaxis-dependent co-aggregation with E. faecalis creates nucleation zones for
rapid growth of E. coli microcolonies in the mixed biofilm and enhances stress
resistance of both species.
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3.3 Introduction
Living in dense structured multicellular communities, such as surface-attached
biofilms, generally provides bacteria with a number of fitness advantages compared to
solitary planktonic lifestyle (Hall-Stoodley et al. 2004). Bacterial biofilms are present
in most ecological niches including human body, where they can consist of hundreds
of species (Bjarnsholt et al. 2013; Davey & O ’Toole 2000; Burmølle et al. 2014).
Complexity of multispecies biofilms is accompanied and regulated by a number of
interactions within and between species, varying from cooperation to predation (Liu
et al. 2016; Tolker-Nielsen & Molin 2000; Nadell et al. 2016; Elias & Banin 2012).
The best understood coordination mechanism of bacterial behaviour within a
community is cell-density dependent chemical communication called quorum sensing
(QS) (Bassler 2002). QS is based on production, secretion and subsequent
concentration-dependent response to signal molecules (autoinducers). This process
plays a role in various types of bacterial collective behaviours, including biofilm
formation but also colonization of plant and animal hosts by symbiotic or pathogenic
bacteria. An array of different QS molecules and response systems exists, allowing
bacteria to establish relationships both on the intra- and interspecies levels (Miller &
Bassler 2001).
The best described broad-range interspecies signalling molecule is autoinducer
2 (AI-2) (Surette et al. 1999). AI-2 is produced by a range of Gram-positive and negative bacteria (Bassler et al. 1997; Surette et al. 1999), regulating
bioluminescence, biofilm formation, motility and virulence (Pereira et al. 2013).
Although most of these functions have been investigated in communities of individual
species, several studies suggested the importance of interspecies communication
mediated by AI-2 for establishment of mixed biofilms and development of dental
plaque (McNab et al. 2003; Cuadra-Saenz et al. 2012; Rickard et al. 2006).
Furthermore, AI-2 is also produced by many gut-associated bacteria (Antunes et al.
2005; Lukáš et al. 2008; Schauder et al. 2001), and it was shown to affect the
composition of the gut microbiota, favoring the Firmicutes while hindering the
Bacteroides in an antibiotic-treated mouse model (Thompson et al. 2015).
AI-2 is the only known QS molecule produced by the enteric bacterium E.
coli, and its production and uptake were shown to affect several E. coli phenotypes
including biofilm formation, motility and virulence (Gonzalez Barrios et al. 2006;
Bansal et al. 2008). Previous work showed that during autoaggregation or biofilm
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formation by E. coli, AI-2 serves as a chemoattractant that recruits planktonic cells to
growing cell aggregates (Hegde et al. 2011; Laganenka et al. 2016; Jani et al. 2017).
However, it remained unclear whether and how could E. coli use this AI-2 mediated
autoaggregation in the mixed microbial communities where it represents only a minor
fraction of the population.
E. coli and a Gram-positive bacterium Enterococcus faecalis both inhabit
human gastrointestinal tract and co-occur in catheter-associated urinary tract
infections (Lebreton et al. 2014; Flores-Mireles et al. 2015). It was recently shown
that E. faecalis augments E. coli growth under iron-limited conditions as found within
the host, by secreting L-ornithine that induces siderophore synthesis in E. coli (Keogh
et al. 2016). This suggests that these two species might generally interact in the host
during polymicrobial infection. In this study, we describe another level of interaction
between E. coli and E. faecalis during formation of mixed biofilms. We show that AI2 locally produced by E. faecalis aggregates attracts E. coli cells, leading to their
enhanced aggregation and microcolony formation by E. coli and to increased stress
resistance of both species. Moreover, AI-2 production by E. faecalis allows E. coli
population to maintain the induced state of its QS system despite low cell densities.
Altogether, these results demonstrate that E. coli can employ AI-2 produced by other
species to promote its QS-regulated collective behaviour already at low cell densities.
We propose that such interspecies signalling could provide fitness advantage to E.
coli or other bacterial species in ecological niches where their relative abundance is
low, such as human gastrointestinal tract.
3.4 Results
E. faecalis enhances biofilm formation by E. coli. To investigate possible
effects of the interspecies communication on biofilm formation, we co-cultivated E.
coli with E. faecalis in microtiter plates. Such static cultures of E. coli are known to
form robust biofilms, where intercellular interactions are primarily mediated by a
major adhesin antigen 43 (Ag43) at 37°C (as used here) (van der Woude &
Henderson 2008; Danese et al. 2000; Laganenka et al. 2016) or by curli filaments at
30°C (Laganenka et al. 2016; Besharova et al. 2016; Vidal et al. 1998).
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Figure 3.1. Growth of E. coli and E. faecalis in single- or double-species cultures.
(A) The growth rates of static E. coli and E. faecalis single-species cultures (red and
magenta dots, respectively) and of the mixed E. coli:E. faecalis culture (blue dots).
(B) Composition of the static E. coli:E. faecalis biofilm culture during the first 24 h of
incubation. Means of three independent experiments are shown; error bars indicate
standard deviation.
We observed that under these conditions E. coli cultures reached D600 ≈ 0.8 at
10-12 h post inoculation, whereas growth of E. faecalis was limited to the maximal
OD600 ≈ 0.15 (Fig. 3.1A). Consistently, co-cultivation of E. coli with E. faecalis had
little effect on the overall growth (Fig. 3.1A), with E. faecalis being quickly
overgrown by E. coli and constituting about 10-14% of the biofilm biomass after 24 h
of co-cultivation (Fig. 3.1B). Nevertheless, we observed that E. coli biofilms formed
under these conditions were apparently more structured when grown in a co-culture
with E. faecalis (Fig. 3.2A and B and Fig. S13A). Notably, microcolonies formed by
E. coli and E. faecalis apparently co-localized within these mixed biofilms (Fig. 3.2B
and C). Image quantification confirmed that E. coli biofilms in mixed communities
consisted of significantly larger microcolonies (Fig. 3.2D). The enhancement of
microcolony formation also occurred at four times lower E. faecalis inoculum
concentration (Fig. S13B and C).
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Figure 3.2. Biofilm formation by E. coli in monoculture or in co-culture with E.
faecalis. (A,B) Confocal laser scanning microscopy of static biofilms formed by E.
coli (expressing mCherry) grown individually (A) or in a mixed culture with E.
faecalis (expressing GFP; B). Scale bars, 40 µm. Mixed culture was initially inoculed
at 1:1 ratio. (C) Side view of the mixed E. coli:E. faecalis biofilm. Scale bars, 20 µm.
(D) Distribution of microcolony volumes in static single- and double-species biofilms
of E. coli P value for the difference between single- and double-species biofilms was
calculated using unpaired t-test (data distribution was confirmed to be normal).
AI-2 secretion by E. faecalis aggregates attracts chemotactic E. coli cells.
To further understand the underlying mechanisms, we followed early stages of
biofilm formation for single- and dual-species cultures using fluorescence
microscopy.
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Figure 3.3. Aggregation of E. coli during early stages of biofilm formation in
single- or double-species cultures. (A-C) Aggregates formed at the well surface by
E. coli cells (expressing GFP) grown in monoculture (A) or co-cultured with
unlabeled E. faecalis (B,C). Cells of E. faecalis can be seen in the phase-contrast
channel as distinct chains of round-shaped cells or as parts of E. coli-E.faecalis
aggregates. Scale bars are 30 µm in (A,B) und 20 µm in (C). White arrows in (C)
indicate chains and aggregates of E. faecalis. (D) Sizes of E. coli aggregates either in
monoculture or in co-culture with E. faecalis. Means of at least four independent
replicates are shown; error bars indicate standard deviation. P values for the
difference between single- and double-species biofilms were calculated using MannWhitney test (**P<0.005, ns – not significant).
In accordance with previous work (Laganenka et al. 2016), during the first hour of
incubation, E. coli cells rapidly formed small and relatively unstable cell aggregates at
the surface of the well, whose number and size reached 8 ± 2 aggregates/1000 µm2
and 80 ± 20 µm2, respectively (Fig. 3.3A and D). These aggregates grew slowly
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during the first 3 hours and eventually merged to form larger structures, with ≈ 5 ± 1
aggregates/1000 µm2 with the average size of 200 ± 20 µm2. In the mixed culture, E.
faecalis cells could be observed as chains of single cells or aggregates after one hour
(Fig. 3.3B). These aggregates also seemed to incorporate E. coli cells (Fig.3B and D),
which dramatically increased E. coli aggregates’ growth. Already after 2 h the
aggregates of E. coli cells co-inoculated with E. faecalis were on average three times
larger than aggregates in the E. coli-only culture (Fig. 3.3A, B and D).
Such apparent recruitment indicated that E. faecalis aggregates might
chemotactically attract E. coli cells. Since AI-2 was previously identified as the
autoaggregation-mediating chemotactic signal in E. coli (Laganenka et al. 2016;
Hegde et al. 2011; Englert et al. 2009), we hypothesized that it could also promote
chemotaxis-mediated co-aggregation of different species. Indeed, E. faecalis cells are
known to secrete AI-2 in an exponential phase of growth (Shao et al. 2012), and we
confirmed that the strain used in this study was an active producer of AI-2 (Fig. S14).
Consistent with the role of chemotaxis to AI-2 in the observed co-aggregation,
a non-AI-2 producing mutant of E. coli (ΔluxS) did not form larger microcolonies in
E. coli:E. faecalis mixed biofilms (Fig. S15). This suggests that secretion of AI-2 by
E. coli is required for aggregation, although interpretation of this phenotype is
complicated by the known pleiotropic nature of the luxS deletion that also affects
motility (Pereira et al. 2013; Laganenka et al. 2016). More conclusively, deletion of
either the key chemotaxis protein CheY, which generally abolishes chemotaxis, or of
the periplasmic protein LsrB that mediates AI-2 signalling to the chemotaxis system
(Hegde et al. 2011) also abolished co-aggregation and enhanced formation of mixed
biofilms (Fig. 3.4 and S17A, B). These phenotypes strongly support our hypothesis
that chemotaxis to AI-2 is essential for the observed enhancement of aggregation.
Furthermore, the co-aggregation required self-interacting E. coli adhesin Ag43 (Fig.
S16 and S17C), indicating that E. faecalis aggregates do not directly interact with E.
coli cells but rather serve as local sources of AI-2 that attract E. coli and initiate its
autoaggregation.
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Figure 3.4. Dependence of co-aggregation and mixed biofilm formation on AI-2
chemotaxis. (A) Confocal laser scanning microscopy of static biofilms of E. coli
ΔcheY and ΔlsrB (expressing mCherry) grown in monoculture or mixed with E.
faecalis (expressing GFP), initially inoculated at 1:1 ratio. Scale bars, 40 µm. (B)
Distribution of microcolony volumes in the biofilms. P value for the difference
between single- and double-species biofilms was calculated using unpaired t-test (data
distribution was proved to be normal; ns – not significant). (C) Time-lapse
fluorescence microscopy of E. coli ΔlsrB (expressing GFP) grown with E. faecalis
(unlabeled). White arrows indicate an aggregate of E. faecalis.
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Co-cultivation with E. faecalis promotes AI-2 signalling in E. coli. In E.
coli, the lsr operon that includes lsrB is positively regulated by AI-2. As a
consequence, it is repressed at low cell density but becomes activated in the mid- to
late exponential phase, when the concentration of extracellular AI-2 becomes
sufficiently high to relieve the repression. This in turn leads to enhanced AI-2
internalization and depletion from the medium, as the lsr operon encodes a highaffinity AI-2 importer (Pereira et al. 2013).
The LsrB-dependent growth of E. coli aggregates in mixture with E. faecalis
already during the early exponential phase thus seemed surprising, as the population
density at the initial stages of biofilm growth should normally be too low to allow the
lsr operon induction. Indeed, upon dilution of the overnight culture in a fresh medium
to the OD600 0.03, lsr operon activity was rapidly inhibited in most E. coli cells during
the first hour of monoculture incubation (Fig. 3.5A and F). The following growth
resulted in gradual induction of expression, with 96% of population expressing the lsr
operon after 5 h.
In contrast, only about one third of E. coli cells co-inoculated with E. faecalis
switched off the AI-2 system upon re-inoculation (Fig. 3.5B and F). Thus LsrB
expression is indeed maintained in a large fraction of E. coli cells in early mixed
biofilms. This effect of E. coli:E. faecalis co-cultivation on the activity of AI-2 QS
system of E. coli was not contact-dependent, since it was also observed in cells
lacking Ag43 (Fig. S18). Such increased (compared to E. coli monoculture)
expression of the lsr operon during early growth was apparently correlated with the
elevated level of AI-2 in the mixed culture (Fig. S14). Indeed, lsr expression at the
early time points was also above the control for E. coli grown in conditioned medium
of E. faecalis (Fig. 3.5C and F), as well as in conditioned medium of E. coli or in a
culture with 50 µM synthetic DPD/AI-2 (Fig. 3.5D, E and F). All of these suggest that
higher lsr expression in E. coli:E. faecalis co-culture compared to E. coli monoculture
is indeed due to the elevated level of AI-2. Co-cultivation of E. coli with E. faecalis or
addition of synthetic DPD/AI-2 did not, however, affect the level of E. coli luxS
promoter activity (Fig. S19), suggesting that production of AI-2 by E. coli was not
altered in presence of E. faecalis.
Lower levels of AI-2 seem to be not the only reason for decreased expression
of the lsr operon at the early stages of growth, as substantial decrease was observed
even in presence of E. faecalis or externally added AI-2. This is in agreement with
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previous reports suggesting that other factors, such as metabolic state of the cell, also
contribute to lsr activation (Surette & Bassler 1998; Wang, Hashimoto, et al. 2005;
Karina B Xavier & Bassler 2005; Mitra et al. 2016).

Figure 3.5. Dependence of Plsr-egfp activity on growth stage and AI-2 signalling.
Activity of the lsr operon was measured using flow cytometry. (A-E) E. coli cells
carrying Plsr-gfp reporter plasmid pVS1723 were grown in TB alone (A) or with E.
faecalis at 1:1 ratio (B), grown in conditioned medium (CM) of E. coli (C) or E.
faecalis (D), or in TB supplemented with 50 µM synthetic DPD/AI-2 (E). Dashed line
distinguishes GFP+ (induced E. coli) and GFP- (uninduced E. coli as well as unlabeled
E. faecalis in B) subpopulations. Note that since E. coli comprises only 50% of
population at 0 h in (B), the overall fraction of GFP+ bacteria appears lower than for
E. coli monoculture. (F) Percentage of GFP+ cells in each population. Means of four
independent replicates are shown; error bars indicate standard deviation. P values for
the difference from E. coli biofilm grown in TB were calculated using Mann-Whitney
test (*P<0.05, ns – not significant).
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Further supporting the connection between the lsr induction and increased
aggregation of E. coli, stimulation by conditioned media of E. faecalis or E. coli or by
synthetic DPD/AI-2 was already sufficient to enhance microcolony formation in
mature E. coli biofilms (Fig. 3.6A and B). As neither addition of synthetic DPD/AI-2
nor co-cultivation with E. faecalis affected the Ag43 expression or percentage of
Ag43 producing E. coli cells (Fig. S20), we concluded that interspecies AI-2
signalling promotes aggregation largely by stimulating AI-2 chemotaxis of E. coli.
Nevertheless, because E. coli-E. faecalis co-aggregation resulted in faster aggregate
growth at the earlier stages of biofilm formation than stimulation with AI-2 or with
conditioned medium (Fig. 3.6C), we conclude that E. faecalis enhances E. coli
biofilm formation at low cell densities both globally by relieving the lsr operon
inhibition and locally by nucleating formation of E. coli aggregates.
Formation of mixed biofilms enhances stress resistance. Aggregation and
biofilm formation are generally known to enhance stress resistance of bacteria, and it
was previously shown that Ag43-mediated autoaggregation of E. coli provides
protection against oxidative stress (Hall-Stoodley et al. 2004; Klebensberger et al.
2007; Schembri et al. 2003; Laganenka et al. 2016). Since E. coli forms more
structured biofilms with larger microcolonies when co-cultured with E. faecalis, we
hypothesized that such enhancement might promote stress resistance of E. coli, and
possibly also of E. faecalis. Indeed, the survival rate of E. coli upon the H2O2
treatment increased from around 33% in a single-specie biofilm to more than 50% in
a mixed biofilm (Fig. 3.7). Moreover, the co-aggregation in a mixed biofilm also
greatly enhanced the survival rate of E. faecalis, confirming that E. faecalis cells in
these biofilms are covered with E. coli microcolonies and thus less exposed to the
oxidative stress.
3.5 Discussion
In recent years, bacterial biofilms are increasingly viewed as primarily
multispecies communities with elaborate spatial structure and complex interspecies
interactions (Burmølle et al. 2014; Elias & Banin 2012). One of the most extensively
studied form of these interactions are small molecules-based mechanisms of cell-cell
communication known as quorum sensing (QS) (Bassler 2002).

3. AI-2-dependent E. coli biofilm formation is enhanced in a dual-species co-culture

64

Figure 3.6. E. coli biofilm formation in conditioned media and in presence of
exogenous DPD/AI-2. (A) Confocal laser scanning microscopy of static E. coli
(expressing GFP) biofilms grown in TB, in conditioned medium (CM) of E. coli or E.
faecalis or in TB supplemented with 50 µM synthetic DPD/AI-2, as indicated. Scale
bars, 40 µm. (B) Distribution of microcolony volumes in the indicated biofilms. P
values for the difference from E. coli biofilm grown in TB were calculated using
unpaired t-test (data distribution was confirmed to be normal). (C) Aggregate sizes
(assayed as in Fig. 3.3.2) of E. coli cells grown in TB (in monoculture or in co-culture
with E. faecalis), in CM of E. coli or E. faecalis, or in TB supplemented with 50 µM
synthetic DPD/AI-2, as indicated. Means of at least three independent replicates are
shown; error bars indicate standard deviation. P values for the difference from E. coli
biofilm grown in TB or between indicated cultures were calculated using MannWhitney test (****P<0.0001, ***P<0.0002, **P<0.005, ns – not significant).
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As bacteria in biofilms are packed into dense aggregates, it seems obvious that
quorum sensing must be relevant in natural communities. However, although there is
clear evidence that QS plays distinct roles in biofilm formation by individual species,
including initial attachment phase and biofilm maturation and dispersal (Parsek &
Greenberg 2005), importance of QS in multispecies biofilms remains largely
unexplored (Burmølle et al. 2014; Heras et al. 2014; Li & Tian 2012; McNab et al.
2003; Rickard et al. 2006).
In this respect, the QS signalling mediated by AI-2 is an attractive candidate
for interspecies communication, since AI-2 production and sensing is wide-spread
among various taxonomic groups of bacteria (Chen et al. 2002; Miller et al. 2004;
Pereira et al. 2013). Indeed, the influence of AI-2 on multispecies oral biofilms
(Cuadra-Saenz et al. 2012; Huang et al. 2011; Rickard et al. 2006; McNab et al. 2003)
and community composition in the mouse gut were demonstrated (Thompson et al.
2015), although the details of the underlying regulation remained unknown. Here we
provide direct evidence that AI-2 signalling between different species can enhance
biofilm formation and further characterize the mechanism of this enhancement.
We have recently shown that AI-2 plays major role in enhancing E. coli
biofilm formation, by mediating chemotaxis towards growing cell aggregates
(Laganenka et al. 2016). During Ag43-dependent autoaggregation, initial E. coli
aggregates formed by random cell collisions secrete AI-2 that attracts further
planktonic cells. In this study, we demonstrate that E. coli can also employ AI-2 taxis
for co-aggregation with E. faecalis, resulting in enhanced E. coli microcolony and
subsequent biofilm formation in a mixed community. One apparent benefit of such
co-aggregation is to enable an individual species – E. coli in this case – to aggregate
at lower cell density than in the monoculture, and we indeed observed that in the coculture formation of E. coli aggregates occurs already during the first hours of growth.
Moreover, formation of mixed aggregates also promoted stress resistance of both
species, which could be explained by formation of larger E. coli aggregates but also
by protection of E. faecalis cells incorporated in these aggregates.
Another key factor in this AI-2 dependent enhancement of collective behaviour in the
mixed culture is sustained induction of E. coli lsr operon by E. faecalis. This
induction is important, because chemotaxis to AI-2 requires LsrB protein, which is
also a part of cell density-dependent Lsr system for AI-2 internalization and
degradation (Pereira et al. 2013; Hegde et al. 2011). As a consequence, in E. coli
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monoculture AI-2 mediated autoaggregation emerges only as a population enters midto-late exponential growth phase and the AI-2 concentration in the medium is high
enough to cause de-repression of the lsr operon (Laganenka et al. 2016).

Figure 3.7. Survival of E. coli and E. faecalis in single- or double-species biofilms
under oxidative stress. Single-species or mixed (Ec:Ef) biofilm cultures of E. coli
and E. faecalis were exposed to 0.5% H2O2 as described in Material and Methods. E.
coli culture incubated under non-aggregating conditions (shaking at 270 r.p.m.) was
used as a control. Means of at least five independent replicates are shown; error bars
indicate standard deviation. P values for the difference between single- and doublespecies biofilms were calculated using Mann-Whitney test (***P<0.0002).
In contrast, higher Lsr expression in the mixed co-culture, apparently due to
the additional AI-2 that is secreted by E. faecalis, enables autoaggregation of E. coli
already at early stages of growth. Consistently, both sustained induction of the lsr
operon and enhanced autoaggregation and biofilm formation could also be achieved
by addition of exogenous DPD/AI-2 to E. coli monoculture. Since induction of the lsr
operon is the only known effect of AI-2 on gene expression in E. coli, we conclude
that this induction is indeed the major cause of enhanced biofilm formation in the coculture. However, the most prominent enhancement was observed when both factors –
LsrB induction and nucleation zones provided by E. faecalis – were present (Fig. 3.8).
Besides

providing

clear

evidence

for

the

importance

of

cell-cell

communication for formation of mixed biofilms, our work also resolves two apparent
paradoxes, namely (i) why E. coli uses AI-2, an interspecies QS molecule, for
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autoaggregation, and (ii) how can such autoaggregation occur in the human intestine,
where E. coli constitute a minority population and are unlikely to reach cell densities
high enough to either activate the AI-2 QS system or aggregate on their own. The use
of AI-2 produced by groups of E. faecalis, another inhabitants of the human intestine
(Lebreton et al. 2014; Eckburg et al. 2005), and most likely by groups of other
bacteria in the gut (Antunes et al. 2005; Lukáš et al. 2008; Schauder et al. 2001), as
aggregation signal could help E. coli to overcome such density limitation. More
generally, we hypothesize that the strategy of chemotaxis-driven co-aggregation
might be common in mixed microbial communities. Particular for minor species
within the community, co-aggregation might provide important means to reach local
densities that are sufficient for collective behaviours such as QS induction or biofilm
formation.

Figure 3.8. Proposed model of a static dual-species biofilm in comparison to a
single-specie E. coli biofilm. E. faecalis is an active AI-2 producer, and its
aggregates attract E. coli cells expressing LsrB. Co-cultivation of E. coli with E.
faecalis in static systems results in higher levels of extracellular AI-2, which helps E.
coli cells to maintain lsr operon expression at low cell densities and effectively coaggregate with E. faecalis, which creates nucleation zones for subsequent enhanced
aggregate growth and biofilm formation. These co-aggregates of E. coli and E.
faecalis are more resistant to stress.
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3.6 Materials and Methods
Bacterial strains and culture conditions. The strains and plasmids used in
this study are listed in Table 3.1. E. coli W3110 (RpoS+) and E. faecalis ATCC29212
were grown in liquid tryptone broth (TB) medium (10 g tryptone and 5 g NaCl per
liter) supplemented with antibiotics where necessary.
Genomic reporter construct for assessing Ag43 (flu) expression (Lim & van
Oudenaarden 2007) was introduced into E. coli W3110 genome via P1 transduction
(Miller 1972). This construct enables amplification of the signal from flu promoter by
replacing its coding sequence by T7 RNA polymerase gene. The resulting strain
LeoL194 was then transformed with pHL32 plasmid carrying gfpmut3.1 gene
controlled by T7 polymerase promoter (Lim & van Oudenaarden 2007).
Plasmid-based reporter of luxS expression was constructed by cloning the
sequence containing 926-nucleotide region upstream and 23-nucleotide region
downstream of luxS start codon from E. coli W3110 genome into pUA66 plasmid
encoding promotorless egfp gene (Zaslaver et al. 2006).
Fluorescent labeling of E. faecalis. A reporter plasmid pLeoL7 was
constructed in in order to visualize E. faecalis cells in mixed biofilms. The -350 - +17
region of E. faecalis constitutively expressed rplL gene was cloned into pBSU100
shuttle vector carrying promotorless copy of egfp (Aymanns et al. 2011).
Transformation of E. faecalis cells was performed as described elsewhere
(Friesenegger et al. 1991). The fluorescence signal from this plasmid was low and
only allowed imaging using confocal laser scanning microscopy.
Confocal laser scanning microscopy of static biofilms. For two-color
labeling, overnight cultures of E. coli carrying plasmid pOB2 encoding mCherry
under control of IPTG-inducible trc promoter, and E. faecalis carrying egfp under
control of constitutively expressed rplL promoter were diluted in TB medium
containing 5 µM IPTG to the final OD600 0.03. For single-color labeling of E. coli,
plasmid pVS1515 encoding egfp under control of trc promoter was used. For dualspecies biofilm cultivation, the same amount of E. coli and E. faecalis cells was coinoculated, resulting in the final OD600 of 0.06. 400 µl of each sample was cultivated
for 24 h at 37 °C in the 8-well glass bottom slides (µ-Slide, 8-well glass bottom;
ibidi). The biofilms were visualized using Zeiss LSM-800 microscope (Apochromat ×
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40 objective). Z-stack images were acquired and analyzed using ZEN Black software
(Zeiss).
3D structures of mature E. coli (GFP+) biofilms were quantified using 3D
Objects Counter plugin for ImageJ (W Rasband, http:// rsb.info.nih.gov/ij/) (Bolte &
Cordelières 2006). The plugin allows quantifying the volumes of patches formed by
connected fluorescent cells.
Flow cytometry. Levels of lsr operon induction were assayed using a
plasmid-based reporter containing the 217-nucleotide region upstream of the lsrA
gene fused to egfp (Laganenka et al. 2016). Samples were prepared as described
above, diluted 1:20 in tethering buffer (10 mM KH2PO4, 100 µM EDTA, 1 µM lmethionine and 10 mM lactic acid, pH = 7.0) and fluorescence was measured every
hour with BD LSRFortessa SORP cell analyser (BD Biosciences, Germany).
For quantification of AI-2 levels in supernatants, an AI-2 non-producing
biosensor strain was used, and the quantification was performed as described
previously (Laganenka et al. 2016). Where indicated, synthetic DPD (obtained from
Dr. Rita Ventura, ITQB, Oeiras, Portugal) (Ascenso et al. 2011) solution was added to
the samples. It is referred to as DPD/AI-2 because of its spontaneous conversion into
AI-2. Cell-free conditioned medium was prepared by filtration of supernatants
collected from statically grown cultures (1 h at 37 °C) through 0.2 µm filters.
Biofilm growth rates were determined by counting the GFP+ (for E. coli) and
GFP- (E. faecalis) cells in the samples (1:400 dilution in tethering buffer). The
biofilms were disrupted by pipetting and subsequent vortexing of the samples. During
cell counting, the flow rate was set to 6 µl/min, with 10 s acquisition time.
Fluorescence microscopy. The initial stages of biofilm formation in 8-well
glass bottom slides were accessed with Nikon Eclipse Ti-E microscope equipped with
an ANDOR Zyla 4.2 sCMOS camera (Andor Technology Ltd., UK), a plan Apo × 40
objective and a filter set for GFP. Images were acquired every hour using NISElements AR software (Nikon) and analyzed using Particles Analysis Tool (ImageJ)
to determine the size of aggregates (detection threshold was set to 5 µm2).
Hydrogen peroxide treatment. Cell survival upon treatment with H2O2 was
determined as described previously (Laganenka et al. 2016)(Schembri et al. 2003).
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Briefly, E. coli, E. faecalis or E. coli:E. faecalis static biofilms were grown in 400 µl
TB for 24 h at 37 °C. Subsequently, 5.7 µl of 35% H2O2 was added to each sample,
resulting in final H2O2 concentration of 0.5%, and samples were incubated for 15 min
at room temperature. Colony-forming units (CFU) for each sample before and after
treatment were counted by plating serial dilutions of cultures. For mixed biofilms,
CFU of E. coli and E. faecalis could be easily counted separately based on differences
in their colony morphology on LB plates. The survival rate was determined as
(CFUinitial/CFUafter treatment)x100%.
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Table 3.1. Strains and plasmids used in this study
Strains
Relevant genotype or
phenotype
+
E. coli W3110 (RpoS )
W3110 derivative with
functional RpoS
(rpoS396(Am))
E. faecalis ATCC29212
Wild-type strain isolated
from urine

VS823

W3110 ΔluxS Kms

VS824
VS825
VS695
CHNL13B

W3110 Δflu Kms
W3110 ΔlsrB Kms
W3110 ΔcheY Kms
MC4100 flu::flu(0>48bp):T7RNApol:Camr
W3110 flu::flu(0>48bp):T7RNApol:Camr
Plasmids
Ampr; Expression vector;
pBR ori; pTrc promoter,
IPTG-inducible
r
Km ; Expression vector;
SC101 ori; GFPmut2
under control of promoter
of interest
r
Spc ; Expression vector;
ori pUC; ori pAmβ1;
promotorless egfp
Ampr; egfp in pTrc99A,
IPTG-inducible
Ampr; mCherry in
pTrc99A, IPTG-inducible
Spcr; PrplL-egfp in
pBSU100
r
Km ; PluxS-egfp in pUA66
Kmr; Plsr-egfp in pUA66
Kmr; P(T7)-gfpmut3.1

LeoL194
pTrc99a
pUA66

pBSU100
pVS1515
pOB2
pLeoL7
pLeoL8
pVS1723
pHL32
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Reference or source
(Serra et al. 2013)
Leibniz Institute DSMZ
German Collection of
Microorganisms and Cell
Cultures Braunschweig,
Germany)
(Laganenka et al. 2016)
(Laganenka et al. 2016)
(Laganenka et al. 2016)
(Laganenka et al. 2016)
(Lim & van Oudenaarden
2007)
This study
(Amann et al. 1988)
(Zaslaver et al. 2006)

(Aymanns et al. 2011)
(Laganenka et al. 2016)
(Besharova et al. 2016)
This study
This study
(Laganenka et al. 2016)
(Lim & van Oudenaarden
2007)
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4. Global effects of AI-2 metabolism in E. coli
As already mentioned in Introduction, whether AI-2 can be considered a true
inter-species signal still remains a matter of debate (Whiteley et al. 2017). Besides
luminescence in V. harveyi (Surette et al. 1999) and lsr operon induction in S.
typhimurium and in E. coli (Taga et al. 2003; Karina B Xavier & Bassler 2005), not
many convincing examples of direct AI-2-mediated gene activation have been shown
so far.
A central methodological problem of most of these studies is that they fail to
decouple metabolic effects of luxS (S-rybosylhomocysteine lyase/AI-2 synthase)
deletion from those that are AI-2 uptake-specific. In E. coli, a broad range of studies
has been performed to elucidate global transcription changes in response to AI-2
(Gonzalez Barrios et al. 2006; Bansal et al. 2008; Li et al. 2007; Sperandio, Alfredo
G. Torres, et al. 2002). However, due to their obscure and often self-contradictory
nature, no general conclusion on AI-2-dependent gene regulation in E. coli can be
made. For this reason, we decided to follow up on this topic combining different
approaches and methods to study the effects of AI-2 metabolism and signalling at
whole population- and single-cell levels.
4.1 AI-2-dependent gene regulation in E. coli W3110
The starting idea of our study was to narrow down the list of potential AI-2regulated genes. At this stage, we performed RNAseq with subsequent differential
gene expression analysis for E. coli W3110 RpoS+ wild-type strain and its isogenic
ΔlsrR (constant de-repression of lsr operon) and ΔluxS (no production of AI-2)
mutants.
LsrR is the only described transcription regulator which binds phosphorylated
AI-2 and is only known to act as a repressor (Pereira et al. 2013). For this reason, the
initial goal of the analysis was to look for genes potentially activated by AI-2
production (downregulated in ΔluxS) while being repressed by LsrR (upregulated in
ΔlsrR). However, lsr operon (including tam gene with unknown function) was the
only operon showing such pattern of expression (Table S1). A small set of genes,
mostly belonging to Qin prophage, showed an opposite pattern: they were inhibited
by LuxS activity and activated by LsrR. Due to relatively low fold changes in their
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expression between the wild-type strain and the mutant strains, no further analysis
was performed.
As the approach described above is based solely on the assumption that LsrR
is the only AI-2 responsive regulator, we decided to take one step back and to
systematically analyse the transcriptome of non-AI-2-producing ΔluxS strain. LuxS
enzyme catalyses a terminal step in the active methyl cycle (AMC) and thus plays an
important role in turnover of methyl groups in the cell. As mentioned before, AI-2 is
essentially a by-product of LuxS activity.
As a terminal enzyme in the cycle, LuxS is also involved in detoxification of
one of AMC products, S-adenosyl-homocysteine (SAH) (Vendeville et al. 2005).
Several studies have reported a detrimental effect of luxS deletion due to metabolic
imbalances in the cell (Heurlier et al. 2009; Jones et al. 2010; Lyon et al. 2001).
Interestingly, we observed an opposite effect of luxS knockout in E. coli: cells lacking
luxS grew faster than the wild type and entered stationary phase at higher optical
densities (Figure 4.1).
Analysis of ΔluxS transcriptome revealed a substantial amount of
differentially expressed genes and operons (Table S2). luxS deletion affected
expression of 158 genes (around 3.7% of E. coli W3110 genome). Apart of lsr
operon, the most differentially expressed genes included those encoding acid
(hdeABD, gadABCE) and osmotic (osmBCEFY) stress resistance proteins, flagellar
biosynthesis apparatus (mostly flagellar class II and III genes) and curli fibers and
antigen 43 (will be discussed later in this part). A variety of observed effects could be,
at least in few cases, easily traced back to a couple of transcription regulators. The
downregulation of flagellar genes, for example, could be a result of inhibitory activity
of NsrR (Partridge et al. 2009) and LrhA (Lehnen et al. 2002) (both were upregulated
in ΔluxS). In another case, an extreme upregulation of fnr in ΔluxS was most likely
the direct cause of changes in hdeABD and gadABCE expression levels, as these
operons (along with many other genes) belong to fnr regulon (Myers et al. 2013).
We would like to note at this point that our RNAseq data showed partial
overlaps with published studies (Sperandio, Alfredo G. Torres, et al. 2002; Ren et al.
2004; Gonzalez Barrios et al. 2006; Sperandio et al. 2001). Nevertheless, we could
not observe any effect of LuxS/LsrR system on expression of qseB and mqsR, which
were previously described as AI-2-dependent regulators in E. coli (Sperandio, Alfredo
G. Torres, et al. 2002; Gonzalez Barrios et al. 2006).
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Figure 4.1. Growth curves of E. coli W3110 wild type (WT) and its isogenic
ΔluxS mutant in TB. Error bars indicate s.d. of three independent replicas.
In the next step of our study, we aimed at decoupling the metabolic and
signalling roles of LuxS in genes affected by luxS deletion by directly measuring their
promoter activities in response to AI-2. A hypothetical AI-2-regulated promoter
should meet two requirements:
a) show differential expression upon addition of external DPD/AI-2;
b) external DPD/AI-2 should be able to complement any changes in
promoter’s expression caused by luxS mutation.
For effective and quick screening, we took advantage of a plasmid library
containing promoter sequences of E. coli genes fused to egfp (Zaslaver et al. 2006). In
this case, EGFP fluorescence represents a nice readout of promoter activity and can
be easily measured by flow cytometry.
Indeed, as shown in Figure 4.2A, lsr promoter met both requirements of AI-2
regulation: it was activated by addition of 25 µM DPD/AI-2, and the drop of its
activity in ΔluxS knockout strain was complemented by signal addition. This was,
however, not the case for other promoters. Although their activity in ΔluxS strain
compared to the wild type was in agreement with the RNAseq data, no changes in
their expression were observed upon addition of DPD/AI-2 (Figure 4.2A and B).
Even the genes most differentially expressed upon deletion of luxS (like hdeB, gadB
and yhiD) showed no response to DPD/AI-2 (Figure 4.2C). We also tested the
possible effect of DPD/AI-2 on curli fibers coding csg operon. Consistent with
previous studies, no expression of curli occurred at 37 °C with- or without addition of
exogenous DPD/AI-2 (Besharova et al. 2016).
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Figure 4.2 Activities of E. coli promoters in response to DPD/AI-2 measured by
flow cytometry and expressed in arbitrary units (a.u.). (A) Expression of lsr
operon, transcription regulators nsrR and yiaG in wild-type and ΔluxS cells with or
without addition of 25 µM DPD/AI-2. (B) Representative graph of class II (PfliAegfp) and class III (PfliC-egfp) gene expression in wild-type and ΔluxS cells with or
without addition of 25 µM DPD/AI-2. (C) Activity of various E. coli promoters in
response to exogenous DPD/AI-2. Error bars represent s.d. of three independent
replicas.
Since the majority of screened promoters belong to the genes organized in
coordinately expressed operons (lsr operon, flagellar genes, acid stress response genes
etc), we covered a high percentage (more than 50%) of potential AI-2-regulated genes
acquired by the RNAseq (see Table S2, highlighted in green). Importantly, the
screened genes included many of those with the highest fold changes, allowing us to
make conclusions at this point without any need for further screening.
The results we obtained strongly suggest that lsr operon is the only AI-2regulated operon in E. coli W3110. Thus, a widely distributed notion that flagellar
and chemotaxis genes in E. coli strains are activated by AI-2 via QseB and MqsR
pathways could not be experimentally confirmed. All observed effects of luxS
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deletion on global gene expression are likely to be a result of metabolic disturbances
caused by the disruption of the AMC cycle.
4.2 Natural diversity of AI-2 signal reception and uptake
The proposed role of AI-2 as a signalling molecule for intra- and interspecies
communication is mostly based on wide taxonomic distribution of its synthase
enzyme, LuxS. Indeed, LuxS enzyme is highly conserved and present in both Gramnegative and Gram-positive bacteria (Pereira et al. 2013). On the contrary, AI-2
uptake and processing systems can significantly differ from each other, and the
overall knowledge on their existence and distribution remains limited. What we can
presume is that these systems evolved independently in different taxonomic groups.
The search for potential AI-2 receptors based on homology to LsrB (AI-2 binding
protein in E. coli) or to LuxP (AI-2 binding protein in V. harveyi) would thus not
necessarily be successful (Rezzonico & Duffy 2008; Pereira et al. 2009).
E. coli is a phylogenetically diverse species, which successfully occupies a
handful of ecological niches and has adapted for every possible lifestyle (Rasko et al.
2008; Kaper et al. 2004). Such diversity within the same species makes E. coli a nice
model for studying its AI-2 signal reception plasticity. A very interesting study by
Brito et al. showed a high degree of lsr operon polymorphism between different E.
coli strains (Brito et al. 2013). Although all of them possessed the luxS gene and thus
produced AI-2, many lacked a functional signal receptor or were unable to control
extracellular signal concentrations. All this suggests that E. coli may have evolved
different niche-specific mechanisms of AI-2 signal reception. The topic seemed quite
intriguing to us, so we decided to take a deeper look into the inter-strain diversity of
AI-2 signalling in E. coli. For this purpose, we randomly selected 13 wild-type
isolates of E. coli (from VS-S2 and ECOR collections) and checked them for presence
of AI-2 receptor (lsrB), AI-2 kinase (lsrK) and lsr operon regulator (lsrR). Presence
(or absence) of these genes would give us a hint whether these strains were able of
AI-2 sensing and importing (lsrB) and of regulating its uptake in AI-2 concentrationdependent manner (lsrRK).
As shown in Figure 4.3, lsr operon composition indeed demonstrates high
level of diversity. Some strains maintain only a part of it (lsrB or lsrK), while others
have lost it completely. The apparent bias towards losing the lsr operon is, however,
artefactual as shown by a large scale analysis: a majority of ECOR strains (51 out of
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71) retained an intact lsr operon, and 9 out of 20 remaining strains had at least one lsr
gene. In VS-S2 collection, 8 out of 19 strains had the whole lsr operon, and another 2
strains encoded lsrB gene.

Figure 4.3. Plasticity of AI-2 signal reception among different E. coli isolates. The
graph represents extracellular AI-2 levels in exponential and stationary growth phases
as measured by AI-2 reporter strain (for details, see Part 2 and 3). Highlighted are the
strains of particular interest due to unexpected patterns of their AI-2 uptake. The
presence of lsrB, lsrR and lsrK genes was determined by PCR with primers specific
either to the coding regions or to the sequences up- and downstream of the gene of
interest.
We could not find any correlation between ecological niches occupied by the
strains and their lsr operon structure (Table 4.1). But if the major signalling role of
AI-2 is interspecies communication, one can presume that it is not the ecological
niche per se that contributes to lsr operon structure, but the surrounding microflora,
which is known to show a high level of individual variation.
In the next step of our study, we compared the lsr operon structure of the
isolates with the profiles of their AI-2 production and uptake (Figure 4.3).
Extracellular AI-2 levels were measured with a non-AI-2-producing biosensor strain
carrying Plsr-egfp reporter (for details, see Part 2 and 3). In a classical situation, when
the lsr operon is intact (like in the case of E. coli W3110), accumulation of
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extracellular AI-2 in exponential phase is followed by depletion of the signal in the
stationary phase. However, if LsrK kinase is absent, the lsr operon becomes
insensitive to AI-2 levels, and the cell does not actively import it even in presence of
LsrABCD transporter. As a result, AI-2 accumulates in the medium. That is what we
mostly observed in our isolates lacking lsrK (Figure 4.3).
Table 4.1. Ecological niches and lifestyles of E. coli isolates used in this study.
Strain
Ecological
lsr
Strain
Ecological niche
lsr
niche
operon
operon
W3110
commensal/lab
+
VS-S2-15
ExPEC
VS-S2-1
UPEC1
ECOR-57
commensal
VS-S2-2
not known
partial ECOR-59
commensal
VS-S2-7
EPEC2
ECOR-60
UPEC
3
VS-S2-10
ExPEC
+
ECOR-63
commensal
partial
VS-S2-11
ExPEC
ECOR-64
UPEC
partial
VS-S2-14
UPEC
ECOR-65
commensal
partial
1
Uropathogenic E. coli, 2Enteropathogenic E. coli, 3Extraintestinal pathogenic E. coli
Intriguingly, 2 strains (VS-S2-1 and ECOR-60) lacking the whole lsr operon
including lsrK were obviously still able to deplete AI-2 from the medium in stationary
phase. This finding raised a question about possible AI-2 responsive systems and
transporters other than LsrRK/LsrABCD. The most straightforward way to reveal
such mechanisms was to grow the strains in absence/presence of external DPD/AI-2
and track global changes in their transcriptomes using RNAseq. Since RNA isolation
and sequencing was performed one year after the experiments described in the part
4.1, we also included E. coli W3110 in our analysis in order to confirm the previously
obtained results.
91 genes were differentially expressed in W3110 strain upon addition of
DPD/AI-2 to the growth medium (Table S3). As expected, the highest fold changes
were detected for lsr operon. The remaining genes were not of much interest, as
essentially no overlaps with transcriptome data for WT/ΔluxS or WT/ΔlsrR were
found. The few exceptions like ymgC, cysA, cysI or putA showed opposite modes of
regulation between LuxS and AI-2, which allowed us to discard them as not AI-2regulated.
As an additional confirmatory test, we measured expression of several genes
listed above, promoter fusions to egfp of which were available in E. coli promoter
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library. None of them showed alterations in expression upon addition of external
DPD/AI-2, further confirming conclusions we had previously made (Figure 4.4).
38 and 61 genes were differentially expressed upon addition of DPD/AI-2 in
ECOR-60 and VS-S2-1 strains, respectively (Tables S4 and S5). We have also run
several validation tests with promoter fusions (PyeiE-egfp, PygcX-egfp, PycaC-egfp in
ECOR-60 and PynbA-egfp, PydcA-egfp in VS-S2-1). As shown in Figure 4.4,
promoter activities were insensitive to DPD/AI-2.
Finally, one gene (ylaC) appeared in all three trancriptome data sets and was
upregulated in all of them. YlaC is a predicted inner membrane protein with no
homologies with other proteins or with conserved domains. Its activation by external
AI-2 still needs to be confirmed. We expect that it could hardly be the case, since no
changes in its expression were detected in E. coli W3110 ΔluxS mutant.
Overall, the mechanism by which Lsr-negative strains can import AI-2 in
stationary phase requires further investigations. The data shown above suggests that
AI-2 uptake machinery in these strains is unlikely to be AI-2-induced i.e. AI-2specific. It is possible, however, that AI-2 is imported into the cell via some sugarspecific transporter that gets activated once cells enter stationary phase.

Figure 4.4. Activities of E. coli promoters in response to DPD/AI-2 measured by
flow cytometry and expressed in arbitrary units (a.u.). Error bars represent s.d. of
three independent replicas.
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More confirmation tests of promoter activities in response to DPD/AI-2 need
to be performed to make a final conclusion on the possible signalling role of AI-2 in
these E. coli isolates. It seems however unlikely to find any AI-2-dependent gene
regulation pathways in these strains. Since E. coli do not utilize AI-2 as a carbon
source, the ability to deplete it from the extracellular medium could potentially serve
to promote or to interfere with cooperative behaviours of other bacterial species that
occupy the same ecological niche.
4.3 AI-2 signalling in regulation of agn43 expression
RNAseq analysis of E. coli W3110 ΔluxS strain compared to the wild type
showed strong downregulation of agn43 (flu) expression in ΔluxS cells (Table S2). In
this thesis, we have already shown that both Ag43 and AI-2 are required for E. coli
aggregation and biofilm formation. A natural question to ask was whether there was a
possible link between AI-2 signalling and flu expression.
A traditional approach of whole-population gene expression analysis can be
potentially misleading in case of Ag43. As in case of many other adhesins, flu
expression is subject to phase variation (reviewed in Introduction). Every given
population of E. coli cells carrying flu gene on their chromosome consists of two
stable subpopulations: Ag43-ON (Ag43-expressing) and Ag43-OFF (non Ag43expressing) cells. Moreover, the balance between Ag43-ON and Ag43-OFF cells in
the population was shown to depend on the initial Ag43 expression state of “mother”
cells. In E. coli, Ag43-ON cells produce mixed populations, whereas Ag43-OFF cells
produce mostly Ag43-OFF progeny (Chauhan et al. 2013). This means that the initial
Ag43 state of the colony taken for analysis often defines the outcome of the
experiment. This problem can be overcome by locking the whole population in the
ON state (see Part 2) or, if the aim of the analysis is to investigate flu expression, a
single-cell approach using an increased number of samples (>10) enables to solve this
problem.
In our experiments, we used E. coli W3110 strain carrying fluorescent-based
reporter (EGFP) to monitor flu expression (see Part 3, Materials and Methods) by
flow cytometry. Importantly, the level of flu promoter activity (and thus EGFP
fluorescence) in Ag43-ON cells was high enough to be visualised on LB plates using
longwave ultraviolet trans-illuminator (Figure 4.5A). This gave us an opportunity to
control the initial Ag43 state of our samples in all experiments.
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In accordance with previous studies, populations derived from Ag43-ON cells
had mixed Ag43 state (Figure 4.5B). On the contrary, populations derived from
Ag43-OFF cells remained to around 97-98% Ag43-OFF. For this reason, in our
further experiments we only analysed populations derived from Ag43-ON cells.
The activity of flu promoter was apparently not dependent on growth phase of
a population, showing no significant fluctuations throughout different growth phases
(Figure 4.5C). Similarly, no significant changes in Ag43-ON cells percentage were
detected (data not shown). The Ag43 phase distribution formed after several rounds of
cell division remained constant during subsequent growth of the population.

Figure 4.5. Phase variation of flu expression. (A) Colonies of E. coli W3110 strain
carrying fluorescence-based flu reporter (EGFP) streaked on LBA plate. EGFP
fluorescence was visualized with blue light LED transilluminator. A green circle
marks a fluorescent Ag43-ON colony, whereas a red circle marks a non-fluorescent
Ag43-OFF colony. (B) Distribution of fluorescence levels of flu reporter in
populations derived from an Ag43-ON colony (upper histogram) and from an Ag43OFF colony (lower histogram). (C) E. coli W3110 flu expression levels during
different phases of growth measured by flow cytometry and expressed in arbitrary
units (a.u.).
In our further experiments, we compared Ag43 phase distribution and flu
expression of the wild-type strain to its isogenic ΔluxS and ΔlsrR mutants (Figure
4.6). No significant differences between the wild-type strain and ΔluxS knockout
strain were detected. This result further confirms the inadequacy of whole-population
approaches in studying flu expression regulation. As already shown in Table S2, flu
gene had one of the highest fold changes in expression upon deletion of luxS.
Interestingly, deletion of lsrR led to overall increase in proportion of Ag43ON cells without affecting flu expression levels. Generally, the variability of AG43ON cell percentage was decreased in ΔlsrR mutant. However, the fact that addition of
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DPD/AI-2 to the medium did not produce similar changes in Ag43-ON cells
percentage points at an AI-2-independent mechanism of LsrR activity. This
observation is interesting on its own, as no examples of AI-2-independent gene
regulation by LsrR have been reported so far.

Figure 4.6. flu expression and AI-2 signalling. (A) Percentage of Ag43-ON cells in
wild-type (WT), ΔluxS, ΔlsrR populations derived from corresponding Ag43-ON
colonies. (B) flu promoter activities of Ag43-ON cells measured at OD600=0.6 by flow
cytometry and expressed in arbitrary units (a.u.). Error bars represent s.d. of minimum
ten independent replicas. P values were calculated using Mann-Whitney test
(**P<0.005, ns, not significant).
Taken together, our results suggest that there is no direct link between AI-2
signalling and flu expression levels or Ag43 phase variation. We further show that
whole-population approaches like RNAseq are not reliable and thus potentially
misleading in cases of phase variable genes. Studies on regulation of such genes
(Ag43, type I fimbriae, type IV pili etc) should be undertaken at the single-cell level,
and initial phase variation state of analysed populations should always be taken into
account.

83

5. Discussion
The

collective

behaviours

leading

to

formation

of

multicellular

agglomerations like surface-attached biofilms or suspended aggregates are widely
observed phenomena among bacteria. In constantly changing environments,
cooperative interactions that emerge during aggregation and biofilm formation
provide bacteria with benefits such as increased stress resistance and are thus the
reason for evolutionary success and dominance of collective behaviour over solitary
planktonic lifestyle. However, despite the ubiquitous nature and ecological relevance
of bacterial aggregation, the knowledge regarding its mechanisms remains limited.
5.1 Chemotaxis towards AI-2 mediates autoaggregation in E. coli
Because bacteria have been studied for a long time in the context of free-living
planktonic cells, flagellar motility and chemotaxis were considered to be hallmarks of
individual behaviour in microbes. With the emergence of biofilm research, the view
on the structural and functional role of flagella in collective behaviours was mostly
limited to cell-surface interactions and no effects of chemotaxis on biofilm formation
were found under standard conditions (Pratt & Kolter 1998; Danese et al. 2000).
Various roles of flagella in initial steps of biofilm formation were shown, including
transient cell-surface contacts (Conrad 2012), surface sensing (Belas 2014; Cairns et
al. 2013), adhesion (Haiko & Westerlund-Wikström 2013) and biofilm structure
formation (Besharova et al. 2016).
The roles of motility and chemotaxis in formation of suspended aggregates are
even less understood. Autoaggregative phenotype of E. coli was associated solely
with adhesins production and thought to be mutually exclusive with motility (Ulett et
al. 2006). Although required for autoaggregation of A. braseliense and M. xanthus,
the chemosensory systems of these bacteria mediate their aggregative behaviour
rather indirectly and not via a tactic response (Bible et al. 2012; Zhang et al. 2012).
Our works thus provides the first direct evidence for autoaggregation in
bacteria being driven by chemotaxis to a self-produced attractant. We have shown that
swimming motility and chemotaxis are required for autoaggregation in E. coli
regardless of the aggregation-mediating adhesin – Ag43 during exponential growth at
37°C or curli fibers during early stationary phase at 30°C. Furthermore, we have
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identified the autoaggregation-promoting chemoattractant as a generic quorum
sensing signal molecule AI-2.
According to our observations, the autoaggregation process under static
conditions could be divided into three phases (Figure 2.7). Phase I corresponds to the
initial formation of “seeding” aggregates by means of random collisions of motile
cells. This process requires functional flagella and adhesion production but is
independent of chemotaxis. Consistent with that, ΔcheY cells were still able to form
small aggregates, whereas no aggregation was observed for ΔfliC or ΔmotA cells or
cells lacking Ag43 at 37°C (Figure 2.1). Random collision of cells cannot, however,
explain further growth of aggregates at physiological cell densities. Instead, during
the next phase (phase II) AI-2 gradients formed by the seeding aggregates allow
chemotactic attraction of individual cells to the aggregates, enhancing the rate of
aggregate growth. Consistently, a more pronounced effect of chemotaxis was
observed at lower densities of the cell culture. Chemoattraction results in rapid
aggregate growth that eventually slows down as the aggregates reach equilibrium with
free-swimming cells. During the final phase (phase III), the increasing background
levels of AI-2 emitted by the cells disrupt chemotaxis towards aggregates, since cells
are no longer able to follow gradients of AI-2 above high background (Figure 2.3D).
This subsequently leads to aggregate dispersal, during which the level of
autoaggregation rapidly decreases, gradually approaching that described in phase I.
Consistent with the role of increasing AI-2 background levels in disaggregation, nonchemotactic or AI-2 insensitive strains show no significant dispersal. Interestingly,
dispersal phase is more pronounced for the Ag43-mediated aggregation, whereas
curli-mediated aggregates seem to be significantly more stable (compare Figure 2.3D
and S11).
AI-2-mediated autoaggregation has several physiological consequences. First,
in accordance with a theoretical concept of efficiency sensing (Hense et al. 2007) and
experimental evidence for local QS response induction in V. harveyi (Park, Wolanin,
Yuzbashyan, Silberzan, et al. 2003), we observed that high local cell density within E.
coli aggregates promotes AI-2 signalling in comparison to non-aggregating cells
(Figure 2.4). Additionally, AI-2 mediated autoaggregation provides physical
protection against oxidative stress and promotes biofilm formation, confirming the
hypothesized role of self-attraction in cell aggregation and in biofilm formation
(Figure 2.5).
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5.2 AI-2-dependent E. coli biofilm formation is enhanced in a dual-species
co-culture
The fact that autoaggregation and biofilm formation of E. coli are promoted by
chemotaxis to AI-2 is of great ecological interest. Bacterial biofilms in nature are
represented by multispecies communities with highly elaborate spatial structure and
complex interspecies interactions (Burmølle et al. 2014; Elias & Banin 2012).
Bacteria in biofilms are packed into dense aggregates, so it seems obvious that
quorum sensing must be relevant in these communities, regulating both intra- and
interspecies interactions. The role of QS in biofilm development was convincingly
shown for single-species communities (Parsek & Greenberg 2005), whereas its
importance in multispecies biofilms remains largely unexplored (Burmølle et al.
2014; Heras et al. 2014; Li & Tian 2012; McNab et al. 2003; Rickard et al. 2006).
The universal nature of AI-2 production and diversity of its reception and
uptake systems (Chen et al. 2002; Miller et al. 2004; Pereira et al. 2013) make AI-2 a
reasonable candidate for mediating interspecies interactions within biofilms. Although
few examples of AI-2 influence in development of multispecies communities was
shown in vitro and in vivo (Cuadra-Saenz et al. 2012; Huang et al. 2011; Rickard et al.
2006; McNab et al. 2003; Thompson et al. 2015), the underlying mechanism of such
regulation remained unknown. In our work, we show that chemotaxis towards AI-2
promotes coaggregation of E. coli with E. faecalis, resulting in enhanced E. coli
microcolony and subsequent biofilm formation in a mixed community (Figure 3.2 and
3.8).
Chemotaxis towards AI-2 is dependent on production of LsrB (Hegde et al.
2011) and thus lsr operon expression. This means that AI-2 mediated autoaggregation
in monoculture emerges only as a population enters mid-to-late exponential growth
phase and the AI-2 concentration in the medium reaches the threshold required for derepression of the lsr operon. In contrast, autoaggregation of E. coli is observed
already at early stages of growth in mixed E. coli:E.faecalis cultures, most likely due
to the additional AI-2 that is secreted by E. faecalis (Figure 3.5A-C). The similar
effect on autoaggregation and biofilm formation was observed when exogenous AI-2
was added to E. coli monocultures, confirming this hypothesis (Figure 3.5D and 3.6).
As discussed above, induction of the lsr operon is apparently the only effect of AI-2
on gene expression in E. coli. We thus conclude that this induction is indeed the major
cause of enhanced biofilm formation in the co-culture. E. faecalis cells in mixed
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culture additionally create nucleation zones for subsequent enhanced aggregate
growth and biofilm formation of E. coli. Consistently, the most prominent
enhancement of E. coli biofilm formation was observed when both factors – LsrB
induction and nucleation zones provided by E. faecalis – were present (Figure 3.8).
Importantly, both species seem to benefit from such interactions. Apart from
providing E. coli with the ability to aggregate at lower cell density, the formation of
mixed aggregates in co-culture promoted stress resistance of both species (Figure
3.7). It could be explained by both the larger size of E. coli aggregates in mixed
biofilms and by the protection of E. faecalis cells incorporated in these aggregates.
Our work thus consequently reveals the mechanism of chemotaxis-driven
autoaggregation in E. coli, explains why E. coli uses an interspecies QS molecule for
autoaggregation and how can such autoaggregation occur in the human intestine. E.
coli cells constitute a minority population in the gut and therefore face a challenge in
reaching cell densities high enough to either activate the AI-2 QS system or aggregate
on their own. The use of AI-2 produced by groups of E. faecalis or other bacterial
species in the gut (Lebreton et al. 2014; Eckburg et al. 2005; Antunes et al. 2005;
Lukáš et al. 2008; Schauder et al. 2001b) as aggregation signal could potentially allow
E. coli to overcome such a density limitation. Therefore, we suggest that the
phenomenon of chemotaxis-driven co-aggregation might be common in mixed
microbial communities.
5.3 Global effects of AI-2 metabolism in E. coli
The role of AI-2 as interspecies QS signal is still a matter of discussions.
Although AI-2 is produced by many Gram-positive and Gram-negative bacteria there
are few characterized examples of physiological functions of AI-2 signalling (Pereira
et al. 2013). Since AI-2 is primarily a byproduct of cellular metabolic activity, the
main stumbling block of AI-2 research is decoupling the metabolic and signalling
effects that arise upon AI-2 synthase (LuxS) deletion. Consequently, the importance
of E. coli response to AI-2 beyond its uptake and metabolism remained unclear to
date, although several studies have addressed this question (Bansal et al. 2008; Ren et
al. 2004; González Barrios et al. 2006; Sperandio, Alfredo G Torres, et al. 2002;
Sperandio et al. 2001).
In our work, we combined whole-population and single-cell approaches to
systematically study the global effects of AI-2 signalling in E. coli. Since no genes
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apart of the lsr operon were highly differentially expressed in the cells lacking AI-2responsive transcriptional regulator LsrR (Table S1), we further analysed RNAseq
data obtained from a luxS-deficient mutant. In contrast to ΔlsrR, expression of 158
genes was affected in ΔluxS strain. These include genes encoding flagellar,
chemotaxis, stress resistance proteins and some outer membrane proteins like Ag43
and curli. As already mentioned, the effects caused by luxS deletion could be due to
metabolic imbalances in the cell and not by absence of AI-2 signal. For this reason,
we validated potential AI-2-responsive genes by following changes in their
expression at single-cell level upon deletion of luxS and/or addition of exogenous AI2 to the wild-type cells.
Importantly, we failed to replicate the previously published results that suggest
AI-2 dependent regulation of motility and chemotaxis via QseBC and MqsR. In our
experiments, neither motility nor chemotaxis was affected by AI-2 signalling.
Although decreased in luxS background, flagellar genes expression could not be
complemented by exogenous AI-2 (Figure 4.2B), and no effects of AI-2 addition on
flagellar genes expression were observed for the wild-type cells both at whole
population- and at single-cell levels (Figure 4.2B and Table S3). AI-2 also did not
affect the ability of E. coli cells to follow gradients of MeAsp (Figure S6).
Using the same approach, we showed that differential expression of most of
other genes found in ΔluxS mutant is not related to AI-2 signalling (Figure 4.2C).
Global transcription changes upon luxS deletion could be traced to several
transcription regulators. For example, upregulation of fnr in ΔluxS could explain
changes in hdeABD and gadABCE expression levels, as these operons belong to fnr
regulon (Myers et al. 2013). Similarly, upregulation of nsrR and lrhA in LuxSdeficient strain could at least partially account for inhibition of flagellar biosynthesis
in this strain, as both are known to act as repressors of flagellar genes (Partridge et al.
2009; Lehnen et al. 2002).
Finally, we show that, although previously implied, there is no connection
between AI-2 signalling and Ag43 production (Figure 4.6). Additionally, although
present in RNAseq data, no expression of curli fibers was observed in exponential
phase of growth at 37 °C with- or without addition of exogenous AI-2. This is
consistent with previous observations made in E. coli W3110, where curli were
shown to be expressed in stationary phase at lower temperatures (Besharova et al.
2016; Serra et al. 2013).
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In all the experimental approaches used in our work, the Lsr system, required
for AI-2 uptake and metabolism, was the sole AI-2-responsive system. This was
further confirmed by RNAseq analysis of E. coli cells treated with exogenous AI-2
(Table S3 and Figure 4.4). Based on these results and a previous observation (Hegde
et al. 2011) of the chemotactic response to AI-2, we strongly suggest that the uptakeindependent function of AI-2 that we have described in our work represents the only
type of AI-2 signalling in E. coli, at least under laboratory conditions.
5.4 Further directions
We suggest that in order to fully understand the role of AI-2 in interspecies
signalling one has to address this question in proper context. As a major QS signal in
the gut, AI-2 most likely plays an important role in establishing not only interspecies,
but also interkindom bacteria-host interactions. It has been shown, for example, that
AI-2 induces the production of the inflammatory cytokine interleukin-8 (Zargar et al.
2015). Conversely, mammalian epithelial cells were found to produce an AI-2 mimic,
which is detected by bacterial AI-2 receptors LsrB or LuxP (Ismail et al. 2016).
Future directions of this research should therefore implement gradually more complex
experimental systems including co-cultivation of single-species and mixed bacterial
communities with epithelial cell lines.
Another promising research direction is plasticity of AI-2 reception and
uptake systems. As we have shown in this work, different commensal and pathogenic
isolates of E. coli vary in their lsr operon composition and ability to import AI-2
(Figure 4.4). Specifically, we have found particular strains lacking the Lsr system that
were able of depleting AI-2 from the medium. Understanding Lsr-independent AI-2
uptake mechanisms and physiological functions of AI-2 signalling in wild-type
isolates of E. coli occupying different ecological niches could provide us with further
important insights into the physiology and evolution of AI-2 signalling in bacteria.
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Appendix 1. Supplementary figures

Figure S1. Autoaggregation of E. coli W3110 in presence of native Ag43 phase
variation depends on Ag43, motility, chemotaxis and AI-2 sensing. Cells were
grown to OD600 of 0.6 at 37°C and aggregation was assayed at room temperature
and OD600 of 2.0 using microscopy as described in Methods (Part 2). Scale bars, 20
µm.

Figure S2. Autoaggregation of E. coli W3110 in presence of native Ag43 phase
variation does not depend on major biofilm matrix components. Aggregation of
strains deficient in production of poly-β-1,6-N-acetyl-D-glucosamine (pgaC), curli
(csgA) or colanic acid (wcaF) production was analysed as in Figure S1. Scale bars,
20 µm.
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Figure S3. Immunoblot analysis of Ag43 expression by the strains used in this
study. All strains expressed Dam methyltransferase at basal level from trc promoter
without IPTG induction. Immunoblotting was performed as described in Methods
(Part 2).

Figure S4. Time course of aggregation in dependence of optical density of the
cell culture. Cultures grown as in Figure 1 were resuspended in fresh TB medium
to indicated optical densities. a, Wild type. b, ΔcheY. Error bars indicate standard
deviation of three independent replicates.

Figure S5. AI-2 production affects motility and aggregation. a, Motility of ΔlsrB
and ΔluxS mutants compared to the wild-type, tested on 0.3% soft agar TB plates
where spreading of E. coli requires motility and chemotaxis. b, Effects of luxS
overexpression and deletion on aggregation. Scale bars, 20 µm.
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Figure S6. Chemotaxis towards and in presence of AI-2. a, Schematic
representation of the top view of the microfluidic device used to measure chemotaxis
towards metabolized synthetic DPD/AI-2. Cells are added only in the lower
concentration reservoir, and measurements are performed in the middle of the channel
linking the two reservoirs. b, Same as in (a) but for device used to measure
chemotaxis towards non-metabolized attractant MeAsp, where cells are added on both
sides. c, Chemotactic bias of Δflu (wild-type for chemotaxis, marked as WT*) or
ΔlsrB towards DPD/AI-2 (left) or MeAsp (right) in presence of either no or 200 µM
background concentration of DPD/AI-2. Δflu was used to avoid complications with
precise quantification of chemotaxis in presence of aggregate formation.
Measurement was done using DDM (see Materials and Methods, Part 2) one hour
after loading the device. d, Average swimming speed of the cells, measured by DDM,
for the same experiments as (c). In (c) and (d), the error bars represent measurement
errors.
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Figure S7. Size of individual wild-type aggregates as a function of time.
Aggregate sizes were quantified in time-lapse movies.

Figure S8. Calibration of lsr reporter using synthetic DPD/AI-2. Calibration was
performed as described in Methods. Data are means of three experiments; error bars
(indicate standard deviation of three independent replicates) are smaller than the
symbol size. Note that this calibration might underestimate reporter response to AI-2
in case when only a fraction of DPD spontaneously converted to AI-2.
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Figure S9. Effects of added DPD/AI-2, L-serine or 2-aminoisobutyric acid on
pre-formed aggregates. a-c, Autoaggregation of the wild type, ΔcheY and ΔlsrB
cells, measured in 8-well glass bottom plates. After 40 min of autoaggregation, 40
µl of the tethering buffer (control), DPD/AI-2, L-serine or 2-aminoisobutyric acid
(AIbu, nonmetabolizable analogue of L-serine) were added as indicated. Scale bars,
20 µm. d-f, Quantification of cell aggregation in the microscopic images. Means of
three independent replicates are shown; error bars indicate standard deviation.
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Figure S10. Distribution of the microcolony volumes within static biofilms
shown in Figure 2.5c. Quantification of the microcolony sizes was done as
described in Materials and Methods. No identifiable microcolonies were formed in
Δflu strain. P values were calculated using unpaired t-test (data distribution was
confirmed to be normal). The difference between size distribution of ΔcheY and
ΔlsrB microcolonies was not significant.

Figure S11. Quantification of curli-mediated aggregation. a, Quantification of
experiments shown in Figure 6a, for cells grown at 30°C to OD600 of 1.0. b,
Quantification of aggregation on longer time scale. Error bars indicate standard
deviation of three independent replicates.
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Figure S12. Production of AI-2 and effects of AI-2 chemotaxis and Ag43 on
biofilm formation at 30°C. a, Activity of the lsr operon at 30°C and 37°C and at
indicated optical densities, measured using flow cytometry and expressed in
arbitrary units (AU) of fluorescence. P values were calculated using Mann-Whitney
test (*P=0.05, NS-not significant, P>0.05). b, Biofilm formation for 30°C static
culture at 24 h, quantified by CV staining. Shown in arbitrary units (AU) are CV
values normalized by the optical density. P values were calculated using MannWhitney test (** P<0.05, NS – not significant, P>0.05). Error bars indicate standard
deviation of three (a) and five (b) independent replicates. c, Distribution of the
microcolonies’ volumes within static biofilms shown in Figure 2.6b. Quantification
and analysis was done as in Figure S10. The difference between size distribution of
ΔcheY and ΔlsrB microcolonies was not significant.
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Figure S13. Static biofilms of E. coli in single- or dual-species culture. (A)
Confocal laser scanning microscopy of static E. coli (GFP+) biofilms grown in
monoculture (left panel) or mixed with E. faecalis (right panel). Inoculation ratio was
1:1. Scale bars, 40 µm. (B) Confocal laser scanning microscopy of static E. coli
(expressing GFP) biofilms grown in monoculture (left panel) or mixed with unlabeled
E. faecalis (right panel). Inoculation ratio was 4:1. Scale bars, 40 µm. (C) Distribution
of microcolony volumes in the biofilms. P value for the difference between singleand double-species biofilms was calculated using unpaired t-test (data distribution
was confirmed to be normal).
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Figure S14. Extracellular AI-2 levels in E. coli, E. faecalis and E. coli:E. faecalis
cultures as assessed by Plsr-gfp activity of the biosensor defective in AI-2
production (see Materials and Methods, Part 3). Dashed line represents Plsr-gfp
activity in absence of AI-2. Means of three independent replicates are shown; error
bars represent standard deviation. P values were calculated using Mann-Whitney test
(*P<0.05).

Figure S15. The E. coli:E. faecalis co-aggregation requires AI-2 production.
Confocal laser scanning microscopy of static E. coli ΔluxS (expressing GFP) biofilms
grown alone or in presence of unlabeled E. faecalis (initial inoculation ratio 1:1).
Scale bars, 40 µm. (B) Distribution of microcolony volumes in static single- and
double-species biofilms of E. coli. P value for the difference between single- and
double-species biofilms calculated using unpaired t-test was 0.55 (data distribution
was confirmed to be normal).
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Figure S16. The E. coli:E. faecalis co-aggregation requires Ag43. Confocal laser
scanning microscopy of static E. coli Δflu (expressing mCherry) biofilms grown alone
or in presence of E. faecalis (expressing GFP, initial inoculation ratio 1:1). Scale bars,
40 µm. (B) Distribution of microcolony volumes in static single- and double-species
biofilms of E. coli. P value for the difference between single- and double-species
biofilms calculated using unpaired t-test was 0.001 (data distribution was confirmed
to be normal).
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Figure S17. Static biofilms of E. coli in single- or dual-species culture. Confocal
laser scanning microscopy of static E. coli (GFP+) biofilms grown in monoculture
(left panel) or mixed with E. faecalis (right panel). Inoculation ratio was 1:1. Scale
bars, 40 µm.
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Figure S18. The effect of E. faecalis on induction of lsr operon in E. coli cells is
contact-independent. The bars represent percentage of GFP+ (induced) cells in each
population. Note that the lower initial fraction of GFP+ cells in mixed culture is
because E. coli initially constitutes only 50% of the total population. Means of four
independent replicates are shown; error bars indicate standard deviation. P values for
the difference from E. coli culture grown in TB were calculated using Mann-Whitney
test (ns – not significant).
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Figure S19. No effect of E. faecalis or exogenous DPD/AI-2 on E. coli luxS
promoter. Activity of the luxS promoter was measured using flow cytometry. (A-C)
E. coli cells carrying PluxS-gfp reporter plasmid pLeoL8 were grown in TB alone (A)
or with E. faecalis at 1:1 ratio (B), or in TB supplemented with 50 µM synthetic
DPD/AI-2 (C). Dashed line distinguishes GFP+ (induced E. coli) and GFP- (uninduced
E. coli as well as unlabeled E. faecalis in B) subpopulations. Note that since E. coli
comprises only 50% of population at 0 h in (B), its peak appears lower than that of E.
coli grown alone. (D) The bars represent percentage of GFP+ (induced) cells in each
population. Means of at least six independent replicates are shown; error bars indicate
standard deviation.
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Figure S20. No effect of E. faecalis or exogenous DPD/AI-2 on E. coli agn43
expression. Activity of the agn43 (flu) promoter was measured using flow cytometry.
(A-C) E. coli LeoL194 cells carrying agn43 reporter construct were grown in TB
alone (A) or with E. faecalis at 1:1 ratio (B), or in TB supplemented with 50 µM
synthetic DPD/AI-2 (C). Dashed line distinguishes GFP+ (induced E. coli) and GFP(uninduced E. coli as well as unlabeled E. faecalis in B) subpopulations. Note that
since E. coli comprises only 50% of population at 0 h in (B), its peak appears lower
than that of E. coli grown alone. (D) The bars represent percentage of GFP+ (induced)
cells in each population. Means of at least four independent replicates are shown;
error bars indicate standard deviation.
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Table S1. Differential gene expression showing genes oppositely regulated by
LuxS and LsrR. The cells were grown to the OD600=0.6 and RNA isolation was
performed without prior cell fixation. Fold change threshold was set to 2.
Gene
Annotation
Fold change Fold change
WT->ΔluxS
WT->ΔlsrR
lsrA
AI-2 ABC transporter - ATP binding
8.912
-10.621
subunit
lsrB
autoinducer-2 ABC transporter 6.125
-9.057
periplasmic binding protein
lsrC
autoinducer-2 ABC transporter 7.018
-8.029
membrane subunit
lsrD
autoinducer-2 ABC transporter 5.737
-6.292
membrane subunit
lsrF
3-hydroxy-2,4-pentadione 5-phosphate
7.516
-9.138
thiolase
lsrG
phospho-AI-2 isomerase
6.096
-12.306
lsrK
autoinducer-2 kinase
6.645
-7.069
tam
trans-aconitate 2-methyltransferase
2.711
-4.095
essQ
Qin prophage; predicted S lysis protein
-3.397
3.757
nirD
nitrite reductase, small subunit
-2.357
2.547
ydfR
Qin prophage; predicted protein
-2.782
2.544
ymcE
small protein
-20.389
3.352
ynfN
Qin prophage; predicted protein
-3.182
3.569
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Table S2. Differential gene expression showing more than 2-fold changes
between the wild-type strain and its isogenic ΔluxS mutant. The cells were grown
to the OD600=0.6 and RNA isolation was performed without prior cell fixation.
Highlighted in green are the genes/operons screened for AI-2-mediated changes in
gene expression.
Gene
Annotation
Fold change
WT->ΔluxS
hdeA
acid-resistance protein, possible chaperone
80.198
hdeB
acid stress chaperone
68.267
gadB
glutamate decarboxylase B subunit
55.621
yhiD
inner membrane protein YhiD
50.596
gadC
glutamic acid:4-aminobutyrate antiporter
44.429
hdeD
acid-resistance membrane protein
43.490
gadE
GadE DNA-binding transcriptional activator
40.307
gadA
glutamate decarboxylase A subunit
39.806
flu
CP4-44 prophage; antigen 43
22.663
dctR
predicted DNA-binding transcriptional regulator
18.694
yeeR
CP4-44 prophage; predicted membrane protein
15.056
csgE
curli transport specificity factor
14.695
ybfA
DUF2517 domain-containing protein
11.002
slp
starvation lipoprotein
10.761
csgF
curli assembly component
10.737
yeeS
CP4-44 prophage; RadC-like JAB domain-containing
10.614
protein
csgD
CsgD DNA-binding transcriptional dual regulator
10.215
osmC
osmotically inducible peroxiredoxin
9.736
yciG
predicted protein
9.468
lsrA
AI-2 ABC transporter - ATP binding subunit
8.912
ymdF
conserved protein
8.703
yciF
DUF892 domain-containing protein YciF
8.482
prpE
propionyl-CoA synthetase
8.078
rmf
ribosome modulation factor
8.031
yegP
DUF1508 domain-containing protein
7.977
ycaM
putative transport protein, amino acid-polyamine7.659
organocation (APC) superfamily
lsrF
3-hydroxy-2,4-pentadione 5-phosphate thiolase
7.516
lsrC
Autoinducer-2 ABC transporter - membrane subunit
7.018
yahO
predicted protein
7.003
lsrK
autoinducer-2 kinase
6.645
fliZ
DNA-binding transcriptional regulator
6.539
lsrB
autoinducer-2 ABC transporter - periplasmic binding
6.125
protein
lsrG
phospho-AI-2 isomerase
6.096
fliA
RNA polymerase, sigma 28 (sigma F) factor
6.023
tar
Tar receptor
5.903
fliD
flagellar cap protein FliD; filament capping protein;
5.789
enables filament assembly
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lsrD
glgS
trg
fliC
osmB
flgM
osmY
fliS
fliT
flgA
flgB
cheW
fliE
flgN
fliF
yhjH
flhA
flgC
flgE
flhE
flgD
flgG
csgG
csgC
flgF
csgA
flhB
fliG
fimA
tap
yiaG
flgH
fliN
rstA
sdiA
fliO
tsr
cheR
flgI
flgK
fliH
motA
cheB
cheA
cheZ

Autoinducer-2 ABC transporter - membrane subunit
surface composition regulator
Trg chemotaxis receptor
flagellar biosynthesis; flagellin, filament structural
protein
osmotically inducible lipoprotein
anti-sigma factor for FliA
hyperosmotically inducible periplasmic protein
flagellar biosynthesis protein FliS
flagellar biosynthesis protein FliT
flagellar biosynthesis protein
flagellar basal-body rod protein FlgB
chemotaxis protein
flagellar basal-body protein FliE
flagellar biosynthesis protein FlgN
flagellar M-ring protein FliF
c-di-GMP phosphodiesterase
flagellar biosynthesis protein FlhA
flagellar basal-body rod protein FlgC
flagellar hook protein FlgE
flagellar protein FlhE
flagellar biosynthesis, initiation of hook assembly
flagellar basal-body rod protein FlgG
curli secretion channel
inhibitor of CsgA amyloid formation
flagellar basal-body rod protein FlgF
curlin, major subunit
flagellar biosynthesis protein FlhB
flagellar motor switch protein FliG
major type 1 subunit fimbrin (pilin)
Tap chemotaxis receptor
predicted transcriptional regulator
flagellar L-ring protein FlgH
flagellar motor switch protein FliN
DNA-binding transcriptional regulator
DNA-binding transcriptional dual regulator
flagellar biosynthesis protein FliO
Tsr chemotaxis receptor
chemotaxis protein methyltransferase
flagellar P-ring protein FlgI
flagellar biosynthesis, hook-filament junction protein 1
flagellar biosynthesis protein FliH
proton conductor component of motor
chemotaxis protein
chemotaxis protein
chemotaxis protein
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5.737
5.696
5.524
5.489
5.478
5.374
5.133
5.098
4.865
4.851
4.680
4.592
4.485
4.386
4.360
4.305
4.249
4.089
4.060
4.050
4.016
4.005
3.999
3.904
3.780
3.658
3.650
3.614
3.601
3.491
3.461
3.336
3.271
3.213
3.112
3.108
3.091
3.060
3.041
2.984
2.968
2.925
2.924
2.894
2.892
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cheY
flgL
ycaN
fimD
fimG
fliM
fliI
osmF
fliK
fliL
tam
fliP
dgoR
flgJ
fliJ
ydiP
ycgR
fliQ
motB
osmE
flhC
yaiV
fimC
rbsR
gcvA
yfeD
mprA
iscR
feoC
bglJ
rutR
yjiR
glcC
ygcP
lrhA
nsrR
bluR
bluF
yjgL
gatD
napF
paaI
paaH
oppD

chemotaxis regulator transmitting signal to flagellar
motor component
flagellar biosynthesis; hook-filament junction protein
putative transcriptional regulator, LysR-type
FimD monomer
fimbrial morphology protein
flagellar motor switch protein FliM
flagellum-specific ATP synthase FliI
glycine betaine ABC transporter - periplasmic binding
protein
flagellar hook-length control protein FliK
flagellar protein FliL
trans-aconitate 2-methyltransferase
flagellar biosynthesis protein FliP
predicted DNA-binding transcriptional regulator
flagellar protein
flagellar biosynthesis protein FliJ
predicted DNA-binding transcriptional regulator
molecular brake that regulates flagellar motility in
response to c-di-GMP
flagellar biosynthesis protein FliQ
MotB protein, enables flagellar motor rotation
osmotically inducible protein
flagellar synthesis master regulator
predicted DNA-binding transcriptional regulator
periplasmic chaperone, required for type 1 fimbriae
DNA-binding transcriptional dual regulator
DNA-binding transcriptional dual regulator
predicted DNA-binding transcriptional regulator
DNA-binding transcriptional repressor
DNA-binding transcriptional dual regulator
predicted DNA-binding transcriptional regulator
DNA-binding transcriptional regulator
DNA-binding transcriptional dual regulator
fused predicted DNA-binding transcriptional regulator
and predicted aminotransferase
DNA-binding transcriptional dual regulator
predicted anti-terminator regulatory protein
DNA-binding transcriptional dual regulator
DNA-binding transcriptional regulator
DNA-binding transcriptional repressor
blue light-responsive regulator of BluR
predicted protein
L-galactitol-1-phosphate 5-dehydrogenase
ferredoxin-type protein
phenylacetyl-CoA thioesterase
3-hydroxyadipyl-CoA dehydrogenase (NAD+)
murein tripeptide ABC transporter
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2.865
2.856
2.849
2.834
2.814
2.773
2.754
2.753
2.751
2.749
2.711
2.673
2.665
2.621
2.612
2.517
2.465
2.407
2.287
2.270
2.239
2.235
2.163
-2.073
-2.138
-2.228
-2.356
-2.400
-2.404
-2.688
-2.699
-3.246
-3.362
-3.937
-4.508
-4.782
-4.963
-5.953
-7.023
-7.207
-7.289
-7.438
-7.515
-7.610
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napB
yccM
ycgX
napG
paaG
napA
oppC
tdcC
napH
tdcE
oppA
paaE
nikC
paaF
tnaB
cspG
napD
paaD
tnaA
oppB
tabA
cspH
paaC
gnsA
azuC
tnaC
tdcD
ymcE
grcA
bhsA
ynaJ
fnr

subunit of periplasmic nitrate reductase
predicted 4Fe-4S membrane protein
predicted protein
ferredoxin-type protein
predicted ring 1,2-epoxyphenylacetyl-CoA isomerase
large subunit of periplasmic nitrate reductase
murein tripeptide ABC transporter
serine / threonine:H+ symporter
ferredoxin-type protein
2-ketobutyrate formate-lyase
peptide ABC transporter - periplasmic binding protein
ring 1,2-phenylacetyl-CoA epoxidase, reductase subunit
nickel ABC transporter - membrane subunit
predicted 2,3-dehydroadipyl-CoA hydratase
tryptophan:H+ symporter TnaB
cold shock protein CspG
signal peptide-binding chaperone for NapA
phenylacetate degradation protein
tryptophanase
murein tripeptide ABC transporter/peptide ABC
transporter - putative membrane subunit
toxin-antitoxin biofilm protein
stress protein, member of the CspA family
ring 1,2-phenylacetyl-CoA epoxidase, structural subunit
predicted regulator of phosphatidylethanolamine
synthesis
small membrane protein
tna operon leader peptide
propionate kinase
small protein
stress-induced alternate pyruvate formate-lyase subunit
outer membrane protein involved in copper permeability
predicted inner membrane protein
DNA-binding transcriptional dual regulator

107

-7.667
-7.812
-8.728
-8.739
-8.747
-8.814
-9.046
-9.506
-9.612
-9.992
-10.237
-10.250
-10.449
-11.147
-11.333
-11.534
-11.678
-12.443
-12.567
-12.652
-13.374
-13.529
-13.674
-14.972
-15.119
-19.042
-19.274
-20.389
-21.018
-23.682
-477.610
-507.299
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Table S3. Differential gene expression showing more than 2-fold changes
between E. coli W3110 grown in TB with or without 25 µM DPD/AI-2. The cells
were grown to the OD600=0.4 before addition of 25µM DPD/AI-2. After the cultures
reached OD600=0.6, RNA isolation was performed without prior cell fixation.
The genes screened for AI-2-mediated changes in gene expression are highlighted in
green.
Gene
Annotation
Fold change
25 µM DPD->
0 µM DPD
ylaC
putative inner membrane protein
5.323
lsrG
autoinducer 2 degrading protein
4.801
putA
DNA-binding transcriptional repressor
4.416
lsrB
autoinducer 2-binding protein
4.284
lsrF
putative autoinducer 2 aldolase
4.231
ycjU
beta-phosphoglucomutase
3.324
lsrC
autoinducer 2 import system permease protein
3.281
yfjX
CP4-57 prophage; putative antirestriction protein
3.162
yaaY
DUF2575 domain-containing protein
3.057
ykgJ
predicted ferredoxin
3.045
lsrD
autoinducer 2 import system permease protein
2.987
ycdT
probable diguanylate cyclase
2.956
yicS
predicted periplasmic protein
2.941
sfmA
putative fimbrial-like adhesin protein
2.870
hydN
electron transport protein (FeS center) from formate
2.779
to hydrogen
mntS
predicted protein
2.765
ynfA
UPF0060 family inner membrane protein
2.723
rhaM
L-rhamnose mutarotase;
2.607
yjfJ
predicted transcriptional regulator effector protein
2.607
yjbE
predicted protein
2.607
mcrA
E14 prophage; 5-methylcytosine-specific restriction
2.558
endonuclease B
ymiA
predicted protein
2.521
feoA
perrous iron transport protein A
2.486
lsrK
autoinducer 2 kinase
2.438
yecT
predicted protein
2.400
zraP
periplasmic protein
2.388
yccM
putative 4Fe-4S membrane protein
2.380
ecnA
entericidin A lipoprotein, antidote to entericidin B
2.358
ydfB
Qin prophage; uncharacterized protein YdfB
2.358
yjiG
predicted protein
2.332
nrfG
heme lyase
2.325
stpA
H-NS-like DNA-binding transcriptional repressor
2.269
djlC
co-chaperone of HscC
2.264
glpC
anaerobic sn-glycerol-3-phosphate dehydrogenase
2.263
cadC
DNA-binding transcriptional activator
2.244
mokC
regulatory protein for HokC
2.240
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nirC
ychQ
ydhI
fixX
tam
yjaZ
allD
yihG
yijF
ybaZ
yfeK
abrB
cspG
nudI
mdtJ
argO
yebG
yciA
sgcB
hofB
thiS
yhcC
ygaV
nikC
emrE
grxA
yafX
tatE
yqgC
phnG
insJ
yadC
yadK
ycbU
cysW
yeeE
ssuD
puuE
cysC
nikE
ymgC
gltF
puuC
cysA
ydiH

nitrite transporter
SirB family protein
predicted inner membrane protein
putative ferredoxin FixX
trans-aconitate methyltransferase
conserved protein
ureidoglycolate dehydrogenase
predicted acyl transferase
conserved protein
excision repair protein
predicted protein
putative regulator
cold shock protein homolog
nucleoside triphosphatase
multidrug/spermidine efflux pump membrane subunit
arginine transporter
DNA damage inducible protein
acyl-CoA esterase
putative PTS enzyme IIB component
T2SSE family protein
sulfur donor in thiazole formation
predicted Fe-S oxidoreductase
putative DNA-binding transcriptional regulator
nickel transporter subunit
multidrug transporter
reduced glutaredoxin 1
CP4-6 prophage; protein YafX
twin arginine protein translocation system
redicted protein
carbon-phosphorus lyase complex subunit
insertion element IS150 protein InsA
putative fimbrial-like adhesin protein
putative fimbrial-like adhesin protein
putative fimbriae protein
sulfate/thiosulfate ABC transporter inner membrane
subunit
inner membrane protein
FMNH2-dependent alkanesulfonate monooxygenase
GABA aminotransferase
adenosine 5'-phosphosulfate kinase
nickel transporter subunit
predicted protein
predicted protein
GABA dehydrogenase
Sulfate/thiosulfate transporter subunit
predicted protein
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2.223
2.223
2.223
2.195
2.184
2.181
2.165
2.153
2.153
2.134
2.129
2.123
2.116
2.115
2.112
2.107
2.102
2.096
2.093
2.081
2.080
2.080
2.080
2.080
2.080
2.070
2.058
2.053
2.050
2.030
2.019
2.377
2.181
1.922
-2.001
-2.021
-2.033
-2.062
-2.089
-2.128
-2.128
-2.154
-2.158
-2.160
-2.243
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puuB
cysI
cysN
cysP
cysH
cysU
yeeD
cysD
cysJ

gamma-glutamylputrescine oxidoreductase
sulfite reductase,
sulfate adenylyltransferase
thiosulfate-binding protein
phosphoadenosine phosphosulfate reductase
sulfate/thiosulfate ABC transporter permease
conserved protein
sulfate adenylyltransferase, subunit 2
sulfite reductase, flavoprotein subunit complex
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-2.342
-2.379
-2.384
-2.415
-2.476
-2.529
-2.531
-2.732
-3.001
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Table S4. Differential gene expression showing more than 2-fold changes
between E. coli ECOR-60 grown in TB with or without 25 µM DPD/AI-2. The
cells were grown to the OD600=0.7 before addition of 25µM DPD/AI-2. After the
cultures reached OD600=1.0, RNA isolation was performed without prior cell fixation.
The genes screened for AI-2-mediated changes in gene expression are highlighted in
green.
Gene
Annotation
Fold change
25 µM DPD->
0 µM DPD
C_RS06165
predicted protein
6.054 up
ylaC
putative inner membrane protein
3.209 up
C_RS28005
predicted protein
3.171 up
nrfF
heme lyase subunit
3.027 up
yqgB
predicted protein
3.027 up
C_RS28440
predicted protein
2.802 up
yeiE
putative LysR-type transcriptional regulator
2.744 up
yggW
HemN family putative oxidoreductase
2.735 up
ygeW
knotted carbamoyltransferase
2.694 up
c5060
CidA/LrgA family protein
2.663 up
c2501
predicted protein
2.642 up
c2522
predicted protein
2.592 up
ycaC
Putative isochorismatase family hydrolase
2.567 up
c2375
predicted protein
2.558 up
ygeX
PLP-dependent lyase/thiolase
2.427 up
C_RS28580
predicted diguanylate cyclase
2.351 up
gtrB
CPS-53 (KpLE1) prophage
2.320 up
ygfK
selenate reductase subunit
2.314 up
c3386
type VI secretion system contractile sheath
2.288 up
djlA
co-chaperone protein
2.235 up
rzpD
DLP12 prophage; putative murein endopeptidase
2.224 up
yaaY
DUF2575 domain-containing protein
2.215 up
yeeY
transcriptional regulator
2.193 up
ygeW
putative carbamoyltransferase
2.172 up
mntP
putative manganese efflux pump
2.162 up
yjcB
membrane protein
2.162 up
yhdT
membrane protein
2.140 up
uacT
uric acid transporter
2.138 up
C_RS26070
predicted protein
2.118 up
ymcE
cold-shock protein
2.102 up
yqeB
conserved protein
2.097 up
yebW
predicted protein
2.089 up
ybaA
DUF1428 domain-containing protein
2.069 up
syd
SecY-interacting protein
2.054 up
glcD
glycolate oxidase
2.035 up
c1534
exonuclease encoded by prophage
2.028 up
bglJ
transcriptional regulator
2.025 up
tesB
acyl-CoA thioesterase
2.009 up
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Table S5. Differential gene expression showing more than 2-fold changes
between E. coli VS-S2-1 grown in TB with or without 25 µM DPD/AI-2. The cells
were grown to the OD600=0.7 before addition of 25µM DPD/AI-2. After the cultures
reached OD600=1.0, RNA isolation was performed without prior cell fixation.
The genes screened for AI-2-mediated changes in gene expression are highlighted in
green.
Gene
Annotation
Fold change
25 µM DPD->
0 µM DPD
ycbJ
conserved protein
4.750
C_RS27905
predicted protein
4.371
ydjM
inner membrane protein regulated by LexA
4.157
ydcA
hypothetical protein
4.055
ygiD
4,5-DOPA-extradiol-dioxygenase
4.000
ylaC
predicted protein
3.839
citC
citrate lyase synthetase
3.763
ynbA
inner membrane protein
3.673
ydhV
predicted oxydoreductase
3.247
ygiL
fimbrial protein
3.214
C_RS26155
predicted protein
3.018
c0141
predicted protein
2.976
hycG
formate hydrogenase complex, HycG subunit
2.899
dinI
DNA-damage-inducible protein I
2.892
rpiB
ribose 5-phosphate isomerase B
2.887
yecH
DUF2492 domain-containing protein
2.885
C_RS28580
diguanylate cyclase
2.867
ygaC
predicted protein
2.798
cspD
cold shock-like protein
2.774
c4643
glycoside hydrolase family 1 protein
2.759
c5126
DUF2238 domain-containing protein
2.703
c0305
predicted protein
2.597
yicG
trimeric intracellular cation channel family protein
2.593
fecD
iron ABC transporter permease
2.577
nikC
nickel transporter permease
2.570
bdm
biofilm-dependent biofilm modulation protein
2.515
c0672
predicted protein
2.515
c5600
thr operon leader peptide
2.505
yjjY
predicted protein
2.487
ypdB
DNA-binding transcriptional activator
2.436
yhbO
stress-resistance protein
2.434
bax
predicted protein
2.428
asnC
transcriptional activator of asnA
2.425
tauB
taurine import
2.405
C_RS27955
predicted protein
2.386
speD
S-adenosylmethionine decarboxylase
2.359
c3680
DUF4942 domain-containing protein
2.303
C_RS09690
YnhF family membrane protein
2.296
lolB
lipoprotein localization factor
2.286
ymfL
predicted protein
2.284
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C_RS03105
yaaA
hofO
ydhZ
rbsC
ispH
c3337
c1458
ykiA
modD
yicH
yaiZ
yqaE
c2500
ecpR
c2531
c4544
eutT
c1660
yedA
ybcI

predicted protein
peroxide stress resistance protein
DNA utilization protein
fumarase D
ribose ABC transporter membrane subunit
4-hydroxy-3-methylbut-2-enyl diphosphate reductas
LemA family protein
phage minor tail protein G
DUF2773 domain-containing protein
molybdenum transporter
conserved protein
DUF2754 domain-containing protein
YqaE/Pmp3 family membrane protein
predicted protein
putative ecp operon positive regulator
type IV toxin-antitoxin system YeeU family
predicted protein
Cobalamin adenosyltransferase
predicted protein
putative drug/metabolite exporter family transporter
YedA
conserved inner membrane protein
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2.257
2.253
2.245
2.240
2.214
2.179
2.178
2.174
2.168
2.141
2.132
2.128
2.104
2.102
2.082
2.054
2.053
2.051
2.043
2.029
2.012
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