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Bacteria, the first organisms that appeared on Earth, continue to play a central role
in ensuring life on the planet, both as biogeochemical agents and as higher organisms’
symbionts. In the last decades, they have been employed both as bioremediation agents
for cleaning polluted sites and as bioconversion effectors for obtaining a variety of
products from wastes (including eco-friendly plastics and green energies). However,
some recent reports suggest that bacterial biodiversity can be negatively affected
by the present environmental crisis (global warming, soil desertification, and ocean
acidification). This review analyzes the behaviors positively selected by evolution that
render bacteria good models of sustainable practices (urgent in these times of climate
change and scarcity of resources). Actually, bacteria display a tendency to optimize
rather than maximize, to economize energy and building blocks (by using the same
molecule for performing multiple functions), and to recycle and share metabolites, and
these are winning strategies when dealing with sustainability. Furthermore, their ability to
establish successful reciprocal relationships by means of anticipation, collective actions,
and cooperation can also constitute an example highlighting how evolutionary selection
favors behaviors that can be strategic to contain the present environmental crisis.

Keywords: economize, sharing, storing, cooperative behaviors, system communication

INTRODUCTION

The role of microorganisms as actors in environmental sustainability has long been established
(Kuhad, 2012). Since the last century, both bacteria and fungi have been employed in
bioremediation of polluted sites with particular reference to hydrocarbons and heavy metals (Dash
et al., 2013). In the changing environment of the 21st century, deeply marked by environmental
challenges such as climate change, resource exhaustion, and demographic pressure, advances in
applied research allow exploiting the microbial potential to maintain favorable conditions for life
on the Earth. Bacteria can be used in the bioconversion of wastes for (i) generation of renewable
energy (microbial fuel cells, methane, biobutanol, bioethanol, and biohydrogen production) (Cho
et al., 2020; Mazzoli et al., 2012), (ii) synthesis of bio-based and biodegradable plastic polymers from
lignocellulosic wastes (Mazzoli et al., 2014; Abdel-Rahman and Sonomoto, 2016), (iii) production
of antibiotic alternatives (Cotter et al., 2013), and (iv) supporting organic agriculture and reducing
greenhouse gases (methanotrophic archaea and photosynthetic plankton) (Kuhad, 2012).
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However, it has been recently pointed out that microbial
communities can suffer from unfavorable life conditions
such as those arising from the over-exploitation of soils in
conventional intensive agriculture (Kuhad, 2012) and from the
growing global warming (Cavicchioli et al., 2019). Actually,
the reduction of microbial biodiversity could impact the ability
of other species to survive in both terrestrial and aquatic
environments, because changes at the microbial community
level can affect overall ecosystem biochemical fluxes important
in supporting biogeochemical cycles and, ultimately, life on
the planet (Cavicchioli et al., 2019). Although bacteria, as
extensively reported in the present review, display excellent
capabilities to adapt to changing conditions, their potential
to face a very high number of environmental challenges
can be threatened.

The present review explores a different standpoint on the role
of bacteria in sustainability: considering them not as effectors of
eco-friendly technological approaches but as models of behaviors
that were positively selected by a very long evolutionary history
and are still successful. Fast-changing environments, especially
for non-symbiotic microorganisms, are the rule in bacterial
life, as well as resource exhaustion and demographic pressure.
In this scenario, their tendency for optimization rather than
maximization, their interconnections, cross-feeding, sharing, and
recycling together with their propensity to economize can be seen
as valuable examples of successful ways of living, even in scarcity
of resources and in rapid environmental changes as those we are
currently facing.

Here, I will first try to examine the concept of bacterial
intelligence and then I will describe some examples of cheap
strategies and cooperative behaviors set up by bacteria at
different levels to reach better fitness and more complex degree
of organization.

BACTERIAL INTELLIGENCE AND
INTERACTIVE CONNECTIONS

Although the term intelligence is generally applied to brain-
bearing animals, evidence supports the idea of different
forms of intelligence in brainless living organisms such as
plants (Trewavas, 2002) and microbes (Hellingwerf, 2005).
As reported by Shapiro (2007), bacteria are “small but
not stupid”: they can explore their environment and then
adapt accordingly to optimize survival and fitness. The more
complex are the external conditions, the more sophisticated
is the network to cope with. Not only the genetic size
(especially richness/abundance in genes encoding proteins
involved in signal transduction) but also long-term (transcription
and translation control) and short-term (post-translational
modifications, proteolysis, allosteric effects) regulations can
account for this adaptation abilities.

This intelligence is not an immaterial concept but is based
on precise molecular structures and devices (for the role of
molecular conformational states in bacterial intelligence, see
Westerhoff et al., 2014; for exhaustive review on bacterial
intelligence and signal transduction systems in prokaryotes, see

Lyon, 2015; Pinto and Mascher, 2016). The module “sense,
integrate information and coherently respond,” also called
adaptive behavior, is a well-recognized form of intelligence
based on the same scheme as neurons, largely spread in
bacteria where a sensory receptor, an information processing
unit and a motor activity constitute the simplest system
sometimes referred as “nanobrain” (Webre et al., 2003). As
an example, in Escherichia coli, the flagellar motor turns
clockwise generating tumbling movements. When a signal
molecule (i.e., a nutrient) is sensed by a surface receptor,
a phosphorylation transduction cascade is used to trigger
counterclockwise rotation of flagellar motor, thus allowing
swimming motility toward the nutrient (chemotaxis) (Bourret
and Stock, 2002). A protein-based information processing unit
constituting a sort of “sensing–integrating–responding” system
is the stressosome found in Bacillus subtilis. The latter is a
micro-organ with higher degree of complexity than the simple
motility device finalized to chemiotaxis, able to set differentiated
responses to different stressors (Marles-Wright et al., 2008).
Additional functional possibilities can be found in prokaryotes
such as memory (Wolf et al., 2008), learning (Hoffer et al., 2001),
anticipation (Mitchell et al., 2009; Goo et al., 2012), decision
making (Adler and Tso, 1974; Ross-Gillespie and Kümmerli,
2014), coordinated movements (Kaiser and Warrick, 2014), and
cooperative interactions (Jacob et al., 2004).

The concept memory–learning–anticipate strongly underlines
that prokaryote reactions take into account not only space
(the environment) but also time (Tagkopoulos et al., 2008;
Mitchell et al., 2009; Lyon, 2015; Pinto and Mascher, 2016).
As an example, saving resources for the future is a possible
mechanism elicited by the “awareness” of possible future scarcity.
When environmental conditions (e.g., anaerobiosis) inhibit TCA
cycle and make ATP synthesis impossible, Acinetobacter strains
consume all the cellular ATP to survive and store carbon
resources as polyhydroxylkanoates (PHA) (Deinema et al., 1980).
Meanwhile, they use this steady-state period to activate a
“luxury uptake system” of phosphorus that will allow them
an “overplus accumulation” of phosphorus into polyphosphates
when oxygen is supplied and normal energetic conditions are
restored (Deinema et al., 1980). In this second phase, stocked
PHA are consumed and ATP synthesis can proceed. Hence,
phosphorus is not only used to restore the ATP stock but also
intracellularly accumulated as polyphosphate (Deinema et al.,
1980). This strategy protects bacteria from further starvation
risks (Figure 1). The duration of memory (i.e., ability to
retain and store information) varies depending on the situation,
from the time necessary for protein modification to long-term
(transgenerational) epigenetic modifications (Wolf et al., 2008).
Learning (i.e., the ability to assimilate new information) is
based on gene/operon autoamplification (Hoffer et al., 2001)
and represents the obligate path to be able to respond with
anticipatory behavior.

As far as problem solving–decision making is concerned,
there are several examples highlighting that bacteria can
sense the environment and evaluate the costs and benefits,
generally making the less expensive choice. In Pseudomonas
aeruginosa, there are two different siderophores: pyochelin
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FIGURE 1 | Example of “memory” in strictly aerobic Acinetobacter sp. during anaerobiosis–aerobiosis cycles. In anaerobiosis, carbon nutrients cannot be
metabolized in the TCA cycle and are accumulated as polyhydroxyalkanoates (PHA) while cells consume all the ATP and phosphorus stocks. This stress condition
induces luxury uptake of phosphorus when oxygen availability restores respiration and over-accumulation of phosphate as polyphosphate (poly-P).

is a low-cost (only six genes involved in its biosynthesis)
and low-efficiency system and pyoverdine is a high-cost
(14 genes involved) and high-efficiency device. It has been
demonstrated that this bacterium normally utilizes the low-cost
low-efficiency mechanism using the high-cost high-efficiency
system only in extreme iron-limiting conditions (Dumas et al.,
2013). Similarly, E. coli can “choose” among three different
systems to uptake/assimilate ammonia that are hierarchically
regulated to prevent ATP waste and futile cycles (van Heeswijk
et al., 2013). These two examples underline how evolution
has shaped bacterial intelligence to limit energy loss and
waste production.

A further degree of complexity concerns the so-called bacterial
social intelligence, i.e., capability of bacteria to cross-talk and to
act collectively as observed in population decision making (Goo
et al., 2012), movement coordination (swarming) (Kearns, 2010),
and cooperation (Tarnita, 2017). These collective behaviors,
which include both synergies and conflicts of interest, require
coordination and flexibility since the external conditions may
rapidly change and the choice between a “faster-and-less-
accurate” response (if there is need of rapid but transient
coordination) and “more-accurate-but-slower” response (in case
of necessity to maintain long-term cooperation) should be clearly
established (Ross-Gillespie and Kümmerli, 2014).

The discovery of quorum sensing (QS) (Fuqua et al., 1994;
Miller and Bassler, 2001) has shed light on a phenomenon known
among humans as “unity is strength.” Collective decision making

has been successfully selected by evolution since individual
actions have generally low impact and are seldom winning
strategies. If a low number of bacterial cells begins to produce
toxins or bacteriocins, the most probable event is the defeat.
Actually, host immune system or surrounding bacteria sense
this and rapidly react accordingly. Briefly, the result is that the
attacking cells become victims. If, conversely, the cells begin
to produce and secrete weapons when they are in significant
number, it is probable that the battle will be won. Once a
threshold concentration of diffusible autoinducers (molecules
of different chemical structure, for comprehensive reading see
Visick and Fuqua, 2005) is reached, revealing that the population
number is high, sensing and amplification phenomena occur,
thus triggering transcriptional responses resulting in several
phenotypic changes such as light or pigment production,
bacteriocin/toxin release, competence, sporulation and biofilm
formation (Figure 2). Sometimes, the system is so sophisticated
that different virulence factors are sequentially produced to
obtain a time course effect (Waters and Bassler, 2005). In complex
ecosystems, bacteria have to select QS signals from a background
noise created by the large number of molecules present in
the environment; however, despite these disturbances, feedbacks
reveal that this mechanism is able to set up and optimize complex
responses as well as to coordinate social behaviors such as
collective decision making (Visick and Fuqua, 2005).

A paradigmatic example of collective anticipative behavior
is described in Burkholderia. When a QS-mediated information
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FIGURE 2 | Phenotypic traits under quorum sensing (QS) control. Enhanced interbacterial cooperation (genetic exchange, swarming, and biofilm production) and
antagonism (production of pigments and bacteriocins), increased environmental resistance (sporulation), and host cross-talk are induced by QS signals.

is spread in the population, revealing that a threshold biomass
is reached and stationary phase is approaching, cells begin to
synthesize oxalic acid. This is achieved in conditions of neutral
pH (and therefore not as a simple mechanistic response induced
by high pH) to preventively buffer alkalization that will occur
in stationary phase due to ammonia accumulation following
cell lysis and protein/amino acid degradation (Goo et al., 2012).
Similarly, a collective decision based on QS and concerning
competence occurs in B. subtilis where only some cells in
the overall population acquire the “competent cell” phenotype
(Leisner et al., 2008).

Regarding motility, apart from passive movements especially
observed in non-flagellated bacteria (gliding, darting, sliding,
floating, and twitching) (Jarrell and McBride, 2008), generally
chemotactic behavior is achieved by individual swimming
(Bourret and Stock, 2002). Besides this, coordinated collective
motility known as swarming is present in several Gram-
negative Enterobacteria such as Proteus and Salmonella (Kim
and Surette, 2004; Sturgill and Rather, 2004). Swarming
motility is not chemotactic but set up as a means to
facilitate access to nutrients and oxygen to all population
components, thus preventing intercellular competition (Kaiser

and Warrick, 2014). Individual cells align each other (like
birds during migration flights) using type IV pili, thus
giving origin to a structured expanded movement where the
motility apparatus continuously changes position, causing a
reverse of direction about every 8 min, probably finalized
to avoid collisions. In this mechanism, best studied in
Myxococcus xanthus, about 40 genes are involved, including
a cytoplasmic protein acting as a “pacemaker” (Kaiser and
Warrick, 2011). Swarming bacteria are phenotypically different
from swimming cells: proteomic analyses revealed that, in
Salmonella, several proteins are 5- to 20-fold differentially
abundant and swarmers displayed higher antibiotic resistance
(Kim and Surette, 2004). In Proteus mirabilis, the phenotypic
changes observed during swarming are controlled by putrescine
(the decarboxylation product of ornithine) that act as a signaling
system (Sturgill and Rather, 2004).

Discussing cooperative behaviors in bacteria is challenging
because cooperation and competition are often intertwined, and
the former does not exclude conflicts. In general, cooperation
benefits have to outweigh cooperation costs considering that
both environmental and time-related factors are crucial in
driving eco-evolutionary forces. Therefore, defining bacterial
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social behavior without a clear ecological context is erroneous
(Werner et al., 2014; Tarnita, 2017). According to some authors,
synthesizing antagonistic molecules is expensive and decrease
biomass production. Therefore, competition or selfish behavior
is confined to periods of nutrient abundance (Mora et al.,
2013). These authors describe how, in lactic acid bacteria
(LAB), the abundance of the carbon substrate has shaped the
phenotype from cooperative to selfish. Based on the assumption
that respiration is a cooperative behavior allowing sharing
of resources in the ecological niche, whereas fermentation
is a selfish behavior consuming resources and producing
antagonistic compounds (the pH-lowering lactic and acetic
acid), the authors speculate on the evolutionary origin of these
alternative pathways. Actually, most food-related LAB such
as Streptococcus thermophilus have lost the capability (present
in other pathogenic streptococci best adapted to the animal
ecological niche) to synthesize toxins (hemolysins) able to
subtract heme from the animal host. For this reason, they
cannot have functional respiratory chains (cytochromes contain
heme) and are compelled to perform lactic fermentation or
mixed-type fermentation (Pessione, 2012). Their adaptation
to the milk environment has occurred because, in parallel
with the loss of toxin-encoding genes, they have acquired
genes for lactose uptake and utilization together with genes
involved in pH balancing (Arioli et al., 2010). The overall
consequence is that food-related LAB display an antagonistic
behavior consuming nutrient resources and producing pH-
lowering compounds, while in different conditions, LAB can
cooperate with their partners sharing the same ecological niche.
Nevertheless, according to other authors, competition increases
during scarcity of nutrients and harsh conditions (Escalante
and Travisano, 2017). An example is the emergence of GASP
cells in E. coli during stationary phase. In general, in nutrient
scarcity and waste accumulation conditions, wild-type cells stop
growing to control population density, provide a slow decay,

and guarantee long-term sustainability. However, GASP mutants
with selfish behavior, lacking growth inhibitory mechanisms,
appear, thus accelerating abrupt death due to overcrowding
(ecological collapse) (Vulić and Kolter, 2001). In spite of
these opposite considerations, it is well recognized that conflict
resolution and adaptive cooperation to maintain phenotypic
diversity is a winning road to increase biological complexity
during evolution, including major evolutionary transitions
toward multicellular organisms (Escalante and Travisano, 2017).
Several examples concerning the trend toward cooperation,
biofilm development, and maintenance will be examined in
subsequent sections.

COOPERATIVE STRATEGIES: SO
ADVANTAGEOUS AND SO DIFFICULT TO
ACHIEVE

Mutual benefit and altruism are the two types of cooperative
behavior. Mutual cross-feeding (reciprocal exchange of nutrients)
and syntrophic chains (one species utilizes the waste end products
of another species supplying its wastes to a third one, and
so on, in a vertical temporal sequence and receiving fitness
benefits at each step) (Smith et al., 2019) are reciprocally
advantageous, supporting optimized exploitation of resources
and reducing waste accumulation in a certain ecological
niche (Figure 3a). Sulfur-reducing and sulfur-oxidizing bacteria
spatially distribute in consortia facilitating metabolite exchanges
(Müller and Overmann, 2011). These evolution-driven behaviors
from one side can be exploited in the circular economy
approach to sustainability (e.g., converting carbon wastes into
methane, through a long synthrophic chain that includes
acidogenic and acetogenic bacteria), from another they can
be seen as examples of sharing and recycling with minimal
waste production. In addition to nutritional cooperation, when

FIGURE 3 | Bacterial syntrophic and interactive behaviors: examples of (a) syntrophies and (b) metabolite exchange.
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preceded by gene duplication, gene exchange and recombination
is a reciprocally advantageous event as well, supporting
all the population with new possibilities to cope with the
external environment (capability to utilize new nutrients and
antibiotic resistance).

Conjugation offers an emblematic example of intelligent
cross-talk finalized to enhance population fitness. Actually,
plasmid-bearing donors are not always ready to transfer
their DNA to recipients, demonstrating that conjugation is
not a simple mechanistic and random event. To convert
donors into transfer competent cells, the two partners have to
communicate. In the E. faecalis model, the recipient secretes
peptide pheromones that, once up-taken by the donor cell,
induce transcription of the conjugative apparatus by removing
a transcriptional repressor (Clewell, 2011). Conversely, in the
B. subtilis model is the donor that secretes an inhibitory peptide
that, once taken up by the recipient, allows the regulatory
network to act inducing expression of the gene transfer apparatus
(Singh et al., 2013). In both these ways, plasmid is successfully
transferred, avoiding random distribution. Furthermore, since
transfer-competent cells bear some disadvantages such as
increased risk to be attacked by phages at the pilus level
(Frost and Koraimann, 2010), higher sensitivity to bile salts
(Bidlack and Silverman, 2004), and general stressors (Zahrl
et al., 2006), this condition is triggered only when strictly
necessary and this is beneficial for both the donor and the
recipient. An additional mechanism concerning gene transfer
is that in the overall population of potential donors, only a
small fraction (0.1–1%) is converted into transfer-competent
cells (Wagner et al., 2013). This allows the majority of cells
to maintain the plasmid (even for many generations) without
paying the costs of its replication and of the expression of the
transfer machinery (Koraimann and Wagner, 2014). Whether
this subpopulation of transfer-competent cells arises randomly
or is affected by environmental/phenotypic factors (e.g., position
of the colony in solid media) has to be fully elucidated yet
(Reisner et al., 2012).

A more recently discovered mechanism that supports both
nutrient sharing and genetic exchanges is the one linked to
membrane vesicles. This system also ensures communication
between bacterial cells, since, inside the vesicles, different
cargo molecules can be transported (nutrients, DNA, and
hydrophobic QS peptides) (Toyofuku et al., 2020). Vesicles
are present in Gram-negative and Gram-positive bacteria
and can originate both in the outer (Manning and Kuehn,
2011) and in the cytoplasmic membrane (Lee et al., 2009).
The role of lysogenic phages in membrane vesicle biogenesis
has been ascertained and recently reviewed (Pessione, 2020).
The system, used to translocate the transported molecules
directly inside the target cell by means of membrane
fusion, proved to be more efficient than simple metabolite
secretion since inside the vesicles the different compounds
are protected both from enzymatic degradation and from
host factors (for instance, quorum quenching in case of
symbiont bacteria) (Figure 3b). Thus, membrane vesicles
proved to be useful tools to avoid loss of important and
costly molecules.

Sometimes, however, mutual benefits can shift into altruistic
behaviors that can damage the effectors and, over long time,
the overall population. This is the case of the so-called shared
good (or public goods) that especially in liquid habitats can
easily diffuse and reach a relative distance from the producer.
In Pseudomonas, it has been demonstrated that the production
of the siderophore pyoverdine can enhance fitness, facilitating
iron uptake and utilization, especially in iron-limiting conditions.
However, these molecules are not cell-bound but released
into the external environment thus becoming accessible for
surrounding bacteria (West and Buckling, 2003). This sharing
could be advantageous if all the cells contribute to the public
good secretion. On the contrary, some mutant cells (called
cheaters and consisting in about 9% of the population) emerge
that benefit of the secreted siderophores without contributing
to their production (Butaité et al., 2017). Among these
mutants, some have lost their pyoverdine-synthesis cluster
(structural non-producers) whereas others display a complete
but inactive locus, producing only residual amounts of the
siderophore (silent non-producers). Because of the lower effort
in pyoverdine biosynthesis, cheaters have better opportunity
to use energy for duplication, thus becoming more and more
abundant in the overall population. When this occurs in liquid
cultures, the original siderophore producers go extinct and
the gene for siderophore biosynthesis is soon lost, rendering
the community unable to survive during iron scarcity (Griffin
et al., 2004). Despite this so-called “tragedy of the commons,”
possible escape lanes for saving the altruistic and therefore
the overall population have been reported: (i) presence of
low-affinity iron receptors in the cheaters not allowing them
to outcompete the pyoverdine producers and (ii) appearance
of producers secreting pyoverdines that repress rather than
promote the growth of cheaters (Butaité et al., 2017). These
resistance mechanisms toward cheaters finally support the
cooperative behavior favoring maintenance of biodiversity in the
bacterial community.

Different strategies to control cheaters and to specifically
direct nutrients toward selected partners have been described,
all implicating spatial structuring that limits public good
diffusion (Lion and Baalen, 2008). Several examples underline
the importance of the close proximity of bacterial cells to
achieve the best performance: hydrogen donors and autotrophic
methanogenic Archea organize in flocks (Boetius et al., 2000)
and a peculiar physical connection through pili that provides
direct electron transfer between bacteria (microbial nanowires)
also exists (Summers et al., 2010) (Figure 3b). However, the
best solution for limiting loss of shared good and for facilitating
time-course cooperation is attachment to (biotic and abiotic)
solid surfaces as it occurs in biofilms (Werner et al., 2014). This
strategy, discussed in a succeeding section, also prevents wasting
of precious and costly molecules.

Actually, a different scenario is observed in solid
environments, suggesting that the sessile way of life is a
fundamental step of evolution that can partly control the
cheater damage, reduce energetic costs, and favor cooperative
behaviors. Actually, in solid media, surrounding cells are
“relatives” (i.e., offspring of the parent cell); hence, producers
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share the public good with genetically related cells, rendering
the behavior (resulting in indirect fitness effects = kin selection)
not altruistic but mutualistic (Hamilton, 1964). A further
more complex mechanism to isolate cheaters is the cell
spatial distribution on solid surfaces, where an assembling
of cooperative cells minimizes parasitic behaviors (Kovács,
2014). It has been reported that EPS-producing B. subtilis
(i.e., those able to generate a biofilm) are advantageously
selected over EPS non-producers only if high spatial segregation
occurs (thus allowing EPS to be available only to cooperative
cells), whereas in low-assortment conditions, cheaters can be
favored due to public good availability and lower energetic
investment in EPS production. Furthermore, in this model,
optimization rather than maximization of EPS production
is observed, suggesting that the fitness costs required by
the biosynthetic effort is high (Van Gestel et al., 2014). An
important factor favoring segregation is the high amount of
nutrients: in nutritionally poor media, cross-feeding becomes
necessary, thus facilitating low assortment. Even in this
case, however, exclusion of non-producers can also occur in
mixed communities if a preferential cross-feeding between
two cooperators is established (Kovács, 2014). All these
mechanisms ensure that good-sharing attitude will not be
lost, without the necessity to neutralize cheaters by secreting
antimicrobial compounds.

BACTERIAL BIOFILMS: A MODEL OF
“HIGH FREEDOM DEGREE”
COMMUNITY?

Besides being considered for long time as unicellular organisms,
bacteria revealed a complex social organization based on partial
differentiation of cell types and exchanging a huge number of
data through a complex network of both hydrophobic and water-
soluble molecular signals (Shapiro, 1998). This community,
called biofilm, has the merit to have depicted in an unambiguous
way that cooperative behavior is as important as competition in
the evolution of microbial living systems (Crespi, 2001). Actually,
biofilm is a successful systemic structure anchored to biotic or
abiotic surfaces (O’Toole et al., 2000) that allows nutrient sharing
(Costerton et al., 1995), favors genetic exchanges among single
cells (Merod and Wuertz, 2014), and protects bacteria from
exogenous stressors like animal immune systems (Clutterbuck
et al., 2007) and antibiotics (Olsen, 2015). Biofilm lifestyle
constitutes, after all, the preferred way of living of prokaryotes
for most of their life cycle (Costerton et al., 1995).

The main advantage of bacterial biofilms in relation to
multicellularity of higher organisms lies in the relative higher
freedom degree of the cells living in these communities. Contact
and continuity are ensured because cells are embedded into
a self-produced extracellular polymeric matrix (for differences
in its composition, see Hobley et al., 2015) that acts as a
connective tissue; however, differentiation is relatively limited. In
higher organisms, cell differentiation is necessary for workflow
partitioning. Actually, single cells belonging to multicellular
organisms (a part from stem cells) cannot perform all the

functions encoded in their genomes since most activities are
repressed to address energy toward very specific tasks, according
to the tissue/organ they belong, such as thyroid hormone
synthesis, keratin production, and so on. They acquire a strong
tissue identity and do not move from the site they live except
during metastasis. The paradigm of single-species biofilm-living
bacteria is different: (i) each cell does not deprive itself of
the majority of its physiological functions, (ii) differentiation
giving rise to a certain degree of phenotypic heterogeneity is
generally a reversible event or only concerns some clones, and
(iii) the process of living in community can be stopped, allowing
some of the cells to revert back to the planktonic lifestyle
(Jefferson, 2004).

It is worth highlighting that biofilm-living cells display
a different gene expression profile from planktonic cells: as
an example, a higher expression of genes involved in iron
metabolism is observed since iron level is critical for expression
of adhesion factors important in biofilm formation (Nakamura
et al., 2016). A second feature that differs is motility: in
B. subtilis, the operon involved in biofilm matrix biosynthesis
also encoded an inhibitor of motility demonstrating that sessile
lifestyle and planktonic lifestyle are oppositely regulated since
matrix-embedded lifestyle hinders movements (Blair et al., 2008).
However, transcriptomic data also confirm that flagella-related
gene expression is dependent on the biofilm growth phase,
highlighting the different importance of flagella during the
adherence, maturation, and dispersal steps (Nakamura et al.,
2016). Curiously, recently dispersed planktonic cells proved to be
different both from biofilm parent cells and from truly planktonic
ones (Guilhen et al., 2016, 2017), being more similar to cells
giving rise to biofilm formation (Sauer et al., 2002).

It is evident from the above reported data that when talking
about biofilm, considering the dynamic temporal evolution of
phenotypes is of fundamental importance. The three main
phases of a biofilm life, namely, adherence, maturation, and
dispersal, are consistent with different phenotypes, similarly
with what occurs in higher animals during aging (Steenackers
et al., 2016). However, also at each developmental stage,
bacterial subpopulations may arise, generating cell heterogeneity
finalized to cooperation and to obtain best fitness for the
whole community. Van Gestel et al. (2015) proposed the term
“division of labor” to indicate the functions of cells specialized
in different tasks and based on cell types displaying different gene
expression profiles.

It is well recognized that differentiation into various cell
phenotypes is mainly due to environmental gradients. In
heterogeneous biofilms (made up of cells belonging to different
species and, sometimes, different kingdoms), cells colonize
different biofilm areas in relation to their oxygen demand, acidic
tolerance, and metabolic features (Watnick and Kolter, 2000).
Nevertheless, also in single-species biofilms, cell adaptation to
chemical gradients can trigger differences in gene expression as
well as mutation and selection for the fittest variant resulting in
different spatial pattern formation among phenotypes (Stewart
and Franklin, 2008). However, cells responding differently
to the same spatial and temporal environmental conditions
indicate that local physiological adaptation is not the only
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environmental factor affecting the cell differentiation at a
metabolic/biosynthetic level.

Van Gestel et al. (2015) studied two bacterial models: B. subtilis
and P. aeruginosa. In P. aeruginosa biofilm, two phenotypes of
motile and non-motile cells concur to produce a mushroom-
shaped structure. Non-motile cells, a subpopulation that is
low metabolically active but has a high cell density, give
rise to a sort of “stalk.” The stalk cells mainly produce QS
signals, siderophores, exopolysaccharides (EPS), and surfactants
(rhamnolipids) that become public goods available for the
entire population. After a period of about 4 days, a second
phenotype of motile cells appears and migrate, probably by
twitching motility-mediated chemotaxis, on the top of stalk
cells to have access to more nutrients, thus giving rise to the
formation of “caps” in a mushroom-shaped three-dimensional
biofilm. It has been observed that among non-motile stalk
bacteria, sacrificial cells also appear (before the motile ones) and
undergo cell lysis, thus liberating their DNA. This extracellular
DNA is localized at the edge of the stalk and has the
function, together with the surfactants, to facilitate climbing
by the motile cells on the top of stalk cells. How this occurs
is not fully understood; however, DNase treatment prevents
climbing and exogenous DNA supply restores the migration
(Van Gestel et al., 2015). The signal triggering cell lysis in
sacrificial cells is a QS quinolone molecule produced by the
stalk cells (Van Gestel et al., 2015). Besides low metabolically
active, sacrificial, and motile cells, persister cells can be part
of a biofilm as well. These are steady-state cells that survive
without growing, setting their metabolism to minimal levels
and that become resistant against environmental stressors (such
as antibiotics), thus ensuring survival of the population in
case of stress (Balaban et al., 2004). It is evident that these
heterogeneous subpopulations contribute inside a biofilm to
control regulatory circuits resulting in cooperative interactions
finalized to work in concert and to improve fitness. However,
about 7 days after the biofilm establishment, when waste
catabolites begin to accumulate or when nutrients become
scarce, some cells die whereas the most metabolically active
ones start to disperse reverting to planktonic cells to look
for a new nutrient-rich place to establish (Van Gestel et al.,
2015). In this case, cell lysis occurs after induction (by QS
signaling) of a filamentous prophage that is generally non-
lytic in planktonic-style living cells (Webb et al., 2003). Cell
lysis, together with extracellular matrix degradation, enhances
the total number of dispersal units, while surfactants, such
as rhamnolipids, produced by the stalk cells before dying,
can facilitate cell dispersal. The subpopulation of dispersing
cells remains viable, increasing the synthesis of flagellin and
polysaccharide lyases (hydrolytic enzymes that break down
the biofilm matrix), allowing dispersion from the matrix, and
improving the possibility to move away and colonize new habitats
(Boyd and Chakrabarty, 1994; Petrova and Sauer, 2016). This
cooperative interaction should result in an emergent benefit
supporting the migrating cells.

In the B. subtilis model, three phenotypes have been
described: (i) matrix (EPS)-producing cells that also produce
communication signals, proteases, and bacteria-directed toxins;

(ii) motile cells; and (iii) sporulating cells. There is a sort
of spatial distribution (although not so well-defined as in
P. aeruginosa) where matrix producers stay in the center,
motile cells on the edges and sporulating cells on the top
of biofilms (Vlamakis et al., 2008). Here, again, when the
biofilm grows old, a division of labor can be observed in which
altruistic producers, sacrificial cells, and survivors (migrating but
especially sporulating cells) are simultaneously present. Indeed,
toxins secreted by the producers can kill sibling (unintentional
sacrificial cells) that do not express the necessary immunity
genes (Ellermeier et al., 2006) resulting in enhanced availability
of nutrients that can delay sporulation. Both proteases and
toxins can supply nutrients (degraded matrix and intracellular
content of siblings) to accomplish sporulation and, in case,
migration. Nevertheless, some sacrificial cells within B. subtilis
biofilms also set up an autolytic behavior that is independent of
the toxin and possibly comparable to programmed cell death:
actually, caspase-like enzymes inducing apoptosis have also been
described in prokaryotes (Rice and Bayles, 2003, 2008). The
interaction between various subpopulations that occurs during
biofilm growth promotes behaviors that prove to be cooperative,
revealing population plasticity that finally results in enhanced
survival and fitness of the overall community.

CONCLUSION

By a continuous flow of mass and energy, as biogeochemical
agents, as symbionts of plants and animals, as dead organic
matter degraders, bacteria support essential functions that
provide successful and sustainable ways of living on the Earth.
Nevertheless, bacteria have to cope with an extremely changing
environment (pH, temperature, and oxygen may rapidly change),
facing a high number of challenges (nutrient scarcity, phage
and/or host immune system attack, and environmentally
released toxic xenobiotic compounds) and paying high costs to
successfully overcome difficulties. According to some reports,
competition and single-cell interest are prevalent during scarcity,
whereas according to others, scarcity can favor bacterial
cooperation and the formation of communities to ensure
survival. However, it has to be underlined that cooperation,
although sometimes helping in counteracting harsh conditions,
is not free from conflicts.

Analyzing the strategies that bacteria use to overcome a variety
of environmental stresses and to adjust reciprocal relationships
can shed light on how evolutionary forces have shaped a winning
model of life. Earning energy and resources, anticipating,
cooperatively interacting with other bacterial cells to achieve
systems of higher degree of complexity, sharing, and recycling
seem to be the rule in prokaryote life. The main concept that
emerges by observing bacteria is the necessity of a continuous
adaptation to face new scenarios in a fast-changing environment.
Each new difficulty encountered (phage attack, “cheaters,” and
host immune system) can be an opportunity for evolution.
The present environmental crisis (global warming, demographic
pressure, desertification, and ocean acidification) also compels
humans to face fast-changing conditions, seldom experimented
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before. The behaviors that evolution has selected in bacteria can
suggest, among multiple possible strategies that humans can set
up, interesting paths on how to overcome the present challenges.

AUTHOR CONTRIBUTIONS

The author confirms being the sole contributor of this work and
has approved it for publication.

FUNDING

This work has been supported by Ricerca Locale Unito (ex 60%).

ACKNOWLEDGMENTS

I am indebted to Roberto Mazzoli for improving the figures and
for critical reading of the manuscript.

REFERENCES
Abdel-Rahman, M. A., and Sonomoto, K. (2016). Opportunities to overcome the

current limitations and challenges for efficient microbial production of optically
pure lactic acid. J. Biotechnol. 236, 176–192. doi: 10.1016/j.jbiotec.2016.08.008

Adler, J., and Tso, W. W. (1974). "Decision"-making in bacteria: chemotactic
response of Escherichia coli to conflicting stimuli. Science 184, 1292–1294. doi:
10.1126/science.184.4143.1292

Arioli, S., Ragg, E., Scaglioni, L., Fessas, D., Signorelli, M., Karp, M., et al.
(2010). Alkalizing reactions streamline cellular metabolism in acidogenic
microorganisms. PLoS One 5:e15520. doi: 10.1371/journal.pone.0015520

Balaban, N. Q., Merrin, J., Chait, R., Kowalik, L., and Leibler, S. (2004). Bacterial
persistence as a phenotypic switch. Science 305, 1622–1625. doi: 10.1126/
science.1099390

Bidlack, J. E., and Silverman, P. M. (2004). An active type IV secretion system
encoded by the F plasmid sensitizes Escherichia coli to bile salts. J. Bacteriol.
186, 5202–5209. doi: 10.1128/jb.186.16.5202-5209.2004

Blair, K. M., Turner, L., Winkelman, J. T., Berg, H. C., and Kearns, D. B. (2008).
A molecular clutch disables flagella in the Bacillus subtilis biofilm. Science 320,
1636–1638. doi: 10.1126/science.1157877

Boetius, A., Ravenschlag, K., Schubert, C. J., Rickert, D., Widdel, F., Gieseke, A.,
et al. (2000). A marine microbial consortium apparently mediating anaerobic
oxidation of methane. Nature 407, 623–626. doi: 10.1038/35036572

Bourret, R. B., and Stock, A. M. (2002). Molecular information processing: lessons
from bacterial chemotaxis. J. Biol. Chem. 277, 9625–9628. doi: 10.1074/jbc.
r100066200

Boyd, A., and Chakrabarty, A. Á (1994). Role of alginate lyase in cell detachment
of Pseudomonas aeruginosa. Appl. Environ. Microbiol. 60, 2355–2359. doi:
10.1128/aem.60.7.2355-2359.1994

Butaité, E., Baumgartner, M., Wyder, S., and Kummerli, R. (2017). Siderophore
cheating and cheating resistance shape competition for iron in soil and
freshwater Pseudomonas communities. Nat. Commun. 8:414.

Cavicchioli, R., Ripple, W. J., Timmis, K. N., Azam, F., Bakken, L. R., Baylis,
M., et al. (2019). Scientists’ warning to humanity: microorganisms and climate
change. Nat. Rev. Microbiol. 17, 569–586.

Cho, E. J., Trinh, L. T. P., Song, Y., Lee, Y. G., and Bae, H. J. (2020). Bioconversion
of biomass waste into high value chemicals. Bioresour. Technol. 298:122386.
doi: 10.1016/j.biortech.2019.122386

Clewell, D. B. (2011). Tales of conjugation and sex pheromones: a plasmid and
Enterococcal odyssey. Mobile Genet. Elements 1, 38–54. doi: 10.4161/mge.1.1.
15409

Clutterbuck, A. L., Woods, E. J., Knottenbelt, D. C., Clegg, P. D., Cochrane, C. A.,
and Percival, S. L. (2007). Biofilms and their relevance to veterinary medicine.
Vet. Microbiol. 121, 1–17. doi: 10.1016/j.vetmic.2006.12.029

Costerton, J. W., Lewandowski, Z., Caldwell, D. E., Korber, D. R., and Lappin-Scott,
H. M. (1995). Microbial biofilms. Ann. Rev. Microbiol. 49, 711–745.

Cotter, P. D., Ross, R. P., and Hill, C. (2013). Bacteriocins—a viable alternative to
antibiotics? Nat. Rev. Microbiol. 11, 95–105. doi: 10.1038/nrmicro2937

Crespi, B. J. (2001). The evolution of social behavior in microorganisms. Trends
Ecol. Evolut. 16, 178–183. doi: 10.1016/s0169-5347(01)02115-2

Dash, H. R., Mangwani, N., Chakraborty, J., Kumari, S., and Das, S. (2013). Marine
bacteria: potential candidates for enhanced bioremediation. Appl. Microbiol.
Biotechnol. 97, 561–571. doi: 10.1007/s00253-012-4584-0

Deinema, M. H., Habets, L. H. A., Scholten, J., Turkstra, E., and Webers,
H. A. A. M. (1980). The accumulation of polyphosphate in Acinetobacter spp.
FEMS Microbiol. Lett. 9, 275–279.

Dumas, Z., Ross-Gillespie, A., and Kümmerli, R. (2013). Switching between
apparently redundant iron-uptake mechanisms benefits bacteria in changeable
environments. Proc. R. Soc. B Biol. Sci. 280:1055.

Ellermeier, C. D., Hobbs, E. C., Gonzalez-Pastor, J. E., and Losick, R. (2006). A
three-protein signaling pathway governing immunity to a bacterial cannibalism
toxin. Cell 124, 549–559. doi: 10.1016/j.cell.2005.11.041

Escalante, A. E., and Travisano, M. (2017). Conflict and Cooperation in Microbial
Societies. Front. Microbiol. 8:141. doi: 10.3389/fmicb.2017.00141

Frost, L. S., and Koraimann, G. (2010). Regulation of bacterial conjugation:
balancing opportunity with adversity. Future Microbiol. 5, 1057–1071. doi:
10.2217/fmb.10.70

Fuqua, W. C., Winans, S. C., and Greenberg, E. P. (1994). Quorum sensing
in bacteria: the LuxR-LuxI family of cell density-responsive transcriptional
regulators. J. Bacteriol. 176:269. doi: 10.1128/jb.176.2.269-275.1994

Goo, E., Majerczyk, C. D., An, J. H., Chandler, J. R., Seo, Y. S., Ham, H., et al.
(2012). Bacterial quorum sensing, cooperativity, and anticipation of stationary-
phase stress. Proc. Natl. Acad. Sci. U.S.A. 109, 19775–19780. doi: 10.1073/pnas.
1218092109

Griffin, A. S., West, S. A., and Buckling, A. (2004). Cooperation and competition in
pathogenic bacteria. Nature 430, 1024–1027. doi: 10.1038/nature02744

Guilhen, C., Charbonnel, N., Parisot, N., Gueguen, N., Iltis, A., Forestier, C., et al.
(2016). Transcriptional profiling of Klebsiella pneumoniae defines signatures
for planktonic, sessile and biofilm-dispersed cells. BMC Genom. 17:237. doi:
10.1186/s12864-016-2557-x

Guilhen, C., Forestier, C., and Balestrino, D. (2017). Biofilm dispersal: multiple
elaborate strategies for dissemination of bacteria with unique properties. Mol.
Microbiol. 105, 188–210. doi: 10.1111/mmi.13698

Hamilton, W. D. (1964). The genetical evolution of social behaviour. II. J. Theor.
Biol. 7, 17–52. doi: 10.1016/0022-5193(64)90039-6

Hellingwerf, K. J. (2005). Bacterial observations: a rudimentary form of
intelligence? Trends Microbiol. 13, 152–158. doi: 10.1016/j.tim.2005.02.001

Hobley, L., Harkins, C., MacPhee, C. E., and Stanley-Wall, N. R. (2015). Giving
structure to the biofilm matrix: an overview of individual strategies and
emerging common themes. FEMS Microbiol. Rev. 39, 649–669. doi: 10.1093/
femsre/fuv015

Hoffer, S. M., Westerhoff, H. V., Hellingwerf, K. J., Postma, P. W., and Tommassen,
J. A. N. (2001). Autoamplification of a two-component regulatory system results
in “learning” behavior. J. Bacteriol. 183, 4914–4917. doi: 10.1128/jb.183.16.
4914-4917.2001

Jacob, E. B., Becker, I., Shapira, Y., and Levine, H. (2004). Bacterial linguistic
communication and social intelligence. Trends Microbiol. 12, 366–372. doi:
10.1016/j.tim.2004.06.006

Jarrell, K. F., and McBride, M. J. (2008). The surprisingly diverse ways that
prokaryotes move. Nat. Rev. Microbiol. 6, 466–476. doi: 10.1038/nrmicro1900

Jefferson, K. K. (2004). What drives bacteria to produce a biofilm? FEMS Microbiol.
Lett. 236, 163–173. doi: 10.1111/j.1574-6968.2004.tb09643.x

Kaiser, D., and Warrick, H. (2011). Myxococcus xanthus swarms are driven by
growth and regulated by a pacemaker. J. Bacteriol. 193, 5898–5904. doi: 10.
1128/jb.00168-11

Kaiser, D., and Warrick, H. (2014). Transmission of a signal that synchronizes cell
movements in swarms of Myxococcus xanthus. Proc. Natl. Acad. Sci. U.S.A. 111,
13105–13110. doi: 10.1073/pnas.1411925111

Kearns, D. B. (2010). A field guide to bacterial swarming motility. Nat. Rev.
Microbiol. 8, 634–644. doi: 10.1038/nrmicro2405

Kim, W., and Surette, M. G. (2004). Metabolic differentiation in actively swarming
Salmonella. Mol. Microbiol. 54, 702–714. doi: 10.1111/j.1365-2958.2004.04295.x

Frontiers in Microbiology | www.frontiersin.org 9 January 2021 | Volume 11 | Article 571417

https://doi.org/10.1016/j.jbiotec.2016.08.008
https://doi.org/10.1126/science.184.4143.1292
https://doi.org/10.1126/science.184.4143.1292
https://doi.org/10.1371/journal.pone.0015520
https://doi.org/10.1126/science.1099390
https://doi.org/10.1126/science.1099390
https://doi.org/10.1128/jb.186.16.5202-5209.2004
https://doi.org/10.1126/science.1157877
https://doi.org/10.1038/35036572
https://doi.org/10.1074/jbc.r100066200
https://doi.org/10.1074/jbc.r100066200
https://doi.org/10.1128/aem.60.7.2355-2359.1994
https://doi.org/10.1128/aem.60.7.2355-2359.1994
https://doi.org/10.1016/j.biortech.2019.122386
https://doi.org/10.4161/mge.1.1.15409
https://doi.org/10.4161/mge.1.1.15409
https://doi.org/10.1016/j.vetmic.2006.12.029
https://doi.org/10.1038/nrmicro2937
https://doi.org/10.1016/s0169-5347(01)02115-2
https://doi.org/10.1007/s00253-012-4584-0
https://doi.org/10.1016/j.cell.2005.11.041
https://doi.org/10.3389/fmicb.2017.00141
https://doi.org/10.2217/fmb.10.70
https://doi.org/10.2217/fmb.10.70
https://doi.org/10.1128/jb.176.2.269-275.1994
https://doi.org/10.1073/pnas.1218092109
https://doi.org/10.1073/pnas.1218092109
https://doi.org/10.1038/nature02744
https://doi.org/10.1186/s12864-016-2557-x
https://doi.org/10.1186/s12864-016-2557-x
https://doi.org/10.1111/mmi.13698
https://doi.org/10.1016/0022-5193(64)90039-6
https://doi.org/10.1016/j.tim.2005.02.001
https://doi.org/10.1093/femsre/fuv015
https://doi.org/10.1093/femsre/fuv015
https://doi.org/10.1128/jb.183.16.4914-4917.2001
https://doi.org/10.1128/jb.183.16.4914-4917.2001
https://doi.org/10.1016/j.tim.2004.06.006
https://doi.org/10.1016/j.tim.2004.06.006
https://doi.org/10.1038/nrmicro1900
https://doi.org/10.1111/j.1574-6968.2004.tb09643.x
https://doi.org/10.1128/jb.00168-11
https://doi.org/10.1128/jb.00168-11
https://doi.org/10.1073/pnas.1411925111
https://doi.org/10.1038/nrmicro2405
https://doi.org/10.1111/j.1365-2958.2004.04295.x
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-11-571417 January 13, 2021 Time: 17:14 # 10

Pessione Bacterial Sustainable Reciprocal Interactions

Koraimann, G., and Wagner, M. A. (2014). Social behavior and decision making in
bacterial conjugation. Front. Cell. Inf. Microbiol. 4:54. doi: 10.3389/fcimb.2014.
00054

Kovács, ÁT. (2014). Impact of spatial distribution on the development of
mutualism in microbes. Front. Microbiol. 5:649. doi: 10.3389/fmicb.2014.00649

Kuhad, R. C. (2012). Microbes and their role in sustainable development. Indian J.
Microbiol. 52, 309–313. doi: 10.1007/s12088-012-0267-x

Lee, E. Y., Choi, D. Y., Kim, D. K., Kim, J. W., Park, J. O., Kim, S.,
et al. (2009). Gram-positive bacteria produce membrane vesicles: proteomics-
based characterization of Staphylococcus aureus-derived membrane vesicles.
Proteomics 9, 5425–5436. doi: 10.1002/pmic.200900338

Leisner, M., Stingl, K., Frey, E., and Maier, B. (2008). Stochastic switching to
competence. Curr. Opin. Microbiol. 11, 553–559. doi: 10.1016/j.mib.2008.09.
020

Lion, S., and Baalen, M. V. (2008). Self-structuring in spatial evolutionary ecology.
Ecol. Lett. 11, 277–295. doi: 10.1111/j.1461-0248.2007.01132.x

Lyon, P. (2015). The cognitive cell: bacterial behavior reconsidered. Front.
Microbiol. 6:264. doi: 10.3389/fmicb.2015.00264

Manning, A. J., and Kuehn, M. J. (2011). Contribution of bacterial outer membrane
vesicles to innate bacterial defense. BMC Microbiol. 11:258. doi: 10.1186/1471-
2180-11-258

Marles-Wright, J., Grant, T., Delumeau, O., Van Duinen, G., Firbank, S. J.,
Lewis, P. J., et al. (2008). Molecular architecture of the “Stressosome," a signal
integration and transduction hub. Science 322, 92–96. doi: 10.1126/science.
1159572

Mazzoli, R., Bosco, F., Mitzrahi, I., Bayer, E. A., and Pessione, E. (2014). Towards
lactic acid bacteria-based biorefineries. Biotechnol. Adv. 32, 1216–1236. doi:
10.1016/j.biotechadv.2014.07.005

Mazzoli, R., Lamberti, C., and Pessione, E. (2012). Engineering new metabolic
capabilities in bacteria: lessons from recombinant cellulolytic strategies. Trends
Biotechnol. 30, 111–119. doi: 10.1016/j.tibtech.2011.08.003

Merod, R. T., and Wuertz, S. (2014). Extracellular polymeric substance architecture
influences natural genetic transformation of Acinetobacter baylyi in biofilms.
Appl. Environ. Microbiol. 80, 7752–7757. doi: 10.1128/aem.01984-14

Miller, M. B., and Bassler, B. L. (2001). Quorum sensing in bacteria. Ann. Rev.
Microbiol. 55, 165–199.

Mitchell, A., Romano, G. H., Groisman, B., Yona, A., Dekel, E., Kupiec, M.,
et al. (2009). Adaptive prediction of environmental changes by microorganisms.
Nature 460, 220–224. doi: 10.1038/nature08112

Mora, D., Arioli, S., and Compagno, C. (2013). Food environments select
microorganisms based on selfish energetic behavior. Front. Microbiol. 4:348.
doi: 10.3389/fmicb.2013.00348

Müller, J., and Overmann, J. (2011). Close interspecies interactions between
prokaryotes from sulfureous environments. Front. Microbiol. 2:146. doi: 10.
3389/fmicb.2011.00146

Nakamura, Y., Yamamoto, N., Kino, Y., Yamamoto, N., Kamei, S., Mori, H., et al.
(2016). Establishment of a multi-species biofilm model and metatranscriptomic
analysis of biofilm and planktonic cell communities. Appl. Microbiol. Biotechnol.
100, 7263–7279. doi: 10.1007/s00253-016-7532-6

Olsen, I. (2015). Biofilm-specific antibiotic tolerance and resistance. Eur. J. Clin.
Microbiol. Infect. Dis. 34, 877–886. doi: 10.1007/s10096-015-2323-z

O’Toole, G., Kaplan, H. B., and Kolter, R. (2000). Biofilm formation as microbial
development. Ann. Rev. Microbiol. 54, 49–79.

Pessione, E. (2012). Lactic acid bacteria contribution to gut complexity: lights and
shadows. Front. Cell. Inf. Microbiol. 2:86. doi: 10.3389/fmicb.2011.00086

Pessione, E. (2020). The russian doll model: how bacteria shape successful and
sustainable inter-kingdom relationships. Front. Microbiol. 11:2325. doi: 10.
3389/fmicb.2011.2325

Petrova, O. E., and Sauer, K. (2016). Escaping the biofilm in more than one way:
desorption, detachment or dispersion. Curr. Opin. Microbiol. 30, 67–78. doi:
10.1016/j.mib.2016.01.004

Pinto, D., and Mascher, T. (2016). Actino Bacterial “intelligence”: using
comparative genomics to unravel the information processing capacities of
microbes. Curr. Genet. 62, 487–498. doi: 10.1007/s00294-016-0569-3

Reisner, A., Wolinski, H., and Zechner, E. L. (2012). In situ monitoring of IncF
plasmid transfer on semi-solid agar surfaces reveals a limited invasion of
plasmids in recipient colonies. Plasmid 67, 155–161. doi: 10.1016/j.plasmid.
2012.01.001

Rice, K. C., and Bayles, K. W. (2003). Death’s toolbox: examining the molecular
components of bacterial programmed cell death. Mol. Microbiol. 50, 729–738.
doi: 10.1046/j.1365-2958.2003.t01-1-03720.x

Rice, K. C., and Bayles, K. W. (2008). Molecular control of bacterial death and lysis.
Microbiol. Mol. Biol. Rev. 72, 85–109. doi: 10.1128/mmbr.00030-07

Ross-Gillespie, A., and Kümmerli, R. (2014). Collective decision-making in
microbes. Front. Microbiol. 5:54. doi: 10.3389/fmicb.2011.00054

Sauer, K., Camper, A. K., Ehrlich, G. D., Costerton, J. W., and Davies, D. G. (2002).
Pseudomonas aeruginosa displays multiple phenotypes during development
as a biofilm. J. Bacteriol. 184, 1140–1154. doi: 10.1128/jb.184.4.1140-
1154.2002

Shapiro, J. A. (1998). Thinking about bacterial populations as multicellular
organisms. Ann. Rev. Microbiol. 52, 81–104. doi: 10.1146/annurev.micro.52.
1.81

Shapiro, J. A. (2007). Bacteria are small but not stupid: cognition, natural genetic
engineering and socio-bacteriology. Stud. Hist. Philos. Sci. Part C 38, 807–819.
doi: 10.1016/j.shpsc.2007.09.010

Singh, P. K., Ramachandran, G., Ramos-Ruiz, R., Peiro-Pastor, R., Abia, D., Wu,
L. J., et al. (2013). Mobility of the native Bacillus subtilis conjugative plasmid
pLS20 is regulated by intercellular signaling. PLoS Genet. 9:e1003892. doi: 10.
1371/journal.pgen.1003892

Smith, N. W., Shorten, P. R., Altermann, E., Roy, N. C., and McNabb, W. C. (2019).
The classification and evolution of bacterial cross-feeding. Front. Ecol. Evol.
7:153. doi: 10.3389/fmicb.2011.00153

Steenackers, H. P., Parijs, I., Foster, K. R., and Vanderleyden, J. (2016).
Experimental evolution in biofilm populations. FEMS Microbiol. Rev. 40, 373–
397. doi: 10.1093/femsre/fuw002

Stewart, P. S., and Franklin, M. J. (2008). Physiological heterogeneity in biofilms.
Nat. Rev. Microbiol. 6, 199–210. doi: 10.1038/nrmicro1838

Sturgill, G., and Rather, P. N. (2004). Evidence that putrescine acts as an
extracellular signal required for swarming in Proteus mirabilis. Mol. Microbiol.
51, 437–446. doi: 10.1046/j.1365-2958.2003.03835.x

Summers, Z. M., Fogarty, H. E., Leang, C., Franks, A. E., Malvankar, N. S., and
Lovley, D. R. (2010). Direct exchange of electrons within aggregates of an
evolved syntrophic coculture of anaerobic bacteria. Science 330, 1413–1415.
doi: 10.1126/science.1196526

Tagkopoulos, I., Liu, Y. C., and Tavazoie, S. (2008). Predictive behavior within
microbial genetic networks. Science 320, 1313–1317. doi: 10.1126/science.
1154456

Tarnita, C. E. (2017). The ecology and evolution of social behavior in microbes.
J. Exper. Biol. 220, 18–24. doi: 10.1242/jeb.145631

Toyofuku, M., Tashiro, Y., Nomura, N., and Eberl, L. (2020). “Functions of MVs
in inter-bacterial communication,” in Bacterial Membrane Vesicles, eds M.
Kaparakis-Liaskos and T. Kufer (Cham: Springer), 101–117. doi: 10.1007/978-
3-030-36331-4_5

Trewavas, A. (2002). Plant intelligence: mindless mastery. Nature 415, 841–841.
doi: 10.1038/415841a

Van Gestel, J., Weissing, F. J., Kuipers, O. P., and Kovács, A. T. (2014). Density
of founder cells affects spatial pattern formation and cooperation in Bacillus
subtilis biofilms. ISME J. 8, 2069–2079. doi: 10.1038/ismej.2014.52

Van Gestel, J. V., Vlamakis, H., and Kolter, R. (2015). Division of labor in biofilms:
the ecology of cell differentiation. Microb. Biofilms 3:MB-0002-2014.

van Heeswijk, W. C., Westerhoff, H. V., and Boogerd, F. C. (2013). Nitrogen
assimilation in Escherichia coli: putting molecular data into a systems
perspective. Microbiol. Mol. Biol. Rev. 77, 628–695. doi: 10.1128/mmbr.00
025-13

Visick, K. L., and Fuqua, C. (2005). Decoding microbial chatter: cell-cell
communication in bacteria. J. Bacteriol. 187, 5507–5519. doi: 10.1128/jb.187.
16.5507-5519.2005

Vlamakis, H., Aguilar, C., Losick, R., and Kolter, R. (2008). Control of cell fate by
the formation of an architecturally complex bacterial community. Genes Dev.
22, 945–953. doi: 10.1101/gad.1645008
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