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Microbiome cartography
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This month’s Under the Lens discusses new
strategies to image the spatial geography
of microbial communities.

Although metagenomic and transcriptomic
techniques have revolutionized microbi-
ome research, these -omic methods only
reveal half the picture as they provide no
information on the spatial organization or
biogeographical heterogeneity of microbial
communities. Because different species thrive
in different ecological niches, characterizing
the biogeography of microbiomes is hugely
important to understand how the commu-
nities function. Environmental conditions
can change over microscopic scales, leading
to heterogeneity in gene expression and phe-
notypes. Furthermore, the spatial proximity
between different species affects how they
interact, which can ultimately determine the
stability of the entire community'. The prox-
imity of microorganisms to host cells is also
crucially important and can be a key indicator
of disease’.

To explore the uncharted territory of
microbial communities at the microscale,
researchers are pushing the boundaries of
a well-established method: fluorescence
in situ hybridization (FISH). FISH can be
used to identify species by designing fluo-
rescently labelled nucleic acid probes that
hybridize to the corresponding 16S ribo-
somal RNA sequence in the bacteria being
studied. However, the sheer number of dif-
ferent species can make this challenging:
the mammalian gut microbi-
ome is host to hundreds of spe-
cies, whereas FISH methods are
limited to just a handful of spec-
trally resolvable fluorophores.
Multiplexed methods
can overcome this
limitation by labelling
different species with a
unique combination of

fluorophores and using spectral imaging to
identify the unique emission ‘fingerprint™*.

Using this approach, Shi et al. used ten
different fluorophores to distinguish between
more than 1,000 strains*. The method used
a two-step approach to the probe design,
which increases versatility and cuts costs.
First, species-specific, nonfluorescent, pri-
mary probes are hybridized. These probes
have overhangs that carry the sequences for
a specific combination of fluorescent read-
out probes. Next, the readout probes are
hybridized to the primary probes to create
the unique combination of fluorophores for
that species. To help decode the confocal
spectral image stacks into species informa-
tion, the team trained a machine-learning
classifier.

Shi and co-workers applied the method to
image the mouse gut microbiome, allowing
quantification not just of species abundance
but also of spatial clustering and the num-
ber of inter-species physical contacts. By
comparing mice with and without antibiotic
treatment they found that antibiotics dis-
rupted the spatial associations between sev-
eral genera, including some linked to altered
inflammatory responses in the host.

FISH can also be used to spatially map
gene expression by hybridizing to mRNA
molecules. Dar et al. took this approach to
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map the changes in gene expression within
biofilms®. The team also used a two-step
labelling approach, with nonfluorescent pri-
mary probes followed by fluorescent readout
probes. Instead of a combinatorial approach
they used a sequential method: the short,
readout probes can be stripped and removed
from the sample without affecting the primary
probes. A new set of readout probes are then
hybridized to read the expression of different
mRNAs, allowing hundreds of genes to be
measured sequentially in the same sample.
Using this method, they found areas of dif-
ferential virulence factor biosynthesis within
Pseudomonas aeruginosa biofilms.

Using these imaging techniques to com-
plement -omic approaches will help fill in the
gaps in our understanding of how microbial
communities are organized. Applying these
methods to better understand the architec-
ture of the human microbiota has the poten-
tial to impact many aspects of human health,
from intestinal diseases to how antimicrobial
resistance genes spread.
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