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Abstract

Microbes are often thought of as individual cells. However, in their natural habitats, they typically exist in the
context of other cells, be they of the same or different species. How these cells interact in space and time is
key to their ecology and evolution. In this perspective, we consider the implications of this in terms of the future
of microbiological research.
This article is part of the special issue "Microbiology: how to bridge mechanisms and phenomenology"
edited by Suckjoon Jun.

© 2019 Elsevier Ltd. All rights reserved.
The foregoing collection of papers in this special
issue on the future of microbiology makes it clear
that a wealth of knowledge about living systems can
be learned from studying the physical properties and
behaviors of microbial cells. But are microbes “just”
cells or is there more? And if there is more, what are
microbes? Is there any other way we can think about
microbes than cells? Here, we argue that there is.
Surely, cells form the structural cornerstone of all life,
including that of microbes. However, as soon as we
try to understand what microbes do and do not do,
we are forced to look beyond the individual cell. We
are forced to study the larger wholes of which cells
are part, in both time (i.e., cell genealogies) and
space (i.e., cell collectives). It is in these larger
wholes where we think lies a true understanding for
the remarkable capacity of microbes to deal with
their environment and where much attention should
be placed in the future.
One of the first to call for a drastically different view

on organisms was John Tyler Bonner. In his quest to
understand microscopic eukaryotic life, he postulated
that not the individual, but the life cycle, is the central
unit in biology (1965): “The life cycle is the central unit
in biology. The notion of the organism is used in this
r Ltd. All rights reserved.
sense, rather than that of an individual at a moment in
time […] Evolution then becomes the alternation of life
cycles through time; genetics the inheritance mech-
anisms between cycles, and development all the
changes in structure that take place during one life
cycle” [1]. In other words, the developmental organi-
zation of any organism, microbes included, can only
be understood in the context of its life cycle, which
unfolds through the repetitive cycles of environmental
change that organisms experience in nature—e.g.,
cycles in nutrient availability, acidity, humidity, tem-
perature, light, competition, predation, and so on.
Microbes can, for example, transition between

being host-living and free-living, parasitic and mutu-
alistic, surface-attached and dispersing, vegetative
and dormant, stressed and stress-free [2–8]. Most of
these cycles span across generations. This means
that cell genealogies undergo the phenotypic transi-
tions that characterize the life cycle, rather than the
individual cells that constitute these genealogies.
These phenotypic transitions come about through
the myriad of signal-response systems that enable
microbes to adjust their phenotype in response to
the environment. As a consequence, these signal-
response systems are often tightly linked to the
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environmental changes that microbes experience in
nature [6], making it misleading or even impossible to
decouple them from their environment. For example,
many signal-response systems inEscherichia coli are
deemed non-essential when studying the cell cycle
under the artificial conditions of the laboratory [9].
However, these same signal-response systemsmight
well be of key importance for the organism's life cycle
in nature. In fact, there seems to be a coarse
correlation between the complexity of a microbe's
life cycle in its natural setting and the number of signal
response systems it contains [10,11]. For example,
the bacterium Mycoplamsa genitalium, a simple
obligate parasite that only survives inside its host
[12], has only five one-component systems, no two-
component systems, and a single sigma factor [13]. In
contrast, Streptomyces coelicolor, a soil-dwelling
microbe with an intricate multicellular life cycle [14],
has 239 one-component systems, 109 two-
component systems, and 64 sigma factors [15]. An
important challenge lies in understanding the link
between signal-response systems and the life cycle
transitions they mediate (e.g., [16,17]).
Importantly, microbes are not merely passive re-

sponders, laying around waiting for environmental
changes to occur [18]. They often anticipate those
changes [19]. E. coli, for example, prepares itself for
oxidative stress when sensing higher temperatures,
which is hypothesized to be an adaptation that allows
E. coli cells to anticipate the ecological conditions of the
gut upon entrance through the mouth of their mamma-
lian host [20]. Similarly, Bacillus subtilis cells must
anticipate starvation for their decision to sporulate; only
by initiating sporulation on timecanvegetative cells turn
into spores before starving to death [21,22]. The
decision to sporulate can even precede the actual
process of sporulation by several generations [23],
again pointing out that cell genealogies and not
individual cells are central in understanding microbial
life cycles. Recent developments combining time-lapse
microscopy and microfluidics now make it possible to
trace cell genealogies for extensive periods of time
[24–30]. We expect that these tools will strongly aid to
our understanding of microbial life cycles.
Is there anything more to cell genealogies? Yes!

Microbes can not only anticipate environmental
changes, they can—to a certain extend—even
anticipate evolutionary changes. Many microbes
have a versatile set of genome-editing mechanisms
that can be induced in anticipation of natural selection,
including error-prone DNA polymerases [31], phase
variation through invertases [32], horizontal gene
transfer through competence [33], CRISPR–Cas
systems [34–36], and diversity-generating retroele-
ments [37,38]. Strikingly, many of these editing
mechanisms target specific genes. For example, a
recent study [32] on phase variation shows that these
are particularly common among host-associated
microbes and are often involved in regulating extra-
cellular products important for gut colonization. By the
same token, diversity-generating retroelements are
found in host-associated microbes, where they
predominantly affect cell attachment and defense
[38]. The icing on the cake are the CRISPR–Cas
systems, which function as highly targeted adaptive
immune systems that, for example, allow microbes to
evade specific phage infections [39].
Genetic changes can be induced at such high

frequencies that they can even form the primarymode
for life cycle transitions. This is wonderfully illustrated
in a recent evolution experiment of Hammerschmidt
and colleagues [40], where Pseudomonas fluores-
cens cells were forced to alternate between free-living
and surface-attached growth (specifically, growth at
the liquid-air interface). Over evolutionary time, cells
evolved a genetic switch—through elevated muta-
tions rates and slipped-strand mispairing [41]—that
allowed them to alternate between the different
phenotypic states. The life stages associated with
these phenotypic states were therefore distinct in both
genotype and phenotype, akin to the alternation of
generations in plants [42]. This example illustrates
that recurrent genomic changes, whether or not being
induced by specific environmental conditions, can be
as important to amicrobe's response repertoire as the
recurrent regulatory changes that are induced by the
signal-response systems mentioned above [43–46].
From this perspective, one could argue that any
particular genotype is just a single “instantiation” (to
borrow a term from computer science) of a microbe,
much like any particular phenotype is just a single
instantiation of a genotype. Only by studying cell
genealogies, covering many instantiations of both
genotypes and phenotypes, can we understand how
microbes deal with environmental change.
Microbial signal-response systems not only span

across time through cell genealogies, they can also
span across space through cell collectives [2,47].
Although it was long thought that most microbial cells
live their life in solitude, it is now clear that probably the
opposite is true. Many microbes form cell collectives,
ranging from the textbook examples of self-
organization, like fruitingbody formation inMyxococcus
xanthus [48,49], to the innumerable forms of surface-
associated biofilms [50,51]. In most cases, cell
collectives simply emerge by cells staying together
after division, but cells can also actively aggregate [52].
Inside these collectives, cells can interact through a
large suite of different mechanisms. These mecha-
nisms either lead to indirect interactions, for example,
through cell-to-cell communication [53,54], polysac-
charide production [50,55] andmetabolic cross-feeding
[56], or direct interactions, through nanotubes [57–59],
vesicles [60,61] and outer-membrane exchange
[62,63]. Ultimately, cell-to-cell interactions can give
rise to emergent properties that exert novel phenotypic
functions [47,64]. For example, a few years ago we
showedhowB. subtilis cellsmigrate over solid surfaces
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by differentiating into two cell types that divide labor
[65]: one cell type lubricates the surface by secreting a
lipopeptide surfactant, while the other cell type forms
large filamentous bundles that glide over the lubricated
surface by pushing themselves away from the colony.
In isolation, each of the cell types fails to migrate, but
together, they give rise to rapidly expanding colonies.
Interestingly, Kim and colleagues [66] showed how in
P. fluorescens a similar division of labor gives rise to
colony expansion. However, in contrast to B. subtilis,
the cell types in P. fluorescens colonies are genetically
distinct. During colony growth, mutations rapidly arise
that lead to two phenotypic variants, one of them being
specialized at lubricating the surface and the other one
at pushing cells away from the colony. Thus, B. subtilis
and P. fluorescens cells appear to have found
two alternative solutions, a regulatory switch and a
genetic switch, to solve the same problem in colony
expansion. Although the solutions are not equally
efficient, B. subtilis colonies spread much quicker than
P. fluorescens colonies (in part because they do not
have to wait for mutations to occur), this example
again illustrates that recurrent genomic changes
can form an essential component of a microbe's
responsive repertoire.
Many cell collectives do not consist of a single

species, but tens to hundreds of species [67,68].
These species can span across all domains of the tree
of life. In recent years, there has been growing interest
in studying these so-called microbiomes, in part
because we now have the tools to study them
(i.e., genomics, transcriptomics, metabolomics), but
also because they play a pivotal role in many clinical,
agricultural, and industrial settings [67–69]. In contrast
to the single-species cell collectives discussed above,
where developmental mechanisms control what
properties emerge [70–72], multi-species cell collec-
tives are dictated by ecological interactions [73–75].
They form the ecological jungles in which microbes
reside. Accordingly, they are usually referred to as
microbial communities. Metagenomics has made it
possible to determine the microbial composition of
these communities [76–79]. However, in most cases,
it remains unclear how these microbes interact: who
kills whom, who eats whom, who competes with
whom, and who cooperates with whom. Thus, in stark
contrast to our molecular understanding of many
individual microbes, we know surprisingly little about
their ecological surroundings. Over the last decade,
there has been a steady increase in the efforts to
bridge this gap and study microbes in their natural
habitat [80–85].
One factor that makes it challenging to study

microbial communities is that they often consist of
hundreds of different species, which makes it practi-
cally impossible to disentangle all their ecological
interactions. To overcome this barrier, researchers
are increasingly focusing on synthetic communities.
These range from simple communities consisting of
only two strains [86,87], like studies on the interactions
between pairs of auxotrophic E. coli [58,88], to
communities with tens of different species [89]. One
promising method for selecting the species relevant
to a community is by “outsourcing” the selection
procedure to nature. For example, chitin beads have
been used to select marine communities from
seawater [83] and Arabidopsis plants have been
used to select root communities from soil samples
[90]. By focusing of sets of species that are
repeatedly selected from the same environment,
we can simplify the community even further with the
potential of characterizing all ecological interactions
among the relevant members of the community. In
this way, Niu and colleagues [84] selected a
simplified root community of maize plants, consist-
ing of only seven species. Since all seven species
can be cultured in the laboratory, their ecological
interactions can be studied in full detail. What
chemicals do they produce? What carbon sources
do they consume? How does the presence of one
species affect the abundance of the others? How do
they spatially interact on the plant root? When we
study several of these simplified communities, we
can start to address general questions about the
organization and functioning of microbial communi-
ties. For example, do microbes take similar ecolog-
ical roles in different communities? How much
redundancy is there between the ecological roles
of microbes? Are ecological networks compartmen-
talized? What determines the robustness of micro-
bial communities? We feel that these will be key
areas to investigate in the future.
We conclude that microbes are more than cells.

They are organisms. They are organisms that
cope with their environment in versatile ways, often
spanning far beyond the individual cell in both time
and space, oblivious of the concepts that comfort us.
They do this in aworld that is still largely alien to us: the
countless of microbial communities that dominate our
planet, ourselves, and everything around us. For the
future ofmicrobiology, the challenge is to stop thinking
about microbes as “just” cells and explore the
emergent properties that characterize their cell
genealogies and cell collectives, while—at the same
time—continuing to learn about the extraordinary
phenotypic properties of their individual cells. Only in
this way, we believe can we admire microbes as full-
fledge organisms and unravel their remarkable
capacity to adapt and interact.
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