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INTRODUCTION

Fluorine (F), the most electronegative and reactive
element of the periodic table, is widely found either in
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Abstract

The presence of mineral fluoride (F™) in the environment has both a geogenic
and anthropogenic origin, and the halide has been described to be toxic in vir-
tually all living organisms. While the evidence gathered in different microbial
species supports this notion, a systematic exploration of the effects of F~
salts on the metabolism and physiology of environmental bacteria remained
underexplored thus far. In this work, we studied and characterized tolerance
mechanisms deployed by the model soil bacterium Pseudomonas putida
KT2440 against NaF. By adopting systems-level omic approaches, including
functional genomics and metabolomics, we gauged the impact of this anion
at different regulatory levels under conditions that impair bacterial growth.
Several genes involved in halide tolerance were isolated in a genome-wide
Tn-Seq screening—among which crcB, encoding an F-specific exporter,
was shown to play the predominant role in detoxification. High-resolution
metabolomics, combined with the assessment of intracellular and extracellu-
lar pH values and quantitative physiology experiments, underscored the key
nodes in central carbon metabolism affected by the presence of F~. Taken
together, our results indicate that P. putida undergoes a general, multi-level
stress response when challenged with NaF that significantly differs from that
caused by other saline stressors. While microbial stress responses to saline
and oxidative challenges have been extensively studied and described in the
literature, very little is known about the impact of fluoride (F~) on bacterial
physiology and metabolism. This state of affairs contrasts with the fact that
F~ is more abundant than other halides in the Earth crust (e.g. in some soils,
the F~ concentration can reach up to 1 mg gsoi ). Understanding the global
effects of NaF treatment on bacterial physiology is not only relevant to
unveil distinct mechanisms of detoxification but it could also guide microbial
engineering approaches for the target incorporation of fluorine into value-
added organofluorine molecules. In this regard, the soil bacterium P. putida
constitutes an ideal model to explore such scenarios, since this species is
particularly known for its high level of stress resistance against a variety of
physicochemical perturbations.

the form of mineral fluoride (F™) salts, including the
free F~ anion itself, or as organofluorine compounds
(Cheng & Ma, 2021; Greenwood & Earnshaw, 1984;
Gribble, 2002). Estimated to be the 13th most
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abundant element in the Earth crust, F is widespread
in soils and water (Chahine et al., 2022; Mason &
Moore, 1982). Although the concentration of F~ tends to
be rather low in unpolluted areas, its abundance can
locally increase to rather significant levels as a result of
natural phenomena, e.g. volcanic or geothermal activity.
Moreover, the presence of organofluorine compounds in
multiple industrial applications had led to human activity-
related increases of the F~ concentration in natural envi-
ronments (Harsanyi & Sandford, 2015; Wackett, 2021a).
This is the case of polluted waters derived from
untreated industrial waste that comprises, among other
examples, effluents from chemical plants manufacturing
organofluorine compounds or aluminium smelters
(Camargo, 2003; Muini et al., 2012). F~ is likewise used
as an additive in dental hygiene products due to its multi-
ple (yet controversial) beneficial effects—which include
reducing the incidence of cavities, promoting enamel re-
mineralization and the general antimicrobial effect of the
anion on the oral microbiota (Bradshaw et al., 1990;
Johnston & Strobel, 2020).

Over the years, the toxicity of F~ has been studied
in a variety of organisms—from algae and other
aquatic species (Bhatnagar & Bhatnagar, 2004;
Camargo, 2003) to mixed bacterial populations,
e.g. dental biofilms, wastewater communities or even
in the rat microbiome (Bradshaw et al., 2002; Dionizio
et al.,, 2021; Hamilton, 1990; Marquis, 1995; Ochoa-
Herrera et al., 2009). The impact of F~ on microbial
physiology has been likewise assessed in individual
bacterial species that form part of the oral and skin
microbiota, e.g. Streptococcus mutans (Cai et al., 2017;
Damé-Teixeira et al., 2019; Liao et al., 2017), Bifidobac-
terium sp. (Manome et al., 2019) and Streptococcus
pyogenes (Thongboonkerd et al., 2002), as well as in
natural isolates of Enterobacter cloacae (Liu
et al., 2017) endowed with high tolerance towards F~
salts. A conclusion shared by these studies is that F~
negatively affects the performance of a number of key
enzymes in central carbon metabolism. A critical exam-
ple of this sort is the inhibition of both enolase and F-
ATPase, although F~ salts also exert an inhibitory
impact on pyrophosphatases and catalases (Baykov
et al, 2000; Li, 2003; Ma et al.,, 2014; Marquis
et al,, 2003; Qin et al., 2006; Samygina et al., 2007;
Wackett, 2021b, 2021c). Considering this circumstance,
it does not come as a surprise that bacteria evolved F~
tolerance mechanisms, the most widespread of which is
represented by specific membrane exporters that keep
low intracellular F~ levels (Baker et al., 2012; Mcllwain
et al., 2021). Two unrelated classes of F~-detoxifying
transporters have been described thus far: (i) the CLC-
type F/H' antiporter, a subclass of the widespread
CLC (voltage-gated chloride channel) superfamily of
anion-transport proteins (Stockbridge et al., 2012) that
includes the EriC™ transporter of Pseudomonas syringae
and (ii) a group of small membrane proteins generically
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known as the ‘Fluc’ family, which comprises the
CrcB F~ channel of Escherichia coli (Last
et al., 2016; Stockbridge et al., 2013). Additionally,
mineral F~ is released during microbial biodegrada-
tion of organofluorines (Bygd et al., 2021; Neilson &
Allard, 2002; Wackett, 2021a; Wackett, 2022;
Wirth & Nikel, 2021), and anion export seems to play
a role in mitigating its toxic effects under biodegrada-
tion conditions.

Recent developments in synthetic biology have
enlarged the portfolio of building blocks produced by
engineered bacteria to include organofluorines
(Cheng & Ma, 2021; Cros et al., 2022; Wu et al., 2020).
We have recently engineered the model environmental
bacterium Pseudomonas putida towards production of
fluorometabolites from mineral F~ (Calero et al., 2020;
Pardo et al., 2022)—yet the effects of these salts on
the bacterial physiology remain unstudied. Pseudomo-
nas putida is well known for its tolerance towards differ-
ent stress conditions, e.g. solvents (Bitzenhofer
et al, 2021; Kieboom et al, 1998; Mosqueda
et al.,, 1999) and toxic aromatic compounds (Calero
et al., 2018; Fernandez-Cabezon et al., 2022), and has
garnered recognition as a robust bacterial cell factory
(Nikel et al., 2016a; Volke et al., 2020a, 2022; Weimer
et al., 2020). Thus, understanding the impact of F~ on
the metabolism of P. putida has broad interest not only
from a fundamental perspective but also in terms of
metabolic engineering aimed at organofluorine biosyn-
thesis. Hence, in this work, we attempted to elucidate
the effects of F~ on the physiology and metabolism of
P. putida KT2440 using a multi-omic approach that
includes transposon insertion sequencing (Th-Seq),
genetic dissection of key functions relevant for salt tol-
erance, quantitative physiology experiments and
network-wide, high-resolution metabolomic profiling.
Our results indicate that the F~ ion exerts a multi-level
effect on P. putida, unique and different when com-
pared to that brought about by other halides, which
leads to a significant restructuring of central carbon
metabolism towards counteracting the toxic effects of
fluoride salts.

EXPERIMENTAL PROCEDURES

Bacterial strains, plasmids and culture
conditions

The bacterial strains and plasmids employed in this
study are listed in Table 1. Unless otherwise stated,
P. putida KT2440 was routinely grown at 30°C in lysog-
eny broth (LB) medium or onto LB agar plates accord-
ing to standard protocols (Sambrook & Russell, 2001).
M9 minimal medium containing 5 g L~ glucose as the
only carbon source (Abrili et al., 1989; Nikel
et al., 2016b; Sanchez-Pascuala et al., 2019) was used
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TABLE 1

Strain or plasmid
Strains
E. coli DH5«

P. putida KT2440

P. putida KT2440::mini-Tn7
(Gm)::mini-Tn5(Km)::GFP

P. putida AcrcB
P. putida ArarA
P. putida AprtR
P. putida AlapA
P. putida AlapD
P. putida AflhA
P. putida AyijP
P. putida Aorn
P. putida AdusB
P. putida AvacB
Plasmids
pS441-FRSv1

pGNW2

pGNW2-ArarA
pGNW2-AprtR
pGNW2-AlapA
pGNW2-AlapD
pGNW2-AflhA
pGNW2-AyijP
pGNW2:-Aorn
pGNW2-AdusB
pGNW2-AvacB
pSEVA628S

pS2513.PHP

CALERO ET AL.

Bacterial strains and plasmids used in this study

Relevant characteristics®

Cloning host; F~ A~ endA1 ginX44(AS) thiET recA1 relA1 spoT1 gyrA96(Nal®) rfbC1
deoR nupG ®80(lacZAM15) A(argF-lac)U169 hsdR17(rx~ mx™)

Wild-type strain; derivative of P. putida mt-2 cured of the TOL plasmid pWWO, hsdR1

P. putida KT2440 derivative, pooled library of mini-Tn5 insertions in a strain inserted
with @ mini-Tn7(Gm) and GFP* background, Km” GmP

P. putida KT2440 derivative, in-frame deletion of crcB (PP_4001)
P. putida KT2440 derivative, in-frame deletion of rarA (PP_4002)
P. putida KT2440 derivative, in-frame deletion of prtR (PP_2889)
P. putida KT2440 derivative, in-frame deletion of lapA (PP_0168)
P. putida KT2440 derivative, in-frame deletion of lapD (PP_0165)
P. putida KT2440 derivative, in-frame deletion of flhA (PP_4344)
P. putida KT2440 derivative, in-frame deletion of yijP (PP_2579)
P. putida KT2440 derivative, in-frame deletion of orn (PP_4902)
P. putida KT2440 derivative, in-frame deletion of dusB (PP_4820)
P. putida KT2440 derivative, in-frame deletion of vacB (PP_4880)

Plasmid-borne fluoride biosensor based on a fluoride-responsive riboswitch (FRS);
derivative of vector pPSEVA441 (Silva-Rocha et al., 2013), FRSv1 — msfGFP;
St

Plasmid for introducing genome deletions in Gram-negative bacteria; derivative of
vector pEMG (Martinez-Garcia & de Lorenzo, 2011) carrying P45 — msfGFP;
Km~

Derivative of vector pGNW?2 for deletion of rarA (PP_4002) in P. putida KT2440
Derivative of vector pGNW?2 for deletion of prtR (PP_2889) in P. putida KT2440
Derivative of vector pPGNW?2 for deletion of lapA (PP_0168) in P. putida KT2440
Derivative of vector pGNW?2 for deletion of lapD (PP_0165) in P. putida KT2440
Derivative of vector pGNW?2 for deletion of flhA (PP_434) in P. putida KT2440
Derivative of vector pGNW?2 for deletion of yijP (PP_2579) in P. putida KT2440
Derivative of vector pPGNW?2 for deletion of orn (PP_4902) in P. putida KT2440
Derivative of vector pPGNW?2 for deletion of dusB (PP_4820) in P. putida KT2440
Derivative of vector pPGNW?2 for deletion of vacB (PP_4880) in P. putida KT2440
Helper plasmid for genomic deletions; oriV(RK2), xyIS, Pm — I-Scel; Gm®

Plasmid-borne intracellular pH biosensor; derivative of vector pPSEVA2513 (Silva-
Rocha et al., 2013), Pgy; — msfGFP; Km®

@Antibiotic markers: Gm, gentamicin; Km, kanamycin; Nal, nalidixic acid; Rif, rifampicin; Str, Streptomycin.
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for all the gene expression and microbial physiology
assays. Escherichia coli DH5a was used as a host for
cloning and plasmid maintenance and was grown in LB
at 37°C. When relevant, antibiotics were used at the fol-
lowing final concentrations: chloramphenicol (Cm),
30 ug ml~"; kanamycin (Km), 50 pg ml~"; gentamicin
(Gm), 10 pg mi~'; and streptomycin (Str), 100 pg ml~".
Electrocompetent P. putida cells were prepared by
washing the biomass from an overnight culture (in LB
medium) with 300 mM sucrose (Volke et al., 2020b,
2020c). Sodium fluoride (NaF) was purchased from
Sigma-Aldrich (St. Louis, MO, USA; cat. # 201154) and

used as stressor and inducer of the fluoride-responsive
riboswitch (FRS) as indicated in the text.

General DNA manipulations and
construction of plasmids and mutant
strains

Plasmids for gene deletion of targets identified in the
Tn-Seq experiments were constructed by amplifying
the upstream and downstream regions of the corre-
sponding genes using the primers described in
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Table S1, and assembling the homology regions by
USER cloning (Geu-Flores et al., 2007) into the sui-
cide plasmid pGNW2 (Wirth et al., 2020). Clean gene
deletions in P. putida were constructed by I-Scel
meganuclease-mediated homologous recombination
as described by Volke et al. (2020b). The correctness
of gene deletions was verified by DNA sequencing.

Fluoride toxicity assays

Overnight cultures of P. putida KT2440 and P. putida
AcrcB were diluted 20 times in 10 ml of modified
M9 minimal medium containing different NaF concen-
trations. Cells were grown in 96-well microtiter plates
(flat bottom; Greiner Bio-One, Fredensborg, Denmark)
at 30°C and medium agitation in an ELx808 microtiter
plate reader (BioTek Instruments Inc., Winooski, VT,
USA). Cells exposed to NaF at various concentrations
were incubated in the microtiter plate reader for 24 h,
and bacterial growth was followed by taking optical
density at 600 nm (ODgoo) readings every 30 min.
ODgqo values after 20 h were selected to calculate and
plot the minimal inhibitory concentrations (MICs) in con-
nection to NaF treatments. The NaF concentrations
used to this end were 0, 25, 50, 75, 125, 200 and
250 mM for P. putida KT2440, and 0, 0.1, 0.5, 1 and
5 mM for P. putida AcrcB. To analyse the growth pro-
file of mutants identified in the Th-Seq experiments,
overnight cultures of P. putida KT2440 and the corre-
sponding mutants were diluted 20 times in 10 ml of
modified M9 minimal medium containing NaF at
25 mM. Cultures were then incubated in 96-well microti-
ter plates (flat bottom, Greiner Bio-one) at 30°C and
medium agitation in an ELx808 microtiter plate reader
(BioTek Instruments Inc.), and growth was followed by
measuring the ODggp every 30 min. ODggo values after
20 h of incubation were then selected to be plotted and
to calculate MICs as indicated previously (Calero
et al., 2020).

Analysis of growth curves and calculation
of kinetic parameters

Growth curves of P. putida KT2440 for quantitative
physiology experiments were assessed in batch cul-
tures performed in 50 ml of M9 minimal medium in
250-ml Erlenmeyer flasks at 30°C and with continuous
shaking at 180 rpm. Overnight cultures, previously
grown in M9 minimal medium with the corresponding
carbon source, were diluted to obtain an initial ODggq Of
0.1 in fresh M9 minimal medium or in the same medium
containing NaF 50 mM. Cultures were incubated under
the same conditions indicated above. Growth was fol-
lowed by measuring the ODgoq every hour. Specific
growth rates [ (h™')] and lag phases [1 (h)] were
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calculated as described by Nikel et al. (2015a) using
the following formulae:

H= [In (ODGOO at t) —1In (ODBOO at to)}/(t — to)

A=trop — [In (ODGQQ att) —1In (ODGOO at to)]/ﬂ

where trop is the time t when an increase of ODggo Up
to 0.05 is first noticed in any given culture.

Tn5 transposon mutant library screening
by growth-based selection

A Tn5 mutant library derived from P. putida KT2440::
mini-Tn7(Gm), i.e. P. putida KT2440::mini-Tn7(Gm)::
mini-Tn5(Km)::GFP (Calero et al., 2018), was used in
growth-based, Tn-Seq selection experiments under
NaF stressful conditions. Bacterial cryostocks, contain-
ing approximately individual 100,000 mutants
(as determined by colony counting on LB agar plates),
were thawed on ice, washed twice with fresh LB
medium and grown overnight in 50 ml of LB with proper
antibiotics at 30°C in 250-ml Erlenmeyer flasks as indi-
cated in the preceding section. A fraction of this over-
night LB medium culture was used to inoculate 50 ml of
M9 minimal medium with adequate antibiotics to a start-
ing ODgoo of 0.1 after washing the cells with
M9 minimal medium or M9 minimal medium supple-
mented with NaF at 50 mM. Cells were incubated at
30°C and 200 rpm and bacterial growth was followed
by measuring ODggo roughly every 2 h. When the cul-
tures reached late exponential phase (at an ODggp Of
approximately 2), the cells were harvested and stored
at —20°C prior to genome DNA (gDNA) extraction.
Three independent biological replicates were carried
out for each condition.

Library preparation for Tn-Seq screening
experiments

The gDNA libraries prepared from the control and
NaF-stressed cultures were obtained essentially as
described by Lennen and Herrgard (2014). In brief,
P. putida gDNA was extracted using the PureLink
Genomic DNA kit (Life Technologies Corp., Carlsbad,
CA, USA), and 3 pg of total gDNA was sheared in
300-bp fragments using an E220-focused ultrasonica-
tor (Covaris LLC, Woburn, MA, USA). End-repair
(NEBNext End repair module; New England BioLabs,
Ipswich, MA, USA) and A-tailing using the Klenow
fragment of the E. coli DNA polymerase | (Thermo Sci-
entific, Waltham, MA, USA) was performed on the
fragments prior to adding the adapters. Next, lllumina
TruSeq adapters were ligated using the NEBNext
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Quick Ligation Module (New England BioLabs) and
the transposon-chromosome junctions were amplified
by PCR with a primer specific for the adapter and a
biotinylated primer specific for the corresponding mini-
Tn5 inserts. Biotinylated PCR products were subse-
quently purified by affinity capture using the Dyna
MyOne streptavidin C1 beads (Thermo Scientific).
Library size distribution was validated by qPCR, using
the KAPA gPCR quantification kit, the Agilent RNA
6000 Pico kit and the Agilent 2100 Bioanalyzer
(Agilent Technologies Inc., Santa Clara, CA, USA).
Finally, the library was sequenced in an lllumina Inc.
(San Diego, CA, USA) MiSeq™ benchtop sequencer.

Time-course, high-resolution metabolomic
analysis of NaF-treated P. putida cultures

Pre-cultures of P. putida KT2440 and the AcrcB
mutant were incubated in 50-ml Falcon tubes contain-
ing 10 ml of M9 minimal medium supplemented with
glucose as the carbon source. The experiments were
set in a 100-ml glass mini-bioreactor with four lateral
baffles to increase aeration. The temperature was
maintained at 30°C by a water-thermostatic double
jacket, and the reactor setup was placed onto a mag-
netic agitator, keeping the stirrer speed at 800 rpm. An
aliquot of the pre-culture was inoculated in 50-ml of
M9 minimal medium (with the relevant additives) to an
initial ODggp of 0.05. The biomass in the sample used
as inoculum was centrifuged for 5 min at 5000g and
washed twice with M9 minimal medium without any car-
bon source to remove carry-over metabolites. When
the cultures reached an ODggg = 0.5, three 1-ml sam-
ples were taken as reference (termed tc in these
experiments). At tc, NaF was added to the reactor at
50 mM for cultures of P. putida KT2440 and 1 mM
for the AcrcB mutant. Next, samples were taken at 0
(i.e. immediately after NaF addition), 10, 20, 30, 45,
90, 180, 300, 600, 1800 and 5400 s. Each sample was
rapidly filtrated in MF Millipore™ membrane filter
(0.45-pm pore size; Sigma-Aldrich Co.) and the filter
containing the bacterial biomass was placed onto a
mini-Petri dish with 1 ml of quenching solution [40%
(vol./vol.) acetonitrile, 40% (vol./vol.) methanol and
100 mM formic acid] precooled to —20°C. The solution
containing the quenched biomass was transferred into
a 2-ml tube; the filter was rinsed with an extra 1-ml of
quenching solution and collected in the same tube.
Samples were promptly placed in a dry ice bath and
kept under these conditions for 30 min. Next, the sam-
ples were thawed and centrifuged at 13,0009 for 5 min
and the supernatants were transferred to a new tube,
where the solvents were evaporated in a SpeedVac
centrifuge for ca. 2 h at 45°C until they were fully dried.
Finally, the samples were stored at —80°C until analy-
sis. Just prior to metabolite analysis, the samples were

resuspended in 100 pl of LC-MS grade water. Two bio-
logical replicates were carried out as indicated above,
with technical duplicates for each experiment.

Chromatographic separation of metabolites was
done with an ACQUITY UPLC™ high-strength silica T3
column (1.8 pm x 2.1 mm x 30 mm, Agilent Technolo-
gies Inc.) in an HPLC apparatus (Shimadzu; Columbia,
MD, USA). A gradient of eluent A [10 mM acetic acid,
5% (vol./vol.) methanol, 10 mM tributylamine and 2%
(vol./vol.) 2-propanol] and 2-propanol was implemented
for metabolite separation as described by McCloskey
et al. (2018). The flow rate was set to 0.5 ml min~" with
a total run time of 4.4 min; the autosampler was kept at
10°C and the column oven was set at 40°C with an
injection volume of 10 pl. For metabolite identification
and determination, a mass spectrometer (QTrap™ AB
SCIEX mass spectrometer 5500) was operated in neg-
ative ion mode with the following settings: ionization
set, —4500; temperature, 500°C; curtain gas, 45; colli-
sion gas, high; ion source gas, 1; and ion source gas
pressure, 250 pound square inch™'. Peak intensities
for metabolites within central carbon metabolism were
obtained from this analysis by processing the raw mass
spectrometry data through the SmartPeak workflow
(Kozaeva et al., 2021; Kutuzova et al., 2020; Nikel
et al., 2009). Metabolomics data analysis was carried
out in Excel and the analysed data—metabolite fold
change (FC)—were used as input to visualize the data
in heatmap by using Seaborn Python package.

Assessing the intracellular F~
concentration with a fluoride-responsive
fluorescent biosensor

Plasmid pS441-FRSv1 (Calero et al., 2020), carrying a
monomeric superfolder gfp (msfGFP) gene under con-
trol of a synthetic riboswitch-promoter element, was
transformed into both the wild-type strain and the
P. putida deletion mutants constructed in this work and
selected according to the Tn-Seq analysis. The intracel-
lular F~ concentration in these strains was correlated to
the msfGFP fluorescence output. To this end, overnight
pre-cultures of strains carrying plasmid pS441-FRSv1
were diluted 20 times in 5 ml of M9 minimal medium
and the cell suspension was distributed in 96-well
microtiter plates (flat bottom; Greiner Bio-One, Krems-
munster, Austria). Cells were grown for 3 h at 30°C with
agitation at 300 rpm, after which the cultures were
added with NaF at 0, 0.25, 1 and 15 mM. The kinetics
of bacterial growth (estimated as the ODggo) and
msfGFP fluorescence, using wavelengths of excitation
and emission of 485 and 528 nm, respectively, were
followed in a SynergyMX microtiter plate reader
(BioTek Instruments Inc.) for 20 h. Measurements were
carried out every 10 min on three independent biologi-
cal replicates, and the normalized fluorescence values
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at 10 and 15 h after NaF addition were plotted and
compared across conditions.

Evaluating the impact of NaF on the
intracellular pH homeostasis

Changes in the intracellular change of pH in the
presence of NaF were studied by using a non-invasive,
pH-sensitive fluorescence biosensor (an engineered
variant of GFP) borne by plasmid pS2513-PHP (Arce-
Rodriguez et al., 2019). This plasmid was transformed
into the wild-type strain P. putida KT2440 and its
AcrcB mutant derivative. Overnight pre-cultures of
these transformed strains were diluted 20 times in
10 ml of M9 minimal medium and distributed in 96-well
microtiter plates (flat bottom; Greiner Bio-One). Cells
were grown for 4 h at 30°C and 300 rpm, after which
cultures of P. putida KT2440 were added with NaF at
0, 25 and 50 mM, whereas cultures of P. putida AcrcB
were supplemented with NaF at 0, 0.5 and 1 mM. The
kinetics of bacterial growth (estimated as the ODgqg)
and ratiometric fluorescence determinations, using
wavelengths of excitation and emission of 485 and
405 nm, respectively, were assessed in a SynergyMX
microtiter plate reader (BioTek Instruments Inc.) for
20 h. Measurements were carried out every 10 min on
three independent biological replicates, and the fluores-
cence ratios at 405 nm/485 nm were plotted and com-
pared across conditions.

Drops assays were also performed to study the
interplay between changes in the pH of the surrounding
medium and F~ toxicity. In this case, overnight cultures
of P. putida KT2440 and the AcrcB mutant, grown in
either LB medium or in M9 minimal medium, were seri-
ally diluted in the same fresh medium, and 10-pl of the
corresponding dilutions were spotted onto LB or
M9 minimal medium agar plates supplemented with
10 pg mi~" of phenol red (phenolsulfonphthalein) and,
in some cases, NaF at 1 mM. Droplets were let dry out
before placing the plates at 30°C for 24 or 48 h. Individ-
ual and combined cultures of the two strains were
assayed in these experiments as indicated in the text.

Data and statistical analysis

All the experiments reported in this article were inde-
pendently repeated at least twice (as indicated in the
corresponding figure or table legend), and the mean
value of the corresponding parameter + standard devi-
ation is presented. When relevant, the level of signifi-
cance of the differences when comparing results was
evaluated by means of the Student's t-test with
a = 0.01 or @ = 0.05 as indicated in the figure legends.

Reads obtained from lllumina sequencing were ini-
tially processed to discard unspecific sequences and
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trim the length of the correct ones to 120 bp, leaving
25 bp of gDNA sequence that can be used for align-
ment and comparison to the P. putida KT2440 genome.
Genes that were conditionally more abundant
(or underrepresented) under a given experimental con-
dition were identified using the ESSENTIALS pipeline
(Zomer et al., 2012). Up to three mismatched nt were
tolerated in the Th barcode sequence, and a minimum
20-nt sequence match was required for alignment.
Insertions were ignored near the 3'-end of genes, and
gene-level insertion counts were normalized across
samples using trimmed mean of M values (TMM). A
LOESS (i.e. locally weighted scatterplot smoothing)
regression was also applied to correct the bias due to
genomic location insertion. p-values were calculated
using the quantile-adjusted conditional maximum likeli-
hood method and adjusted with the Benjamini—
Hochberg procedure (Subramaniyam et al., 2019). The
P. putida KT2440 reference genome was obtained
from the GenBank entry NC_002947.3 (Belda
et al., 2016). Read counts per insertion site of the con-
trol and target samples were tested for significant differ-
ences, and those with a binary logarithm (log,) of the
FC lower than —2 or higher than 2, as well as a p-value
<0.05, were selected as conditionally essential genes
(Burby et al., 2017).

RESULTS AND DISCUSSION

Assessing the impact of F~ on the growth
of wild-type P. putida KT2440

The first step to evaluate the tolerance of P. putida
towards F~ entailed a quantitative assessment of the
MIC of this ion under different growth conditions—both
in rich medium (LB) and in M9 minimal medium added
with 5 g L~ glucose as the only carbon source. Thus,
wild-type P. putida KT2440 was cultivated in these cul-
ture media added with NaF at different concentrations
(up to 250 mM) in microtiter plates, and the optical den-
sity at 600 nm (ODggo) was followed over time to esti-
mate bacterial growth. After 20 h of incubation, we
found that P. putida tolerated NaF within different con-
centration ranges depending on the culture medium
used for the experiments [Figure 1(A)]. Cells could
grow in the presence of 75 mM NaF in LB medium up
to final ODggg values >70% of that registered in control
experiments (i.e. no F~ in the medium)—yet bacterial
growth in M9 minimal medium with glucose was
impaired even at the lowest NaF concentration tested.
When the halide was added to the media at 125 mM,
bacterial growth was similarly (and dramatically)
affected in both culture conditions [Figure 1(A)], with a
>90% reduction in ODggo values. Hence, the MIC of
NaF lies in the range of 75 mM in M9 minimal medium
and 125 mM in LB medium. We also reasoned that
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FIGURE 1 Impact of mineral F~ on growth profiles of P. putida KT2440. (A) Minimal inhibitory concentration (MIC) assays with different NaF
concentrations added to either LB medium (green) or M9 minimal medium containing 5 g L~" glucose as the only carbon source (orange).
Growth was estimated as the optical density measured at 600 nm (ODgq0) after 20 h of incubation. (B) MIC assays carried out by adding NaCl to
the culture media instead of NaF. (C) Growth curves of P. putida KT2440 in shaken-flask cultures in LB medium (grey circles) or LB medium
supplemented with 50 mM NaF (green triangles). (D) Time-course growth curves in Erlenmeyer flasks of P. putida KT2440 in M9 minimal
medium (grey circles) and M9 supplemented with 50 mM of NaF (orange triangles). In all cases, 5 g L~ glucose was added as the only carbon
source. (E) Tolerance of P. putida KT2440 to F~ in both rich and defined culture media. Time-resolved tolerance curves represent the ratio
between the bacterial growth (estimated as the ODgq) in the presence of 50 mM NaF and the growth in the control condition in LB medium
(green circles) and M9 minimal medium containing 5 g L~ glucose (orange triangles). (F) Quantitative physiology parameters (maximum specific
growth rate, umax and duration of the lag phase, ) for cultures of P. putida KT2440 in LB medium or M9 minimal medium containing 5 g L™
glucose, supplemented or not with 50 mM NaF. In all cases, the error bars represent standard deviations of average values calculated from at

least three independent experiments. Abbreviation: LB, lysogeny broth

Na™, the counterion of F~ in these experiments, could
exert a deleterious effect on growth when added at high
concentrations as the ones used in our experiments.
However, a similar impact on the growth patterns of
strain KT2440 was observed when the cells were incu-
bated in the presence of different KF concentrations in
M9 minimal medium with glucose (Figure S1 in the
Supporting Information). Furthermore, in order to dis-
criminate whether the effects seen in these cultures
were simply due to changes in the ionic strength
brought about by the addition of salts to the culture
media, MIC assays were performed using NaCl, widely
used as a saline stress agent (Hachicho et al., 2017).
In this case, cells could tolerate the salt up to 0.5 M,
and some growth could be detected even when LB
medium was supplemented with 1 M NaCl [Figure 1(B)].
These observations indicate that F~ exerts an impact on
bacterial growth unique to this halide.

Based on these preliminary experiments, we carried
out shaken-flask cultures of P. putida KT2440 incu-
bated in both media supplemented with 50 mM NaF
with the purpose of analysing the effect of F~ on quanti-
tative physiology parameters, e.g. the extension of the
lag phase (1) and the maximum specific growth rate

(umax)- Both kinetic parameters were affected by the
presence of the halide in the medium, although the final
ODggo values (upon 24 h of incubation) in these experi-
ments were remarkably similar to those reached in con-
trol cultures, without any added F~ [Figure 1(C,D)].
These observations would suggest that a recovery
effect (e.g. halide detoxification) occurs during expo-
nential growth, enabling the cells to cope with the
stressful conditions to reach a final biomass density
within the range of untreated cultures. This aspect was
evidenced by plotting the normalized growth of P.
putida (i.e. ODggo in the presence of NaF/ODggg in
untreated cultures) over time [Figure 1(E)]. Cultures
grown in M9 minimal medium with glucose had a rela-
tively stable behaviour, as judged by normalized growth
values that gradually decreased over the first 10 h. LB
medium cultures, in contrast, were strongly affected by
the presence of NaF during early exponential growth
(with normalized growth values immediately dropping
by >90%)—yet P. putida recovered faster in rich
medium than in M9 minimal medium. Figure 1(F) shows
the actual 1 and pmax values for all shaken-flask experi-
ments. Accordingly, umax Was reduced by 62% and
43% upon NaF treatment in LB and M9 minimal
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medium, respectively. In contrast, 1 increased by
3.5-fold in LB medium added with F~, while this growth
parameter was essentially unaffected in M9 minimal
medium containing glucose as the carbon substrate
[Figure 1(F)]. Prompted by these results, which point
to the existence of a potential F~ detoxification mecha-
nism, we investigated the genome-wide genetic basis
of the observed phenotypes as indicated in the next
section.

Tn-Seq identifies the pool of genes
involved in the tolerance of P. putida
towards F~

With the aim of identifying genes involved in the
response of P. putida KT2440 to F~, we adopted a
library of random mini-Tn5 insertions (Calero
et al., 2018) to perform a genome-wide Tn-Seq
analysis of cells exposed to NaF stress. This
transposon-insertion library consists of a pooled
mixture of individual P. putida clones carrying two
independent (mini-Tn7 and mini-Tn5) transposons
(Calero et al., 2018). The library was constructed in two
steps. First, the mini-Tn7 transposon, bearing a genta-
micin (Gm) resistance cassette, was integrated in the
genome to facilitate positive selection in subsequent
steps. Afterwards, the mini-Tn5 module, endowed with
a kanamycin (Km) resistance determinant, was ran-
domly inserted throughout the bacterial genome
(Table 1). The mini-Tn5 transposon module interrupts
genes at different positions of the open reading frame
(ORF) in a random fashion (Martinez-Garcia
et al., 2014), therefore part of the (non-lethal) insertion
mutants will display a phenotype under specific growth
conditions for which the cognate function is relevant.
The experimental pipeline used in the Tn-Seq experi-
ments involved four main steps [Figure 2(A)]:
(i) growth-based selection and clonal enrichment of P.
putida clones under control and stressful (i.e. in the
presence of NaF) conditions, (ii) extraction and prepa-
ration of gDNA libraries from these cultures, (iii) high-
resolution DNA sequencing of these gDNA libraries
and (iv) phenotypic characterization of the impact of
each isolated ORF, identified as to be involved in NaF
tolerance, by constructing in-frame deletion mutants of
strain KT2440.

As described in the first section of the article, the
addition of 50 mM NaF to M9 minimal medium with glu-
cose as the carbon source had a significant impact on
the cell physiology, but it still permits bacterial growth to
significant levels. Therefore, we selected this F~ con-
centration as the standard stress condition for library
enrichment and selection, using M9 minimal medium
with glucose as control. The growth of the mini-Tn5
libraries was monitored over time until they reached an
ODggo of ~2 [Figure 2(B)], when they were harvested
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for gDNA extraction. Under these culture conditions,
Jimax dropped from 0.46 h~" in the control experiment to
0.15h™ " in the presence of NaF [Figure 2(C)], consis-
tent with our previous observations in wild-type
P. putida cultures (Figure 1). Sequencing of the junc-
tions between the transposon and the bacterial genome
(i.e. at the landing spot) was achieved by generating an
enriched amplification library using a pUT-Km
transposon-specific oligonucleotide in order to enrich the
junctions (Calero et al., 2018; Lennen & Herrgard, 2014).
Using these generated libraries, we sought to identify
genes involved in tolerance towards F~ by comparing the
abundance of sequencing reads of each insertion found
in the target experimental conditions and control experi-
ments. Both (i) the binary logarithm of the fold change
[logo(FC)] of the reads-per-insertion parameter, which
indicates the difference in the abundance of readings for
each insertion in both conditions, and (ii) the p-values,
which assess the significance of that difference, were
used as the criteria for selection of candidate genes
(Burby et al., 2017).

Several genes were found to be important for the
growth of P. putida KT2440 when exposed to high F~
concentrations [Figure 2(D); Table 1 and Table S2 in
the Supporting Information]. The ORFs identified in this
screening experiment are scattered throughout the
genome of P. putida KT2440 [Figure 2(D)], which indi-
cates that there was no significant positional bias in the
Tn-Seq analysis. The top-scoring genes predicted to
confer either resistance to F~ are indicated in Figure 2
(E), together with the physical map of the chromosome
context and the actual number of mini-Tn5 insertions
found therein. The gene encoding the F~ exporter CrcB
had a top score [logo(FC) = -2.79 and p-
value = 0.0151; Table 2] among the functions expected
to confer NaF resistance. This observation does not
come as a surprise, given the known involvement of
CrcB in F~ detoxification in several bacterial species
(Mcliwain et al., 2021). The identification of such a short
length (374 bp) gene also served as an internal quality
control feature—indicating that the insertion library had
enough quality to be used to identify other genes
related to F~ toxicity. Interestingly, the upstream gene
in the operon where crcB is located, rarA (PP_4002),
was also identified as important for F~ tolerance. Three
independent mini-Tn5 insertions were found to be more
represented in the control experiment than in the stress
(+NaF) condition. RarA has been previously annotated
as a recombination factor, and it has been described as
having a role in the tolerance of P. putida towards the
acid stress brought about by HCI treatment (Reva
et al., 2006). We also discovered that prtR (PP_2889)
was involved in the resistance phenotype in these
experiments. PriR is annotated as a transmembrane o
factor, and it has been previously described to display
a role in P. fluorescens in controlling the formation of
extracellular proteases and siderophores, as well as
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FIGURE 2 Tn-Seqg-guided identification of genes relevant for bacterial growth in the presence of mineral F~. (A) Workflow of the
experimental procedure for Tn-Seq experiments. A Tn5 insertion library (transposons depicted as purple boxes) was used in growth assays
under control and stress (+NaF) conditions in order to assess differential growth of Tn5-insertion mutants of wild-type (WT) P. putida KT2440.
After harvesting the bacterial biomass, genome DNA (gDNA) was extracted and processed by mechanical shearing, A-tailing and ligation of
adapters (blue boxes), followed by PCR enrichment as indicated in Experimental procedures. The resulting library was subsequently analysed
by next-generation sequencing (MiSeq), and the number of readings under different experimental conditions were compared to assess the
differential abundance of individual insertions. Genes relevant for growth of strain KT2440 in the presence of NaF were identified, and the
deletion mutants in the corresponding genes (listed in Table 1) were constructed and characterized as described in the text. (B) Growth of the
library of Tn5-insertion mutants of P. putida KT2440 in M9 minimal medium containing 5 g L~ glucose as the only carbon source (grey) and the
same medium supplemented with 50 mM NaF (green). Growth was estimated as the optical density measured at 600 nm (ODegq0), and the
biomass was harvested for gDNA extraction and processing at the end-point (i.e. no further changes in ODgqo) for each culture condition.

(C) Specific growth rates of P. putida KT2440 grown under control conditions (M9 minimal medium containing 5 g L~ glucose, grey) and stress
conditions (+50 mM NaF, green). (D) Physical map of the genome of strain KT2440 identifying the insertion sites in relevant genes found in the
Tn-Seq assay. Insertions with a log,(fold change, FC) < —2 (genes relevant for survival in the presence of NaF) are shown in orange. Insertions
with a logo(FC) > 2 (mutations positively affecting growth with NaF) are indicated in green. (E) Genetic context of genes identified to be important
for bacterial growth in the presence of 50 mM NaF (orange) by Tn-Seq. The number of insertions is indicated with black arrowheads, and genes
highlighted in grey represent the genetic context of predicted operons. (F) Same as panel (E), but showing genes with positively affecting
insertions (green) and their genetic context. The same scale is used in panels (E) and (F)

temperature-dependent lipases and proteases (Burger
et al., 2000; Llamas et al., 2014; Song et al., 2014).
This gene was also identified in a high-throughput

screening towards enhanced fitness for aromatic sub-
strates conversion by engineered P. putida strains
(Eng et al., 2021).
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Furthermore, two genes related to biofilm formation
were recognized in the experiment, lapA (PP_0168)
and /apD (PP_0165). LapA is a massive surface adhe-
sion protein (the largest polypeptide in strain KT2440)
that participates in assembling cells during biofilm
formation (Benedetti et al., 2016; Loépez-Sanchez
et al., 2016). LapA modifies the hydrophobicity of cell
membranes and is necessary for both initial attachment
of P. putida and mature biofilm formation (El-Kirat-
Chatel et al., 2014). This protein seems to be also
involved in the tolerance of P. putida KT2440 towards
urea (Reva et al., 2006). LapD was also isolated in our
screening, probably due to its functional relationship
with LapA. LapD has been previously described as a
transmembrane protein that prevents LapA hydrolysis
(which would trigger biofilm dispersal) by inhibiting the
activity of the LapA-specific periplasmic protease LapG
(Gjermansen et al., 2010; Yousef-Coronado et al., 2011).
Two other genes selected in the Tn-Seq experiments
were involved in the regulation and synthesis of flagella,
i.e. fleQ (PP_4373) and flnA (PP_4344). Finally, two
genes recognized as being involved in the synthesis and
export of lipopolysaccharides, i.e. yijP (PP_2579) and
PP_1779 (Cuthbertson et al., 2010; Mumm et al., 2016),
were likewise isolated in this experiment. The identifica-
tion of such a significant number of genes involved in cell
membrane structure and integrity suggests that mem-
brane stability is of vital importance for the survival of
P. putida under F~ stress conditions. All the identified
genes, together with further explanations of their biological
role gathered from the literature, can be found in Table 2.
Taken together, these results indicate that F~ treatment is
connected to diverse physiological and regulatory func-
tions in P. putida KT2440—even when the actual number
of genes involved in the tolerance phenotype is relatively
small, as is the type and number of functional categories
to which these genes belong. Additionally, the loss of
function of five genes was identified to increase the
growth of P. putida KT2440 in the presence of F~, as Tn5
insertions in these sequences were more represented
in cultures added with NaF than in control experiments
[Figure 2(F) and Table S2 in the Supporting Information].
These genes included orn, dusB and vacB, in which sev-
eral independent insertions (up to 15 in the case of vacB)
were enriched in the presence of F~. Clean, in-frame
deletion mutants of strain KT2440 were constructed and
characterized as explained in the next section in order to
elucidate the role of the genes identified in the Th-Seq
experiments.

Phenotypic characterization of mutants of
P. putida KT2440 in the presence of F~

We selected some of the genes identified to play an
important role in F~ homeostasis (Table 2), and we
constructed in-frame, scar-less deletion mutants of
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P. putida KT2440—to circumvent any potential polar
effect brought about by transposon insertion (Hutchison
et al., 2019). Three of the genes identified as ‘detrimen-
tal’ for bacterial growth in the presence of F~ (Table S2
in the Supporting Information) were likewise selected
for quantitative physiology experiments. Hence, dele-
tion mutants of P. putida KT2440 in crcB, rarA, priR,
lapA, lapD, flhA and yijP (i.e. important genes for
growth in F7), and orn, dusB and vacB (i.e. insertions
potentially affecting positively growth in the presence of
the halide) were constructed by allelic replacement as
per the procedure described by Wirth et al. (2020). The
resulting mutant strains were individually grown in
microtiter plate cultures in M9 minimal medium added
with 5 g L' glucose, and in the same medium supple-
mented with NaF at 25 mM. Note that this NaF concen-
tration (half the amount used in the Tn-Seq
experiments) was selected as to still observe the nega-
tive impact of F~ on the cell physiology without
completely suppressing bacterial growth according to
the preliminary experiments shown in Figure 1—these
conditions are especially relevant for characterizing
mutants affected in tolerance against NaF. Specific
growth rates [Figure 3(A)] and the cell density after
20 h of incubation [Figure 3(B)] were compared in these
conditions as described in Experimental procedures,
using wild-type P. putida KT2440 as the reference. As
expected, both umax and the final cell density (ODggo,
optical density measured at 600 nm) were severely
affected in cultures of P. putida AcrcB when the
medium was supplemented with 25 mM NaF—which
essentially inhibited bacterial growth under these condi-
tions. Intermediate growth phenotypes between those
of the wild-type strain and the AcrcB mutant could be
detected in cultures of the remaining mutants. Pseudo-
monas putida ArarA, for instance, displayed a reduced
(ca. 50%) umax value in the presence of NaF compared
to the control experiment. F~ treatment did not affect
Umax Of P. putida AlapA and P. putida AlapD, although
the final ODggp Was reduced by >30% in comparison to
that in NaF-free control experiments. Taken together,
these experiments show that the genes isolated in the
Tn-Seq experiments are indeed involved in the
response of P. putida KT2440 to F~ treatment. The P.
putida strains carrying mutations in the genes orn,
dusB and vacB, which were identified in the Tn-seq
screening to have a better growth when disrupted, also
showed reduced-fitness phenotypes in the tested con-
ditions of F~ when compared to cultures of the wild-
type strain [Figure 2(F)]. Two of these genes (orn and
vacB) encode ribonucleases (i.e. a broad-range oligori-
bonuclease and the exoribonuclease R, respectively),
whereas DusB is identified as a tRNA dihydrouridine
synthase (Belda et al., 2016). Since these functions
could exert a pleiotropic effect, we cannot discard a
potential role of these genes in the general homeosta-
sis of P. putida—rather than a specific response to
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FIGURE 3 Phenotypic characterization of individual P. putida mutants in genes identified by the Tn-Seq screening. (A) Normalized growth
rates of mutant strains compared to wild-type P. putida KT2440 (WT) grown either under control conditions (M9 minimal medium containing

5g L~ glucose as the only carbon source, grey bars) or stressful conditions (+25 mM NaF, green bars). Dashed lines indicate a growth rate
identical to that of the WT strain. (B) Final cell density (estimated as the optical density measured at 600 nm, ODgqo) of the WT strain and the
individual P. putida mutants after 15 h of incubation (i.e. onset of the stationary phase) under control conditions (M9 minimal medium containing
5g L~ glucose, grey bars) and stressful conditions (+25 mM NaF, orange bars). (C) Intracellular F~ concentration estimated with a biosensor
based on the fluoride-sensitive riboswitch (FRS), which couples the presence of F~ with a fluorescent (msfGFP) output. Normalized msfGFP
fluorescence (indicated as the fold change) of the individual P. putida mutants carrying the FRS biosensor compared to the WT strain incubated
in the presence of different NaF concentrations (0, 0.25, 1 and 15 mM). Measurements were done after 10 or 15 h of incubation, and the dashed
line indicates fluorescence levels within the range of the WT strain. In all cases, error bars represent standard deviations of average values

calculated from at least three independent biological replicates

NaF—or that the effect of these functions is restricted
to very specific growth conditions. The identification of
general response functions in high-throughput screens
is a common feature of functional-genomic procedures,
and it has been described in several articles where P.
putida mutants are selected by enhanced fithess under
specific culture conditions (Eng et al., 2021; Thompson
et al., 2019, 2020).

Exploring the intracellular F~
concentration in wild-type and mutant P.
putida strains with a non-invasive fluoride-
responsive biosensor

The results so far indicate a general impact of F~ on
the cell physiology, and prompted the question of how
are the genes identified in the Tn-Seq experiment
involved at the molecular level. Thus, the next step in
this study was to assess the role of these genes in the

intracellular F~ homeostasis—especially at the light
that several genes isolated in the screening seem to be
involved in cell membrane-related processes, including
metabolite transport. Hence, the non-invasive F~ bio-
sensor based on a FRS (Calero et al, 2020) was
adopted to study the intracellular F~ levels in all rele-
vant strains. The FRS can be indirectly used as a
means to assess F~ concentrations owing to the con-
formation change in the secondary mRNA structure in
the presence of the anion. This conformational transi-
tion exposes a (buried) ribosome binding site, leading
to the translation of the reporter (i.e. msfGFP, a mono-
meric superfolder GFP). Plasmid pS441.FRSv1 con-
tains a synthetic element composed of the FRS of
Pseudomonas syringae controlling the expression of a
fusion protein construct. This fragment consists of the
leading sequence of eriC” (i.e. the gene regulated by
the FRS in its original context) and msfGFP, as well as
its original Poich promoter. We introduced plasmid
pS441-FRSv1, containing the FRS-based biosensor, in
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the P. putida mutants constructed herein (Table 1).
Fluorescence levels were measured in M9 minimal
medium cultures added with glucose in the presence
of different F~ concentrations during mid- to late-
exponential growth (10 and 15 h of incubation). In these
experiments, P. putida KT2440 and its AcrcB knock-
out derivative were used as negative and positive con-
trols of intracellular F~ accumulation, respectively, and
the fluorescence readout was normalized to that of the
wild-type strain under each culture condition. Expect-
edly, a clear msfGFP signal corresponding to a signifi-
cant intracellular F~ level could be observed in cultures
of P. putida AcrcB/pS441-FRSv1 exposed to the salt—
even when NaF was added at concentrations as low as
0.25 mM [Figure 3(C)]. The wild-type strain, in contrast,
tolerated the NaF challenge even at 15 mM, displaying
a low msfGFP output that indicates efficient F~ secre-
tion via CrcB. The AcrcB cells could not grow at 15 mM
NaF, and as a consequence, the biosensor output
could not be reliably assessed in these conditions. The
rest of the mutants in genes identified in our screening,
in contrast, could stably maintain low intracellular F~
levels when NaF was fed at concentrations up to 1 mM.
The only exception was P. putida ArarA, which already
showed a twofold increase in the fluorescence output
compared to the wild-type strain after 10 h of incubation
with 1 mM NaF. At the highest NaF concentration
tested, this mutant showed a fluorescence signal
sevenfold higher than the control strain after 15 h of
F~ exposure. A slight increase in the msfGFP read-
out could also be detected for the rest of the P.
putida mutants [Figure 3(C)]—yet the differences
were not significant compared to control experi-
ments. Taken together, these results indicate that
CrcB-dependent efflux of F~ ions is by far the pre-
dominant molecular mechanism against toxicity.
Building on this information, we decided to explore
the basis for the observed phenotype of P. putida
AcrcB when exposed to NaF.

The detoxifying role of CrcB is specific
for F~

At this point, it was clear that CrcB plays a central role
in F~ detoxification, as knocking out the gene encoding
this exporter led to a significant intracellular accumula-
tion of F~ that impaired growth even at very low NaF
concentrations. We decided to further explore the rele-
vance of CrcB by testing the phenotype of P. putida
AcrcB under different cultivation conditions. In the first
place, we assessed the MIC for F~ in 20-h microtiter
plate cultures of this mutant strain, finding that bacterial
growth was impaired when M9 minimal medium is sup-
plemented with as little as 0.5 mM NaF [Figure 4(A)].
This is an F~ concentration ca. 100-fold lower than the
amount needed to inhibit the growth of wild-type
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P. putida KT2440. When using rich LB medium, the MIC
shifted to a 10-fold higher F~ concentration—still signifi-
cantly lower than the NaF that would impair growth of
strain KT2440. Also, the growth of the AcrcB strain in
the presence of NaCl was slightly impaired compared
to wild-type P. putida, with a significant decrease in the
final ODgqo values when the M9 minimal medium was
supplemented with 0.5 M NaCl. After a 20-h incubation
under these conditions, the cultures of P. putida
KT2440 reached an ODgqq of ~0.6, whereas the AcrcB
mutant could only grow to an ODggg ~ 0.25 [Figure 4
(B)]. Furthermore, we were interested in exploring if the
sensitivity phenotype of the mutant strain is only evi-
denced in the presence of NaF or whether it extends to
other types of chemical insults beyond saline stress. To
this end, the growth of the wild-type P. putida strain
was compared to that of the mutant under acid stress
[HCI, Figure 4(C)] and oxidative stress [H2O,, Figure 4
(D), or N,N'-dimethyl-4,4'-bipyridinium dichloride
(paraquat), Figure 4(E)]. These stressful conditions
are known to trigger a general metabolic and physio-
logical response in P. putida (Nikel et al., 2016b,
2021). The growth pattern of both strains was similar
under all three stressful conditions (i.e. both the wild-
type strain and the AcrcB strain displayed a similar
sensitivity to the addition of HCI, H,O, or paraquat),
which indicates that CrcB is not directly involved in
the tolerance towards these stressors. The next step
was to investigate sensitivity to salts and physico-
chemical conditions that could facilitate NaF diffusion
into the cells.

Interplay between F~ toxicity and the
intracellular and extracellular pH

F~ toxicity has been described to be dependent on the
pH of the surrounding medium, due to the fact that
hydrogen fluoride (HF) is probably the form that dif-
fuses across cell membranes. HF is such a small mole-
cule that it would cross biological membranes through
water channels, including aquaporins (Marquis
et al., 2003). Additionally, some reports indicate that HF
hydrolyzes to H™ 4+ F~ upon the acid form is trans-
ported to the cytoplasm, thereby decreasing the intra-
cellular pH and mediating acid stress due to the
resulting HF < H* + F~ equilibrium (Johnston &
Strobel, 2020). If the equilibrium is displaced towards
HF dissociation, this phenomenon would partially col-
lapse the H' gradient and uncouple energy
metabolism—and probably other ion homeostatic pro-
cesses as well (Danchin & Nikel, 2019). In order to
examine whether the intracellular pH was affected in
P. putida KT2440 upon exposure to NaF, we used a
genetically encoded, non-invasive pH biosensor that
we have previously tailored for Pseudomonas species
and other Gram-negative bacteria (Arce-Rodriguez
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et al., 2019). This pH biosensor (termed PHP) is based
on a codon-optimized gene variant of the pH-sensitive
pHIluorin2 indicator protein, which displays changes in
the ratio between its two excitation peaks
(Aexcitation = 405 and 485 nm) upon pH variations occur.
This ratiometric change can be adopted to determine
variations in the intracellular pH. Here, we introduced
the PHP pH biosensor in a plasmid-based format into
P. putida KT2440 and the AcrcB strain, and grew the
resulting cells in M9 minimal medium to a similar cell
density whereupon NaF was added at different concen-
trations. The ratio in the excitation peaks at 405 and
485 nm was continuously followed over time to assess
changes in the intracellular pH [Figure 4(F)]. Expect-
edly, no significant changes in the fluorescence ratio
were detected in the absence of NaF. After spiking the
cultures with the salt, however, an almost immediate
increase in the pH was observed in all cultures, with a
clear difference observed between the experimental
conditions. The general trend observed was a lower
intracellular pH in cells exposed to higher NaF concen-
trations (i.e. we detected an inverse relationship
between the two parameters studied, which may indi-
cate that the HF — H* + F~ equilibrium is displaced
towards dissociation in the cytoplasmic milieu). The
qualitative differences in intracellular pH before and
after addition of NaF were similar in both strains, even
though the F~ concentrations that elicited such
response in P. putida AcrcB were much lower than
those used for the wild-type. This observation suggests
that, although F~ affected the intracellular pH in both
bacterial strains, the transporter mutant suffered acidifi-
cation of the cytoplasm even at low salt concentrations
[Figure 4(F)].

The effect of the extracellular pH on F~ toxicity
was likewise addressed. The growth of P. putida
KT2440 and its AcrcB derivative was evaluated by
spotting serial dilutions of bacterial suspensions onto
LB or M9 minimal medium plates in the presence or
absence of 1 mM NaF. In these experiments, the
culture media were supplemented with phenol red
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(phenolsulfonphthalein), a pH indicator that undergoes
a gradual transition from yellow (dgmission = 443 nm) to
red (lexcitation = 570 nm) over a pH range from 6.8 to
8.2 (Yamaguchi et al., 1997). Above pH = 8.2, phenol
red turns a bright pink (fuchsia) colour. In a rich
medium, such as LB broth, the growth of P. putida
mediated a change in the pH towards basicity, which
could be easily detected as phenol red turned fuchsia
under these conditions [Figure 4(G)]—probably since
amino acids and small peptides are the main source
of carbon, thereby releasing ammonia (Sanchez-
Clemente et al., 2018). On the contrary, in M9 minimal
medium with glucose as a carbon source, the growth
of cells acidified the medium as a consequence of glu-
conate and 2-ketogluconate formation (Nikel
et al., 2015b), thus turning the pH indicator into a yel-
low hue. Changes in the medium pH, in turn, affect
bacterial growth in the presence of F~ because HF
enters the cells more efficiently than the anionic form.
As shown above, the deletion of fluoride transporter in
bacterial cells leads to a higher concentration of F~ in
the cytoplasm than outside of the cell—the so-called
weak acid accumulation or jon trapping effect, which
affects the ability of cells lacking the transporter to
grow in the presence of NaF under acidic pH condi-
tions (Ji et al., 2014). This feature could be observed
when wild-type P. putida KT2440 and the AcrcB strain
were co-cultured next to each other [Figure 4(G)]. In
the media containing 1 mM NaF, P. putida AcrcB was
able to grow only when the plates were basified by the
growth of the wild-type strain. Conversely, the growth
of the crcB mutant was impaired in M9 minimal
medium with glucose, either co-cultured with the wild-
type or by itself [Figure 4(H)], highlighting that HF is
the active, toxic form of fluorine that affects bacterial
cells probably by direct permeation through the cell
membrane. Considering the results from bacterial
physiology experiments, the next relevant question in
this study was to investigate the metabolic impact of
adding F~ to cultures of P. putida using a systematic
metabolomic approach.

FIGURE 4 Physiological characterization of P. putida AcrcB in the presence of mineral F~. (A) Minimal inhibitory concentration (MIC) assay
of P. putida AcrcB exposed to increasing NaF concentrations after 20 h of incubation in either LB medium or M9 minimal medium containing
5g L~ glucose as the only carbon source. Growth was estimated as the optical density measured at 600 nm (ODgqo); dots represent individual
data per experiment with at least three independent cultures analysed per condition. (B) Same as in panel (A) but applying increasing NaCl
concentrations. (C) Growth curves of wild-type P. putida KT2440 and P. putida AcrcB in M9 minimal medium added with 5 g L~ glucose as the
only carbon source and HCI at different concentrations. (D) and (E) Same as in panel (C), but in this case cells were cultured in M9 minimal
medium (containing 5 g L~" glucose) added with either H,O, or paraquat (PQ, N,N'-dimethyl-4,4'-bipyridinium dichloride), respectively. In all
cases, error bars represent standard deviations of average values calculated from at least three independent biological replicates. (F) Changes
in the intracellular pH of P. putida KT2440 and P. putida AcrcB using a ratiometric, non-invasive pH biosensor (PHP). Cells were grown in

M9 minimal medium containing 5 g L™ glucose as the only carbon source, and the intracellular pH was followed over 2 h upon addition of NaF
(black arrow, at t = 0 min) by plotting the fluorescence ratio 405 nm/485 nm over time. The error bars represent standard deviations of at least
four technical replicates, and a representative experiment out of three independent biological replicates is shown. (G) Survival drop assays of

P. putida KT2440 and P. putida AcrcB in LB medium plates in the presence of the pH indicator phenol red. In some experiments, the culture
medium was added with 1 mM NaF, and the plates were incubated for 48 h at 30°C. Co-cultured strains indicate drops of the wild-type and
mutant strains that were incubated next to each other in the same plate. (H) Same as in panel (G), but the experiment was carried out in

M9 minimal medium plates containing 5 g L~ glucose as the only carbon source. Abbreviation: LB, lysogeny broth
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Network-wide metabolome re-organization
upon exposure of P. putida to F~

We assessed the effect of F~ exposure on intracellular
metabolite concentrations both in wild-type P. putida
KT2440 and the mutant AcrcB strain when the cells
grown on M9 minimal medium with glucose as the only
carbon source. Pseudomonas putida KT2440 runs a
cyclic glycolytic metabolism, composed by catabolic
and anabolic activities of the Entner—Doudoroff path-
way and the Embden—Meyerhof-Parnas (EMP) path-
way (in a gluconeogenic fashion), together with the
pentose phosphate (PP) pathway (Nikel et al., 2015b;
Volke et al., 2021). Thus, the architecture of the so-
called EDEMP cycle regenerates hexose phosphates
and favours catabolic NADPH formation [Figure 5(A)].
Here, we analysed the concentration of metabolites
within the EDEMP and the tricarboxylic acid (TCA)
cycles, together with several molecules within amino
acid biosynthesis pathway and redox metabolism,
using high-resolution, targeted LC-MS/MS analysis
(Figures S2—-S7 in the Supporting Information). In order
to provide a complete picture of the impact of NaF on
the metabolome, samples were taken at different time
points upon adding F~ to the culture medium, and the
results were represented as fold changes compared to
the metabolite concentration prior to the F~ challenge.
Due to the significant differences in F~ sensitivity of
either strain, in these experiments we used a NaF con-
centration that would cause a similar reduction in the
specific growth rate for P. putida KT2440 and the
AcrcB mutant (50 and 1 mM, respectively; see Fig-
ures 1 and 4).

Some key glycolytic metabolites were affected by
the F~ treatment [Figure 5(B)], e.g. glucose
6-phosphate (G6P, Figure S2) and phosphoenolpyr-
uvate (PEP, Figure S3). In general, we detected a trend
where metabolites within upper glycolysis (e.g. G6P,
sedoheptulose 7-phosphate, fructose 6-phosphate and
ribose 5-phosphate) accumulated over time upon NaF
addition in both P. putida strains. This accumulation of
sugar phosphates can be explained by a general inhibi-
tory effect of glycolytic enzymes by the halide. Several
of these enzymes require Mg®" and Mn?" for their
activity, and it has been shown that F~ sequesters the
cofactors and impairs enzyme activity in a rather
unspecific fashion (Adamek et al., 2005; Johnston &
Strobel, 2020). Moreover, we observed depletion of
PEP over time, highlighting the inhibition of the enolase
enzyme (which catalyses the penultimate step of the
EMP pathway, converting 3-phosphoglycerate to PEP),
one of the targets of NaF toxicity previously identified in
in vitro studies (Qin et al., 2006). F~ also affected the
metabolites of the TCA cycle, with a threefold and four-
fold change citrate depletion in P. putida KT2440 and
the AcrcB mutant, respectively (Figure S4). In this
sense, some enzymes of the TCA cycle are known to

be inhibited by F~ (e.g. aconitase and succinate dehy-
drogenase). Isocitrate dehydrogenase is a rather pecu-
liar case, as this enzyme has been shown to be both
inhibited and activated by F~ depending on the condi-
tions (Adamek et al., 2005). In any case, an imbalance
of the TCA cycle intermediates could be seen in the
two P. putida strains tested when F~ was present in
the culture medium.

Redox power was likewise affected by the halide,
especially at the level of NADPH and NADH, as both
seemed to be depleted in the presence of F~
(Figure S5). This observation could be explained either
by the partial inhibition of redox-active dehydroge-
nases, e.g. G6P dehydrogenase or the aforementioned
isocitrate dehydrogenase, or because of higher rates of
consumption of NAD(P)H to counterbalance the oxida-
tive stress imposed by NaF (Johnston & Strobel, 2019).
Interestingly, the gene encoding an NADP*-dependent
alcohol dehydrogenase (CurA, PP_2476) was also
identified in the Tn-Seq screening as to be relevant for
survival in the presence of F~, which, together with the
evidence gathered in physiology experiments, could
point to the fact that the F~ causes an effect in the
redox balance (Table 2). It is worth noticing that the
potential collapse of the H" gradient due to an increase
in the intracellular F~ concentration could rob the cell of
its capacity to couple energy metabolism to ATP
synthesis—as indicated by the imbalance in the cata-
bolic redox potential—which would directly impact
growth patterns.

Lastly, two amino acids accumulated when F~ was
present in the medium, i.e. L-tyrosine and r-methio-
nine—and this effect was especially evident when the
F~ transporter CrcB was removed (Figures S6 and S7).
We found that the gene encoding the last enzyme
involved in L-methionine synthesis, the Bi>-dependent
methionine synthase MetH, seemed to be relevant for
F~ tolerance in the Tn-Seq experiment (Table 2), pro-
viding evidence that L-methionine levels play a role in
the response to the halide. Importantly, the expression
of metH was also found to be upregulated in P. putida
KT2440 cultivated under other stress conditions,
e.g. addition of toluene and o-xylene (Dominguez-
Cuevas et al., 2006). L-Methionine biosynthesis is also
regulated as part of the general stress response in E.
coli (Hondorp & Matthews, 2004). Moreover, and rele-
vant for the conditions analysed herein, L-methionine
has been demonstrated to exert a protective role in rat
tissues in the presence of F~, probably mediated by an
activation of anti-oxidative enzymes (Btaszczyk
et al.,, 2010). The time-dependent accumulation of L-
tyrosine in the AcrcB mutant may also be explained as
a mechanism of defence against oxidative stress as
pointed previously (Liu et al., 2020; Zhang et al., 2021).
This aromatic amino acid was accumulated at elevated
levels that inversely correlate with the content of its
metabolic precursor, PEP. Taken together, these
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network-wide metabolomic results indicate that F~
mediates a general response in the distribution of
metabolites as the enzymes underlying their turnover
are affected by the halide (Adamek et al., 2005; Schenk
et al., 2008)—either because F~ binds to an essential
metal in the active site of a metalloprotein or due to the
complexing of F~ with metals, thus acting as a sub-
strate mimic (e.g. AIF,~ and BeF3-H,0).

CONCLUSION

Ever since F~ became widespread in a number of
environmental niches, both due to geogenic process
and human-related activities (e.g. fluoridation of drink-
ing water, which started just after World War Il), bacte-
ria evolved specific tolerance mechanisms against this
halide. However, a most interesting finding on the
capacities of bacteria to adapt to F~ salts is that the
main mechanism to counteract toxicity seems to be
active export. Furthermore, microbial organisms natu-
rally exposed to toxic F~ levels have developed
fluoride-sensing RNA devices (e.g. riboswitches, har-
nessed as biosensors in this study) to control the
expression of genes encoding proteins that relieve the
deleterious effects of this anion (Baker et al., 2012).
We have extended the analysis of toxicity tolerance by
screening a genome-wide Tn-Seq library in P. putida,
which singled out CrcB (the widespread F~ exporter)
as the predominant mechanism for alleviating the effects
of the halide. This finding is interesting since Pseudomo-
nas is a soil bacterium that thrives across a range of
environmental conditions (Volke et al., 2020a)—some of
them probably involving exposure to F~ salts. These
observations also relate to biogeochemical processes
comprising F~ salts and other elements in groundwater
and soil, suggesting that F~ concentration should be
considered when evaluating microbial response to envi-
ronmental conditions. Thus, the commonplace use of
NaCl as a stressor in microbial physiology studies may
not be the most representative chemical insult that soil
bacteria have to face in their natural environment. More-
over, ClI™ cannot coordinate metal ions in the way that
F~ does, adding an extra layer to the complex metabolic

and chemical response elicited by NaF compared to
other halide salts.

Since many of the actions of F~ are connected to its
weak-acid (or strong-base) character, the mechanism
of action of this anion is comparable to that of organic
weak acids, e.g. metabolic acids (acetate), food preser-
vatives, non-steroidal anti-inflammatory agents and
fatty acids—all of which act to de-energize the cell
membrane by dissipating ApH (Marquis et al., 2003).
These effects are further amplified by an acidic extra-
cellular pH and involve a significant impact on several
biochemical processes. Indeed, our findings indicate
that the metabolic response of P. putida to a challenge
with sub-lethal concentrations of NaF invokes a
network-wide re-arrangement of key metabolites within
central carbon metabolism that, in some cases, resem-
bles the alterations provoked by acid stress (Akkaya
et al., 2018; Corona et al., 2019; Reva et al., 2006).

Besides the body of experimental evidence related
to the treatment of bacterial cells with F~, as presented
here, an emerging prospect of our results is their poten-
tial application for biodegradation and biosynthesis of
organofluorines. As summarized by Wackett (2022) in
a recent report, efficient defluorination activities (either
native or engineered) will call for high levels of toler-
ance to increased intracellular F~ concentrations by the
microbial host. Pseudomonas genomes encode vari-
ous enzyme types that could potentially catalyse
defluorination, both through oxygenase-mediated bio-
degradation processes and activities typically involved
in anaerobic metabolism, e.g. radical S-adenosyl-L-
methionine class, vitamin B;>-mediated reductions, tyr-
osyl radical enzymes and aromatic dehydroxylating
reductases, among many others. While the actual activ-
ity of these enzymes in defluorination processes awaits
to be fully unveiled, it seems plausible that such degra-
dative enzymes could also had a role in shaping the
response of P. putida to F~ salts by releasing the
halide intracellularly. Moreover, the results discussed
herein will also guide future engineering approaches for
organofluorine  biosynthesis  (Nieto-Dominguez &
Nikel, 2020), where high F~ levels are required to both
trigger gene expression and ensure a high-enough sub-
strate availability for fluorinating enzymes.

FIGURE 5

Impact of mineral F~ on central carbon metabolism of P. putida KT2440 and the AcrcB mutant. (A) Simplified metabolic map of

central metabolism in P. putida KT2440. Peripheral reactions of glucose processing and the Entner—Doudoroff pathway are highlighted in grey
(transporters are indicated with dashed arrows); reactions within the pentose phosphate (PP) pathway are shown in orange. Green arrows
identify the incomplete Embden—Meyerhof—Parnas (EMP) pathway, and purple arrows are used for reactions within the tricarboxylic acid (TCA)
cycle. Metabolites that show a concentration difference in the presence of mineral F~ are pinpointed in bold face. Abbreviations of metabolites
and enzymes are as indicated by Nikel et al. (2015b, 2021). (B) Metabolomic analysis of the impact of NaF on P. putida strains grown in

M9 minimal medium containing 5 g L™ glucose as the only carbon source. The heat maps show the time-resolved (at 10, 20, 30, 45, 90,

180, 300, 600, 1800 and 5400 s after NaF addition) averaged fold-change in metabolite concentrations. Individual metabolites are categorized
and grouped according to the metabolic blocks defined in panel (A), with the addition of cofactors relevant for redox balance and individual amino
acids. All values shown in the plots were normalized to the abundance of the metabolites in cells grown under control conditions (i.e. without F™)

for both wild-type P. putida KT2440 and the AcrcB mutant
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