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Fluorescence microscopy is a powerful tool for investigating

living cells. While widely used fluorescent proteins, such as

green fluorescent protein (GFP), have had huge impact in

biological imaging because they provide genetically encoded,

highly specific labeling, these probes require oxygen to

generate fluorescence. This crucial oxidative step has limited

the use of GFP-like proteins in anaerobic bacterial systems and

restricted live-cell studies of obligate anaerobes and their

biology. This review discusses alternative approaches to

labeling proteins in anaerobic bacteria that are compatible with

live-cell fluorescence microscopy in strict oxygen-free

environments. The advantages, disadvantages, and likelihood

of successful implementation for each approach are

considered to provide context and guide further advances in

anaerobic fluorescence labeling.
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Introduction
Fluorescent proteins (FPs) are among the most widely

used tools to investigate a range of in vitro and in vivo
biological phenomena. These probes remain one of the

most prominent and robust tools in biology due to the

simplicity of genetically encoding FPs, which is accom-

plished by appending an FP gene to a target gene. Both

the discoveries of new FPs and protein engineering

efforts have generated extensive libraries of FPs with

wide ranges of excitation and emission spectra, enhanced

stokes shifts and brightness; other FPs have been devel-

oped to have useful properties such as photo-conversion

[1] and photo-activation [2,3]. FPs have been reviewed

extensively in the literature [4–7].
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However, the use of fluorescence microscopy is limited in

anaerobic conditions; conventional FPs such as the blue-

green GFP [8], the red DsRed [9], and the far-red mKate

[10] families of enzymes require oxygen to generate a

mature fluorescent chromophore [11]. This essential step

precludes the use of a wide range of established FPs in

obligate anaerobes. Developing robust fluorescent probes

suited for anaerobic imaging would allow biological

exploration of anaerobic systems and extend live-cell

fluorescence imaging to medically important organisms

and microbial communities, including members of gut

and soil microbiomes.

This review provides an overview of alternative strategies

that have been, or could be, employed to label bacterial

cells: these tools include oxygen-independent fluorescent

proteins, bioconjugation techniques, and target-based

approaches (Figure 1). We discuss the contexts in which

these strategies are likely to succeed, and we describe

future efforts that could make an approach more robust

and easier to employ.

Oxygen-independent fluorescent protein
approaches
Flavin-mononucleotide-based fluorescent proteins

Flavin mononucleotide (FMN)-based fluorescent pro-

teins (FbFPs) rely on the photoactive light-oxygen-volt-

age (LOV) domain to produce blue fluorescence. Native

LOV proteins covalently bind the FMN cofactor and are

found in bacterial and plant photosensors. While native

LOV proteins are typically non-fluorescent, FbFPs have

been engineered to fluoresce [12]. FbFPs have been used

in many biological conditions, including as fluorescent

markers for labeling anaerobic gut bacteria [13] and

hypoxically cultured mammalian cells [14], and as repor-

ters for gene expression in anaerobically cultured bacteria

[15,16]. The development of FbFPs has been summa-

rized recently [17,18].

FbFPs provide distinct advantages over GFP-like FPs

and other oxygen-independent FPs. FbFPs are smaller

than GFP-like FPs (10–15 kDa versus 27 kDa), and may

therefore be less disruptive to cellular signaling or

protein–protein interactions. FbFPs like iLOV are also

monomeric [17,19] (whereas GFP-like FPs may oligo-

merize), which further decreases the risk that these tags

will introduce artifacts into the biological system under

investigation. An advantage of FbFPs over other oxygen-

independent FPs is that FMN, and its precursor molecule

riboflavin, are essential molecules in metabolism and do
www.sciencedirect.com
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not typically need to be externally supplied in live cell

imaging.

Despite these advantages, the weak fluorescence signal of

FbFPs has prevented wide adoption of these tools. While

engineering efforts have made FbFPs brighter and more

photostable [20�], the relatively weak fluorescence signal

is difficult to distinguish from the intrinsic cellular auto-

fluorescence background. Further directed evolution and

protein engineering targeted at the FMN-binding pocket

may increase FbFP brightness and might red-shift the

excitation and emission peaks away from the blue intrin-

sic fluorescence signal to provide the requisite sensitivity.

Fatty-acid-binding fluorescent proteins

Fatty-acid-binding proteins (FABPs) reversibly bind and

transport fatty acids between intra-cellular and extra-

cellular membranes. Fluorescent FABPs also bind to

the porphyrin-derived chromophores bilirubin and bili-

verdin, which are breakdown products of heme metabo-

lism, to generate fluorescence. As such, these proteins are

promising candidates for anaerobic fluorescence micros-

copy. Since these proteins bind exogenously added bili-

rubin and biliverdin, there is no oxygen requirement for

fluorescence production.

One native fluorescent FABP, UnaG, is isolated from

Japanese unagi eels and only becomes fluorescent when

constituted with bilirubin [21�,22]. UnaG binds bilirubin

with high affinity and high specificity, and has similar

excitation and emission wavelengths to GFP. UnaG has

previously been used to label mammalian HeLa cells

[21�] and has been developed into a protein–protein

interaction sensor [23] and a calmodulin sensor [24].

Similar to FbFPs, UnaG is smaller in size (15 kDa) than

oxygen-dependent FPs [21�].

Infrared and far-red fluorescent FABPs have also been

developed and are comparable in spectral characteristics

to the far-red mKate FP family. The first FABP, IFP1.4,

was developed from a bacterial phytochrome [25] and

binds biliverdin [26], although it suffers from dim

fluorescence due to low quantum yield. The cellular

brightness of IFP1.4 was improved by directed evolution

protein engineering to generate IFP2.0, which has been

successfully utilized for imaging neurons in Drosophila
[27].

FABPs have high promise for anaerobic imaging, but have

not yet been demonstrated in bacterial systems. How-

ever, bacterial cell walls are largely impermeable to the

bilirubin and biliverdin cofactors, which may limit UnaG

or IFP1.4/2.0 labeling in bacteria to outer membrane

targets. Furthermore, the two cofactors are highly insolu-

ble in aqueous solution and may not be compatible with

live-cell systems where bilirubin or biliverdin cannot first

be reconstituted with the enzyme. Other commonly used
Current Opinion in Chemical Biology 2019, 51:98–104 
strategies, such as electroporation or osmotic shock, may

in the future be employed to mitigate these limitations.

Bioconjugation approaches
Biarsenical–tetracysteine tags

Whereas fusions to traditional FPs may disturb a biologi-

cal system due to steric bulk, a smaller peptide tag that

reacts with a substrate can be used for targeted labeling

[28]. For instance, the tetracysteine peptide tag binds to

biarsenical substrates [29,30]. This system uses a short

sequence of 6–20 amino acid residues that includes a

CCXXCC motif, in which four reactive cysteine residues

flank two other canonical amino acids. These cysteines

can covalently react with either a green fluorescein

(FlAsH) or a red resorufin (ReAsH) dye that has been

modified to contain two arsenical moieties. This system

allows site-specific labeling of a target protein or peptide.

Although FlAsH has previously been used to label the

anaerobic bacterium Bacteroides thetaiotaomicron, the

biarsenical–tetracysteine system’s primary limitation is

a high incidence of non-specific ligand binding [31].

The FlAsH and ReAsH ligands are not fluorogenic, thus

any unbound or nonspecifically bound ligand in the

experimental sample will increase background noise.

Furthermore, many other endogenous proteins contain

cysteines, and free thiols may readily react with the

FlAsH or ReAsH ligand to cause non-specific labeling

and further increase background noise. To minimize off-

target labeling by FlAsH and ReAsH ligands, the labeling

and subsequent washing steps could be performed with

1,2-ethanedithiol or 2,3-dimercaptopropanol, which will

react with excess ligand.

Self-labeling protein tags

Another alternative to genetically encoded FPs is geneti-

cally encoded ‘self-labeling’ proteins. Similar to FPs, a

self-labeling protein tag is appended to the target of

interest. However, self-labeling proteins are not intrinsi-

cally fluorescent and instead react with ligands containing

a fluorophore.

These self-labeling proteins combine the specificity and

ease of a genetically encoded tag with the functional

diversity of synthetic chemistry, as swapping the reactive

ligand changes the functionality of the tag. Large libraries

of functionalized ligand substrates encompassing a wide

range of spectral properties for fluorescence microscopy,

including enhanced brightness and photo-activation,

have been generated [32��]. The orthogonal HaloTag,

SNAP, and CLIP tags can be used in conjunction for

simultaneous multi-color fluorescence microscopy [33].

The use of fluorescent ligands is also advantageous as

synthetic dyes are typically brighter and more photostable

than FPs.
www.sciencedirect.com
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These self-labeling proteins do not require oxidation for

ligand conjugation and fluorescence. The HaloTag,

derived from a bacterial halogenase, covalently binds

molecules containing a chloroalkane moiety [34]; Halo-

Tag technology has previously been used in anaerobic

single-molecule tracking experiments in the gut microbe

B. thetaiotaomicron [35,36��]. Similarly, fusing a target

protein to dihydrofolate reductase (eDHFR) allows for

labeling with trimethoprim fluorophores [37]. The SNAP

[38] and CLIP [39] tags, derived from the human DNA

repair protein O6-alkylguanine-DNA alkyltransferase,

react with O6-alkylguanine (AG) and O2-benzylcytosine
(BC) substrates, respectively; multiple AG and BC sub-

strates with attached fluorescein (green), rhodamine

(red), and Cy5 (far-red) fluorescent probes have been

generated.

As with all fluorescent probes, self-labeling proteins

require some degree of optimization  with regard to

tag placement and ligand choice. Like traditional

FPs, self-labeling protein tags may be disruptive and

require strategic placement to minimize artificial inter-

actions in in vitro and in vivo experiments. Ligands can

easily be introduced to a biological sample by supple-

menting the growth medium, but non-specific ligand

interactions may occur if excess ligand is not removed

since the unbound ligands themselves may also be

dimly fluorescent and result in increased background

noise signal. The ligands are typically not cell perme-

able and may be limited to outer membrane labeling,

though ligands may be introduced into permeabilized

cells. Another avenue of optimization may be through

ligand or fluorophore modification. The addition of

elements such as carboxyl groups, which can be

removed by endogenous esterases, or sugars that can

be imported by cellular uptake channels would enhance

the ligand cell permeability.

Unnatural amino acids

The biosynthetic incorporation of unnatural amino acids

(UAAs) containing intrinsically fluorescent or chemically

functional side-chains into target proteins, facilitated by

the development of methods to expand the genetic code,

presents a further avenue for labeling proteins under

anaerobic conditions [40,41]. Genetically encoded UAAs

are inserted directly into a target protein and circumvent

issues of steric bulk or oligomerization that can plague

GFP-like FPs.

Intrinsically fluorescent UAAs, such as the coumarin-

derived amino acid (CouAA) [42,43], have been devel-

oped and incorporated into Escherichia coli [42] and Sac-
charomyces cerevisiae [44] proteins. Fluorescent UAAs are

brighter and more red-shifted than the weakly emissive

canonical amino acids (phenylalanine, tyrosine, and tryp-

tophan), but these UAAs remain in the blue spectral
www.sciencedirect.com 
region, which limits the signal-to-background ratio in in
vivo imaging.

Rather than using intrinsically fluorescent UAAs, chemi-

cally functional UAAs provide a reactive handle to

conjugate a fluorescent ligand [45,46]. This type of

site-specific labeling incorporates brighter dyes and

allows a multitude of different dye ligand colors to be

conjugated to proteins of interest. A more comprehensive

overview of bioconjugation strategies employing unnatu-

ral amino acids can be found in other reviews [47,48��].

Although both fluorescent and chemically functional

UAAs are theoretically capable of working in anaerobic

conditions, neither has been demonstrated to date. UAA

incorporation is technically difficult to implement

because expanded genetic code technologies are

restricted to genetically tractable, easily manipulated

organisms; experimental challenges include UAA place-

ment on the target gene and tRNA synthetase and tRNA

evolution. Furthermore, no more than two to three UAAs

can be incorporated into a single target, which may limit

the amount of attainable fluorescence signal.

Target-based approaches
Nanobodies

While antibodies have long been used as important

diagnostic and imaging tools in research, nanobodies

are an alternative to bulky full-length antibodies and

can be used for the same in vitro applications. Nanobodies

contain only a single variable domain from heavy chain

antibodies (12–15 kDa) and are generated to directly

target proteins or nucleic acids or to recognize generalized

peptide tags [49�]. Nanobodies must be modified for live-

cell imaging in two key ways: (1) they must be function-

alized with a cell-penetrating tag, as nanobodies do not

natively traverse cell membranes, and (2) nanobodies

must be functionalized with conjugated fluorophores

for imaging. Fluorescent nanobodies, also known as chro-

mobodies, have previously been used for live-cell imag-

ing through GFP attachment [50–53], and would need to

instead be attached to an oxygen-independent FP (such

as those discussed previously) or to a fluorescent dye for

anaerobic applications. Previous reviews have covered

developments in antibody imaging technology including

chromobody applications [54,55].

Nanobodies and chromobodies possess both advantages

and disadvantages for fluorescent imaging in anaerobic

bacteria. An advantage of nanobodies is that they, like

antibodies, label all ectopically expressed and endoge-

nous target molecules through specific binding, whereas

FP-labeled systems typically consist of overexpressed

fusion proteins from plasmids that leave a background

of unlabeled endogenous target molecules. Although the

smaller size of nanobodies may provide an advantage over

antibodies and GFP-like FPs, nanobodies possess only a
Current Opinion in Chemical Biology 2019, 51:98–104
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single variable domain, which may limit the specificity of

a nanobody for a target.

We foresee applying nanobodies to live-cell imaging in

obligate anaerobic bacteria by generating nanobodies

against identifying features of species (lipopolysacchar-

ides, outer membrane proteins, etc.) for labeling in the

context of multi-species imaging. For anaerobic fluores-

cence, chromobodies could be attached to oxygen-inde-

pendent FPs, such as the ones described previously, or

conjugated to fluorescent dyes.

Aptamers

Aptamers refer to single-stranded DNA or RNA mole-

cules that have been selected through in vitro evolution

techniques to recognize ligands of interest. Aptamer

recognition can derive from complementary base pairing

of target nucleotide sequences or recognition of peptide

tags [56], and aptamers have been used to visualize

processes such as transcription in live HEK293T cells

[57�]. Furthermore, unlike antibodies, aptamers do not

require additional steps of fixing and permeabilizing cells

for successful implementation; aptamers can be

expressed in vivo by the target organism, or the probe

can be added into an experiment after generation in a

benchtop thermocycler.

Upon binding, a subset of aptamers can switch on ligand

fluorescence [58–60]. The Spinach aptamer system is one

such class of fluorogenic aptamers: Spinach switches on

the fluorescence of the GFP fluorophore analog 3,5-

difluoro-4-hydroxybenzylidine imidazolinone (DFHBI)

[58]. DFHBI is a fluorogenic molecule, which only

becomes fluorescent upon interaction with the comple-

mentary aptamer. DFHBI is cell permeable, nontoxic,

and can easily be supplemented into experimental sam-

ples. The Spinach system has been diversified to produce

a multitude of colored aptamer-fluorophore pairs with

shifted excitation and emission spectra [57�,61].

We foresee the use of Spinach and other fluorescent

aptamers in anaerobic bacterial systems, since fluorescent

dyes and the GFP chromophore analogs do not require

any oxygen to produce fluorescence. However, no one has

yet reported the use of aptamers in anaerobic live-cell

imaging. Despite engineered improvements [62], Spin-

ach-DFHBI complexes remain dimmer than GFP, and all

aptamers are susceptible to poor intracellular folding and

nuclease-targeted degradation [63]. In accordance with

the unique conditions of each experimental system and

the relative signal per tag, increasing the copy number of

aptamers in vivo may improve contrast during live-cell

imaging for sufficient detection. Additional biochemical

validation is required when increasing the aptamer copy

number to ensure that no artifacts get introduced into the

system.
Current Opinion in Chemical Biology 2019, 51:98–104 
Conclusions
When choosing fluorescence probes, one must consider

the intrinsic advantages and disadvantages of each label-

ing strategy. An ideal probe should balance brightness (for

high contrast), minimal biological disturbance (to not

affect the interrogated system), specificity (to provide

an accurate image) and ease of implementation (such

that the highest possible proportion of target molecules

are labeled).

Fluorescence microscopy has allowed us to visualize

biological phenomena in living systems, and much of this

exploration has hinged on the widespread adoption and

simplicity of using GFP-like fluorescent proteins. Unfor-

tunately, GFP-like FPs depends on oxygen for fluores-

cence, thus anaerobic systems have yet to be extensively

explored by fluorescence microscopy. The anaerobic

systems that have been precluded include, but are not

limited to, bacteria in gut microbiomes, soil microbiomes,

and the deep seas. While we have detailed approaches

and implementation of different fluorescent labels in

anaerobic bacteria, we foresee that many of the described

approaches may also be applied to extend fluorescence

imaging to measuring anaerobic biological phenomena in

yeast, mammalian, and plant systems.
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