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ABSTRACT Fluorescent proteins have revolutionized science since their discovery in
1962. They have enabled imaging experiments to decipher the function of proteins,
cells, and organisms, as well as gene regulation. Green fluorescent protein and all its
derivatives are now standard tools in cell biology, immunology, molecular biology, and
microbiology laboratories around the world. A common feature of these proteins is their
dioxygen (0,)-dependent maturation allowing fluorescence, which precludes their use
in anoxic contexts. In this work, we report the development and in cellulo characteriza-
tion of genetic circuits encoding the O-independent KOFP-7 protein, a flavin-binding
fluorescent protein. We have optimized the genetic circuit for high bacterial fluorescence
at population and single-cell level, implemented this circuit in various plasmids differing
in host range, and quantified their fluorescence under both aerobic and anaerobic
conditions. Finally, we showed that KOFP-7-based constructions can be used to produce
fluorescing cells of Vibrio diazotrophicus, a facultative anaerobe, demonstrating the
usefulness of the genetic circuits for various anaerobic bacteria. These genetic circuits
can thus be modified at will, both to solve basic and applied research questions, opening
a highway to shed light on the obscure anaerobic world.

IMPORTANCE Fluorescent proteins are used for decades, and have allowed major
discoveries in biology in a wide variety of fields, and are used in environmental as well as
clinical contexts. Green fluorescent protein (GFP) and all its derivatives share a common
feature: they rely on the presence of dioxygen (O,) for protein maturation and fluores-
cence. This dependency precludes their use in anoxic environments. Here, we construc-
ted a series of genetic circuits allowing production of KOFP-7, an O,-independant
flavin-binding fluorescent protein. We demonstrated that Escherichia coli cells produc-
ing KOFP-7 are fluorescent, both at the population and single-cell levels. Importantly,
we showed that, unlike cells producing GFP, cells producing KOFP-7 are fluorescent in
anoxia. Finally, we demonstrated that Vibrio diazotrophicus NS1, a facultative anaerobe, is
fluorescent in the absence of O; when KOFP-7 is produced. Altogether, the development
of new genetic circuits allowing O»-independent fluorescence will open new perspective
to study anaerobic processes.

KEYWORDS bioreporter, flavin-binding fluorescent protein, Vibrio, Rhizobiaceae,
anaerobic condition, anoxia

luorescent proteins have revolutionized our understanding of many biological

systems, allowing direct visualization of events on a wide range of spatiotempo-
ral scales. GFP (green fluorescent protein), discovered fortuitously in 1962 (1) and its
numerous derivatives [RFP, CFP, YFP, EGFP (Enhanced GFP), mTurquoise, mCherry, etc.
(2)] have been particularly used as reporter proteins to address many fundamental
and applied questions related to cell visualization, protein-protein interactions, protein
localization, biosensor construction, biofilm formation, and gene expression dynamics.
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One of its major advantages relies in the fact that chromophore maturation does not
require any cofactor or enzyme, implying that producing the protein in cellulo is
sufficient to fluorescently tag cells or cell components. However, the main drawback
of these proteins is that they require molecular dioxygen (O,), which dehydrogenates
a critical tyrosine residue to form the chromophore, allowing fluorescence (3). This
dependence on O is a major hindrance to the characterization of systems under low
0O, tension conditions.

On the other hand, many key microbial metabolic processes occur in hypoxia or
anoxia. These can be found in environmental contexts, such as soil (4), deep and
costal sea waters (5), or eutrophic lake waters (6), and infectious contexts such as
gastrointestinal tracts (7) or tumors (8). In these O,-deprived environments, the use
of GFP or derivatives is therefore inefficient. In order to circumvent this pitfall, organic
dyes have been experimentally tested, but those reveal poorly permeable and/or are
cytotoxic, and often accompanied by a high fluorescence background [for a review,
see reference (9)]. Fluorescent proteins have also been used in anoxia. For example,
strict anaerobic bacteria such as Clostridioides difficile producing the fluorescent protein
mCherry can fluoresce when samples are placed in the open air for 1 hour (10). However,
this dependence on oxygen can lead to cell lysis in strict anaerobes (10), and does
not allow its use in real time to monitor the dynamics of biological processes. Other
O,-independent fluorescent proteins exist, such as UnaG (11), which uses bilirubin as
a cofactor to fluoresce (12). However, they require the addition of this cofactor in the
culture medium, making these reporter genes of little interest in complex contexts such
as the in vivo study of bacteria interacting with its host (symbioses, pathogens). Similarly,
lux bioluminescence genes, although they can be applied to anaerobes (13), do not allow
quantification of the expression of genes of interest at the single-cell level.

Recently, another class of reporter genes has emerged, and these genes encode
flavin-binding fluorescent proteins (FbFPs) (14, 15). FbFPs are derived from a large family
of proteins called LOV (light, oxygen, and voltage) proteins. LOV proteins possess a
flavin mononucleotide (FMN)-binding pocket containing a cysteine residue in which the
FMN (which possesses intrinsic fluorescence properties) will bind to form a covalent
adduct. Substituting the cysteine residue to alanine triggers modifications, ultimately
leading to stable protein fluorescence emission (14, 16). FbFPs present many advantages:
they are small (100-140 amino acids, compared to ~240 amino acids for GFP), have a
fast maturation time,and fluoresce at similar wavelengths as GFP (16). Moreover, they
have the great advantage of not requiring O, to mature and fluoresce. This O,-inde-
pendent maturation opens the way to the development of new reporter genes for
the study of biological systems under anoxic or variable O, tension conditions. Several
developed FbFP derivatives have allowed the study of gene expression of subcellular
localization of proteins in different prokaryotic and eukaryotic models (14, 15). However,
these bioreporter proteins typically exhibit low fluorescence compared to GFP and its
derivatives [about 30-fold (17)], and this represents a bottleneck for their application. An
FbFP called phiLOV was reported to be fluorescent in the obligate anaerobe C. difficile
(18), but cell fluorescence remains low (19).

Recently, a random mutagenesis approach was conducted on a gene encoding the
SB2 protein (14), an FbFP from Pseudomonas putida. After several rounds of enrichment
in fluorescent clones, the KOFP-7 protein was obtained (17). The in vitro purified KOFP-7
protein shows a fluorescence intensity as high as that of GFP, as well as a good stability in
acidic media or in the presence of reducing agents. These characteristics make KOFP-7 a
good candidate for the development of new reporter genes for application to the study
of microbial biological systems under anoxic conditions. However, whether KOFP-7 can
be used in vivo remains to be demonstrated.

In this study, we present the generation of a series of replicative plasmids, differing in
their genetic circuits and bacterial hosts, improved for KOFP-7 production and fluo-
rescence under anaerobic conditions. Moreover, we demonstrated that KOFP-7-based
fluorescence can be obtained both in Escherichia coli and in Vibrio diazotrophicus,
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demonstrating the versatility of these construction. These genetic circuits will contribute
in shedding a new light in previously dimmed anaerobic microbes, for future basic and
applied discoveries.

RESULTS

Constructions with KOFP-7 allow in cellulo fluorescence under aerobic
conditions

In order to test the possibility of using KOFP-7 as a new reporter protein, we sought to
create various plasmids, differing in their ribosome binding site (RBS) region, promoter
sequences, as well as backbone plasmids, all being designed to constitutively express
kofp-7. We created seven plasmids (Fig. 1), all of them being able to replicate in E. coli,
among which four can replicate in Vibrionaceae and Pseudoalteromonaceae families (20,
21) (pFD115, pFD116, pFD145, and pFD150, the latter being promoterless and serving
as a negative control), two being able to replicate in Rhizobiaceae (pFD141 and pFD148),
and one containing the broad host-range origin of replication pBBR1 (22) (pFD149).

Our initial screening was performed by quantifying the fluorescence of each of these
populations in microplates in the presence of oxygen, all being diluted to the same
Optical Density (OD) from overnight cultures. We showed here that while pFD115 fails
to produce a fluorescence signal above background, all other constructions allowed
fluorescence already at time 0, when cells were in stationary phase (Fig. 2A). Similar
conclusions were obtained when the plates were incubated for 5 hours at 37°C before
measurement (Fig. 2B), despite all still having a similar final OD. It is worth noting that
pFD115 and pFD116 are very similar, differing only in their RBS region, but the measured
fluorescence intensity greatly differs. The highest fluorescence was obtained with the E.
coli strain carrying pFD145, a plasmid which carries the Pp¢ promoter instead of the Pjqc
promoter found in pFD116, the RBS region originally found in pFD086 and the kofp-7
gene. Interestingly, pFD116 and pFD145 vary only in their promoter sequence, but the
measured fluorescence intensity was 3.3-fold higher with the strain containing pFD145
at time 5 hours. This shows that the P,y promoter is stronger than P in this genetic
context.

pFD141 and pFD148, both having the same structure and differing only in
the inserted promoter (Pnpy and Pigc, respectively), show intermediate fluorescence

FIG 1 Schematic overview of the constructed plasmids. Identical colors indicate identical sequences.oriV, origin of replication.
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FIG 2 Population-based fluorescence from kofp-7-containing strains, measured by fluorimetry after growth under aerobic condition. (A) Fluorescence of E. coli

carrying the different plasmids measured at time 0. (B) Fluorescence of E. coli carrying the different plasmids measured after 5 hours of growth. Presented here

are the mean + SEM.

intensity, with pFD141 allowing a slightly higher KOFP-7 production (despite being
non-significant at time 0). This confirms that Pppy is a stronger promoter, also in this
genetic context. Finally, the broad-host range vector pFD149, endowed with the Pppy
promoter shows intermediate results, with the fluorescence being higher than pFD115
and lower than the others at time 0, and similar to pFD116 and pFD148 at time 5 hours.

In conclusion, we demonstrate here that the strains containing kofp-7 as a reporter
gene are fluorescent when measured at the population level in microplate. The next step
was to quantify the fluorescence level of single cells, using epifluorescence microscopy
equipped with a regular Fluorescein IsothioCyanate (FITC)-based filter cube.

KOFP-7-based bioreporters are fluorescent in single bacterial cells

Bioreporters are particularly useful to monitor metabolic processes or to follow the fate
of single bacterial cells under various conditions, and epifluorescence microscopy is the
corresponding gold standard. Demonstrating that the newly designed bioreporters can
be used at the single-cell level was therefore necessary. Cells were grown overnight in
Lysogenic Broth (LB) supplemented with their corresponding antibiotics under aerobic
conditions, and fluorescence of single bacterial cells was quantified using in-house
Matlab scripts (23). Under this condition, single-cell fluorescence measurements are in
total accordance with the fluorescence measured from whole populations in microplate
(Fig. 3A). Specifically, E. coli carrying pFD145 performed best, showing the highest
per-cell fluorescence intensity, followed by the strains carrying pFD116 and pFD141.
Again, E. coli cells carrying pFD115 were not fluorescent. This shows that the increase in
fluorescence observed in microplate observed for most constructions (Fig. 2) is mostly
due to the genetic circuit allowing KOFP-7 production, which differs between plasmids.
Under this aerobic conditions, E. coli carrying pFD086, differing from pFD116 by the
production of EGFP instead of KOFP-7, shows a much higher per-cell fluorescence, as
expected from an optimized fluorescent molecule (Fig. 3A). Of note, E. coli cells carrying
pFD115, pFD116, pFD145, and pFD149 are rod-shaped, as expected from E. coli cells (Fig.
3B). However, some cells of strains carrying pFD141 and pFD148 are slightly elongated,
possibly reflecting a bacterial stress (Fig. 3C). These cells also show intracellular structure
resembling inclusion bodies (Fig. 3C).

Finally, we wanted to know the in cellulo stability of KOFP-7 fluorescence and its
propensity of photobleaching. Therefore, E. coli cells carrying pFD145 were deposited on
an agarose patch, and cells were exposed to continuous excitation at 482 +/— 35 nm.
Strikingly, cells experienced rapid photobleaching, with cell fluorescence decreasing
sharply within a few seconds, the decrease being visible under the microscope oculars.
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FIG 3 Single cell-based fluorescence from kofp-7-containing strains after growth under aerobic condition. (A) Quantification by epifluorescence microscopy

under aerobic condition. Statistical analysis was performed between all kofp-7-containing strains. Presented here are the mean + SEM. Letters above each

histogram represent their statistical grouping determined by a one-way analysis of variance with Tukey test. (B) E. coli cells carrying pFD145 and having a classical

rod shape. (C) E. coli cells carrying pFD141 and showing aberrant elongated cells, with structures resembling inclusion bodies (see white arrows). Images were

scaled to the same brightness.

Photobleaching was measured by quantifying cell fluorescence at time 0 and the
fluorescence of the same cells after 5 or 10 seconds of continuous exposure. Cell
fluorescence decreased rapidly, reaching a 21-fold decrease after 10 seconds, almost
returning to background fluorescence observed from cells carrying the promoterless
plasmid pFD150 (Fig. 4). Cells carrying pFD086 (and thus producing GFP) exposed to
the same treatment were in contrast much less photobleached, with a fluorescence
decreasing only 1.1-fold (Fig. 4).

Constructions with KOFP-7 allow in cellulo fluorescence under anaerobic
conditions

In order to quantify the fluorescence of the different constructs under anaerobic
conditions, LB medium was turned anoxic by flushing the headspace of sealed tubes
with N, gas and by the use of the reducing agent thioglycolate. After 24 hours of growth
in the absence of oxygen, we quantified the fluorescence from individual cells of the
different constructions by epifluorescence microscopy. Under this condition, fluores-
cence from most constructions was low, with values being close and not significatively
different to the negative control (Fig. 5A). Exception was for the strain carrying carrying
pFD145 which showed the highest fluorescence. As expected, the strain carrying a
GFP-based plasmid showed a dramatic decrease in fluorescence (compare Fig. 5A with
Fig. 3A), as expected from its O, dependency for GFP maturation. It should be noted that
strain growths were very low under this condition, probably because of the absence of
electron acceptor for respiration and a very low concentration of fermentative products
in the LB medium, hindering the production of energy.

In a second set of experiments, an alternative electron acceptor (NO3’) was added to
anoxic LB medium. Under this condition, fluorescence from KOFP-7 increased signifi-
cantly, being statistically different from the one of the negative control for all strains,
except for pFD115 (Fig. 5B and D). The highest per-cell fluorescence intensity was again
obtained for the strain carrying pFD145, followed by the strain carrying pFD116, similar
to the results obtained in the presence of oxygen. It should be noted that under this
condition, the fluorescence from KOFP-7 is 3.2-fold lower than the one measured in
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FIG 4 Rapid photobleaching of KOFP-7. Strains producing either the EGFP (pFD086) or KOFP-7 (pFD145)
were exposed for 5 to 10 seconds of continuous light, under a microscope equipped with a 482 +/—
35 nm filter cube. Fluorescence intensity of single cells was measured at time 0 and after the exposure
time. Results from pFD145 were compared to the results of the negative control (strain carrying the
promoterless plasmid pFD150). ns, not significant.

the presence of oxygen (compare Fig. 3A and 5B). As expected, GFP-containing cells
remained dimmed under this condition (Fig. 5B and D).

In the last set of experiment, every bioreporter was grown without oxygen in
LB containing 2% glucose. Fluorescence was generally slightly higher than the ones
obtained in anoxic LB alone for most constructions (compare Fig. 5A and C), but lower
than the fluorescence obtained from cultures grown in LB-NO3™ (compare Fig. 5B and C).
Under this condition, GFP-containing cells were not fluorescent.

KOFP-7-based constructions allow cell fluorescence in various bacterial
species

Finally, we sought to demonstrate whether KOFP-7-based constructions can be used
in other species than E. coli. Therefore, we introduced by conjugation the plasmid
pFD145, presenting the most promising results in E. coli, in V. diazotrophicus NS1, a
facultative anaerobe with diazotrophic properties. V. diazotrophicus cells carrying pFD145
was monitored both in the presence and absence of oxygen in LB medium and we
demonstrated that cells are fluorescent, both in the presence (Fig. 6A) and absence (Fig.
6B) of oxygen.

DISCUSSION

Fluorescent proteins have been used for decades to unravel a myriad of biological
processes and constitute now a standard working tool in molecular biology, cell biology,
microbiology, and immunology labs worldwide. The vast majority of these proteins
derive from the GFP protein, encoded from the Aequorea victoria genome. Many
derivatives have been constructed since, differing in their maximum excitation and
emission wavelength, their folding speed, their propensity to stay in monomers, or their
intrinsic brightness (2). However, they all have in common their O,-dependent matura-
tion, required to turn fluorescent (3). This O, dependence represents a major bottleneck
in the study of biological processes that take place in the absence of oxygen.

In this study, we present the development of various bacterial bioreporters, which
all have in common their O,-independent fluorescence. They rely on the use of KOFP-7,
a flavin-binding fluorescent protein which has been obtained by genetic engineering
and which has been reported to present a higher fluorescence and quantum yield as
compared to its parental protein SB2, measured in vitro from the purified protein (17).
In order to obtain the highest KOFP-7 production and bacterial fluorescence, various
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FIG 5 Single cell-based fluorescence from kofp-7-containing strains after growth under anaerobic conditions measured by epifluorescence microscopy. Cells
were grown (A) in anaerobic LB conditions, (B) in anaerobic LB containing NO3” as an alternative electron acceptor, and (C) in anaerobic LB containing glucose as
a fermentative carbon source. Statistical analyses were performed between all kofp-7-containing strains. Presented here are the mean + SEM. Letters above each
histogram represent their statistical grouping determined by a one-way analysis of variance with Tukey test. (D) lllustration of the fluorescence of single cells.
Images were scaled to the same brightness.

genetic circuits controlling kofp-7 expression were tested, differing in their promoter
strength and RBS regions. We demonstrated here that most of the constructions allowed
fluorescence from KOFP-7, both under oxic (Fig. 3) and anoxic conditions (Fig. 5).
Moreover, these circuits were implemented into various plasmidic backbones, varying in
their origin of replications for E. coli (colE1 for pFD141 and 148, R6K for pFD115, pFD116,
and pFD145, and pBBR1 for pFD149). These plasmids were also chosen, because they
are shuttle vectors and can replicate in bacteria outside E. coli: Vibrionaceae (20, 21) and
Pseudoalteromonaceae (20) for pFD115, pFD116 and pFD145, Rhizobiaceae for pFD141
and pFD148, while pFD149 can maintain in various Gram-negative bacteria.

Among the tested constructions, the pFD145 plasmid showed the most promising
results, allowing the highest population and individual cell-based fluorescence (Fig. 3
and 5). The stability of this fluorescence was therefore tested using this construction.
We demonstrated here that KOFP-7 is rapidly photobleached, with cells turning almost
non-fluorescent after 10 seconds of excitation at 482 +/— 35 nm (Fig. 4). This photo-
bleaching can impede the use of KOFP-7 under specific conditions, but most of the
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FIG 6 lllustration of the fluorescence of single cells of V. diazotrophicus containing pFD145 after growth under oxic (A) and anoxic (B) conditions

applications are performed with an excitation time below the second (e.g., 100 ms in the
present study), decreasing this potential pitfall.

The major advantage of KOFP-7-based bioreporters over GFP-based ones is their
capability to fluoresce in the absence of oxygen (14). We demonstrated here that the
newly constructed bioreporters are indeed fluorescent in the absence of oxygen (Fig.
5). It should be noted that the measured fluorescence is lower than the one obtained
with oxygen (Fig. 3A). Given the O»-independent maturation of the fluorochrome, this
decrease in fluorescence is likely due to a decrease in the energetic status of the
cells when grown in anaerobic conditions as tested in the present study. Indeed, cells
were grown in LB, which is an amino acid-rich medium but otherwise rather poor
in saccharides (24). In the absence of oxygen or alternative electron acceptor, E. coli
cells cannot respire and therefore cannot produce ATP by oxidative phosphorylation.
In the absence of electron acceptors (Fig. 5A and C), ATP is produced by fermentation.
However, amino acids cannot be fermented and the amount of fermentative products
is low in LB, limiting this metabolism (24). Therefore, the energetic status of E. coli
when grown anaerobically in LB is low, probably explaining the low cell fluorescence.
In line with this hypothesis, the cell fluorescence increased when cells were grown in
anoxic condition in LB supplemented with glucose (as a fermentative product, see Fig.
5C) and especially with NO3’, which served as electron acceptor for anaerobic oxidative
phosphorylation. (Fig. 5B). Under the same conditions, GFP-based bioreporters remained
dimmed, demonstrating that the increase of KOFP-7-based fluorescence is not due to the
addition of oxygen during the injection of NO3". The lower fluorescence obtained when
NO3 is used as an alternative electron acceptor, as compared with aerobic growth, is
probably due to the lower amount of ATP produced by anaerobic oxidative phosphoryla-
tion and the fact that O, remains the best electron acceptor to produce ATP.

Finally, we anticipate that KOFP-7-based constructions can be used to study
metabolic and physiological processes in the absence of O,. As a proof of concept,
we monitored the expression of pFD145 in V. diazotrophicus, a facultative anaeorbe.
We could demonstrate that KOFP-7 is produced under anoxic condition and allows
cell fluorescence in bacteria other than E. coli (Fig. 6). KOFP-7-based constructions are
therefore useful tools, functional in various bacterial species and irrespective of the
oxygen availability.

To conclude, we present here the development of new set of bioreporters, allow-
ing illumination of bacteria by fluorescence in the absence of oxygen. The developed
plasmids can be used in a broad range of Gram-negative bacteria and can be used for
the study of physiological processes occurring in the absence of oxygen. The current
limitation of KOFP-7 is its rapid photobleaching, compensated by its fast maturation
time, and its lower intrinsic fluorescence. However, given the recent advances in genetic
engineering, derivatives of KOFP-7 or other FbFPs with increased fluorescence will likely
emerge in the nearer future, in order to shed light onto the still under-explored world of
anoxic environments.
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MATERIALS AND METHODS
Strain and culture conditions

Escherichia coli strains and V. diazotrophicus NBRC 103148 strains were routinely grown
in LB at 37°C and 30°C, respectively. Some experiments using V. diazotrophicus were
performed in a Modified Diazotrophic Vibrio (MDV) medium defined elsewhere (25). In
order to create anoxic media, 20 mL LB was prepared in 18 cm glass tubes (Dutscher, ref
508232), supplemented with sodium thioglycolate (T0632, Sigma-Aldrich, 10 mg/L final
concentration), closed with a sterile blue rubber stopper, and sealed with an aluminum
capsule. The headspace was flushed for 2 minutes with either argon or nitrogen gas
immediately after autoclaving, when the temperature was still at 80°C. If necessary, agar
(15 g/L) or glucose (20 g/L) was added before autoclaving. Absence of oxygen was
controlled by adding resazurin (500 ug/L final concentration from a 500 mg/L stock
solution) in the media before autoclaving. If necessary, trimethoprim (Trim, 10 pg/mL),
kanamycin (50 pg/mL), diaminopimelic acid (DAP, 0.3 mM), NaNOs (4.67 g/L from an
autoclaved 466.7 g/L stock solution), 20 g/L were added after autoclaving.

For anoxic growth, one colony of each strain was grown overnight in 100 mL
Erlenmeyer containing 20 mL LB + antibiotic. The next morning, anoxic LB was inocu-
lated with 100 pL of overnight cultures and the antibiotic using sterile syringes and
needles. If necessary, 200 pyL of NaNO3 was added at the same time. Tubes were
incubated for 24 hours before fluorescence quantification as described below. The
strains, plasmids, and primers used in this study can be found in Tables S1 to S3,
respectively.

Construction of plasmids with constitutive kofp-7 expression

A synthetic sequence containing the Open Reading Frame (ORF) of KOFP-7 was obtained
by GeneArt (ThermoFisher Scientific). This sequence contained several attributes,
allowing the construction of various plasmids differing in their RBS and promoter
sequences, thanks to restriction sites flanking the to-be-cloned region or by Gibson
Assembly (using the NEBuilder Hifi DNA Assembly Master Mix, NEB). pFD115 was
obtained by replacing the RBS region and gfp gene of pFD086 (26) with a fragment
containing the RBS of pOT1le (27) and the kofp-7 gene, using Sphl + BamHI. pFD116
plasmid was obtained by replacing the gfp gene with the kofp-7 gene, using Sphl +
BamHI. pFD141 was obtained by Gibson Assembly, replacing the mcherry gene of
pMG103-nptll-mcherry (28) with the kofp-7 gene, using primers 220415-220418. pFD145
was obtained by Gibson Assembly, replacing the Pjqc promoter of pFD116 with the Pppy
promoter of pFD141, using 230214-230217. pFD148 was obtained by replacing the Py
promoter of pFD141 with the Pj;c promoter of pFD116 using Xbal + Sphl. pFD149 was
obtained inserting the Py promoter of pFD145 (using Xhol + Xbal) in pFD147 (using
Sall + Xbal). pFD150 was obtained by digesting pFD116 and pFDO085 with Xbal + Pstl,
replacing the promoterless gfp gene by kofp-7i. All constructions were verified by PCR
and, when Gibson Assembly was done, the absence of mutations, which might have
occurred during PCR amplification, has been verified by sequencing. All in silico plasmid
maps are available upon request.

Strain constructions

E. coli strains were transformed with the different constructed plasmids using heat-shock
transformation. V. diazotrophicus NS1 was modified by conjugation, using a recently
published protocol (25). Briefly, 200 pL of an overnight culture of E. coli 3-3914 donor
strain (29) carrying the desired plasmid was centrifuged. Eight hundred microliters of an
overnight culture of V. diazotrophicus was added to the E. coli pellet, without resuspend-
ing the pellet. After a second centrifugation, cells were resuspended in 20 uL LB and
spotted on a 0.2 um acetate filter placed on an LB + DAP plate. After 24 hours of
growth at 30°C, the filter was removed, washed with 1 mL LB, and plated on LB plates
supplemented with the desired antibiotic. Plates were incubated overnight at 30°C.
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Fluorescence quantification by fluorimetry

One colony of each strain containing plasmids allowing constitutive KOFP-7 production
was grown overnight in LB + antibiotic. The next morning, ODggonm Was measured, T mL
of each culture was centrifuged, the pellet was resuspended with 1 mL of minimum
fluorescent medium [1 L distilled water supplemented with 10 g glucose, 0.1519 g
NH4Cl, 0.028 g K;HPOy4, 5 g NaCl, 0.5 g yeast extract, and 0.1 g tryptone [modified from
reference (30)]. The pH was adjusted to 7 with a solution of HCI (0.2 M) or NaOH (0.2
M), which displays a lower autofluorescence than LB (30), and further diluted with the
same medium to reach OD 0.1. Two hundred microliters of these OD-adjusted cultures
were inoculated in 96-well black polystyrene plates (ref 655900, Greiner Bio-One) in
quadruplicate and fluorescence was measured using the TECAN Infinite M1000, set with
an excitation wavelength of 450 nm and an emission wavelength of 496 nm. Wells filled
with minimum fluorescent medium + antibiotic without bacteria were used as a control
to remove the fluorescence background of the medium. Microplates were incubated at
37°C with shaking, and fluorescence was measured every hour over 5 hours.

Every experiment was done in biological triplicate (3 independent days), with four
technical replicates per biological replicate, every biological replicate giving a similar
result. Results from these 12 replicates were pooled to produce Fig. 2.

Fluorescence quantification by microscopy

Cultures were grown overnight under aerobic conditions or for 24 hours in anoxia.
Aliquots of these cultures were subsequently used for fluorescence microscopy. Briefly,
agarose patches were prepared by melting 1% agarose in water, followed by incubation
at 50°C to equilibrate the temperature. Six hundred microliters of molten agarose was
deposited onto a microscopy slide, and a second microscopy slide was immediately
added on top of the liquid. Ten minutes later, the patch was recovered by sliding the
two microscopy slides and drops of the overnight culture were deposited on the agarose
patch before being covered with a coverslip. Pictures were acquired from the overnight
cultures using an Eclipse Ni-E microscope (Nikon) equipped with a 100x Apochromat
oil objective, an FITC-3540C filter cube (482 +/— 35 nm excitation) at 100 ms exposure
time. Fluorescence of single cells was quantified using an in-house written Matlab script
(23) from at least eight independent pictures. Every condition was tested at least in
duplicates, each replicate consisting in at least eight independent images. Presented
here are results from pooled replicates.

In order to observe KOFP-7-based fluorescence in V. diazotrophicus, we grew cells V.
diazotrophicus in LB + Trim. One hundred microliters of these overnight precultures were
used to inoculate 20 mL LB + Trim either under aerobic condition (in 100 mL Erlenmeyer
with shaking) or under anaerobic condition (18 cm glass tubes as described above) and
200 pL of NaNOs3. After 12 hours (for aerobic cultures) or 24 hours (for anoxic cultures),
drops of the cultures were deposited onto agarose patch and immediately monitored by
epifluorescence microscopy.

Statistical analyses

All statistical analyses were performed using GraphPad Prism. An ordinary one-way
analysis of variance with Tukey test was performed for all comparisons. P-values <0.05
were considered statistically significant.

ACKNOWLEDGMENTS

The authors would like to thank Jordan Vacheron (DMF, University of Lausanne) and
Eric Giraud (IRD Montpellier) for sharing the pOT1e and pMG103-nptll-mcherry plasmids,
respectively.

This work was supported by the “Rising Star” (Pays de la Loire Region) and “DBM”
(CNRS-INSB) grants, awarded to F.D. P.C. was supported by the CNRS-MITI (GdR OMER).

Month XXXX Volume 0 Issue 0

Microbiology Spectrum

10.1128/spectrum.04091-2310

Downloaded from https://journals.asm.org/journal/spectrum on 05 March 2024 by 2001:660:7220:389:1414:2075:1f21:777e.


https://doi.org/10.1128/spectrum.04091-23

Research Article

AUTHOR AFFILIATIONS

'Nantes Université, CNRS, US2B, UMR6286, Nantes, France
’Laboratoire Chimie et Biochimie de Molécules Bioactives, Université de Stras-
bourg/CNRS, UMR7177, Strasbourg, France

AUTHOR ORCIDs

Francois Delavat 2 http://orcid.org/0000-0002-5985-4583

FUNDING

Microbiology Spectrum

Funder

Grant(s)

Author(s)

Conseil Régional des Pays de la Loire (Région
Pays de la Loire)

Eva Agranier
Pauline Crétin

Aurélie Joublin-Delavat

Katia Touahri

Francois Delavat

Centre National de la Recherche Scientifique DBM
(CNRS)

Eva Agranier
Pauline Crétin

Aurélie Joublin-Delavat

Katia Touahri

Francois Delavat

Centre National de la Recherche Scientifique GdR OMER - MITI
(CNRS)

Pauline Crétin
Francois Delavat

AUTHOR CONTRIBUTIONS

Eva Agranier, Data curation, Formal analysis, Investigation, Methodology, Writing —
review and editing | Pauline Crétin, Data curation, Formal analysis, Investigation,
Methodology, Writing — review and editing | Aurélie Joublin-Delavat, Data curation,
Formal analysis, Investigation, Methodology, Writing — review and editing | Léa Veillard,
Formal analysis, Writing — review and editing | Katia Touahri, Data curation, Formal
analysis, Investigation, Methodology, Writing — review and editing | Frangois Dela-
vat, Conceptualization, Data curation, Formal analysis, Funding acquisition, Investiga-
tion, Methodology, Project administration, Resources, Software, Supervision, Validation,

Visualization, Writing — original draft, Writing — review and editing

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Tables S1 to S3 (Spectrum04091-23-s0001.pdf). Strains, plasmids, and primers used in
this study.

REFERENCES

1.

Shimomura O, Johnson FH, Saiga Y. 1962. Extraction, purification and
properties of aequorin, a bioluminescent protein from the luminous
hydromedusan, Aequorea. J Cell Comp Physiol 59:223-239. https://doi.
0rg/10.1002/jcp.1030590302

Cranfill PJ, Sell BR, Baird MA, Allen JR, Lavagnino Z, de Gruiter HM,
Kremers G-J, Davidson MW, Ustione A, Piston DW. 2016. Quantitative
assessment of fluorescent proteins. Nat Methods 13:557-562. https://
doi.org/10.1038/nmeth.3891

Month XXXX Volume 0 Issue 0

Heim R, Prasher DC, Tsien RY. 1994. Wavelength mutations and
posttranslational autoxidation of green fluorescent protein. Proc Natl
Acad Sci U S A 91:12501-12504. https://doi.org/10.1073/pnas.91.26.
12501

Lacroix EM, Mendillo J, Gomes A, Dekas A, Fendorf S. 2022. Contribu-
tions of anoxic microsites to soil carbon protection across soil textures.
Geoderma  425:116050.  https://doi.org/10.1016/j.geoderma.2022.
116050

10.1128/spectrum.04091-2311

Downloaded from https://journals.asm.org/journal/spectrum on 05 March 2024 by 2001:660:7220:389:1414:2075:1f21:777e.


https://doi.org/10.1128/spectrum.04091-23
https://doi.org/10.1002/jcp.1030590302
https://doi.org/10.1038/nmeth.3891
https://doi.org/10.1073/pnas.91.26.12501
https://doi.org/10.1016/j.geoderma.2022.116050
https://doi.org/10.1128/spectrum.04091-23

Research Article

Month XXXX Volume 0

Schmidtko S, Stramma L, Visbeck M. 2017. Decline in global oceanic
oxygen content during the past five decades. Nature 542:335-339. https:
//doi.org/10.1038/nature21399

Muller B, Bryant LD, Matzinger A, Wiiest A. 2012. Hypolimnetic oxygen
depletion in eutrophic lakes. Environ Sci Technol 46:9964-9971. https://
doi.org/10.1021/es301422r

Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M,
Gill SR, Nelson KE, Relman DA. 2005. Diversity of the human intestinal
microbial flora. Science 308:1635-1638. https://doi.org/10.1126/science.
1110591

Bertout JA, Patel SA, Simon MC. 2008. The impact of O, availability on
human cancer. Nat Rev Cancer 8:967-975. https://doi.org/10.1038/
nrc2540

Mukherjee A, Schroeder CM. 2015. Flavin-based fluorescent proteins:
emerging paradigms in biological imaging. Curr Opin Biotechnol 31:16-
23. https://doi.org/10.1016/j.copbio.2014.07.010

Ransom EM, Ellermeier CD, Weiss DS. 2015. Use of mCherry Red
fluorescent protein for studies of protein localization and gene
expression in Clostridium difficile. Appl Environ Microbiol 81:1652-1660.
https://doi.org/10.1128/AEM.03446-14

Chia HE, Zuo T, Koropatkin NM, Marsh ENG, Biteen JS. 2020. Imaging
living obligate anaerobic bacteria with bilin-binding fluorescent
proteins. Curr Res Microb Sci 1:1-6. https://doi.org/10.1016/j.crmicr.
2020.04.001

Kumagai A, Ando R, Miyatake H, Greimel P, Kobayashi T, Hirabayashi Y,
Shimogori T, Miyawaki A. 2013. A bilirubin-inducible fluorescent protein
from eel muscle. Cell 153:1602-1611. https://doi.org/10.1016/j.cell.2013.
05.038

Phillips-Jones MK. 1993. Bioluminescence (lux) expression in the
anaerobe Clostridium perfringens. FEMS Microbiol Lett 106:265-270.
https://doi.org/10.1111/j.1574-6968.1993.tb05974.x

Drepper T, Eggert T, Circolone F, Heck A, Krauss U, Guterl J-K, Wendorff
M, Losi A, Gértner W, Jaeger K-E. 2007. Reporter proteins for in vivo
fluorescence without oxygen. Nat Biotechnol 25:443-445. https://doi.
0rg/10.1038/nbt1293

Chapman S, Faulkner C, Kaiserli E, Garcia-Mata C, Savenkov El, Roberts
AG, Oparka KJ, Christie JM. 2008. The photoreversible fluorescent
protein iLOV outperforms GFP as a reporter of plant virus infection. Proc
Natl Acad Sci U S A 105:20038-20043. https://doi.org/10.1073/pnas.
0807551105

Mukherjee A, Walker J, Weyant KB, Schroeder CM. 2013. Characterization
of flavin-based fluorescent proteins: an emerging class of fluorescent
reporters. PLoS One 8:64753. https://doi.org/10.1371/journal.pone.
0064753

Ko S, Jeon H, Yoon S, Kyung M, Yun H, Na J-H, Jung ST. 2020. Discovery of
novel Pseudomonas putida flavin-binding fluorescent protein variants
with significantly improved quantum yield. J Agric Food Chem 68:5873-
5879. https://doi.org/10.1021/acs.jafc.0c00121

Buckley AM, Jukes C, Candlish D, Irvine JJ, Spencer J, Fagan RP, Roe AJ,
Christie JM, Fairweather NF, Douce GR. 2016. Lighting up Clostridium
difficile: reporting gene expression using fluorescent LOV domains. Sci
Rep 6:23463. https://doi.org/10.1038/srep23463

Issue 0

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

Microbiology Spectrum

Oliveira Paiva AM, Friggen AH, Douwes R, Wittekoek B, Smits WK. 2022.
Practical observations on the use of fluorescent reporter systems in
Clostridioides difficile. Antonie Van Leeuwenhoek 115:297-323. https://
doi.org/10.1007/s10482-021-01691-8

Delavat F, Bidault A, Pichereau V, Paillard C. 2018. Rapid and efficient
protocol to introduce exogenous DNA in Vibrio harveyi and Pseudoalter-
omonas sp. J Microbiol Methods 154:1-5. https://doi.org/10.1016/j.
mimet.2018.09.022

Norfolk WA, Lipp EK. 2023. Use and evaluation of a pES213-derived
plasmid for the constitutive expression of GFP protein in pathogenic
vibrios: a tagging tool for in vitro studies. Microbiol Spectr 11:€0249022.
https://doi.org/10.1128/spectrum.02490-22

Kovach ME, Elzer PH, Hill DS, Robertson GT, Farris MA, Roop RM,
Peterson KM. 1995. Four new derivatives of the broad-host-range
cloning vector pBBRI1MCS, carrying different antibiotic-resistance
cassettes. Gene 166:175-176. https://doi.org/10.1016/0378--
1119(95)00584-1

Delavat F, Mitri S, Pelet S, van der Meer JR. 2016. Highly variable
individual donor cell fates characterize robust horizontal gene transfer
of an integrative and conjugative element. Proc Natl Acad Sci U S A
113:E3375-E3383. https://doi.org/10.1073/pnas.1604479113

Sezonov G, Joseleau-Petit D, D'Ari R. 2007. Escherichia coli physiology in
Luria-Bertani broth. J Bacteriol 189:8746-8749. https://doi.org/10.1128/
JB.01368-07

Joublin-Delavat A, Touahri K, Crétin P, Morot A, Rodrigues S, Jesus B,
Trigodet F, Delavat F. 2022. Genetic and physiological insights into the
diazotrophic activity of a non-cyanobacterial marine diazotroph. Environ
Microbiol 24:6510-6523. https://doi.org/10.1111/1462-2920.16261
Morot A, El Fekih S, Bidault A, Le Ferrand A, Jouault A, Kavousi J, Bazire A,
Pichereau V, Dufour A, Paillard C, Delavat F. 2021. Virulence of Vibrio
harveyi ORM4 towards the European abalone Haliotis tuberculata
involves both quorum sensing and a type Ill secretion system. Environ
Microbiol 23:5273-5288. https://doi.org/10.1111/1462-2920.15592
Allaway D, Schofield NA, Leonard ME, Gilardoni L, Finan TM, Poole PS.
2001. Use of differential fluorescence induction and optical trapping to
isolate environmentally induced genes. Environ Microbiol 3:397-406.
https://doi.org/10.1046/j.1462-2920.2001.00205.x

Bonaldi K, Gherbi H, Franche C, Bastien G, Fardoux J, Barker D, Giraud E,
Cartieaux F. 2010. The Nod factor-independent symbiotic signaling
pathway: development of Agrobacterium  rhizogenes-mediated
transformation for the legume Aeschynomene indica. Mol Plant Microbe
Interact 23:1537-1544. https://doi.org/10.1094/MPMI-06-10-0137

Le Roux F, Binesse J, Saulnier D, Mazel D. 2007. Construction of a Vibrio
splendidus mutant lacking the metalloprotease gene vsm by use of a
novel counterselectable suicide vector. Appl Environ Microbiol 73:777-
784. https://doi.org/10.1128/AEM.02147-06

Jouanneau S, Durand MJ, Courcoux P, Blusseau T, Thouand G. 2011.
Improvement of the identification of four heavy metals in environmental
samples by using predictive decision tree models coupled with a set of
five bioluminescent bacteria. Environ Sci Technol 45:2925-2931. https:/
doi.org/10.1021/es1031757

10.1128/spectrum.04091-2312

Downloaded from https://journals.asm.org/journal/spectrum on 05 March 2024 by 2001:660:7220:389:1414:2075:1f21:777e.


https://doi.org/10.1038/nature21399
https://doi.org/10.1021/es301422r
https://doi.org/10.1126/science.1110591
https://doi.org/10.1038/nrc2540
https://doi.org/10.1016/j.copbio.2014.07.010
https://doi.org/10.1128/AEM.03446-14
https://doi.org/10.1016/j.crmicr.2020.04.001
https://doi.org/10.1016/j.cell.2013.05.038
https://doi.org/10.1111/j.1574-6968.1993.tb05974.x
https://doi.org/10.1038/nbt1293
https://doi.org/10.1073/pnas.0807551105
https://doi.org/10.1371/journal.pone.0064753
https://doi.org/10.1021/acs.jafc.0c00121
https://doi.org/10.1038/srep23463
https://doi.org/10.1007/s10482-021-01691-8
https://doi.org/10.1016/j.mimet.2018.09.022
https://doi.org/10.1128/spectrum.02490-22
https://doi.org/10.1016/0378-1119(95)00584-1
https://doi.org/10.1073/pnas.1604479113
https://doi.org/10.1128/JB.01368-07
https://doi.org/10.1111/1462-2920.16261
https://doi.org/10.1111/1462-2920.15592
https://doi.org/10.1046/j.1462-2920.2001.00205.x
https://doi.org/10.1094/MPMI-06-10-0137
https://doi.org/10.1128/AEM.02147-06
https://doi.org/10.1021/es1031757
https://doi.org/10.1128/spectrum.04091-23

	Development and utilization of new O2-independent bioreporters
	RESULTS
	Constructions with KOFP-7 allow in cellulo fluorescence under aerobic conditions
	KOFP-7-based bioreporters are fluorescent in single bacterial cells
	Constructions with KOFP-7 allow in cellulo fluorescence under anaerobic conditions
	KOFP-7-based constructions allow cell fluorescence in various bacterial species

	DISCUSSION
	MATERIALS AND METHODS
	Strain and culture conditions
	Construction of plasmids with constitutive kofp-7 expression
	Strain constructions
	Fluorescence quantification by fluorimetry
	Fluorescence quantification by microscopy
	Statistical analyses



