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Imagine an interstellar explorer arriving in orbit around
Earth, and deciding to examine the nature of its inhabi-
tants. While much can be discerned just by measuring
their general distribution and net activities at a distance,
the explorer desires to get closer to the surface to better
understand the diversity of organisms present and how
their individual actions combine to produce global effects.
Ideally, to walk among the inhabitants and discover
whether the same kind of organism may have a different
behaviour when its surroundings are different provides a
deeper understanding of each inhabitants’ predictable
and, perhaps, unpredictable roles in the environment.

A similar situation is faced by microbial ecologists, who
have been, until recently, stuck in their orbiting space-
craft, unable to land and wander among, or perceive
interactions within, an environment’s microbial commu-
nity. But what if microbial ecologists could observe their
subjects as easily as they can comprehend the citizens
of a city during a walk around its crowded streets? How
close are microbiologists to realizing the dream of such a
walk, and what will they discover once they can? These
questions are the motivation behind this essay.

At the end of the 19th century, two great traditions in
microbiology were developing. One was pioneered by
Robert Koch and Louis Pasteur (Blevins and Bronze,
2010), who devised methods to grow and study bacteria
in pure culture, leading to a rapid advance in understand-
ing disease mechanisms and launching the field of bio-
technology. The other tradition was inspired by Sergei
Winogradsky (Dworkin, 2012), who sought to compre-
hend the activities of microorganisms by examining their
growth and chemistry within complex communities, such

as those in soil or sediment, that we would now call envi-
ronmental microbiomes. While it was assumed that these
communities consisted of many species of bacteria and
other microbes, only a fraction of these microorganisms
could be grown and studied individually in culture. Even
those that were cultured often failed to exhibit their key
ecological activities when isolated from the whole micro-
biome. This latter observation drove microbiologists to
find ways to examine microbial communities in their
intact, native state. Such efforts initially were limited to
measuring the net activity and products of the micro-
biome, and it was clear that any deeper understanding
would require a knowledge of not only the membership of
the community, but also each member’s individual meta-
bolic and ecological contributions as both a function of
time (e.g. day/night, summer/winter) and its proximity to
others (Cordero and Polz, 2014).

The development of ribosomal DNA (e.g. 16S)
amplicon sequencing in the 1990s provided a means by
which to catalogue the surprising number and abundance
of both culturable and non-cultured species that are pre-
sent in many natural environments. Similarly, during the
last decade, metagenome-assembled genome (MAG)
sequencing, coupled with annotation of the sample’s total
gene pool, provided a roadmap of the functional potential
of the community as a whole, and even of its individual
species. One resulting discovery was the surprising
reproducibility of the species membership within microbial
communities found in similar environments. While there
were certainly ‘tourists’ that intermittently passed through
the habitat, generally there was also an environmentally
determined ‘resident’ microbiota that was predictably
present.

In the case of the mammalian digestive tract, the litera-
ture became replete with evidence that the members in
the resident gut microbiota were not only predictable, but
their presence was also demonstrably beneficial to the
host’s normal development and health (Rook et al.,
2017). In spite of this increasing evidence, many studies
continue to refer to these important microbial partners as
‘commensal’, a carry-over from an earlier time when the
gut microbiota was believed to be of little consequence to
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the host. The term commensal, whose meaning specifi-
cally denotes a microbe whose presence has no effect
on its host (Veiga, 2016), continues to be misused, creat-
ing unnecessary confusion, especially when used to refer
to a species whose beneficial nature is being demon-
strated. In the future, editors and reviewers will need to
be more vigilant in discouraging this inaccuracy because
there are likely to be species, especially among the
microbial tourists, whose presence has only a negligible
effect on the host: reserving the term ‘commensal’ for the
impact of these microorganisms, and refraining from
applying it to clearly beneficial ones, will promote ecologi-
cal clarity.
A second insight driven by amplicon and MAG

sequencing has been that two strains of the same spe-
cies might have significantly different genome content
and, thus, may have distinct ecological roles. This reali-
zation established the importance of understanding
microbial diversity at the population level and encouraged
efforts to discover the functional distinctions differentiat-
ing strains (Bongrand and Ruby, 2019; Zeevi et al.,
2019). Strain-specific functionality has now been docu-
mented in a number of natural environments, from the
marine bacterioplankton to terrestrial hot springs
(e.g. Preheim et al., 2011; Olm et al., 2020). Similarly,
strain specificity has proved to be a particularly informa-
tive concept when examining symbiotic associations
between bacteria and their hosts (Mandel et al., 2009;
Murfin et al., 2015; Bongrand et al., 2016). For example,
the genetic specialization of closely related strains of
Escherichia coli to pathogenic, mutualistic or environ-
mental lifestyles is a well-known example of the impact of
strain-level differences on biological outcome.
While much was learned by developing and applying

various molecular analyses to bulk samples like seawater
and soil, to actually visualize whether two bacterial cells
are close enough to each other to interact metabolically
required the development of fluorescence-microscopy
staining approaches that target a cell’s species-specific
DNA sequence (i.e. fluorescence in situ hybridization;
FISH). By imaging natural samples under the micro-
scope, one could link a cell’s identity with its location
(e.g. Schimak et al., 2016) and even possible function
(e.g. Tropini et al., 2017) within the community. The
targeting of 16S rRNA by FISH at present precludes this
approach from easily differentiating between strains;
however, the growing interest in visualizing specific
strains in their natural environments is likely to drive fur-
ther refinement of this technique in the coming years.
More recently, the development of sensitive mRNA-

specific fluorescent probes (i.e. hybridization chain
reaction-FISH) has allowed the layering of species (and
even strain)-specific gene-expression patterns onto FISH
images (Choi et al., 2016; Grieb et al., 2020). These

studies have begun to allow a cell-by-cell analysis of
gene-expression levels among a clonal population of
bacteria, revealing how individual a cell’s response can
be, even to a seemingly identical environment. Such
observations have already begun to have a significant
effect on how microbial evolution and population microbi-
ology is modelled.

These and other imaging approaches are just now
being applied by microbial ecologists and physiologists to
investigate bacterial and archeal interactions in both abi-
otic and host-specific associations (Rosenthal et al.,
2013; Nikolakakis et al., 2015). In the near future, we can
expect that such imaging will reveal the importance of
strain-specific microhabitats at different locations, either
within an environmental sample or along a tissue’s sur-
face (McGlynn et al., 2018; Donaldson et al., 2020;
Essock-Burns et al., 2020), or at the same location during
different times in a host’s life history (Thaiss et al., 2016;
Taft et al., 2018). Determining the role of host factors in
driving differences in species- and strain-level responses
at a tissue’s surface has become an area of increasing
interest and has given rise to the term microbial ‘biogeog-
raphy’ (Donaldson et al., 2016).

It is clear that microbial ecologists and population
microbiologists now find themselves at an exciting point
in their quest to roam within the microbial world and to
understand it at the micron and femtolitre scales that are
relevant to its inhabitants. So, what does the future hold?
What molecular, technological and computational
advances should we both promote the development of,
and prepare to apply? The advances that need to be
developed and/or combined include (i) those that are cur-
rently in use, but whose resolution is being increased,
and (ii) those that are not yet available, but are on the
horizon. A number of these emerging technologies have
been well described in recent reviews (e.g. Grandin
et al., 2018; Hatzenpichler et al., 2020; Kaster and
Sobol, 2020). In addition, we can expect that model sys-
tems will be used to develop and test such technologies
in a controlled manner before they can be deployed to
complex environmental samples. These experimentally
approachable models will include both constructed
(e.g. microfluidic devices, gut-on-a-chip) and natural
(e.g. binary symbioses) examples (Lambert et al., 2017;
Bosch et al., 2019; Ashammakhi et al., 2020) and will
become increasingly important as they are enlisted to
address questions like the following:
i. What is the distribution of different strains within an
environment, and how do their metabolic and ecologi-
cal potentials differ? Traditionally, ecological theory
predicts that diversity within populations is likely to be
a destabilizing factor, leading to competition between
closely related strains. When the strains share a symbi-
otic niche, even as mutualists, their competition is
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expected to negatively affect the host (Frank, 1996).
However, as analyses of natural gut-tract symbioses
are revealing, diverse strains not only coexist stably,
but appear to be adaptive for all partners (Ellegaard
et al., 2020); future work will need to apply strain-
specific imaging technology to determine whether dif-
ferent strains are separated into distinct microhabitats
along a tissue and/or are functionally specialized,
thereby minimizing the opportunity for disruptive com-
petition (Ansorge et al., 2019).

ii. Are two bacterial cells exchanging metabolites, and
in what directions? This goal will be complicated not
only by the micron-level scale of the measurements,
but also by an inconvenient truth of flux measure-
ments: in steady state, desirable metabolites are usu-
ally taken up by one microbe as quickly as they are
produced by another; in addition, the more rapidly a
metabolite is exchanged and catabolized, the more dif-
ficult it is to follow by its chemical identity (e.g. by
mass spectrometry). A major advantage of nanoscale
secondary ion mass spectrometry (nanoSIMS) is that
it allows the tracking of a molecule’s exchange
between cells (Dekas et al., 2019), even when it is
quickly modified by the receiving cell’s metabolism;
however, except in a few special circumstances,
arranging for a cell to have only one of its exchanged
products be stable-isotope labelled has been problem-
atic. Nevertheless, recent developments are working
around this limitation by directly coupling nanoSIMS
with other substrate-specific fluorescence or electron-
microscopy visualization assays like immunocyto-
chemistry (Loussert-Fonta et al., 2020).

iii. When and where is a strain expressing specific
genes and proteins? What is the role of host cell
activities in strain-specific selection along a tissue
(DePas et al., 2016; Solis et al., 2020)? Once we can
measure metabolomic and gene-expression parame-
ters at the single bacterial-cell level, significant pheno-
typic heterogeneity can be expected to emerge, even
within clonal populations (Salek et al., 2019). The
resulting distributions of phenotype levels will be due
not only to stochastic forces, but also to biological fac-
tors like adaptive bet-hedging (Carey et al., 2018); as
a consequence, we can anticipate the need for signifi-
cant advances in computational and modelling tools
(e.g. Nikolic et al., 2017; He et al., 2019; Labarthe
et al., 2019) to allow a more robust differentiation of
signal from the noise in all of the newly developed
population and imaging analyses.

At present, the answers to these and other challenges
faced by explorers of the microbial world may feel a long
way off. However, looking back at the speed with which
currently commonplace technologies like DNA sequencing,

gene-expression analysis and quantitative fluorescence
imaging have emerged and improved over the past
10 years, it is not unlikely that the approaches and ana-
lyses envisioned here will become available in the coming
decade. Now is the time for us to prepare our spacecraft
and ourselves for landing.
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