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a b s t r a c t 

Fluorescent tools such as green fluorescent protein (GFP) have been used extensively as reporters in biochemistry 

and microbiology, but GFP and other conventional fluorescent proteins are restricted to aerobic environments. 

This limitation precludes fluorescence studies of anaerobic ecologies including polymicrobial communities in the 

human gut microbiome and in soil microbiomes, which profoundly affect health, disease, and the environment. 

To address this limitation, we describe the first implementation of two bilin-binding fluorescent proteins (BBFPs), 

UnaG and IFP2.0, as oxygen-independent fluorescent labels for live-cell imaging in anaerobic bacteria. Expression 

of UnaG or IFP2.0 in the prevalent gut bacterium Bacteroides thetaiotaomicron ( B. theta ) results in detectable 

fluorescence upon the addition of the bilirubin or biliverdin ligand, even in anaerobic conditions. Furthermore, 

these BBFPs can be used in two-color imaging to differentiate cells expressing either UnaG or IFP2.0; UnaG and 

IFP2.0 can also be used to distinguish B. theta from other common gut bacterial species in mixed-culture live- 

cell imaging. BBFPs are promising fluorescent tools for live-cell imaging investigations of otherwise inaccessible 

anaerobic polymicrobial communities. 
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While green fluorescent protein (GFP) and other genetically encod-

ble fluorescent proteins (FPs) are powerful and ubiquitous tools in bi-

logy, these GFP-like FPs are not fluorescent in the absence of oxygen

 Tsien, 1998 ). This oxygen dependence precludes their ability to provide

dditional insight in anaerobic environments. Many anaerobic systems,

ike the gut microbiome ( Koropatkin et al., 2012 ; Marchesi et al., 2016 )

nd soil microbiomes ( Chaparro et al., 2012 ; Fierer, 2017 ), are medi-

ally and ecologically important to study, yet remain underexplored be-

ause of a lack of appropriate fluorescent probes. Thus, the development

f oxygen-independent fluorescent reporters is essential to discover and

nderstand biological and biophysical processes in anaerobic systems. 

Previously, fluorescence microscopy studies of anaerobic systems

ave circumvented the challenges of oxygen-free environments by in-

estigating fixed cells. For example, much of our understanding of

he spatial organization of obligate anaerobes comes from imaging of

xed, antibody-stained cells ( Earle et al., 2015 ; Rogers et al., 2013 )

r cells that express FPs which are exposed to oxygen during fixation

 Whitaker et al., 2017 ). Flavin mononucleotide (FMN) based FPs (FbFPs)
A bbreviations: BBFP, bilin-binding fluorescent proteins; br, bilirubin; bv, biliverd
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re among the few tools that have been demonstrated to label live

naerobic bacteria ( Drepper et al., 2007 ); however, FbFPs are confined

o the blue spectral range, which overlaps with intrinsic cellular fluo-

escence. Despite engineering ( Mukherjee et al., 2015 ; Buckley et al.,

016 ), FbFP variants also remain dim compared to EGFP. We have pre-

iously labeled and studied live anaerobic bacteria with several other

robes, but each labeling approach comes with significant limitations

 Chia et al., 2019 ). In one approach, enzymes in the Starch Utiliza-

ion System ( Martens et al., 2009 ) (Sus) of the prevalent gut bacterium

acteroides thetatiotaomicron ( B. theta ) were tagged with photoactivat-

ble mCherry (PAmCherry) ( Tuson et al., 2018 ). PAmCherry is suitable

or single-molecule super-resolution and tracking experiments, but this

robe, like GFP, requires oxygen exposure for fluorescence maturation,

o measurements of Sus-PAmCherry fusions were done in dormant B.

heta . On the other hand, we achieved fully anaerobic live-cell imag-

ng by using the HaloTag system to label Sus proteins in single-particle

racking ( Karunatilaka et al., 2014 ). The bright fluorescent dye ligands

sed in HaloTag systems provide high signal, but significant washing is

equired to avoid increased background. These ligands are also largely

mpermeable to bacterial cells and are restricted to outer membrane la-
in; FP, fluorescent protein; GFP, green fluorescent protein. 

Arbor, MI, USA. 
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eling without the aid electroporation or osmotic shock ( Stagge et al.,

013 ). These invasive washing and labeling processes prevent in situ

aloTag labeling. 

To achieve non-perturbative labeling for investigations of micro-

ial communities, we therefore seek other reporters ( Chia et al., 2019 ).

ilin-binding fluorescent proteins (BBFPs) are particularly attractive op-

ions for anaerobic live-cell imaging. BBFPs, such as the green UnaG

 Kumagai et al., 2013 ) and the far-red IFP2.0 ( Yu et al., 2014 ), bind

igands to produce a fluorescent holoprotein rather than relying on an

xidation reaction for chromophore maturation. The ligands bilirubin

br) and biliverdin (bv), bound by UnaG and IFP2.0, respectively, are

uorogenic molecules that produce no background fluorescence even

hen supplied in excess ( Kumagai et al., 2013 ; Yu et al., 2014 ). These

igands are cell-permeable in bacteria ( Chen et al., 2012 ), thus allowing

abeling of both cytoplasmic and extracellular targets. Both UnaG and

FP2.0 can used in genetically tractable organisms and in most conven-

ional microscopes. UnaG excitation and emission are within the GFP

ange and UnaG was previously characterized to be approximately as

right as GFP ( Kumagai et al., 2013 ). Although IFP2.0 is dimmer than

naG or GFP, IFP2.0 emits in the far-red range of visible light ( Yu et al.,

014 ), at wavelengths that suffer from less intrinsic background fluo-

escence in biological samples. 

Here, we implement these two BBFPs, UnaG and IFP2.0, to fluores-

ently label living B. theta cells in the cytoplasm and on the outer mem-

rane. We demonstrate that unlike GFP-labeled B. theta cells which only

uoresce in aerobic conditions, UnaG- and IFP2.0-labeled cells fluoresce

n live-cell, anaerobic imaging conditions. UnaG-labeled cells can also

e used to differentiate B. theta from another prevalent gut bacterium,

uminococcus bromiii ( R. bromii ). Furthermore, UnaG-labeled Bacteroides

vatus ( B. ovatus ) cells can be distinguished from IFP2.0-labeled B. theta

ells, indicating that BBFPs can also be used in two-color imaging. Over-

ll, we demonstrate the utility of BBFPs for non-invasive investigations

f anaerobic microbial ecologies. 

aterials and methods 

acterial strains cloning and cell cultures 

Oligonucleotides and plasmids used in cloning are described in Table

1 plasmids and Table S2 oligonucleotides, respectively. DNA sequenc-

ng was used to confirm assembled genes in plasmids. 

B. theta and B. ovatus strains were generated by counter-selectable al-

elic exchange in a thymidine kinase deletion ( Δtdk ) mutant and grown

s previously described ( Koropatkin et al., 2008 ). In summary, B. theta

nd B. ovatus were first cultured in rich media containing tryptone-yeast

xtract-glucose and incubated anaerobically at 37 °C in a Coy cham-

er. Cultures were subsequently back-diluted into minimal media with

 carbohydrate source (0.05% w/v glucose or maltose). Bilirubin (br,

igma Aldrich) and biliverdin (bv, Sigma Aldrich) stocks were created

n DMSO and added to media as required; final concentrations in media

ere 25 μM and 2.5 μM for br and bv, respectively. 

R. bromii was grown in specialized Ruminococcus (Rum) media (per

0 mL of 2 × media): yeast extract (0.25 g), NaHCO 3 (0.4 g), L -cysteine

0.1 g), (NH 4 ) 2 SO 4 (0.09 g), K 2 HPO 4 (0.045 g), KH 2 PO 4 (0.045 g), NaCl

0.09 g), MgSO 4 (0.004 g), CaCl 2 (0.009 g), biotin (20 μg), cobalamin

20 μg), p-aminobenzoic acid (60 μg), folic acid (100 μg), pyridoxamine

300 μg), thiamine (100 μg), riboflavin (100 μg), D -pantothenoic acid

emicalcium salt (100 μg), nicotinamide (100 μg), and resazurin (50 μg).

um media also contained (concentrations per 50 mL of 2 × media):

ematin (30 μM), L -histidine (3 mM), acetic acid (63.7 mM), propionic

cid (17.8 mM), isobutyric acid (5.75 mM), isovaleric acid (1.95 mM),

nd valeric acid (1.95 mM). Rum media was diluted with an equal vol-

me of a carbohydrate source (0.05% w/v maltose or fructose and glyco-

en) to culture cells. Co-cultures were made by growing R. bromii anaer-

bically at 37 °C overnight and adding B. theta the following day for

ontinued cell growth. 
2 
rowth curves 

B. theta and B. ovatus cells were cultured in minimal media with

n appropriate carbohydrate source and back-diluted 1:200 into 96-

ell clear bottom plates with media. Each growth experiment condi-

ion were performed in triplicate. Plates were loaded into a Biostack

utomated plate-handling device (Biotek Instruments). Absorbance at

00 nm (OD 600 ) was measured in each well every 20 min by a Power-

ave HT absorbance reader (Biotek Instruments). Data were recorded

sing Gen5 software (BioTek Instruments) and Prism (GraphPad). 

luorescence microscopy 

Cells were grown to early to mid-log phase and imaged. All

maging was performed at room temperature and anaerobically on

ells sealed between coverslips with epoxy as previously described

 Karunatilaka et al., 2013 ) unless otherwise noted for “+ O 2 ” samples

n the figure captions. For immunostaining, B. theta cells were incu-

ated with custom rabbit polyclonal SusF antibody (1:100 dilution; Co-

alico Biologicals, Inc.) ( Tuson et al., 2018 ) for 30 min and washed with

hosphate-buffered saline (PBS) prior to incubation with AlexaFluor

94 secondary anti-rabbit goat antibody (4 μg in 100 μL; ThermoFisher

cientific). Imaging was done in an Olympus IX71 inverted epifluores-

ence microscope with a 100 ×1.4 N.A. wide-field oil-immersion ob-

ective. Samples were illuminated by a 488-nm laser (Coherent Sap-

hire 488–50; 8–18 W/cm 

2 ), 561-nm laser (Coherent Sapphire 561–50;

20 W/cm 

2 ), or a 640-nm laser (Coherent CUBE 640–40C; 80 W/cm 

2 ).

luorescence emission was filtered with appropriate filter sets and im-

ged on a 512 ×512 pixel Photometrics Evolve EMCCD camera at 25

rames/s or on a 512 ×512 pixel Andor iXon EMCCD camera at 100

rames/s. For consistency and noise reduction, final fluorescence images

ere created by summing frames for a total of 400 ms total integration

ime. Recorded images and movies were analyzed using ImageJ; all im-

ges are presented on the same color scale. 

low cytometry 

Flow cytometry was performed on unlabeled and labeled B. theta

ells expressing GFP or UnaG with varying concentrations of bilirubin.

ells were analyzed on an Attune NxT Flow Cytometer in the BL1 chan-

el. Data was processed using Attune NxT software. 

rotein expression and purification 

Like others, we had difficulty expressing the original UnaG gene in

igh enough quantities for successful purification ( Yeh et al., 2017 ). To

mprove solubility and protein expression, we ordered UnaG that was

odon-optimized for E. coli expression in the vector pMAL-c5x (Gen-

cript) (Sequences S1). The transcribed protein was UnaG with maltose-

inding-protein (MBP) on the N-terminus and 6x-His on the C-terminus;

he protein herein is referred to as UnaG. UnaG was expressed in E.

oli (NEB-Express) with IPTG induction (0.4 mM final concentration).

ell pellets were lysed by sonication and after centrifugation, the super-

atant was collected and loaded onto affinity columns. UnaG was puri-

ed by two rounds of affinity chromatography using fast protein liquid

hromatography (Akta Systems): (1) MBP-trap (5 mL, GE Healthcare)

nd (2) His-trap (5 mL, GE Healthcare). The final elution fractions were

ialyzed to remove imidazole and concentrated. For the holoprotein,

naG was incubated with 2-fold excess ligand (br or bv) and isolated by

D-10 desalting column (5 mL, GE Healthcare). 

EGFP was obtained from Addgene (plasmid #54762) and expressed

rom the pBAD vector in E. coli (BL21 DE3) with arabinose induction

0.005% final concentration). Cell pellets were lysed by sonication and

urified by nickel column chromatography. Elution fractions were dia-

yzed to remove imidazole and concentrated. 



H.E. Chia, T. Zuo, N.M. Koropatkin et al. Current Research in Microbial Sciences 1 (2020) 1–6 

Fig. 1. GFP requires oxygen to produce fluorescence. B. theta cells express- 

ing GFP (a) fluoresce in aerobic conditions after 20 min of air exposure and (b) 

do not fluoresce in anaerobic conditions. Scale bars: 2 μm. PDB ID: 1GFL. 
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IFP2.0 was obtained from Addgene (plasmid #54785) and inserted

nto the pBAD vector using Gibson Assembly cloning. IFP2.0 was ex-

ressed in E. coli (BL21 DE3) with arabinose induction (0.005% final

oncentration). Cell pellets were lysed by sonication and purified by

ickel column chromatography. IFP2.0 was incubated with 2-fold ex-

ess ligand (br or bv) and excess ligand was removed by dialysis for

 h. 

rotein characterization 

All proteins were prepared for measurements in the same buffer:

ris–HCl (20 mM), NaCl (200 mM), and EDTA (1 mM). UV–Vis ab-

orbance measurements were performed in 96-well clear bottom plates

Molecular Devices SpectraMax iD3 microplate reader). Fluorescence

easurements were carried out on an Agilent Varian Cary Eclipse Fluo-

escence Spectrophotometer. Plotted fluorescence excitation and emis-

ion spectra are averaged plots from three technical replicates. Data was

rocessed using MATLAB. 

esults and discussion 

The use of GFP as a fluorescent tag is restricted to aerobic environ-

ents. Though dormant B. theta cells labeled with GFP are fluorescent

fter exposure to oxygen in air ( Fig. 1 (a)), maintaining the oxygen-free

nvironments for continued cell growth of these anaerobic aerobic cells

esults in no fluorescence from GFP-labeled B. theta cells ( Fig. 1 (b)). 

On the contrary, BBFPs are oxygen-independent fluorescence re-

orters that bind to a ligand to produce fluorescence ( Chia et al., 2019 ;

umagai et al., 2013 ; Yu et al., 2014 ). UnaG fluoresces only after ad-

ition of br ( Fig. 2 (a)); the purified holoprotein of UnaG with bound

r has maximal excitation and emission that is only slightly red-shifted

ompared to GFP excitation and emission ( Fig. 2 (b)); UnaG can there-

ore be imaged with these common microscopy filters. The br ligand

s not fluorescent in solution ( Figs. 2 (c) and (d), S1); this fluorogenic

igand is therefore suitable for supplementing in high concentrations

n live-cell imaging without creating background or requiring washing

teps. B. theta cells expressing codon-optimized UnaG in the cytoplasm

nd grown with br were fluorescent in both aerobic and anaerobic en-

ironments ( Fig. 2 (c) and (d)). The addition of excess br ligand does

ot affect the growth kinetics of UnaG-labeled cells (Fig. S2), nor does

5 μM br affect the B. theta cell morphology (Fig. S3), thus we selected

 br concentration of 25 μM to optimize fluorescent labeling efficiency

hile minimizing toxicity (Fig. S4). 

We implemented IFP2.0 as a second oxygen-independent fluores-

ence reporter in B. theta . Like UnaG, IFP2.0 fluoresces only upon addi-

ion of its ligand, bv ( Fig. 3 (a)), which differs from br in the extent of

heir conjugated 𝜋-systems. The purified holoprotein is maximally ex-

ited and emissive in the near-IR range of light ( Fig. 3 (b), maroon lines).
3 
FP2.0 can also be excited, albeit with a three-fold reduction in emission,

t 635-nm ( Fig. 3 (b), red line), which is the laser wavelength used to

xcite conventional red dyes like Cy5 and AlexaFluor 633. Like br, the

v ligand has the benefit of being fluorogenic ( Figs. 3 (c) and (d), S1).

. theta cells expressing IFP2.0 grown with bv were fluorescent in both

erobic and anaerobic environments ( Fig. 3 (c) and (d)), and in fact, we

bserved that IFP2.0-labeled cells photobleached quickly in aerobic con-

itions (seconds timescale), whereas IFP2.0-labeled cells did not bleach

ppreciably on the timescale of anaerobically sealed samples ( Figs. 3 (c)

nd (d), S5). The bleaching of IFP2.0-labeled B. theta cells in oxygen-

xposed conditions may be related to the low photostability of far-red

BFPs ( Yu et al., 2015 ). 

The labeled B. theta strains in Figs. 2 and 3 constitutively express

naG or IFP2.0 in the cytoplasm. We also investigated BBFP labeling in

usions to Sus outer-membrane proteins on the B. theta surface. We cre-

ted two B. theta strains expressing SusG-UnaG and SusE-IFP2.0, respec-

ively, at the native promoter; we have previously demonstrated that

usions of these proteins to HaloTag and PAmCherry do not disrupt pro-

ein function or outer-membrane localization ( Tuson et al., 2018 ). The

xpression level of the outer membrane fusion proteins was more than

0-fold lower than UnaG or IFP2.0 in cytoplasm expressed FP strains

 Whitaker et al., 2017 ). Fluorescence signal was only weakly detected

n the SusG-UnaG strain, possibly because the low copy number of the

usion protein was not enough to overcome signal from intrinsic back-

round fluorescence at this wavelength (Figure S6). On the contrary,

hough IFP2.0 is dimmer than UnaG ( Yu et al., 2014 ), the intrinsic back-

round fluorescence is reduced at longer wavelengths and SusE-IFP2.0

an still be visualized despite the relatively low copy number (Fig. S6).

To demonstrate the utility of UnaG and IFP2.0 for microscopy of live,

naerobic polymicrobial communities, we imaged these BBFPs in mixed

ulture. Like B. theta , R. bromii is another prevalent bacterial species in

he human gut microbiome; cross-feeding between these two species

s important in establishing a healthy microbial community ( Ze et al.,

012 ). R. bromii is not genetically tractable and cannot be fluorescently

abeled with genetically encoded tools such as FPs. In phase-contrast

ixed cultures of B. theta and R. bromii , dividing B. theta cells are dif-

cult to distinguish from the relatively small and circular R. bromii

 Fig. 4 (a)). However, when mixed cultures of B. theta expressing UnaG

nd R. bromii were grown with br, the fluorescent B. theta cells (green)

ere distinguishable from the non-fluorescent R. bromii cells ( Fig. 4 (a)).

Furthermore, two-color imaging can be attained using UnaG and

FP2.0 as a labeling pair. We determined that B. theta cells express-

ng UnaG are fluorescent in the 488-nm channel but not the 635-nm

hannel whether grown in br or bv. Conversely, B. theta cells express-

ng IFP2.0 are fluorescent in the 635-nm channel but not the 488-nm

hannel whether grown in br or bv (Fig. S7). This protein specificity

as further verified in vitro for purified UnaG and IFP2.0 protein incu-

ated with excess br or bv (Fig. S8). Again, the protein spectrum is inde-

endent of the bound ligand. Purified UnaG had a similar fluorescence

pectrum when incubated with excess bv or br, albeit with two-fold re-

uction in emission efficiency in bv. Surprisingly, though IFP2.0-labeled

ells grown in br were fluorescent (Fig. S7), we did not measure any fluo-

escence for purified IFP2.0 incubated with excess br excited at 635 nm;

e attribute these differences to the fact that the single-molecule mi-

roscope used in these imaging experiments is more sensitive than a

uorescence spectrophotometer ( Tuson and Biteen, 2015 ). 

Based on this ability to distinguish UnaG from IFP2.0 regardless of

he ligand identity, we imaged a mixed culture of UnaG-labeled B. ova-

us cells and IFP2.0-labeled B. theta cells grown in both br and bv, and

ifferentiated between the two cell strains based on imaging in separate

olor channels ( Fig. 4 (b)). Immunofluorescence staining of B. theta us-

ng polyclonal antibodies against SusF, a B. theta -specific protein, was

maged in a third channel to independently identify the B. theta cells. 

To our knowledge, this work demonstrates the first example of ap-

lying BBFPs to live-cell imaging of obligate anaerobic bacteria. The

lue-green UnaG and the red IFP2.0 can fluoresce in both aerobic and
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Fig. 2. UnaG uses bilirubin to produce fluorescence. (a) The protein UnaG binds bilirubin (br) to become fluorescent. (b) Purified protein with bound br is 

maximally excited at 495 nm and has maximal emission at 525 nm. B. theta cells expressing UnaG and grown with br fluoresce upon 488-nm excitation in (c) aerobic 

and (d) anaerobic conditions. Scale bars: 2 μm. PDB ID: 4I3B. 

Fig. 3. IFP2.0 uses biliverdin to produce fluorescence. (a) The protein IFP2.0 binds biliverdin (bv) to become fluorescent. (b) Purified protein with bound bv 

is maximally excited at 690 nm and has maximal emission at 710 nm (burgundy curve). Purified IFP2.0 incubated with bv has reduced emission when excited at 

635 nm (red curve). B. theta cells expressing IFP2.0 and grown with bv fluoresce upon 635-nm excitation in (c) aerobic and (d) anaerobic conditions. Scale bars: 

2 μm. PDB ID: 4CQH. 
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naerobic conditions and the wavelength used for fluorescence depends

n the protein rather than the ligand bound. Both UnaG and IFP2.0 can

uorescently label B. theta in monocultures. In co-cultures, B. theta la-

eled with UnaG can be distinguished from unlabeled R. bromii . Finally,

naG and IFP2.0 labeled cells could be distinguished from one another

n two-color imaging. 

Among the options for oxygen-independent fluorescent reporters

 Chia et al., 2019 ), BBFPs are an attractive option for further op-

imization. Flavin-mononucleotide (FMN)-based FPs work in live-cell

maging because the FMN cofactor is readily accessible, but these re-

orters are confined to the blue spectral region and are weakly fluores-

ent ( Wingen et al., 2014 ). HaloTag ( Los et al., 2008 ) and other self-

abeling tags like SNAP ( Keppler et al., 2003 ) and CLIP ( Gautier et al.,

008 ) specifically bind bright fluorescent dyes but require a wash

tep to eliminate excess ligand; this treatment may not be compatible

ith continuous live-cell imaging and may disrupt microbial commu-

ities. Recent developments have yielded fluorogenic dyes for HaloTag

 Liu et al., 2017 ; Grimm et al., 2017 ) and SNAP-tag ( Komatsu et al.,

011 ; Sun et al., 2011 ; Lukinavi čius et al., 2016 ) that circumvent the

eed for washing and increase applications in single-molecule imaging.

owever, these ligands may still suffer from the low cell permeability

n bacteria that limits their utility in labeling cytoplasmic targets. In our

ast experiments using HaloTag technology, we have not successfully

abeled bacterial proteins in anaerobes other than targets expressed on

he outer membrane ( Karunatilaka et al., 2014 ). It may also be feasi-

le to implement other ligand-dependent reporter systems such as Y-

AST ( Plamont et al., 2016 ), antibody-based fluorogen activating pro-
4 
eins ( Szent-Gyorgyi et al., 2008 ), and engineered fluorogen-dependent

roteins ( G. Bozhanova et al., 2017 ; Povarova et al., 2019 ; Sheng et al.,

018 ) in anaerobic bacteria using cell-permeable fluorogenic ligands to

rovide the same advantages of oxygen-independent labeling as BBFPs.

reviously, BBFPs have been demonstrated in live-cell mammalian sys-

ems ( Yu et al., 2014 ; Yu et al., 2015 ). In these applications, as in the

urrent paper, br and bv do not lead to undesired background fluores-

ence; moreover, in mammalian cells br and bv may be endogenously

eleased by heme degradation and interconverted in cells by endogenous

xidoreductases. 

IFP2.0 has already been engineered to be a bright and monomeric FP

ariant from the phytochrome protein family ( Yu et al., 2014 ; Shu et al.,

009 ). Here, we have shown that IFP2.0 is an appropriate red label for

ive-cell imaging in anaerobic bacteria. Future developments in the IFP

amily of FPs will further improve this application. For instance, IFP2.0

imerizes at high concentrations and was recently further modified to

roduce mIFP, a monomeric red BBFP ( Yu et al., 2015 ); IFP2.0 aggrega-

ion may explain the distinct puncta we observed in the B. theta strains

ith highly expressed IFP2.0 ( Fig. 3 (d)). Overall, these red-shifted FPs

re highly desirable for in vivo imaging with applications in deep tissue

maging and thick biofilms. 

While UnaG has recently been demonstrated as a useful tool

or single-molecule imaging as a dark-to-green photoswitchable FP

 Kwon et al., 2020 ), this FP has yet to be as extensively optimized as

FP2.0, and it is possible that UnaG can be diversified to a palette of dif-

erent fluorescent colors. Others engineered UnaG to create a brighter

nd more stable variant containing a single V2L mutation ( Yeh et al.,
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Fig. 4. BBFPs can be used in mixed culture imaging and multi-color imag- 

ing. (a) B. theta expressing UnaG (green) is distinguished from unlabeled R. 

bromii when grown in mixed culture with br. Scale bars: 2 μm. (b) When grown 

in media containing br and bv, B. ovatus expressing UnaG is differentiated from 

B. theta expressing IFP2.0 in separate color channels using 488-nm (green) and 

635-nm (red) excitation, respectively. Immunofluorescence staining imaged at 

561 nm independently identified B. theta cells. Scale bar: 2 μm. (For interpreta- 

tion of the references to color in this figure legend, the reader is referred to the 

web version of this article.) 
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017 ). While no one has attempted to do so, it is possible that UnaG can

e diversified to a palette of different fluorescent colors. Since UnaG

inds br non-covalently using a hydrophobic pocket, we initially pos-

ulated that the protein could accommodate different fluorogenic small

olecules as a ligand. We hypothesized that UnaG could bind bv as

n alternative ligand and that the extended 𝜋-conjugation of bv would

ed-shift UnaG holoprotein excitation and emission. Others have noted

hat UnaG does not fluoresce using bv ( Kumagai et al., 2013 ). Simi-

arly, we did not observe any red fluorescence when UnaG was bound

o bv instead of br. However, we observed some fluorescence in the

riginal 495/525 nm range, albeit with a diminished intensity (Figs. S7
5 
nd S8). These results suggest that may be some spontaneous or en-

ogenous interconversion between br and bv. Likewise, both the BBFP

inding pocket and the ligand itself are important factors in determining

uorescence intensity and color. 

onclusions 

We have demonstrated that the BBFPs UnaG and IFP2.0 are well-

uited probes for anaerobic live-cell imaging. Unlike GFP, both UnaG

nd IFP2.0 can fluorescently label obligate anaerobic bacteria regardless

f oxygen exposure. Furthermore, fluorescence was detectable without

erturbing the sample in a washing step. These proteins can be used to

abel strains in mixed bacterial cultures and can be used for two-color

maging as complementary probes, using common GFP and Cy5 filter

ubes. We therefore foresee the use of BBFPs as labels for imaging more

omplex, polymicrobial communities and in general for studying living

iological systems that require oxygen-free environments. 
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