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Technological advances have largely driven the revolution in our understanding of the structure and function of microbial
communities. Culturing, long the primary tool to probe microbial life, was supplanted by sequencing and other -omics approaches,
which allowed detailed quantitative insights into species composition, metabolic potential, transcriptional activity, secretory
responses and more. Although the ability to characterize “who’s there” has never been easier or cheaper, it remains technically
challenging and expensive to understand what the diverse species and strains that comprise microbial communities are doing
in situ, and how these behaviors change through time. Our aim in this brief review is to introduce a developing toolkit based on
click chemistry that can accelerate and reduce the expense of functional analyses of the ecology and evolution of microbial
communities. After first outlining the history of technological development in this field, we will discuss key applications to date
using diverse labels, including BONCAT, and then end with a selective (biased) view of areas where click-chemistry and BONCAT-
based approaches stand to have a significant impact on our understanding of microbial communities.

ISME Communications; https://doi.org/10.1038/s43705-022-00205-5

WHAT IS BIORTHOGONAL CHEMISTRY?

Bioorthogonal chemistry, also known as click chemistry, is an
approach in which a biomolecule is labelled with a small chemical
group that can be subsequently ligated to a detectable group.
In practice, this means the following: (1) a small molecule, like a cell-
wall component, an amino acid, a nucleotide, or a metabolite, is
modified with a chemical “handle” that does not affect its biological
function (the molecule is therefore “bioorthogonal”); (2) this
“handle” is then attached to a second molecule containing e.g., a
fluorescent tag, which allows any process in a cell that uses the
original molecule to be visualized, quantified, or selectively isolated
(exemplified by methionine (1) and derivatives (2 and 3) in Fig. 1).
As we describe below, this flexible approach is powerful because it
labels and differentiates cells on the basis of their function or their
behavior, especially when used in conjunction with other existing
-omics methods.

A BRIEF HISTORY OF BIOORTHOGONAL CHEMISTRY

Saxon and Bertozzi [1] reported the first example of what came to
be known as bioorthogonal chemistry, an effort that was recently
recognized with the 2022 Nobel Prize in Chemistry. The motivation
for their work was to quantify changes in a subset of cell surface
carbohydrates that contain sialic acid-sugars. These structurally
distinct glycans are made as mixtures of glycoforms by a set of
different enzymes and are difficult to differentiate with antibody-
based detection reagents. Their concentration and composition are
also not measurable by quantifying changes in gene expression or
protein levels. Saxon and Bertozzi's innovation was to label a
precursor of the sialic acid, N-Acetylmannosamine (4, ManNAz,
Fig. 2a) with a small chemical group called an azide (Fig. 2a, circled
in red). These azide groups are designated as “bioorthogonal”

because they did not interfere with the enzymes that convert
ManNAz into azido-sialic acid and into the carbohydrates of cell
surface glycoproteins and lipids. Once incorporated into the cell
surface carbohydrate of interest, the modified ManNAz was then
reacted with a biotin-containing phosphine reagent (5, Fig. 2a)
which selectively ligated to the azide in a modification of the
Staudinger reduction reaction first reported in 1919 [2]. Labeled
glycans could then be quantified using flow cytometry or imaged
using microscopy [3].

This novel 2-step approach of introducing a biorthogonal
substrate followed by selective labeling made it possible to examine
and quantify a broad range of substrates and cellular activities. It led
to a flurry of development of new reactions and substrates
(excellently reviewed in [4, 5]) and became the main application
of another nascent chemical field: so-called ‘click chemistry’. This
term, dubbed by Sharpless et al. [6] applies to chemical reactions
that are sufficiently fast, efficient, solvent-independent and selective
that they can be applied in any synthetic strategy. These properties
also made them very useful for doing bioorthogonal chemistry, so
much so that the terms ‘bioorthogonal chemistry’ and ‘click
chemistry’ have become effectively synonymous.

The prototypical click reaction is the copper-catalyzed [3 + 2]
Huisgen cycloaddition reaction (CCHC, Fig. 2b). CCHC is the reaction
between an azide and an alkyne chemical group, catalyzed by
copper in its 14 oxidation state [7]. These two chemical groups
are essentially unreactive toward the chemical groups naturally
found in cells [8], but upon addition of the copper catalyst, the
two groups rapidly react with one another to form a stable triazole
product. The CCHC was first used as a bioorthogonal reaction in
the chemical modification of a virus [9], but it has since been
performed in a broad diversity of species [10-12]. Despite its
flexibility, the major downside of the reaction is the toxicity of the
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Fig.1 Overview of the metabolic labeling approach: a parent molecule (in this case methionine) is chemically altered in such a way that a
selectively reactive chemical group is introduced whilst only minimally altering the biological function. In case of methionine (1), its
reactive analogues Hpg (2) and Aha (3) are still transported into cells and incorporated by the tRNA/synthase pairs into nascent proteins.

copper catalyst. In practice this has meant that the click reaction is
used mainly on fixed cells, or with copper(l)-binding ligands that
minimized the toxicity of this metal, such as trishydroxypropyl-
triazolylamine (6, THPT, Fig. 2b) and aminoguanine that stabilize
the copper(l) in the media (Hong et al. 2010).

To circumvent toxicity, many other bioorthogonal click reactions
have been developed that do not require toxic catalysts [5].
The most widely used of these are the strain-promoted [3 + 2]
cycloaddition reaction (Fig. 2c), and the inverse-electron demand
Diels-Alder reaction (Fig. 2d) [13, 14]. The expanse of new chemistries
developed to work in living cells have been extensively reviewed
elsewhere and are beyond the scope of this review [15-17].

Instead, our aim is to focus on the way the above approaches—
metabolic labeling of a biomolecule with a small chemical group
followed by ligation with a detectable group—have been applied
to labelling microbial structures, and then delve into how this can
be applied to bacterial ecology and evolution.

Labeling microbial cell structures using click chemistry

A major advantage of using bioorthogonal two-step labelling to
label biomolecules is that the chemical groups you introduce to
detect your molecule of interest are very small. The effect of this is
that the bioorthogonal molecule behaves very similarly—in a
biophysical and biochemical sense—to the parent molecule. The
alternative approach—Ilabeling of a molecule of interest with a
fluorophore [18]—has a larger effect on the structure and can
therefore have an unpredictable impact on the organism or the
function that is being studied. Click labeling has been widely
applied to bacteria, due to its versatility, the tolerance to
biorthogonal compounds of many bacterial enzymes, and the
relatively easy synthetic access to many bioorthogonally reactive
metabolic precursors. Moreover, the approach has been used to
label a wide range of bacterial structures, many of which have
been, or can be, applied to microbial ecology. These include
specific cell wall carbohydrates, lipids, DNA and the proteome [19].
These will be briefly discussed below before studying examples of
their application to microbial communities.

Cell wall labeling. The Bertozzi-lab were the first label the bacterial
cell wall using a bioorthogonal approach [20]. In their set-up, they
fed click-reactive analogues of p-alanine, a component of the
bacterial cell wall, to different intracellular pathogens by simply
adding it to the growth media. They then used a live-cell compatible
click reaction to ligate the click handles with fluorophores that
could subsequently be imaged using microscopy. This even worked
to selectively image bacteria within infected macrophages, as
mammalian cells do not process b-amino acids into their proteome.
Interestingly, by using a component of the cell wall, this approach
was able to distinguish dividing (producing new cell wall) from
quiescent bacteria inside living immune cells [20]. In a particularly
exciting extension of this work, Maurelli et al. labeled Chlamydia
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trachomatis with click-reactive analogues of the p-alanine-p-alanine
dimer to show, for the first time, that this pathogen produces
peptidoglycan during the intracellular stages of its life cycle [21, 22].
Related studies have been carried out in other pathogenic [23] and
environmental bacterial species [24, 25] to confirm the presence of
peptidoglycan in the cell wall or to delimit regions of cell wall
synthesis. Mixed bacterial populations have also been characterized
with this reagent. The approach was, for example, used to visualize
the in vivo gut microbiome of mice. By first labelling the bacterial
species with Alkyne-p-alanine, followed by an ex vivo click reaction
with an infrared dye (to allow for deeper tissue imaging) and
transfer to a host mouse, the fate of the Gram-positive component
of transplanted microbiota could be followed inside the recipient
mouse gut [26], thereby showing the ability to track individual
species within complex populations.

Cell wall carbohydrate labeling. The carbohydrate structures of the
cell wall have been a major target for labeling. The peptidoglycan of
Gram-positive species contains multiple unique carbohydrates, and
is produced by enzymes that have a high functional group
tolerance. This has allowed its facile labelling with carbohydrate
precursors that carry either a fluorophore, or a bioorthogonal
chemical group. For Gram-negative species, carbohydrates in
lipopolysaccharide are also an attractive labelling target due to
the high carbohydrate content and the shared core structures of
these glycolipids. These features have facilitated the introduction of
modified sugars into the PG and outer membrane [18] and can be
used on mixed microbial communities. For example, an azide-
containing analogue of the LPS core sugar 3-Deoxy-p-manno-oct-2-
ulosonic acid (7, KDO-Az, Supplemental Fig. 1) was used to
selectively image the Gram-negative component of the mouse
gut microbiome [27]. Previous efforts on labelling the gut
microbiome with N-azidoacetylgalactosamine (GalNAz) in vivo had
run into the issue that host cells were also labelled with this
carbohydrate [28]. KDO-Az was not only selective for the bacteria
over the host, but also for Gram-negative over Gram-positive
species. Chen et al. [27], showed that the dividing Gram-negative
commensals could be labelled after ex vivo culture and sorted by
FACS and subsequently analyzed by 16S rDNA sequencing. The
nature of the labeling again allows for selective labeling of those
cells that are constructing cell wall.

Click chemistry is also proving useful for studying the uptake of
resources, for example, how commensal species in the gut salvage
nutrients from their host by measuring uptake of bioorthogonally
tagged host carbohydrates. For example, an azide-containing
Fucose (Az-Fuc) was used by the Wu-group to label B. fragilis and
Parabacteroides distasonis [29]. Az-Fuc was taken up via their native
fucose salvage pathway and incorporated into their glycoproteins.
A similar approach was recently used by Wolan et al. [30], who used
a bioorthogonal variant of sialic acid N-acetyl-9-azido-9-deoxy-
neuraminic acid (Sia9Az) to label the bacterial species in the fecal
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Fig.2 Overview of copper catalyzed and live-cell compatible click reactions. a Metabolic glycan labeling: N-acetylmannosamine is modified
with an azide group, circled in red, to give N-azidoacetylmannosamine 4. This modification is tolerated by all metabolic enzymes involved in
the introduction of sialic acids on glycoproteins and glycolipids on the cell surface. The resulting azido-glycans were subsequently modified
with biotin-phosphine reagent 5. This resulted in biotinylation of the sialic acids, allowing their on-surface quantification. b The copper-
catalyzed click reaction between an alkyne and an azide to yield a 1,4-triazole is one of the lowest background bioorthogonal reactions.
Unfortunately, the potential toxicity of the copper catalyst minimizes its use in live cells; ¢ This was circumvented by adding ring strain to the
alkyne reagent to give the strain-promoted alkyne-azide cycloaddition reaction. Here no catalyst is needed due to the increased reactivity of
the alkyne; d The inverse electron-demand Diels-Alder reaction is an oft-used live-cell compatible reaction. The strained double bond can

react with a tetrazine to form a dihydropyridazine ring between after ligation.

microbiome capable of salvaging this mammalian carbohydrate. A
live cell-compatible click reaction with a fluorophore then allowed
the selective labelling of only those bacteria that had incorporated
the labelled sialic acid. FACS sorting, followed by 16 rRNA
sequencing was then used to identify a new strain of E. coli that
could incorporate this glycan.

Lipid labeling. The lipid bilayer of the bacterial cell wall has been
a recent major target of labeling with clickable reagents [18]. The
two sphingosine analogues w-N3-sphingosine and w-N3-Cé6-
ceramide, were used to study the mechanism of toxicity of these
antibacterial lipids during interaction with the cell wall of N.
meningitidis [31]. The nascent outer membrane of Gram-negative
bacteria has also been studied using clickable lipids. For example,
1-propargyl-choline [8] and 1-azidoethyl-choline [9] could be
incorporated into phosphatidylcholine analogues 10 and 11
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(Supplemental Fig. 1) [32]. This may provide an alternative to
the "3C labelling of the outer membrane of Gram-negative species
in complex microbial communities [33].

DNA labeling. Click labeling has been successfully developed to
track DNA replication by using a thymadine analogue (5-ethynyl-
2'-deoxyuridine) called EdU that is selectively incorporated into
replicating DNA [34]. Although EdU-click was developed for use in
cell lines or animal models, it has also been applied to complex
microbial communities. The appeal of this approach, which
strongly complements the BONCAT methods described in more
detail below, is that it can be used to distinguish replicating from
quiescent cells within mixed communities and then selectively
isolate or image these cells for further consideration. For example,
Smriga et al. [35] used EdU-click to quantify the frequency of
dividing cells in samples of marine bacteria. More recently,

SPRINGER NATURE
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EdU-click was combined with FACS-seq to identify the replicating
cells within the murine microbiome [36]. Although the results
were promising and could, for example, quantify changes in the
replicating bacteria within the fecal microbiome before and after
antibiotic exposure, it also highlighted potential limitations. The
most important limitation is that EAU does not label all bacterial
species, including two Bacteroides species in the murine micro-
biome. It remains unclear why EdU is incorporated by some
species and not others; however, the difference does not seem to
be as simple as a coarse Gram—/+ partition. A second limitation is
that incorporation is growth rate dependent, meaning that EdU-
click may be less amenable to low resource conditions or
situations with slow growth. Overcoming these limitations will
considerably broaden the utility of this promising tool.

Labeled resources. All labeling strategies considered thus far have
targeted anabolic pathways in bacteria. However, one advantage of
the small chemical groups used in click chemistry is that they are so
small that they can also be used to label bacterial resources. One
attractive target in this effort is the click-chemistry based tracking of
glucose uptake. The fluorescent glucose analogue NBD-Glc (12,
Fig. S1), has long been used to study Glc-uptake by activated
mammalian and bacterial cells [37]. The problem, however, is that
the reporter—despite structural similarity to Glc—was not taken up
via the canonical glucose transporter in mammalian cells, but
instead by an unidentified pathway. In other words, because of the
large size of the fluorophore, the chemical properties of the parent
molecule are sufficiently altered that its “biological handling” is
changed. By contrast, click-chemistry-based O-propargylglucose
(13, Fig. S1) do appear to be taken up via the correct transporter
[38]. Our preliminary studies with 2-OPG glucose has already
provided evidence for uptake of this analogue in Streptomyces
coelicolor (Fig. 3). When studying complex populations, these
reporters are preferred to prevent skewing of the data by virtue of
differential handling of the probe.

Protein tagging using BONCAT

Bioorthogonal non-canonical amino acid tagging (BONCAT) is
arguably even more broadly applicable to bacteria and archaea.
The idea behind BONCAT is straightforward, leading to a standard
workflow (Fig. 4) that has been applied in a range of in vitro and
in vivo contexts. Cells are grown in the presence of an amino acid
analogue containing an azide tag (red circle in Fig. 2a) that can be
subsequently ligated to any of a variety of detectable fluorescent or
other labels, depending on the experimental objective. Although
different analogues are possible, the most widely used are AHA
(azidohomoalanine) [39] and HPG (homopropargylglycine) (Fig. 1)

3-O-propargylglucose
(8¢c) -

Fig. 3 Using click-labeled glucose to track nutrient uptake. The
click-labeled glucose analogue O-propargylglucose (a) can be used
as a sole carbon source to support filamentous growth of the
multicellular bacterium Streptomyces coelicolor (b). The image in (c)
shows the same colony after staining with AlexaFluor647-Azide. All
images were taken with a Zeiss Z1 Airyscan with a 40x wet objective
(images provided by Niels Cornelissen).
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[40]. Both are methionine analogues that are transported into cells
via unknown mechanisms and then incorporated into nascent
proteins by the promiscuous methionyl tRNA synthases. Virtually all
bacterial and archaeal proteins contain at least one Met-residue,
thus ensuring the accessibility of the entire proteome to labeling.
Neither analogue appears to compromise microbial growth or
physiology at low concentrations, and incorporation occurs under a
broad range of temperatures and pH, with the exception of
very basic pH or high sulfide concentrations. It also works with
culturable and non-culturable cells, with minority populations, and
with fast or slow-growing microbial populations. Importantly,
BONCAT is technically easy to use and combine with other
approaches that are already part of the standard microbial ecology
and evolution toolkit.

The power of BONCAT comes from its selectivity: only cells that
are translationally active will incorporate the amino acid analogue
into all proteins produced during exposure to the tagged
compound while cells that are quiescent will remain unlabeled
(Fig. 4). This difference makes it possible to partition complex
microbial communities into active and inactive fractions which can
then be visualized in situ using fluorescence microscopy or
separated using cell sorting (FACS) for downstream analysis by
any number of established -omics approaches. Alternatively,
because AHA and HPG are specifically incorporated into actively
translated proteins, BONCAT-labeled proteomes provide a quanti-
tative assessment of which proteins are enriched or differentially
regulated in a given condition [11]. In this approach, BONCAT-
labeled proteins are affinity purified and then subjected to mass
spectrometry. As with BONCAT-FACS that isolates only functionally
active species from a mixed population, BONCAT proteomics only
labels actively translated proteins, which can be used to identify
pathways that are induced under certain conditions. Several groups
have used this method to analyze mechanisms of pathogenesis and
virulence [41], quorum sensing [42], and the response to antibiotics
[43]. Identifying proteins associated with a given environmental
shift does not provide direct causal evidence of their functional
importance; however, it can help to focus attention on important
pathways that can be further examined using targeted knock-outs
or overexpression.

BONCAT in natural/industrial populations

Hatzenpichler et al. [44] and a contemporaneous study from Samo
et al. [45] provided the first evidence of the breadth and potential of
BONCAT in natural systems. After confirming the suitability of the
MET analogues AHA or HPG to label translationally active cells after
short incubations in pure cultures, they tested the applicability of the
approach in complex microbial communities using the basic
workflow shown in Fig. 4. These, and a later companion study [46],
led to several key insights: (1) that BONCAT could label physiolo-
gically and phylogenetically diverse microbial groups; (2) that it
relied on protein synthesis, rather than growth per se, and so could
label very slowly or non-dividing cells; (3) that it could distinguish
translationally active from inactive cells in diverse communities; (4)
that analogues could be applied in situ, for example to label cells in
oral biofilms or sediments; (5) that it labeled cells very quickly, i.e.,
within the generation time of cells; and (6) that it could be easily
combined with other established methods, such as FISH, FACS and
sequencing, to identify which cells and species were active at any
given point in time. BONCAT-FISH combines the standard workflow
(Fig. 4) with taxon-specific hybridization probes to label specific
groups of bacteria while simultaneously assessing their translational
activity. BONCAT-FACs can sort active from inactive cells to quantify
their frequencies or for further characterization using sequencing or
proteomics.

Several groups have used this experimental framework to
address fundamental questions in microbial ecology in natural,
industrial, and host-associated environments. Couradeau et al. [47]
used BONCAT to characterize the translationally active fraction of
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Fig.4 Schematic of a standard BONCAT workflow. In vivo or in vitro samples that vary in translational activity are pulsed with a biorthogonal
methionine analog (Aha or Hpg), after which they are labeled for downstream analysis using any type of microscopy, such as the correlative
light-electron microscopy of a click-labelled Salmonella typhimurium inside a macrophage imaged here [84]; by cell sorting (a mixture of dual
cell wall/proteome labeled M. tuberculosis and unlabeled cells is shown here) [95]; or mass spectrometry for expressed proteome analysis.

soil bacteria from two different soil depths: 30 and 76 cm. They
found that some 20 and 60% of bacteria were active at the two
depths, respectively, far more than had been estimated in other
studies, possibly because BONCAT is not reliant on bacterial
division. Next, using FACS followed by sequencing to isolate the
BONCAT+ cells from each location, they found that the active
microbial fraction was a taxonomic subset of the unlabeled cells,
showing that only some species are active at any given time, and
also that the dominant taxa varied at the different soil depths.
Similar results have been obtained from marine samples [48, 49],
anammox consortia [50], coal mines [51], and activated sludge
[52]. Results to understand in vivo microbiomes using BONCAT
remain limited, but also have considerable potential to provide
unique insights into these complex communities. Valentini et al.
[53] used BONCAT-FACS to examine the active fraction of bacteria
in the sputum of CF patients, and Taguer et al. [54] to study the
gut microbiota. While both studies determined that only a fraction
of cells were translationally active at any given time, they found
fewer taxonomic differences between the BONCAT+ and the bulk
communities than in environmental samples. It remains to be seen
if this is reflective of other host-associated communities.

In each of these examples, BONCAT made it possible to
amplify the experimental signal from functionally important
species by focusing exclusively on active cells, however rare and
regardless of growth or growth rate, while ignoring (or putting
aside) the potentially greater signal from either dormant cells,
dead cells or eDNA.

LABELING OF BACTERIAL ENZYMATIC ACTIVITIES WITH CLICK
CHEMISTRY

One final approach in which bioorthogonal labels can offer
important insights into bacterial physiology is through its use in
labeling specific enzymatic activities in bacteria [55]. This was, for
example achieved by labelling carbohydrate precursors and the
metabolic incorporation into peptidoglycan [56, 57], bacterial
lipopolysaccharides [56], or even bacterial protein glycosylation
[58]. Over the last few decades, the field of activity-based protein
profiling has also made great strides. By using covalent inhibitors of
specific enzymes linked to a fluorophore [59], specific enzyme
activities could be visualized for individual bacteria. As with
previous examples, a common problem when studying bacterial
enzymes in this manner is the change in biophysical properties of
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the pendant fluorophore. This too is circumvented using click
chemistry. In the earliest example, Speers and Cravatt labelled a
sulfonate ester with an azide group and visualized serine hydrolase
activities in cells using a copper-catalyzed click chemistry approach
[60]. This approach was rapidly translated to the study of bacterial
enzyme activities [61], such as bacterial glycosidases [62] and
transferases, as well as the enzymes involved in host-pathogen
interaction [63]. A recent example of this work that highlights a
future direction is the combination of enzyme activity labelling with
fluorescence in situ hybridization. Using this approach, Sakoula et al.
[64] could identify new ammonia and alkane oxidizing bacteria from
complex populations.

POTENTIAL APPLICATIONS OF CLICK CHEMISTRY AND
BONCAT

There is broad potential to integrate click-labeled biomolecules
into ecological and evolutionary applications. They are relatively
easy to use, are less expensive than related methods, and can be
easily combined with other established tools. Our aim below is to
outline several possible applications; this is by no means meant to
be exhaustive and only reflects our own current interests.

1. Natural or synthetic communities: Different species/strains in
mixed communities may have temporally or spatially distinct
or overlapping responses to stress or resources. BONCAT or
click labeling with p-Ala analogues [20] can be used to isolate
translationally active cells and bacterial cell walls after pulsing
with a stressor, or a natural or anthropogenic substrate, and
then examined via mass spectrometry proteomics to identify
the pathways that are induced in response. This could rapidly
identify novel mechanisms associated with toxin or pollutant
degradation and could help to partition the roles of different
taxonomic groups by exposing communities to single
substrates in series. Assimilation of complex substrates via
cooperative degradation or cross-feeding could be similarly
examined, as could transport and metabolism of click-labeled
resources (Fig. 3).

2. Microbiomes in situ: Plant and animal microbiomes are
responsible for a broad range of essential functions for their
multicellular hosts [65, 66]. BONCAT has been used to study
microbial responses in CF lungs and the gut microbiota. These
can be expanded by tracking community dynamics during
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host exposure to different resources, stresses or pathogens,
and followed by the approaches noted above. Spatial
mapping of biofilms on roots, tissues, or complex substrates
can be measured with FISH and integrated with BONCAT to
determine activity through time and space. A key advantage
is the ability to rapidly separate active from inactive cells via
FACS, making it possible to identify functionally important
microbes down to the strain level while simultaneously
measuring protein production.

3. Experimental evolution: Experimental evolution tracks the
evolution of bacterial strains or communities during serial
passage over 10 s-1000 s of generations [67, 68]. Especially in
the context of complex communities, BONCAT proteomics
can help to partition communities into functionally active or
inactive species during exposure to mixed substrates, to track
community shifts during evolution of synthetic consortia or to
identify functionally important proteins or pathways that are
enriched during exposure to stress or complex resources
[69, 70]. In more classical experimental evolution approaches
with single species, BONCAT can also potentially complement
sequencing studies used to identify newly fixed mutations
with quantitative analyses of altered protein expression.

4. Population heterogeneity in single or multicellular microbes:
It is increasingly clear that bacterial clones can express
significant phenotypic heterogeneity due to gene expression
noise or other sources of instability [71]. Persisters or
heteroresistant cells within isogenic bacterial populations
can survive antibiotic exposure while the remainder of the
population is killed [72]. Similar heterogeneity affects the
duration of lag phase [73], transitions to new resources during
diauxic shifts [74], production of antibiotics or bacteriocins
[75, 76], and many others. Click-based approaches can be
used in these cases to isolate rare subpopulations that are
translationally active (BONCAT), replicating (EdU) or actively
transporting and growing on click-labeled carbon sources.
Multicellular bacteria and fungi also show spatially hetero-
geneous behavior in terms of growth, secretion, transport and
response to exogenous conditions [77, 78]. BONCAT and
other click-labeled compounds can be combined with
detailed microscopy to identify translationally active regions
of multicellular colonies, including filamentous microbes, as
well as the intercellular translocation of labeled substrates. 2-
NBD-Glc and a fluorescent sucrose analog, esculin, have been
used for this purpose in filamentous fungi [79] and
cyanobacterial filaments [80], respectively; click-labeled
compounds whose transport and metabolism is less com-
promised by pendant fluorophores may produce results that
are closer to what occurs with native substrates.

5. Other microbial groups and ecological interactions: BONCAT
has not yet been as widely applied to the ecology and
evolution of non-bacterial microbes. Two studies, one in
bacteria [81] and another in a marine protist flagellate [82],
showed that BONCAT could label new phage and viral
proteins after pulsing their hosts with HPG or AHA,
respectively. This made it possible to quantify viral replication
by tracking the production of new viral particles using high-
resolution microscopy. By the same approaches as above,
BONCAT could also be used to quantify the defensive
proteome of cells when they are targeted with biotic enemies,
or to decipher mechanisms of mutualistic interactions
between species.

LIMITATIONS OF CLICK CHEMISTRY AND BONCAT

Despite major advances in the field of labelling non-templated
biomolecules, click-chemistry-based approaches are not without
their limitations. The first of these is the toxicity of some of the
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labels that can reduce growth rates, viability or change cellular
metabolism. For example, although neither HPG nor AHA had any
detectable impact on E. coli growth, both caused measurable
shifts in a small fraction of metabolites, especially when cells were
exposed to analogues during heat stress [83]. By contrast, using
HPG as a methionine analogue in Salmonella typhimurium [84] and
Mycobacterium tuberculosis decreased growth rates when the
labels were given over longer time periods. Similarly, HPG in
marine Synechococcus reduced growth at high concentrations
while also affecting protein stress and energy production [85].
Although these effects were largely mitigated at lower doses and
by modifying the pulse length with the label (as a rule of thumb a
maximum of two cell division times is used), this potential
limitation needs to be considered in different species in different
environmental contexts.

A second type of toxicity stems from some of the reagents used
for some of the bioorthogonal ligation reactions. One of the most-
used ligation reactions, the copper-catalyzed Huisgen ligation
makes use of a Cu(l) catalyst, which is toxic to most cells.
Applications of this reaction are therefore limited to those where
the bacteria are either fixed before labeling, or analyzed very
shortly after live-cell labeling. The use of stabilizing ligands for the
Cu(l) can also minimize the toxicity [86]. The availability of other
live-cell compatible click reactions, such as the strain-promoted
click-reaction and the inverse electron-demand Diels-Alder liga-
tion reactions, and of fixed-cell compatible sequencing
approaches have in part negated this problem [15].

Bioorthogonal chemistry is a field that is still in development.
Many bioorthogonal ligation reactions are still not completely
bioorthogonal. In many cases, the reagents used are not stable
over long periods of time in biological samples. For example, the
cyclooctynes used in the strain-promoted [3 + 2] cycloaddition
reaction can react with thiols present in biological samples [87], or
can be destroyed by other biological mechanisms, such as the
oxidative burst that occurs in the macrophage phagosome [8].
This means that great care must be taken selecting the correct
reaction for the system that one wishes to study. Good guidelines
have been reported for this by Prescher et al. [88].

Differential label incorporation may be problematic in multi-
species communities. This can occur if some species are
intrinsically less efficient at incorporating the label of choice or
if there is competition for uptake with the unlabeled biomolecule.
For example, EdU is unable to label all bacterial species [36], for
reasons that remain unclear. In addition, both AHA and HPG are
incorporated less efficiently in the presence of methionine [44],
which may be a limitation in environmental or host-associated
environments containing exogenous methionine. Because there is
no way of checking this a priori when using these approaches it is
worthwhile to assess label incorporation at different concentra-
tions and times, to assess the variation in species detection. In
addition, development of new biorthogonal amino-acid analo-
gues, such as the clickable threonine analogues recently reported
by Bonger et al. [89] can expand the range of conditions that are
suitable for cell labeling.

SUMMARY

No single set of methods can answer the huge breadth of questions
occupying the time and attention of microbial ecologists. This is
equally true for the click-based approaches we have introduced
above. However, despite some limitations, we believe that metabolic
probes that target different microbial biomolecules provide a
powerful means to study multi-species bacterial populations in
complex environments. A click-chemistry-based strategy can rapidly
and inexpensively identify species or strains that are metabolically
active and can be readily integrated into existing multi-omics
pipelines. Looking forward, we are particularly excited by rapid
developments in the field from the chemical side, such as the
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combination of click chemistry with activity-based protein profiling
[90], where the activity of individual bacterial enzymes can be
studied and profiled. A second development is click-multiplexing,
where multiple bioorthogonal reactions are combined to study
different metabolites in a single sample [91-95]. One of us (SvK) had
used this, for example, to study the fate of both the PG-layer and the
proteome of M. tuberculosis growing within a macrophage [95].
These developments, as well as the continuing emergence of new
bioorthogonal ligation reactions and labeled resources, promises
that the potential for click-chemisty approaches in microbial ecology
and evolution will continue to expand.

REFERENCES

1.

20.

21.

22.

23.

Saxon E, Bertozzi C. Cell surface engineering by a modified Staudinger reaction.
Science. 2000;287:2007-10.

. Staudinger H, Meyer J. Uber neue organische Phosphorverbindungen Ill. Phos-

phinmethylenderivate und Phosphinimine. Helv Chim Acta. 1919;2:635-46.
https://doi.org/10.1002/hlca.19190020164.

. Laughlin ST, Bertozzi CR. Metabolic labeling of glycans with azido sugars and

subsequent glycan-profiling and visualization via Staudinger ligation. Nat Protoc.
2007,2:2930-44.

. Oliveira BL, Guo Z, Bernardes GJL. Inverse electron demand Diels-Alder reactions

in chemical biology. Chem Soc Rev. 2017;46:4895-950.

. Lang K, Chin JW. Bioorthogonal reactions for labeling proteins. ACS Chem Biol.

2014;9:16-20. https://doi.org/10.1021/cb4009292.

. Kolb HC, Finn MG, Sharpless K. Click chemistry: diverse chemical function from a

few good reactions. Angew Chemie-Int Ed. 2001;40:2004-21.

. Tornge C, Christensen C, Meldal M. Peptidotriazoles on Solid Phase: [1,2,3]-Triazoles

by regiospecific Copper(l)-Catalyzed 1,3-Dipolar Cycloadditions of Terminal Alkynes
to Azides. J Org Chem. 2002;67:3057-64. https://doi.org/10.1021/j0011148;.

. Bakkum T, Leeuwen T, van, Sarris AJC, Elsland DM, van, Poulcharidis D, Overkleeft

HS, et al. Quantification of bioorthogonal stability in immune phagocytes using
flow cytometry reveals rapid degradation of strained alkynes. ACS Chem Biol.
2018;13:1173-9. https://doi.org/10.1021/acschembio.8b0035.

. Wang Q, Chan T, Hilgraf R, Fokin R, Sharpless K, Finn M. Bioconjugation by

copper(l)-catalyzed azide-alkyne [3 + 2] cycloaddition. J Am Chem Soc. 2003;125:
3192-3.

. Link A, Tirrell D. Cell surface labeling of Escherichia coli via copper(l)-catalyzed

[3+2] cycloaddition. J Am Chem Soc. 2003;125:11164-5.

. Dieterich D, Link A, Tirrell D, Schuman E. Selective identification of newly syn-

thesized proteins in mammalian cells using bioorthogonal noncanonical amino
acid tagging (BONCAT). Proc Natl Acad Sci USA. 2006;103:9482-7.

. McKay C, Finn M. Click chemistry in complex mixtures: bioorthogonal bioconju-

gation. Chem Biol. 2014;21:1075-101.

. Agard N, Prescher J, Bertozzi C. A strain-promoted [3 + 2] Azide—Alkyne

cycloaddition for covalent modification of biomolecules in living systems. J Am
Chem Soc. 2004;126:15046-7. https://doi.org/10.1021/ja044996f.

. Weissleder R, Hilderbrand S. Tetrazine-based cycloadditions: application to pre-

targeted live cell imaging. Bioconjug Chem. 2008;19:2297-9.

. Scinto SL, Bilodeau DA, Hincapie R, Lee W, Nguyen SS, Xu M, et al. Bioorthogonal

chemistry. Nat Rev Methods. 2021;1:1-23.

. Sletten E, Bertozzi C. Bioorthogonal chemistry: fishing for selectivity in a sea of

functionality. Angew Chem Int Ed Engl. 2009;48:6974-98.

. Moses JE, Moorhouse AD. The growing applications of click chemistry. Chem Soc

Rev. 2007;36:1249-62.

. Banahene N, Kavunja HW, Swarts BM. Chemical reporters for bacterial glycans:

development and applications. Chem Rev. 2021;122:3336-413. https://doi.org/
10.1021/acs.chemrev.1c00729.

. Hatzenpichler R, Krukenberg V, Spietz RL, Jay ZJ. Next-generation physiology

approaches to study microbiome function at single cell level. Nat Rev Microbiol.
2020;184:241-56.

Siegrist M, Whiteside S, Jewett J, Aditham A, Cava F, Bertozzi C. (D)-Amino acid
chemical reporters reveal peptidoglycan dynamics of an intracellular pathogen.
ACS Chem Biol. 2013;8:500-5.

Liechti G, Kuru E, Hall E, Kalinda A, Brun YV, VanNieuwenhze M, et al. A new
metabolic cell wall labeling method reveals peptidoglycan in Chlamydia tra-
chomatis. Nature. 2014;506:507. https://doi.org/10.1038/nature12892.

Pilhofer M, Aistleitner K, Biboy J, Gray J, Kuru E, Hall E, et al. Discovery of chla-
mydial peptidoglycan reveals bacteria with murein sacculi but without FtsZ. Nat
Commun. 2013;4:1-7.

Taylor JA, Bratton BP, Sichel SR, Blair KM, Jacobs HM, Demeester KE, et al. Distinct
cytoskeletal proteins define zones of enhanced cell wall synthesis in helicobacter
pylori. Elife. 2020;9:e52482.

ISME Communications

S. van Kasteren and D.E. Rozen

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41,

42,

43.

44,

45,

46.

47.

Kuru E, Hughes HV, Brown PJ, Hall E, Tekkam S, Cava F, et al. In situ probing of
newly synthesized peptidoglycan in live bacteria with fluorescent D-amino
acids. Angew Chemie Int Ed. 2012;51:12519-23. https://doi.org/10.1002/
anie.201206749.

van Teeseling MCF, Mesman RJ, Kuru E, Espaillat A, Cava F, Brun YV, et al. Anammox
Planctomycetes have a peptidoglycan cell wall. Nat Commun. 2015;6:6878. https://
doi.org/10.1038/ncomms7878.

Wang W, Yang Q, Du Y, Zhou X, Du X, Wu Q. et al. Metabolic labeling of Pepti-
doglycan with NIR-Il dye enables in vivo imaging of gut microbiota. Angew
Chemie Int Ed. 2020;59:2628-33. https://doi.org/10.1002/anie.201910555.

Wang W, Zhu Y, Chen X. imaging of gram-negative and gram-positive micro-
biotas in the mouse gut. Biochemistry. 2017;56:3889-93.

Geva-Zatorsky N, Alvarez D, Hudak JE, Reading NC, Erturk-Hasdemir D, Dasgupta S,
et al. In vivo imaging and tracking of host-microbiota interactions via metabolic
labeling of gut anaerobic bacteria. Nat Med. 2015;21:1091-100.
Besanceney-Webler C, Jiang H, Wang W, Baughn AD, Wu P. Metabolic labeling
of fucosylated glycoproteins in Bacteroidales species. Bioorg Med Chem Lett.
2011;21:4989-92.

Han Z, Thuy-Boun PS, Pfeiffer W, Vartabedian VF, Torkamani A, Teijaro JR, et al.
Identification of an N-acetylneuraminic acid-presenting bacteria isolated from a
human microbiome. Sci Rep. 2021;11:1-12.

Becam J, Walter T, Burgert A, Schlegel J, Sauer M, Seibel J, et al. Antibacterial
activity of ceramide and ceramide analogs against pathogenic Neisseria. Sci Rep.
2017;7:1-12.

Nilsson |, Lee SY, Sawyer WS, Baxter Rath CM, Lapointe G, Six DA. Metabolic
phospholipid labeling of intact bacteria enables a fluorescence assay that detects
compromised outer membranes. J Lipid Res. 2020;61:870-83.

Evershed RP, Crossman ZM, Bull ID, Mottram H, Dungait JAJ, Maxfield PJ, et al.
13C-Labelling of lipids to investigate microbial communities in the environment.
Curr Opin Biotechnol. 2006;17:72-82.

Salic A, Mitchison TJ. A chemical method for fast and sensitive detection of DNA
synthesis in vivo. Proc Natl Acad Sci USA. 2008;105:2415-20. https://doi.org/
10.1073/pnas.0712168105.

Smriga S, Samo TJ, Malfatti F, Villareal J, Azam F. Individual cell DNA synthesis
within natural marine bacterial assemblages as detected by ‘click’ chemistry.
Aquat Microb Ecol. 2014;72:269-80.

Beauchemina ET, Hunter C, Maurice CF. Actively replicating gut bacteria identi-
fied by 5-ethynyl-2"-deoxyuridine (EdU) click chemistry and cell sorting. bioRxiv.
2022. https://www.biorxiv.org/content/10.1101/2022.07.20.500840v2.

Sinclair L, Barthelemy C, Cantrell D. Single cell glucose uptake assays: a
cautionary tale. Immunometabolism. 2020;2. https://pubmed.ncbi.nlm.nih.gov/
32879737/.

Hu F, Chen DZ, Zhang DL, Shen Y, Wei L, Min PW. Vibrational imaging of glucose
uptake activity in live cells and tissues by stimulated Raman scattering. Angew
Chem Int Ed Engl. 2015;54:9821.

Kiick K, Saxon E, Tirrell D, Bertozzi C. Incorporation of azides into recombinant
proteins for chemoselective modification by the Staudinger ligation. Proc Natl
Acad Sci USA. 2002;99:19-24.

Kiick K, Tirrell D. Protein engineering by in vivo incorporation of non-natural
amino acids: control of incorporation of methionine analogues by Methionyl-
tRNA Synthetase. Tetrahedron. 2000;56:9487-93.

Ignacio B, Bakkum T, Bonger K, Martin N, van Kasteren S. Metabolic labeling
probes for interrogation of the host-pathogen interaction. Org Biomol Chem.
2021;19:2856-70.

Bagert JD, Kessel JC, van, Sweredoski MJ, Feng L, Hess S, Bassler BL, et al. Time-
resolved proteomic analysis of quorum sensing in Vibrio harveyi. Chem Sci.
2016;7:1797-806.

Babin BM, Atangcho L, Van Eldijk MB, Sweredoski MJ, Moradian A, Hess S, et al.
Selective proteomic analysis of antibiotic-tolerant cellular subpopulations
in pseudomonas aeruginosa biofilms. 2017. https://doi.org/10.1128/mBio.
01593-17.

Hatzenpichler R, Scheller S, Tavormina PL, Babin BM, Tirrell DA, Orphan VJ. In situ
visualization of newly synthesized proteins in environmental microbes using
amino acid tagging and click chemistry. Environ Microbiol. 2014;16:2568-90.
https://doi.org/10.1111/1462-2920.12436.

Samo TJ, Smriga S, Malfatti F, Sherwood BP, Azam F. Broad distribution and high
proportion of protein synthesis active marine bacteria revealed by click chemistry
at the single cell level. Front Mar Sci. 2014;0:48.

Hatzenpichler R, Connon SA, Goudeau D, Malmstrom RR, Woyke T, Orphan VJ.
Visualizing in situ translational activity for identifying and sorting slow-growing
archaeal-bacterial consortia. Proc Natl Acad Sci USA. 2016;113:E4069-78. https://
doi.org/10.1073/pnas.1603757113.

Couradeau E, Sasse J, Goudeau D, Nath N, Hazen TC, Bowen BP, et al. Probing
the active fraction of soil microbiomes using BONCAT-FACS. Nat Commun.
2019;10:1-10.

SPRINGER NATURE


https://doi.org/10.1002/hlca.19190020164
https://doi.org/10.1021/cb4009292
https://doi.org/10.1021/jo011148j
https://doi.org/10.1021/acschembio.8b0035
https://doi.org/10.1021/ja044996f
https://doi.org/10.1021/acs.chemrev.1c00729
https://doi.org/10.1021/acs.chemrev.1c00729
https://doi.org/10.1038/nature12892
https://doi.org/10.1002/anie.201206749
https://doi.org/10.1002/anie.201206749
https://doi.org/10.1038/ncomms7878
https://doi.org/10.1038/ncomms7878
https://doi.org/10.1002/anie.201910555
https://doi.org/10.1073/pnas.0712168105
https://doi.org/10.1073/pnas.0712168105
https://www.biorxiv.org/content/10.1101/2022.07.20.500840v2.
https://pubmed.ncbi.nlm.nih.gov/32879737/.
https://pubmed.ncbi.nlm.nih.gov/32879737/.
https://doi.org/10.1128/mBio.01593-17
https://doi.org/10.1128/mBio.01593-17
https://doi.org/10.1111/1462-2920.12436
https://doi.org/10.1073/pnas.1603757113
https://doi.org/10.1073/pnas.1603757113

S. van Kasteren and D.E. Rozen

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Leizeaga A, Estrany M, Forn |, Sebastian M. Using click-chemistry for visualizing
in situ changes of translational activity in planktonic marine bacteria. Front
Microbiol. 2017;0:2360.

Lindivat M, Larsen A, Hess-Erga OK, Bratbak G, Hoell IA. Bioorthogonal non-
canonical amino acid tagging combined with flow cytometry for determination
of activity in aquatic microorganisms. Front Microbiol. 2020;0:1929.

Chen L, Zhao B, Li X, Cheng Z, Wu R, Xia Y. Isolating and characterizing trans-
lationally active fraction of anammox microbiota using bioorthogonal non-
canonical amino acid tagging. Chem Eng J. 2021;418:129411.

McKay LJ, Smith HJ, Barnhart EP, Schweitzer HD, Malmstrom RR, Goudeau D, et al.
Activity-based, genome-resolved metagenomics uncovers key populations and
pathways involved in subsurface conversions of coal to methane. ISME J.
2021;16:915-26.

Du Z, Behrens SF. Tracking de novo protein synthesis in the activated sludge
microbiome using BONCAT-FACS. Water Res. 2021;205:117696.

Valentini TD, Lucas SK, Binder KA, Cameron LC, Motl JA, Dunitz JM, et al.
Bioorthogonal non-canonical amino acid tagging reveals translationally
active subpopulations of the cystic fibrosis lung microbiota. Nat Commun.
2020;11:1-11.

Taguer M, Shapiro BJ, Maurice CF. Translational activity is uncoupled from nucleic
acid content in bacterial cells of the human gut microbiota. Gut Microbes.
2021;13:1-15.

Banahene N, Kavunja HW, Swarts BM. Chemical reporters for bacterial glycans:
development and applications. Chem Rev. 2021;122:3336-413. https://doi.org/
10.1021/acs.chemrev.1c00729.

Kavunja HW, Piligian BF, Fiolek TJ, Foley HN, Nathan TO, Swarts BM. A chemical
reporter strategy for detecting and identifying O-mycoloylated proteins in
Corynebacterium. Chem Commun. 2016;52:13795-8.

Demeester KE, Liang H, Jensen MR, Jones ZS, D'Ambrosio EA, Scinto SL, et al.
Synthesis of functionalized N-Acetyl Muramic acids to probe bacterial cell wall
recycling and biosynthesis. J Am Chem Soc. 2018;140:9458-65. https://doi.org/
10.1021/jacs.8b03304.

Moulton KD, Adewale AP, Carol HA, Mikami SA, Dube DH. Metabolic glycan
labeling-based screen to identify bacterial glycosylation genes. ACS Infect Dis.
2020;6:3247-59. https://doi.org/10.1021/acsinfecdis.0c00612.

Keller LJ, Babin BM, Lakemeyer M, Bogyo M. Activity-based protein profiling in
bacteria: Applications for identification of therapeutic targets and characteriza-
tion of microbial communities. Curr Opin Chem Biol. 2020;54:45-53.

Speers AE, Adam GC, Cravatt BF. Activity-based protein profiling in vivo using a
copper(l)-catalyzed azide-alkyne [3 + 2] cycloaddition. J Am Chem Soc.
2003;125:4686-7. https://doi.org/10.1021/ja034490.

Krysiak J, Sieber SA. Activity-based protein profiling in bacteria. Methods Mol Biol.
2017;1491:57-74.

Jariwala PB, Pellock SJ, Cloer EW, Artola M, Simpson JB, Bhatt AP, et al. Dis-
covering the microbial enzymes driving drug toxicity with activity-based
protein profiling. ACS Chem Biol. 2020;15:217-25. https://doi.org/10.1021/
acschembio.9b00788.

Kovalyova Y, Hatzios SK. Activity-based protein profiling at the host-pathogen
interface. Curr Top Microbiol Immunol. 2019;420:73-91.

Sakoula D, Smith GJ, Frank J, Mesman RJ, Kop LFM, Blom P, et al. Universal
activity-based labeling method for ammonia- and alkane-oxidizing bacteria. ISME
J. 2021;16:958-71.

Fan Y, Pedersen O. Gut microbiota in human metabolic health and disease. Nat
Rev Microbiol. 2020;19:55-71.

Fitzpatrick CR, Salas-Gonzélez |, Conway JM, Finkel OM, Gilbert S, Russ D, et al.
The plant microbiome: from ecology to reductionism and beyond. 101146/
annurev-micro-022620-014327. 2020;74:81-100. https://www.annualreviews.org/
doi/abs/10.1146/annurev-micro-022620-014327.

Kawecki TJ, Lenski RE, Ebert D, Hollis B, Olivieri I, Whitlock MC. Experimental
evolution. Trends Ecol Evol. 2012;27:547-60.

Lenski RE. Experimental evolution and the dynamics of adaptation and genome
evolution in microbial populations. ISME J. 2017;11:2181-94.
Rodriguez-Verdugo A. Evolving Interactions and Emergent Functions in Microbial
Consortia. mSystems. 2021;6. https://pubmed.ncbi.nlm.nih.gov/34427521/.
Pascual-Garcia A, Bonhoeffer S, Bell T. Metabolically cohesive microbial consortia
and ecosystem functioning. Philos Trans R Soc B. 2020;375. https://
royalsocietypublishing.org/doi/full/10.1098/rstb.2019.0245.

Ackermann M. A functional perspective on phenotypic heterogeneity in micro-
organisms. Nat Rev Microbiol. 2015;13:497-508.

Balaban NQ, Helaine S, Lewis K, Ackermann M, Aldridge B, Andersson DI, et al.
Definitions and guidelines for research on antibiotic persistence. Nat Rev
Microbiol. 2019;17:441-8.

Vermeersch L, Perez-Samper G, Cerulus B, Jariani A, Gallone B, Voordeckers K,
et al. On the duration of the microbial lag phase. Curr Genet. 2019;65:721-7.

SPRINGER NATURE

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94,

95.

Solopova A, van Gestel J, Weissing FJ, Bachmann H, Teusink B, Kok J, et al.
Bet-hedging during bacterial diauxic shift. Proc Natl Acad Sci USA. 2014;111:
7427-32.

Zhang Z, Du C, de Barsy F, Liem M, Liakopoulos A, van Wezel GP, et al. Antibiotic
production in Streptomyces is organized by a division of labor through terminal
genomic differentiation. Sci Adv. 2020;6:eaay5781.

Mavridou DAI, Gonzalez D, Kim W, West SA, Foster KR. Bacteria use collective
behavior to generate diverse combat strategies. Curr Biol. 2018;28:345-355.e4.
Levin AM, de Vries RP, Conesa A, de Bekker C, Talon M, Menke HH, et al. Spatial
differentiation in the vegetative mycelium of Aspergillus niger. Eukaryot Cell.
2007;6:2311-22.

Zacchetti B, Wosten HAB, Claessen D. Multiscale heterogeneity in filamentous
microbes. Biotechnol Adv. 2018;36:2138-49.

Bleichrodt R-J, Vinck A, Read ND, Wosten HAB. Selective transport between
heterogeneous hyphal compartments via the plasma membrane lining septal
walls of Aspergillus niger. Fungal Genet Biol. 2015;82:193-200.

Nurnberg DJ, Mariscal V, Bornikoel J, Nieves-Morién M, KrauB8 N, Herrero A, et al.
Intercellular diffusion of a fluorescent sucrose analog via the septal junctions in a
Filamentous Cyanobacterium. MBio. 2015;6. https://journals.asm.org/doi/full/
10.1128/mBi0.02109-14.

Pasulka AL, Thamatrakoln K, Kopf SH, Guan Y, Poulos B, Moradian A, et al.
Interrogating marine virus-host interactions and elemental transfer with BONCAT
and nanoSIMS-based methods. Environ Microbiol. 2018;20:671-92. https://
doi.org/10.1111/1462-2920.13996.

Berjon-Otero M, Duponchel S, Hackl T, Fischer M. Visualization of giant virus particles
using BONCAT labeling and STED microscopy. bioRxiv. 2020;2020.07.14.202192. https://
www.biorxiv.org/content/10.1101/2020.07.14.202192v1.

Steward KF, Eilers B, Tripet B, Fuchs A, Dorle M, Rawle R, et al. Metabolic impli-
cations of using BioOrthogonal Non-Canonical Amino Acid Tagging (BONCAT) for
tracking protein synthesis. Front Microbiol. 2020;0:197.

van Elsland DM, Pujals S, Bakkum T, Bos E, Oikonomeas-Koppasis N, Berlin |, et al.
Ultrastructural Imaging of Salmonella-Host interactions using super-resolution
correlative light-electron microscopy of bioorthogonal pathogens. ChemBio-
Chem. 2018;19:1766-70. https://doi.org/10.1002/cbic.201800230.

Michels DE, Lomenick B, Chou T-F, Sweredoski MJ, Pasulka A. Amino acid analog
induces stress response in marine Synechococcus. Appl Environ Microbiol.
2021;87:1-18. https://doi.org/10.1128/AEM.00200-21.

Hong V, Steinmetz NF, Manchester M, Finn MG. Labeling live cells by copper-
catalyzed alkyne—azide click chemistry. Bioconjug Chem. 2010;21:1912-6.
https://doi.org/10.1021/bc100272z.

van Geel R, Pruijn G, van Delft F, Boelens W. Preventing thiol-yne addition
improves the specificity of strain-promoted azide-alkyne cycloaddition. Bio-
conjug Chem. 2012;23:392-8.

Patterson DM, Nazarova LA, Prescher JA. Finding the Right (Bioorthogonal)
Chemistry. ACS Chem Biol. 2014;9:592-605. https://doi.org/10.1021/cb400828a.
Ignacio BJ, Dijkstra J, Garcia NM, Slot EFJ, van Weijsten MJ, Storkebaum E, et al.
THRONCAT: Efficient metabolic labeling of newly synthesized proteins using a
bioorthogonal threonine analog. bioRxiv. 2022. https://www.biorxiv.org/content/
10.1101/2022.03.29.486210v1.

Wright MH. Chemical proteomics of host-microbe interactions. Proteomics.
2018;18:1700333. https://doi.org/10.1002/pmic.201700333.

Yu H, Schomaker J. Recent developments and strategies for mutually orthogonal
bioorthogonal reactions. Chembiochem. 2021;22:3254-62.

Willems LI, Li N, Florea B, Ruben M, van der Marel GA, Overkleeft HS. Triple bioor-
thogonal ligation strategy for simultaneous labeling of multiple enzymatic activities.
Angew Chemie Int Ed. 2012;51:4431-4. https://doi.org/10.1002/anie.201200923.
Simon C, Lion C, Spriet C, Baldacci-Cresp F, Hawkins S, Biot C. One, two, three: a
bioorthogonal triple labelling strategy for studying the dynamics of plant cell
wall formation in vivo. Angew Chemie Int Ed. 2018;57:16665-71. https://doi.org/
10.1002/anie.201808493.

Chio T, Gu H, Mukherjee K, Tumey LN, Bane SL. Site-specific bioconjugation and
multi-bioorthogonal labeling via rapid formation of a boron-nitrogen heterocycle.
Bioconjug Chem. 2019;30:1554-64. https://doi.org/10.1021/acs.bioconjchem.9b0024.
Bakkum T, Heemskerk MT, Bos E, Groenewold M, Oikonomeas-Koppasis N, Wal-
burg KV, et al. Bioorthogonal correlative light-electron microscopy of myco-
bacterium tuberculosis in macrophages reveals the effect of antituberculosis
drugs on subcellular bacterial distribution. ACS Cent Sci. 2020;6:1997-2007.
https://doi.org/10.1021/acscentsci.0c00539.

AUTHOR CONTRIBUTIONS
Both authors contributed equally to the conceptualization, drafting, writing, and
editing of the paper.

ISME Communications


https://doi.org/10.1021/acs.chemrev.1c00729
https://doi.org/10.1021/acs.chemrev.1c00729
https://doi.org/10.1021/jacs.8b03304
https://doi.org/10.1021/jacs.8b03304
https://doi.org/10.1021/acsinfecdis.0c00612
https://doi.org/10.1021/ja034490
https://doi.org/10.1021/acschembio.9b00788
https://doi.org/10.1021/acschembio.9b00788
https://www.annualreviews.org/doi/abs/10.1146/annurev-micro-022620-014327.
https://www.annualreviews.org/doi/abs/10.1146/annurev-micro-022620-014327.
https://pubmed.ncbi.nlm.nih.gov/34427521/.
https://royalsocietypublishing.org/doi/full/10.1098/rstb.2019.0245.
https://royalsocietypublishing.org/doi/full/10.1098/rstb.2019.0245.
https://journals.asm.org/doi/full/10.1128/mBio.02109-14.
https://journals.asm.org/doi/full/10.1128/mBio.02109-14.
https://doi.org/10.1111/1462-2920.13996
https://doi.org/10.1111/1462-2920.13996
https://www.biorxiv.org/content/10.1101/2020.07.14.202192v1.
https://www.biorxiv.org/content/10.1101/2020.07.14.202192v1.
https://doi.org/10.1002/cbic.201800230
https://doi.org/10.1128/AEM.00200-21
https://doi.org/10.1021/bc100272z
https://doi.org/10.1021/cb400828a
https://www.biorxiv.org/content/10.1101/2022.03.29.486210v1.
https://www.biorxiv.org/content/10.1101/2022.03.29.486210v1.
https://doi.org/10.1002/pmic.201700333
https://doi.org/10.1002/anie.201200923
https://doi.org/10.1002/anie.201808493
https://doi.org/10.1002/anie.201808493
https://doi.org/10.1021/acs.bioconjchem.9b0024
https://doi.org/10.1021/acscentsci.0c00539

COMPETING INTERESTS

The authors declare no competing interests.

ADDITIONAL INFORMATION

Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s43705-022-00205-5.

Correspondence and requests for materials should be addressed to Sander van
Kasteren or Daniel E. Rozen.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

ISME Communications

S. van Kasteren and D.E. Rozen

Open Access This article is licensed under a Creative Commons

BY Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons license and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

SPRINGER NATURE


https://doi.org/10.1038/s43705-022-00205-5
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Using click chemistry to study microbial ecology and evolution
	What is biorthogonal chemistry?
	A brief history of bioorthogonal chemistry
	Labeling microbial cell structures using click chemistry
	Cell wall labeling
	Cell wall carbohydrate labeling
	Lipid labeling
	DNA labeling
	Labeled resources

	Protein tagging using BONCAT
	BONCAT in natural/industrial populations

	Labeling of bacterial enzymatic activities with click chemistry
	Potential applications of click chemistry and BONCAT
	Limitations of click chemistry and BONCAT
	Summary
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




