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A B S T R A C T   

Stenotrophomonas maltophilia has been demonstrated herein to reduce CO2 without any cofactor, photon or 
hydrogen (H2) addition during reaction. S. maltophilia reduces 13CO2 into 13C-labeled formate in batch mode. 
Two intracellular enzymes are curently being considered for their ability to catalyze the CO2 reduction reaction: 
a Fe-nitrogenase and a formate dehydrogenase (FeS-FDH). The reaction was intensified by implementing the 
bacteria in an electrolysis cell continuously fed with CO2. In this configuration, CO2 removal reached up to 25% 
v/v at 30◦C and atmospheric pressure.   

1. Introduction 

Global warming is a major threat for humanity and greenhouse gas 
(GHG) emissions caused by human activities are reported to be a major 
cause for this [1,2]. Carbon dioxide (CO2) rejection accounts for 75% of 
these anthropogenic GHG emissions, which are estimated to represent 
approximately 40 Gt per year [1]. Moreover, part of these emissions is 
relatively concentrated in CO2, for example in plant chimneys, which 
could be treated and valorized by technologies that use CO2 [1,3]. 
However, CO2 is a very stable molecule (with C––O bonds exhibiting 
dissociation energy of 795 kJ.mol− 1) meaning that its activation is 
complex [4]. The ways for CO2 activation can be either chemical 
(nucleophilic, thermochemical, electrochemical and photochemical) or 
biological (enzymatic, photosynthetic and microbiological), and many 
of these technologies are still being developed on a laboratory scale 
[3–6]. 

Carboxylation of carbon nucleophiles with CO2 leads to carboxylic, 
carbonic and carbamic acids [4–7]. Thermochemical approaches consist 
either in producing syngas (that could serve as raw material for pro
duction of methanol, ammonia, or olefins) or in hydrogenating CO2 to 
produce valuable products such as methanol or hydrocarbons [6,8]. 
Electrochemical conversion of CO2 is in fact a CO2 electrolysis which can 
be carried out either in liquid or gaseous phase [4,9–15]. The photo
catalytic reduction of CO2 can be carried out by using metallic catalysts 

where redox reactions occur to obtain solar fuels [4,15–18]. All these 
processes show several limitations, especially the need of transition or 
noble metals as catalysts and often the requirement of high temperatures 
or pressures. 

Biological processes which activate CO2 have the advantage of taking 
place in physiological conditions. Among these, the use of purified en
zymes (carbon monoxide dehydrogenases, formate dehydrogenases and 
nitrogenases) has been reported, but this is still costly due to the need of 
extraction and purification steps, coupled with cofactor addition [4, 
19–22]. Photosynthesis, which occurs in plants and prokaryotes such as 
cyanobacteria and microalgae, can also lead to the production of fuels 
and gasoline by CO2 fixation through the Calvin–Benson–Bassham (CBB) 
cycle [4,23–25]. Although these photosynthetic bioprocesses have 
already reached industrial levels, high surface areas and water con
sumption levels are still needed for cultivation, leading to competition 
with food crops. The use of hydrogenotrophic bacteria consequently 
appears as an attractive alternative. In particular, the species Cupriavidus 
necator (formerly named Ralstonia eutropha) is naturally able to use CO2 
and dihydrogen (H2) to produce PolyHydroxyButyrate (PHB) [26,27]. 
Recently, C. necator strains were genetically modified to produce alco
hols, alkanes, or alkenes [26,27], and expression of heterologous CBB 
cycle in some yeasts and E. coli was also carried out [28,29]. However, 
the latter microorganisms still suffer from poor growth rates and inef
ficient CO2 fixation. Acetogenic bacteria and methanogenic archaea are 
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also well-known hydrogenotrophic microorganisms catalyzing CO2 fix
ation through the Wood–Ljungdahl Pathway (WLP) to obtain valuable 
products (methane, volatile fatty acids, alcohols…), but offer a low 
production rate [4,23]. Whatever the hydrogenotroph used, the need of 
costly and low solubility H2 as an external electron donor constitutes the 
major drawback. Microbial Electrolysis Cells (MEC) in which H2 could 
be produced in situ are of interest [30]. However, MEC does not 
currently solve the bio-availability limitation encountered with H2. 

The present study reports a new way that has recently been patented 
[31] to reduce CO2 by the bacterial strain Stenotrophomonas maltophilia. 
This reduction reaction presents real assets since it can occur in the dark 
at 30◦C and at atmospheric pressure, without any external addition of 
electron donors during the reaction. The implementation of this 
microorganism in a MEC – where H2 production is not required - showed 
an improvement of the CO2 reduction performance (i.e. CO2 removal) by 
at least 20-times. 

2. Materials and Methods 

Chemicals, media, and gases 

All chemicals were purchased from Sigma-Aldrich, France. For 
S. maltophilia culture, a Lysogeny Broth (LB) Miller solution was pre
pared at 25 g L− 1. Agar LB medium was also prepared by adding 15 g L− 1 

of microbiological agar to the LB broth. To assay CO2 reduction, the 
reference reaction medium (RM) was composed of 20 mM phosphate 
buffer (pH 7.0 ± 0.1) and 5 mM MgCl2 in deionized water. Alternatively, 
the reaction medium could be supplemented by 0.3 g L− 1 Poly
HydroxyButyrate (PHB). All media were autoclaved (121◦C, 20 min) 
before use. Concentrated hydrochloric acid (HCl) and sodium hydroxide 
(NaOH) pellets were used to prepare the electrode cleaning solutions. 
Chromatographic characterizations used HPLC grade benzoic acid, 
chloroform, lye (KOH), methanol (MeOH) and acetonitrile; and also 
PHB and sulfuric acid (97% v/v). Finally, different gases were employed: 
CO2 (99.9%), 13CO2 (99.9%), atmospheric air, nitrogen (N2) at 99.995% 
and argon (Ar) at 99.999%. CO2, N2 and Ar were obtained from Linde 
Gas while labeled 13CO2 was obtained from Sigma Aldrich. Gases were 
sterilized by filtration on a 0.22 μm-Teflon membrane (Sartorius Stedim, 
Germany). Helium (He) at 99.999% from Linde Gas was used as carrier 
gas in chromatographs. 

Bacterial culture and suspension 

The bacterial strain Stenotrophomonas maltophilia NCIMB 9203 was 
either isolated from a consortium with the methanotrophic bacterium 
Methylosinus trichosporium OB3b [32] (Appendice) or purchased from 
NCIMB (England) in freeze-dried form. The bacterium was cultivated on 
LB broth at 30◦C in aerobic conditions. The strain was initially grown for 
24 h on LB agar plates. After incubation, some of the plates were stored 
at 4◦C for a maximum of 2 weeks before being sub-cultured on LB plates 
once again over 6 months at most. After 6 months, freeze-dried bacteria 
from NCIMB were used to restart the cultures. The rest of the plates were 
used to prepare fresh liquid cultures for the CO2-reducing tests. Two 
successive liquid cultures were always carried out. Colonies formed on 
an LB plate were recovered with an inoculation loop to inoculate 100 mL 
of LB medium into a 250 mL Erlenmeyer flask. The flask was incubated 
for 24 h on an orbital incubator (Unimax 1010, Heidolph) at 30◦C and 
160 rpm, in aerobic conditions. The culture obtained was then used to 
inoculate LB medium in 1 L Erlenmeyer flasks (at 10% v/v). All 1 L-flasks 
were closed by breathable caps ensuring sterility. The subsequent cul
ture was incubated for 24 h (at 30◦C and 160 rpm) to reach an optical 
density at 600 nm (OD600) of nearly 3. 

A test was carried out at the end of each cultivation to check the 
absence of heterotrophic contaminations. For this, a sample of the liquid 
culture (10 µL) was spread onto an LB agar plate and incubated for 48 h 
at 30◦C to examine the colony morphologies. For strain preservation, 

aliquots from the flask cultures were stored at − 20◦C with glycerol at 
20% w/w. 

At the end of the 1 L-flask culture, the culture medium was discarded 
by centrifugation at 4000 g for 20 min at 4◦C and the cells were re- 
suspended in a same volume of the chosen reaction medium (RM with 
or without PHB). The bacterial suspension was then re-centrifuged at 
3500 g for 20 min and 4◦C. The recovered bacteria were then re- 
suspended in a minimal volume of reaction medium before being 
diluted in the reaction medium to reach an OD600 respectively of 10.3 ±
0.5 for the batch assays and 6.6 ± 0.3 for the fed-batch assays. 

CO2-reduction assay in batch mode 

The bacterial suspension obtained was distributed in 60 mL-glass 
vials (6 mL per vial). Vials were closed with 20-mm chlorobutyl septa 
(Wheaton, USA) and sealed with aluminum caps (Gravis Orly, France). 
The atmosphere of the vial headspace was replaced by a sterile gaseous 
mixture. Different initial gaseous mixes were implemented to study the 
ability of S. maltophilia to catalyze CO2 reduction: 13CO2/atmospheric 
air (3:7 v/v), 13CO2/N2 (3:7 v/v) and pure 13CO2. Once the headspace 
was filled with the gas mixture, vials were incubated at 30◦C on a rotary 
shaker operated at 160 rpm. For each kinetics, identical vials were filled 
with the same bacterial suspension before being incubated. At different 
reaction times, a vial was taken to be analyzed to assess pH, OD600, 
contamination, cell viability and the formate concentration. In some 
cases, NMR spectra were acquired and PHB concentrations were also 
assayed. The kinetics were reproduced at least twice each. 

A 13CO2/atmospheric air (3:7 v/v) mixture was assumed to initially 
contain 675 µmol of 13CO2 (calculated on the basis of the perfect gas law 
at 30◦C and atmospheric pressure), potentially convertible to 675 µmol 
of formate at a maximum and thus to a maximum final formate con
centration of 112.5 mmol L− 1 (since the liquid volume was fixed at 
6 mL). 

CO2-reduction assay in fed-batch mode assisted by electrolysis 

CO2-reduction tests were also implemented in a homemade bio- 
electrolyzer. Two bioreactor sizes were employed: 100 mL total filled 
with 60 mL of bacterial suspension or 500 mL total filled with 400 mL of 
suspension (Schott® bottle, Duran, USA). The bacterial suspension was 
prepared according to Materials and Methods, Section 2. The screw cap 
was adapted with different inlet ports to hold the electrodes and the gas 
distributor. The electrochemical system was a classical 3-electrodes 
device (working electrode, reference electrode and counter electrode). 
A silicone seal was used to maintain the proofing of the system. The CO2 
was continuously fed through a 0.22 μm-Teflon gas filter (Sartorius, 
France) connected to a sintered steel sparger (10 µm pore size, Sigma 
Aldrich, France) that was submerged in the suspension. The gas 
distributor was placed next to the anode to evacuate the O2 produced by 
water oxidation at the anode. The reactor was continuously fed with 
CO2, Ar or a mixture CO2/Ar (1:1 v/v) at various VVM, i.e. gas Volume 
per suspension Volume per minute (from 0.06 to 0.25 min− 1 at 30◦C and 
atmospheric pressure). A needle was placed in the cap to serve as gas 
vent and ensure pressure close to the atmospheric pressure inside the 
reactor; the needle outlet was connected to a 0.22 μm-Teflon gas filter to 
guarantee reactor sterility. A sterile magnetic stirrer was used to mix the 
suspension during the operation (at a rotation speed of 300 rpm). 

The working electrode was a piece of 0.5 cm wide unpolished 
graphite screwed to a titanium wire; the dimensions of the graphite were 
fixed so that the ratio of the projected cathode surface to the suspension 
volume was 0.10 ± 0.01 m2 m− 3. The graphite piece was cleaned before 
each experiment. It was first immersed 1 h in HCl 1.0 N in order to 
dissolve eventual organic compounds present on the graphite surface 
and then in NaOH 1.0 N for another 1 h to neutralize the residual surface 
acidity; it was then rinsed with sterile deionized water in sterile condi
tions. Finally, the graphite electrode was immerged overnight in 1 L of 
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sterile deionized water to remove any eventual NaOH residues. A large 
platinum grid (Good Fellow, UK) served as counter electrode; before use, 
the platinum grid was cleaned and disinfected by flame heating. The 
potentials were expressed in relation to an Ag/AgCl reference electrode 
(Radiometer analytical, France). The potential of the reference electrode 
implemented in the reactor was checked before and after each experi
ment against an Ag/AgCl electrode that was used for this purpose only. 
The electrodes of the reactor were connected to a potentiostat (Versastat 
3, Ametek, USA). A chronoamperometry (CA) assay was carried out. For 
that, a cathodic polarization (Vpolarization) was applied at the working 
electrode from the beginning of the experiment (the polarization po
tential ranging from − 0.70 V to − 1.00 V vs Ag/AgCl) and the current (I) 
was continuously recorded every 600 s. The temperature was main
tained at 30 ◦C and the pH was measured over time. The pH appeared to 
be stable at 6.4 ± 0.2 when CO2 was bubbled. Liquid samples were taken 
to assay formate. When CO2/Ar was bubbled in the reactors, gas samples 
were collected at the outlets of the reactor in 22 mL-headspace sealed 
vials (Perkin Elmer, France); gases being flowed in the vials for at least 
24 h before their collection. A blank (i.e. a bio-electrolyzer without 
bacteria) was always run simultaneously with the same inlet gas to 
assess the possible CO2 losses through the reactor (due to solubilization 
and hydrodynamics) and distinguish them from CO2 consumption by the 
reaction. Gas outlets were analyzed by GC-MS to determine the CO2 
removal (% v/v) by comparison to the blank reactor. 

Bacterial characterizations during the tests 

2.1. OD600 measurements 
To easily characterize the bacterial concentration of the samples, a 

correlation given in Equation (1) was established between the optical 
density at 600 nm (OD600) of the bacterial suspension and its concen
tration in dry cell mass based on six points, each reproduced twice: 

[dry cell concentration] (gdry cell L− 1) = 0.3035 x OD600 (-) Eq. (1) 
The linear regression coefficient (R2) of the correlation is 0.995. The 

OD600 of the bacterial samples were measured in a double beam spec
trophotometer 7315 (Jenway, UK). 

2.2. Counting of the cultivable cells 
At the beginning and at the end of the CO2-reduction tests, the cell 

cultivability was investigated. Determination was based on the ability of 
the bacteria to grow again in their native culture conditions (Materials 
and methods, Section 2). The concentrations of the bacterial samples 
were enumerated by the conventional plaque assay method (Colony 
Forming Units (CFU) counts). For this, the bacterial suspension sampled 
was diluted by decades in phosphate buffer 20 mM at pH 7.0 ± 0.1. One 
mL of each dilution was immediately spotted on a LB agar plate and 
incubated 48 h at 30◦C to enable counting of the bacteria colonies, 
assuming that each colony stemmed from one initial bacterium. The 
counting was performed twice and the concentrations of bacteria in the 
suspension were calculated as the average of the number of colonies 
divided by the volume inoculated on the agar, with the corresponding 
dilution factor considered. The quantification limit was 25 CFU mL− 1. 

2.3. Contamination tests 
The bacterial samples were spread onto LB agar plates using a 10 µL 

inoculation loop; the plates were then incubated at 30◦C for 48 h to 
check the morphology of the colonies and the absence of contamination. 

2.4. 16S-rDNA and genomic DNA (gDNA) sequencing 
16S-rDNA sequencing was carried out for strain identification. For 

consortia, strains corresponding to different colony morphologies were 
isolated by spreading on LB agar plates and 72 h of incubation at 30◦C. 
For all cases, single colonies of pure culture were suspended in phos
phate buffer that was centrifuged 5 min at 15.000 g and 4◦C. The su
pernatant was then discarded, and the recovered pellets were sent for 
sequencing (Genoscreen, France). DNA was extracted and 16S-rDNA 

sequences were amplified using PCR, then sequenced by Sanger 
Sequencing. The sequences obtained were assembled using Sequencher 
v4.7 (Gene Codes Corp.) and then compared to the NCBI database using 
“Somewhat similar sequences (blastn)” in the BLAST tool of NCBI [33]. 
For quality control reasons, both positive controls (with E. coli) and 
negative controls (mix without bacteria) were realized. 

gDNA sequencing was only carried out on a pure culture of S. mal
tophilia that was already used for CO2 reduction tests. Samples for gDNA 
sequencing were prepared as for 16S-rDNA sequencing. gDNA was 
extracted, quantified, qualified, and then sequenced using Illumina® 
Mi-Seq technology. The reads obtained were filtered to remove noisy 
sequences (Minoche et al. [34]), and assembled using MEGAHIT v1.2.9 
[35], with a minimum contig length of 1 kbp. Bowtie2 [36] was used to 
map the contigs and create the sample profile. The metagenomic 
workflow for anvi’o [37] was then used to visualize and manually bin 
the contigs. The binning was based on their sequence composition and 
differential coverage to obtain high quality Metagenome Assembled 
Genomes (MAG) with completion >90% and redundancy <5%. The 
taxonomy was estimated by using the single-copy core gene sequences 
and the GTDB database [38]. Finally, the contigs were annotated using 
KEGG [39], pfam [40] and COG [41]. 

Physicochemical analyses 

2.5. pH measurements 
pH was measured using a pH-meter C831 and a standard pH elec

trode SP21B (Consort, Belgium). 

2.6. RMN analyses 
Bacterial suspensions exposed to 13CO2 were monitored by NMR 13C 

analysis. For NMR analysis, 450 μL of the sample (bacterial suspension 
freshly recovered from the batch reactors) were put in a 5 mm NMR 
capillary tube with 50 μL of D2O. The analyses were performed on an 
NMR BRUKER Avance III – 500 MHz – CryoProbe Helium for four hours. 
Different standards prepared in the reaction medium were indepen
dently analyzed by NMR to get the carbon spectra of these molecules. 
Sodium formate labeled with 13C (NaH13CO3) was also analyzed. The 
lower detection limit of the NMR device is 6 mg L− 1 of 13C. NMR analysis 
can distinguish only the 13C-isotope which is 1.1% abundant in nature 
with regards to 12C.32 Consequently, a concentration of non-labelled 
products of about 600 mg L− 1 is necessary to be able to identify these 
compounds. 

2.7. GC-MS analysis 
PHB, formate and gases were assayed by gas chromatography 

coupled with mass spectrometry (GC-MS). GC-MS analyses were per
formed with a Clarus SQ-8S GC/MS (Perkin Elmer) system, equipped 
with a quadrupole mass selective detector based on electron impact (EI) 
operated at 70 eV. For PHB analysis, organic samples were directly 
injected in the GC. For formate and gases, samples were previously 
collected in 22 mL-headspace vials (Perkin Elmer) and mixed with re
actants in the case of formate analysis. Headspace vials were then heated 
in a Turbomatrix HS16 autosampler (Perkin Elmer, USA) and the vial 
headspace was then injected into the GC. A DB-1 column (Agilent J&W, 
USA) was used for separation in the case of PHB analysis while an Rt-Q- 
Bond Plot (Restek, France) capillary column was used for formate and 
gas analyses. In all cases, the carrier gas was helium. 

2.7.1. PHB assay. In some cases, the PHB concentration of the bacterial 
suspension implemented in the CO2-reduction tests was measured along 
with the reaction kinetics. The PHB assay was based on PHB digestion 
followed by the analysis of the monomer (i.e. 3-hydroxybutyrate) by GC- 
MS [42,43]. Here, the bacteria were not lyophilized but just frozen 
before the PHB digestion step. Firstly 1 mL of the bacterial suspension 
was centrifuged at 10 000 g and room temperature for 15 min. The 
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recovered pellets were then frozen at – 20 ◦C until their analysis. The 
frozen pellets were firstly thawed at room temperature and digested for 
3 h at 100 ◦C with 2 mL of methanol containing 0.5 M H2SO4 and 0.01 M 
benzoic acid plus 2 mL of chloroform. Afterwards, the samples were 
cooled, and 1 mL of deionized water was added to induce a phase sep
aration. Aqueous phase was discarded and 2 µL of the organic phase 
were injected into the GC-MS. The helium flow rate was fixed at 
32 mL min− 1. The oven temperature was programmed from 80◦C for 
1 min, up to 120◦C at a rate of 10◦C min− 1, the temperature was then 
increased up to 270 ◦C at a rate of 45 ◦C min− 1. The temperature of the 
injector was set at 200 ◦C and the split ratio was 30 mL min− 1. PHB 
standard was used to establish a calibration curve. The ratios between 
3-hydroxybutyrate and benzoate specific peak areas evolved linearly 
with the different PHB masses introduced, with a linear regression co
efficient R2 = 0.9865, on the basis of 10 points, which were each 
reproduced twice. This linearity is consistent with the literature [42,43]. 

2.7.2. Formate assay. Analyses of formate (12C and 13C) were per
formed by GC-MS in the samples and their supernatants (obtained by 
sample centrifugation at 10 000 g for 10 min at 10◦C). As formate is not 
volatile, a modified derivatization method based on the protocol 
described by Wallage et al. [44] was employed for its quantification. The 
method consists of heating and acidifying the samples to obtain the 
corresponding carboxylate (i.e. formic acid, HCOO-) and carrying out a 
methyl esterification reaction by methanol (CH3OH) addition. The bal
ance of the reaction is given in Eq. (2):  

HCOO- + CH3OH → HCOOCH3 + H2O                                            (2) 

Reaction products are the corresponding methyl ester (i.e. methyl 
formate, RCOOCH3) and water (H2O). In a headspace vial, 600 μL of the 
sample, 100 μL of an acetonitrile (CH3CN) solution prepared in deion
ized water at 157.2 mg L− 1, 100 μL of concentrated sulfuric acid (97% v/ 
v) and 100 μL of methanol were successively introduced in that order. 
Acetonitrile was used as the internal standard, whereas sulfuric acid and 
methanol were derivatizing agents. Headspace vials were heated at 
100◦C for 15 minutes in the Turbomatrix autosampler to complete the 
esterification reaction. The helium flow rate was fixed to 1.5 mL min− 1. 
The oven temperature was programmed from 40 to 150 ◦C at a rate of 10 
◦C min− 1. The temperature of the injector was set at 200 ◦C and the split 
ratio was 1:16. Standard sodium formate (NaHCOO) was used to 
establish calibration curves. The specific ions coming from methyl 
formate were detected by single-ion recording (SIR) mode. The specific 
m/z ratios of these ions (where m is the ion molar mass and z its charge) 
were respectively 60 (for unlabeled methyl formate) and 61 for methyl 
13C-labelled formate. Specific peak areas were normalized to the 
acetonitrile peak area and the area ratios were correlated to the standard 
concentrations. A linear correlation was found for methyl formate 
(either labelled or not), with a linear regression coefficient R2 of 0.9845, 
based on 5 points (each reproduced twice). The method was validated 
through total formate assays by ionic chromatography (data not shown). 

2.7.3. Gases. Gas compositions at the inlet and the outlet of bio- 
electrolyzers were characterized by GC-MS. Gas samples were 
collected in 22 mL-headspace sealed vial (Perkin Elmer, France). Argon 
was used as an internal standard. The vials were placed in the Turbo
matrix autosampler and incubated 5 min at 75◦C. Helium was flowed at 
a rate of 1.1 mL min− 1. The oven temperature was programmed as 
isothermal at 40 ◦C. The temperature of the injector was set at 200 ◦C 
and the split ratio was 1:100. Standards of CO2 and argon were previ
ously analyzed in a scan mode to identify their retention times and 
characteristic m/z ions. The scan range was established at between 4 and 
50 Daltons. Further single-ion recording (SIR) analysis allowed 
increasing sensitivity in samples. Specific m/z ratios of 4 for helium, 40 
for argon and 44 for CO2 were obtained. Specific peak areas were 
normalized to argon peak area to obtain the area ratios. The relative 

difference between the area ratios measured in inoculated electrolyzer 
outlets and in the blank reactors (without bacteria) gave the real CO2 
removal (in % v/v) enabled by the bio-electrolyzer. 

GC-MS analyses were confirmed by GC analyses coupled to a 
katharometer detector. These latter analyses were carried out with a GC 
Clarus 580 (Perkin Elmer, France). The inlet and the outlet of the bio- 
electrolyzer were respectively connected online to the GC injection 
loop (a 10-way valve). The injected gases were separated by two 
different columns in series, an Elite Plot Q (Perkin Elmer, France) and an 
Elite-GC GS Molesieves (Perkin Elmer, France). Helium was used as 
carrier gas at a flow rate of 20 mL min− 1. The oven temperature was 
increased from 40◦C to 120◦C at a rate of 4 ◦C min− 1 to 70◦C and then 
9◦C min− 1 to 120◦C. It was then maintained for 7 min at 120◦C. The 
separated gases then passed through the katharometer detector for 
identification and quantification. A characteristic retention time was 
first determined for argon and CO2. The CO2 peak area was normalized 
by the argon peak area since argon is an inert gas. The area ratio ob
tained for the Ar/CO2 mixture analysed was correlated to its CO2 volume 
content. Calibration was established with standard gas mixtures of 
known compositions. 

3. Results and discussion 

Evidencing the ability of S. maltophilia to reduce 13CO2 

A previous study carried out at our laboratory showed that a con
sortium including the methanotroph M. trichosporium OB3b was able to 
reduce 13CO2 into 13C-labelled formate (H13COO-) [32]. This consortium 
was shown to be composed predominantly of M. trichosporium OB3b 
NCIMB 11131 and S. maltophilia NCIMB 9203 (Appendice); where 
S. maltophilia is known to be a Gram-negative and facultative anaerobic 
bacterium [45]. Both strains were consequently isolated and tested 
independently in batch mode with an initial gas mixture of 13CO2/at
mospheric air (3:7 v/v), the reference reaction medium (RM) and an 
initial bacterial concentration of 3.1 ± 0.2 gdry cell L− 1. In this configu
ration, the reaction conditions were defined as the reference conditions. 
NMR characterizations were carried out on the bacterial suspensions 
along the kinetics to evidence the 13CO2 assimilation and the consequent 
production of 13C-labelled compounds likely to arise from 13CO2 fixation 
and reduction. In the tested conditions, only S. maltophilia gave a posi
tive result with the production of 13C-labelled formate, as shown in  
Fig. 1. 

Fig. 1 shows that two peaks were visible from the beginning 
(Fig. 1 A): one associated to 13CO2 and the other to its ionized form, i.e. 
bicarbonate ions (H13CO3

- ). Their chemical shifts correspond to 
124.6 ppm and 160.2 ppm respectively. After 8 days of kinetics 
(Fig. 1B), a peak with a chemical shift corresponding to 13C-formate (i.e. 
170.9 ppm) appeared. It was observed that the addition of 13C-formate 
standard (at a final concentration of 10 mg L− 1) to the sample led to an 
increase in peak amplitude confirming that this peak corresponds to 13C- 
formate (data not shown). This peak was still present after 35 days of 
reaction (data not shown). No other compound than 13C-formate was 
significantly detected by NMR spectroscopy, suggesting that formate 
arose from direct 13CO2 reduction. Indeed, 13C-formate has only one 
carbon at a lower oxidation degree than that of 13CO2. Blanks carried out 
in the same conditions but without bacteria did not show any labelled 
compounds except 13CO2 and H13CO3

- (data not shown), confirming the 
role of the bacteria in the 13CO2 reduction. The kinetics were repeated to 
check the ability of S. maltophilia to reduce CO2, and only the peak 
corresponding to 13C-formate (170.9 ppm) was again observed. In 
conclusion, S. maltophilia catalyzes CO2 reduction and formate is the 
main product of this reduction reaction in batch mode. 
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13CO2 reduction by S. maltophilia in batch mode in reference conditions: 
quantification and reproducibility assessment 

Five independent trials were carried out in batch mode under 
reference conditions to assess the reproducibility of the bioprocess. For 
each trial, a new bacterial suspension of the isolated S. maltophilia was 
prepared from liquid cultures obtained by inoculating a fresh culture 
medium (as detailed in the Materials and Methods, Section 2). Trials 
were classified in chronological order, from A to E. Experiments D and E 
were launched at the same time from the same initial bacterial sus
pension. Between two CO2 reduction tests, the biocatalyst was main
tained on LB agar plates, except between experiments B and C, where the 
liquid bacterium culture was stored frozen at − 20◦C in glycerol 20% w/ 
w during 4 weeks. The biomass concentration (by OD600 measurements 
and counting of viable cells), pH and formate production (by GC-MS 
measures) were monitored throughout the reaction. GC-MS measure
ments were carried out both on the whole bacterial suspension and on 
the associated supernatants after centrifugation. 

Fig. 2 gives the evolution of 13C-formate concentration assayed on 
the whole suspension and the cell dry mass concentration (OD600 mea
surements) during all 13CO2 reduction trials, except for trial A for which 
the cell dry mass was not measured. 

Independently of the kinetics, GC-MS analysis confirmed the ability 

of the isolated S. maltophilia to produce 13C-formate from 13CO2 
(Fig. 2a). No production was observed in blanks (data not shown). In 
parallel, the sample supernatants assays did not show 13C-formate dur
ing the kinetics, which suggests that the formate was produced and 
stored inside the cells. The bacteria can be thus considered to be the 
biocatalyst of the CO2 reduction reaction resulting in formate 
production. 

For all kinetics, a latency period was observed before the 13C-formate 
was produced (Fig. 2a). However, the latency periods and the formate 
production rates differed between the different kinetics; the lag phases 
ranged from 5 to 25 days and the maximal 13C-formate concentrations 
ranged from 50 to 280 µmol L− 1 (Fig. 2a). Furthermore, the cell dry mass 
concentration exhibited a similar behavior between experiments 
(Fig. 2b). For all the runs, the cell concentration decreased from 3.1 ±
0.2 gdry cell L− 1 to a stabilized value around 0.5 ± 0.1 gdry cell L− 1. 

This result demonstrates cell lysis during reaction, but some bacteria 
were still present at the end of the reaction. A control carried out on the 
bacterial suspension at the end of the reaction confirmed that nearly 1.5 
± 0.4 × 105 CFU mL− 1 of the bacteria were still cultivable and thus 
maintained a metabolic activity; the initial concentration being 6 ×109 

CFU mL− 1. Both cultivability loss and cell death consequently occurred. 
This could result from the lack of natural nutrients and an energy source 
that exposes the cells to stressful conditions. It was notably reported that 

Fig. 1. 13CO2 reduction test with S. maltophilia in batch mode: NMR spectra (A) at day 0 and (B) after 8 days reaction.  

Fig. 2. 13CO2 reduction trials carried out in batch mode in reference conditions: (a) 13C-formate concentration (µmol L− 1) and (b) cell dry mass concentration, 
denoted [X] (gdrycell L− 1). Each marker represents an independent assay. A corresponds to the first test and D and E to the last ones. 
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intracellular cell compounds released after cell lysis could be used by the 
surviving bacteria to build up enzymes able to transform the substrates 
available in the reaction medium [46]. Cell lysis is thus assumed to play 
a key role for the bacteria to adapt their enzymatic machinery to their 
new CO2 substrate and express the CO2-reducing enzymatic system. 

The different 13C-formate concentration profiles observed between 
trials suggested a difference in the expression level by the bacteria of the 
enzymatic system reducing CO2 and/or in the specific activity of this 
enzymatic system. For all tests, an acidification of the reaction medium 
was observed leading to a pH decrease from 7.0 ± 0.1 to a value around 
6.4 ± 0.2 over the first five days before remaining quasi-constant up to 
35 days (data not shown); this pH value corresponding to the pKa of the 
couple CO2, H2O/HCO3

- (i.e. 6.4). pH was therefore not the cause of these 
differences. Preservation methods of the strain could be at the origin of 
the variations evidenced between experiments. Sub-cultures on LB agar 
medium were made between run A and B, and between run C and runs 
D-E. All these sub-cultivation steps led to a reduction in the latency 
period between two consecutive runs and thus 13C-formate productivity 
(Fig. 2a). This observation is consistent with the fact that carrying out 
successive liquid cultures might contribute to enhancing the enzymatic 
activity of the cells and/or inducing strain evolution, improving adap
tation to new conditions [46]. In contrast, the formate productivity 
dropped between kinetics B and C, i.e. after bacteria freezing (Fig. 2a). It 
is likely that the freezing storage step between these two runs caused 
damage to the cell components. Studies focused on bacteria freezing 
showed that this preservation method can have a significant effect on 
viability, autolytic activity and intracellular enzymatic activity [47]. 
Freezing could therefore have an influence on the bacterial CO2-reduc
ing activity of the cells. 

13CO2 reduction assays were also carried out in batch mode with the 
commercial S. maltophilia strain (NCIMB 9203) that was delivered as a 
pure culture. The isolated strain was tested in parallel in the same 
conditions and notably at the same initial mass concentration (3.1 ±
0.2 gdry cell L− 1). Table 1 gives the initial and final dry cell mass con
centration [X] (gdry cell L− 1) and the 13C-formate concentration [13C- 
formate] (µmol L− 1). 

Both strains showed the same behavior for biomass concentration 
(Table 1) and for pH with a quick stabilization of CO2, H2O/HCO3

- pKa 
(data not shown). The two strains also exhibited 13C-formate produc
tion. However, the commercial strain resulted in the highest final 13C- 
formate concentration with an identical biomass decrease throughout 
the reaction (Table 1) and consequently the best specific activity. This 
phenomenon might be explained by the fact that the commercial bac
terium was never frozen and always kept as a pure culture. 

In these exploratory and preliminary results, whole cells of 
S. maltophilia NCIMB 9203 (either isolated or purchased) were therefore 
demonstrated to reduce 13CO2 into 13C-formate (H13COO-) in batch 
mode. The balance describing such a reduction reaction is given by Eq. 
(3):  

13CO2 + H+ + 2e- → H13COO-                                                         (3) 

where H+ designates protons and e- electrons. 
For all runs, the 13C-formate concentrations produced were however 

much lower than the theoretical maximal concentration, i.e. 
112.5 mmol L− 1 (assuming that one mole of introduced 13CO2 gave one 

mole of H13COO-), which suggests that there was no 13CO2 limitation. 
On the contrary, the ability of the strain to express the enzymes required 
to catalyze CO2 reduction as well as limitations of protons and electrons 
involved in the reaction (see Eq. (3)), were suspected to have an influ
ence on the specific CO2-reducing activity of the cells. To confirm these 
assumptions, the effect of the initial bacterial concentration and the 
addition in the reaction medium of a compound likely to serve as elec
tron and proton donors, were investigated. 

Influence of the initial bacterial concentration 

In previous experiments, the initial mass concentration of the bac
terial suspension used for the 13CO2 reduction tests was set at 3.1 ±
0.2 gdry cell L− 1. A lower concentration (1.6 ± 0.1 gdry cell L− 1) of the 
same stock of bacterial suspension was tested to investigate whether the 
quantity of 13C-formate produced correlated with the initial cell quan
tity; the other reaction parameters remaining unchanged. The kinetics 
were monitored over 25 days. Table 2 summarizes the results obtained. 

Table 2 shows that the final 13C-formate concentration is nearly 20 
times higher when the initial bacterial concentration is doubled. Con
trary to what might be expected, the final concentration accumulated in 
13C-formate is therefore not correlated with the cell quantities intro
duced initially. Furthermore, it is interesting to note that by doubling the 
initial bacteria quantity, the final quantity of lysed cells is nearly also 
doubled (Table 2, Δ[X]). The compounds released in the reaction me
dium by cell lysis could consequently be used by the surviving cells to 
produce a greater quantity of intracellular enzymes reducing CO2, which 
could induce a significant increase of the bacterial specific activity and 
thus a much greater 13C- formate production. In conclusion, the avail
ability of intracellular compounds in the reaction medium seems to be a 
limiting factor for CO2 reduction performance when the initial bacterial 
concentration is low (1.6 gdry cell L− 1). 

Addition of a potential electron and proton donor in the reaction medium 

Poly-3-HydroxyButyrate (PHB), a known energy storage lipid that 
can accumulate in the bacterial cells, was first tested as an electron and 
proton donor. Some strains of S. maltophilia have been reported to pro
duce PHB [48]. PHB can notably be depolymerized into a 3-hydroxybu
tyrate monomer that acts as the source of electrons and protons [49] 
when oxidized into acetoacetate. PHB is a polymer with a high molec
ular weight that is insoluble in water, making its transport through the 
cell walls in its polymerized form impossible. Nevertheless, the 
S. maltophilia strain possesses the ability to excrete some extracellular 
PHB-depolymerases that hydrolyzes PHB into its water-soluble mono
mer which can enter the cells and be assimilated [49]. Addition of PHB 
was thus tested in the reference reaction medium and the 13C-formate 
production was assessed throughout the reaction. For each trial, a 
reference (i.e. without PHB doping) was simultaneously monitored to 
analyze the effect of PHB addition. 

An initial intracellular PHB mass content of 1.0 ± 0.1% w/w was 
measured, corresponding to a PHB concentration of 30 ± 2 mg L− 1 - 
since the initial biomass concentration was fixed at 3.1 ± 0.2 gdry cell 
L− 1. Such a PHB mass content was reported to be usual in S. maltophilia 
species [48]. PHB was therefore added at a final concentration of 
300 mg L− 1 to be in significant excess compared to the native 

Table 1 
13CO2 reduction trials in batch mode carried out with the isolated and the 
commercial strains of S. maltophilia (NCIMB 9203).   

[X] 
gdry cell L− 1 

[13C-formate] 
µmol L− 1  

0 day 35 days 0 day 35 days 

Isolated strain 3.3 ± 0.1 0.6 ± 0.1  0 50 ± 5 
Commercial strain 3.1 ± 0.2 0.6 ± 0.1  0 280 ± 10  

Table 2 
13CO2 reduction trials carried out in batch mode: initial [X0] and final [Xf] 
biomass concentrations (in gdry cell L− 1), biomass loss Δ[X] at the end of the 
reaction (in %) and final concentrations of 13C-formate [13C-formate]f accu
mulated in the reaction medium due to 13CO2 reduction (µmol L− 1).  

[X0] gdry cell L− 1 [Xf] gdry cell L− 1 Δ[X]% [13C-formate]f µmol L− 1 

3.1 ± 0.2  1.1  65 650 ± 30 
1.6 ± 0.1  0.7  56 30 ± 2  
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intracellular PHB stock in the S. maltophilia population. 
Two independent series were launched, i.e. from two different bac

terial cultures. Sampling was undertaken up to 20 days for the first se
ries, and up to 35 days for the second. The 13C-formate produced was 
measured for the whole suspension throughout the kinetics. The intra
cellular PHB concentration was also monitored in the bacterial pellets in 
reference conditions. However, due to the low solubility of PHB in 
water, its concentration could not be estimated in the reaction medium. 

In all series, production of 13C-formate was much higher when PHB 
was added to the reaction medium (Fig. 3). The production in presence 
of PHB was indeed at least tripled compared to the reference conditions 
(Fig. 3, series (1) at 20 days), and a maximal 13C-formate production of 
660 µmol L− 1 was reached after 35 days of reaction with PHB addition 
(Fig. 3, series (2)). Regarding the kinetics (Fig. 3), the production of 13C- 
formate always appeared significantly earlier when PHB was added. 
Also, in reference conditions, PHB content decreased (from 30 ±
2 mg L− 1 to about 13 ± 1 mg L− 1 from day 20) and then remained 
constant to a concentration that might be a minimal concentration 
regulated by the bacteria. These results tend to shows that PHB is a 
limiting factor and suggests it could be a direct electron and proton 
source for CO2 reduction catalyzed by S. maltophilia. However, it cannot 
be excluded that PHB could also be used as a carbon and energy source 
for the bacteria to maintain and adapt their biological activities. Un
fortunately, addition of PHB (insoluble in water) in the PHB series made 
optical density measurements impossible to conclude on possible bac
terial growth or biomass stagnation during reaction. 

Intensification of the CO2-reducing bioprocess in a fed-batch electrolyzer 

According to Section 4 of the Results, the CO2 reduction reaction was 
probably limited by the intracellular quantity of electron and proton 
donors such as PHB. S. maltophilia was already reported to be electro- 
active for oxidation reactions [50–52], i.e. able to exchange electrons 
with a polarized anode – if the electrode potential and material make 
these reactions thermodynamically and kinetically possible. 
S. maltophilia was implemented in an electrolysis reactor where an 
infinite source of electrons could be provided by a polarized cathode in 
order to intensify the reduction reaction. 

The electrolyzer was composed of three electrodes: (i) a polarized 
cathode (location of the reduction reaction) whose role was to provide 
the electrons, (ii) an Ag/AgCl reference electrode enabling a constant 
potential at the cathode and (iii) a counter-electrode (anode) allowing 
on the one hand the passage of the current and on the other hand the 
production of protons necessary for the reduction reaction. Continuous 
feeding of CO2 was maintained in the reactor to (i) ensure deoxygen
ation of the bacterial suspension in RM and avoid competition with the 
aerobic metabolic pathway (where O2 would become the final electron 
acceptor instead of CO2) and to (ii) avoid CO2 limitation due to the 

reducing activity of the S. maltophilia bacterium. Alternatively, CO2 
feeding was replaced by continuous argon bubbling to assess the CO2 
dependence of the electrochemical reactor. A chrono-amperometry 
analysis of the system giving the current I (A) versus time was carried 
out for the different conditions tested. In this work, current I was re
ported for the projected active cathode area, expressed in current den
sity j (A m− 2). Six independent tests were carried out and one of these 
tests is presented in Fig. 4. 

By convention, positive currents at the working electrode are linked 
to oxidation reactions while negative currents revealed reduction re
actions; the more negative the reduction currents, the greater the 
reduction currents. Fig. 4 shows the evolution of the current measured 
over time in one of the bio-electrolyzers implemented with S. maltophilia 
for CO2 reduction. This feasibility trial was carried out with a polari
zation potential of - 0.7 V vs Ag/AgCl to avoid water reduction - and thus 
the production of H2 - occurring. 

The current oscillated around 0.0 ± 0.01 A m− 2 over the first 24 h, 
which corresponds to the signal baseline. This demonstrates that the 
compounds present initially in the bacterial suspension were not 
significantly reduced or oxidized (Fig. 4 A). A small current reduction 
appeared after 1.2 days (up to − 0.2 A m− 2). However, this current 
returned to baseline before a significant reduction current appeared 
from the second day, reaching a stabilized value of - 1.4 A m− 2 

(Fig. 4 A). The current profile exhibited a shape usually encountered for 
microbial growth kinetics, suggesting the establishment of reduction 
reactions catalyzed by the bacteria. A control reactor launched over 11 
days without bacteria showed that the current reduction did not exceed - 
0.04 A m− 2 (data not shown), which confirmed the role of bacteria in 
the increase of current reduction (Fig. 4 A). 

In order to assess experimentally if the current reduction observed 
was linked to CO2, CO2 bubbling was replaced by argon (Ar) bubbling. 
Argon is an inert gas that could drive out the dissolved CO2. Argon 
bubbling was initially carried out at a flow rate of 10 mL min− 1 for 
3 hours and the current decreased by a factor of nearly 2 (i.e. from - 1.40 
to - 0.80 A⋅m− 2, Fig. 4 A and 4B). Then, the gas bubbling was cut off and 
the current reduction did not vary significantly, staying at around – 
0.80 A m− 2 (Fig. 4 C). The consistency of the current reduction could be 
due to the presence of CO2 residue in the bacterial suspension; indeed, 
CO2 is highly soluble in water and the argon flow rate that was imple
mented was possibly too weak to remove all CO2 traces during this time. 

A CO2 flow rate was then reapplied at 10 mL min− 1 and the reduc
tion current increased again (Fig. 4D) until it reached the stabilized 
value observed at the end of the first CO2 bubbling, i.e. - 1.4 A m− 2 

(Fig. 4 A and 4D). These elements suggest that the reduction current is 
driven by the CO2 availability in the system. 

Finally, a high argon flow (100 mL min− 1) was applied for 3 h, 
which made the current instantaneously rise up to nearly 0 A m− 2 

(Fig. 4E). At the same time, pH passed from 6.4 ± 0.1–7.2 ± 0.1, which 
could only induce a maximum potential shift of 0.05 V (i.e. - 0.060 x 
ΔpH at 30◦C) on the redox potentials depending on pH, such as water. 
The pH change was thus not expected to have significant impact on the 
reduction reactions occurring at this potential. Consequently, a zero- 
current means that no - or insignificant - reduction reaction took place 
at the cathode when CO2 was absent from the reaction medium, and that 
water was not reduced into H2 in these conditions. 

The current then increased when a CO2 flux was applied again, and 
achieved a significant current of approximately - 0.3 A m− 2 after 1 day 
(Fig. 4 F). These results suggest that CO2 is the final electron acceptor 
reduced by S. maltophilia at the cathode. Reproducibility studies 
confirmed that the CO2-reduction current returned to its stabilized value 
after alternating CO2 removing (by argon flush) and re-bubbling at po
larization potentials fixed either at − 0.7 V or − 0.8 V vs Ag/AgCl. These 
studies also highlighted stable CO2-reduction currents up to 46 days 
(data not shown). An example is given in Fig. 5. 

When CO2 was fed at 10 mL min− 1, a stable reduction of about 
− 0.25 A m− 2 was reached (Fig. 5A). The current reduced to almost zero 

Fig. 3. 13CO2 reduction trials carried out in batch mode: evolution of the 13C- 
formate concentration for the reaction medium enriched with PHB (PHB) and 
the reference reaction medium (RM); two independent series were carried out, 
(1) and (2) respectively. 
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when CO2 was removed from the reaction medium containing the bac
teria (i.e. after argon bubbling, Fig. 5B); the very slight current that 
remained (about – 0.02 to – 0.04 A m− 2) being possibly due to 
restrained proton reduction into H2 at − 0.8 V vs Ag/AgCl. When CO2 
was fed again at a higher flow rate of 15 mL min− 1 (Fig. 5C), the current 
increased, to stabilize at a higher value (i.e. − 0.5 A m− 2) than obtained 
before argon bubbling (Fig. 5A and B), suggesting a CO2 limitation and 
the potential for higher current values at higher CO2 flow rates. An argon 
flow was then supplied to remove CO2 from the reaction medium and 
the current returned to near zero (Fig. 5D). This result confirms that the 
reduction current observed is driven by CO2. 

Both isolated and purchased S. maltophilia were tested in bio- 

electrolyzers and exhibited similar electro-activities. In conclusion, 
S. maltophilia was shown to catalyze the reduction of CO2 in a fed-bath 
electrolyzer where electrons and protons can be directly fed by the 
cathode and are unlimited. 

To quantify the ability of S. maltophilia to remove CO2, an identical 
mixture of CO2/Ar 1:1 v/v (where argon served as an internal standard) 
was flowed through 5 independent bio-electrolyzers and their associated 
blank reactors (bio-electrolyzer without bacteria). CO2 content was 
analyzed at the gas outlets of these reactors to get the CO2 removals, by 
comparison to the blank. These removals were defined as the ratio of the 
quantity of CO2 consumed in the reactor to the quantity having passed 
across the reactor - for the fed-batch mode - or initially present - for the 
batch mode. Removals ranging from 5 and to 25% v/v were reached in 
the bio-electrolyzers, depending on the initial bacterial physiology, the 
experiment duration or the CO2 rate (i.e. the CO2 volume fed per volume 
of bacteria suspension per minute, in min− 1). The best result (i.e. 25% 
CO2 removal) was obtained with bacteria that were preserved on plates 
at 4◦C (i.e. by plate sub-cultures every two weeks for 6 months at a 
maximum), after at least 15 days of experiment and with a CO2 rate of 
0.19 min− 1. 

Comparison between the different operating modes: batch, fed-batch and 
fed-batch electrolyzer (i.e. bio-electrolyzer) 

It is worth noting that the lowest removal measured in the fed-batch 
electrolyzers (i.e. 5%) was at least 20-times higher than the best levels 
obtained in batch reactors. This result demonstrates the beneficial 
impact of the bio-electrolyzer configuration on CO2 reduction catalyzed 
by S. maltophilia. To distinguish the role of the fed-batch feeding to the 
electrodes in the bio-electrolyzer, three bioreactors were carried out in 
fed-batch mode without an electrode but in the same conditions as for 
the bio-electrolyzers. These experiments showed that the fed-batch 
mode without electrodes noticeably improved (by 10-fold on average) 
the CO2 removal compared to the batch, probably thanks to the 
enhancement of the CO2 transfer that it permitted. In fed-batch mode, 
the concentration of soluble CO2 available for the bacteria is indeed 
likely to be significantly higher than in batch mode which could increase 

Fig. 4. 13CO2 reduction in a 100 mL-fed-batch electrolyzer inoculated with S. maltophilia: chronoamperogram (CA) obtained on a cathode polarized at – 0.7 V vs Ag/ 
AgCl. Six phases are distinguished, corresponding to the different operating conditions implemented: (A) CO2 bubbling (25 mL min− 1); (B) Argon (Ar) bubbling 
(10 mL min− 1); (C) stop of the gas bubbling; (D) CO2 bubbling (5 mL min− 1); (E) Argon bubbling (100 mL min− 1) and (F) CO2 bubbling (25 mL min− 1). 

Fig. 5. 13CO2 and N2 reduction tests in a fed-batch electrolyzer inoculated with 
S. maltophilia: chronoamperogram (CA) obtained on a cathode polarized at – 
0.8 V vs Ag/AgCl after 14.5 days – the reduction current having occurred from 
day 7. Seven phases were distinguished, corresponding to the different oper
ating conditions implemented: (A) CO2 bubbling (10 mL min− 1); (B) Argon (Ar) 
bubbling (15 mL min− 1); (C) CO2 bubbling (15 mL min− 1); (D) Argon (Ar) 
bubbling (15 mL min− 1); (E) N2 bubbling (15 mL min− 1); (F) Ar bubbling 
(15 mL min− 1); and (G) CO2 bubbling (10 mL min− 1). 
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the CO2 reduction rate. Similarly to the batch mode, cell lysis occurred 
in the fed-batch bioreactor since the OD600 of the bacterial suspensions 
went from 6.0 ± 0.2 on average at the beginning of the experiment to 
2.2 ± 0.2 at the end (46 days at a maximum). As seen previously (Re
sults, Sections 2 and 3), the cellular compounds released in the reaction 
medium due to cell lysis might be used by the cells to adapt their 
enzymatic machinery but also to renew its electron donor stock, such as 
PHB (Fig. 6A). 

Besides, it appeared that the presence of the electrodes increased by 
at least 2-times the CO2 removal compared to the sole fed-batch. This 
result is probably explained by the electron feeding allowed by the 
polarized cathode that was shown by the appearance of a reduction 
current (see Results, Section 5). Bio-electrolysis was therefore assumed. 
In bio-electrolysis [53,54], the electrons and protons provided by the 
electrodes are expected to be used directly by the intracellular enzy
matic system catalyzing the CO2 reduction reaction (Fig. 6B). The 
continuous flow of electrons and protons is intended to replace the 
electrons and protons coming from the intracellular donors like could be 
PHB (Fig. 6B). The product of CO2 reduction in presence of electrodes 
has not yet been identified (assumed formate, Figs. 6B and 6C). How
ever, the Faraday law application - based on the currents and times 
measured in the bio-electrolyzer - gave a maximal theoretical CO2 

removal (by considering 2 electrons exchanged during CO2 reduction) 
that is at least 20-times smaller than the experimental CO2 removals 
measured. This observation suggests that bio-electrolysis is not the only 
phenomenon occurring in the bio-electrolyzers; otherwise, the measured 
and calculated CO2 removal would have been of the same order of 
magnitude. Electro-fermentation was therefore suspected. In 
electro-fermentation [53,54], electrical energy would no longer be the 
predominant energy source since the protons and electrons would be 
directed to maintenance processes, for example for producing PHB 
(Fig. 6C). The intracellular PHB produced would then be almost entirely 
devoted to reducing CO2, becoming the main energy source for the 
reduction reaction. In such configuration, the overall energy demand 
would be consequently lower compared to a CO2 electrolysis process and 
Faraday’s law would no longer correlate the reduction current with the 
removed CO2 content. 

Trials to approach the intracellular enzymatic system catalyzing CO2 
reduction in S. maltophilia 

In batch mode, the enzyme catalyzing CO2 reduction in S. maltophilia 
was demonstrated to reduce CO2 into formate without requiring H2 
(Results, Section 2 and Fig. 6A). Formate dehydrogenase (FDH) is a 

Fig. 6. Assumed mechanisms (A) in batch and fed-batch modes and in bio-electrolyzer mode with (B) bio-electrolysis and (C) electro-fermentation phenomena. PHB 
means PolyHydroxyButyrate. Monored is the reduced form of the PHB monomer, i.e. 3-hydroxybutyrate. Monoox is the oxidized form of Monored, i.e. acetoacetate. 
Cofred and Cofox designates the cofactor of the CO2-reducing enzymatic system (currently unkown), in its reduced and oxidized form, respectively. 
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common bacterial enzyme reported to be reversible and able to catalyze 
the reduction of CO2 into formate [21,22]. It is consequently suspected 
that this is involved in the current bioprocess. However, nitrogenases are 
also described in the literature as reducing CO2 [23]. Given that nitrogen 
(N2) is the natural substrate of nitrogenases, tests were carried out in 
batch mode with or without N2 to identify a possible nitrogenase ac
tivity. Three conditions were assayed (with a same bacterial suspen
sion): 13CO2/air 3:7 v/v, 13CO2/N2 3:7 v/v and 13CO2. If there is an 
active nitrogenase, the N2 present in the reactor could be reduced into 
ammonia and finally into ammonium ions (NH4

+) since the pH was 
buffered at 6.4. The ammonium concentration was monitored, as 
13C-formate, throughout the kinetics. The kinetics were performed over 
31 days. Table 3 summarizes the results obtained. 

Whatever the conditions tested, the 13C-formate concentrations 
accumulated in the reactors were the same, i.e. 90 ± 10 µmol L− 1 

(Table 3). Ammonium ions were produced in significant quantities when 
13CO2 was pure, i.e. 3.0 ± 0.5 mmol L− 1 (Table 3). Since there was no N2 
in the batch headspace, N2 reduction was impossible. The presence of 
NH4

+ could then be explained by a deamination of the proteins [43] 
released in the suspension after partial cell lysis, as already evidenced in 
Results, Section 2, with OD600 having decreased from 10.0 ± 0.2–2.0 ±
0.5. For the mixture containing 13CO2 and N2 (13CO2/N2, 3:7 v/v), NH4+

production was almost double in comparison to 13CO2 alone (Table 3). 
This result suggests that another phenomenon was taking place. The 
presence of an active nitrogenase inside the cells catalyzing N2 reduction 
into NH4

+ could explain this. When N2 was introduced in the reactor, 
both N2 reduction by nitrogenase and amino acid degradation could 
indeed occur at the same time. When O2 was also initially present in the 
reactor headspace (13CO2/air 3:7 v/v), NH4

+ production was expected to 
be lower since O2 is known to be an inhibitor of the nitrogenases [55]. 
However, NH4

+ production once again nearly doubled compared to the 
13CO2/N2 mixture (Table 3). Consequently, the increase of NH4

+ may 
result from the degradation of the proteins released through metabolic 
pathways favored by the presence of O2. Nevertheless, the activity of a 
potential nitrogenase was also not excluded after 14 days of reaction. 
NH4

+ ions were indeed still produced after 14 days of reaction, whereas 
O2 became zero (data not shown). 

In order to check the possible N2 reduction into NH4
+ by 

S. maltophilia, a fed-batch electrolyzer was fed with N2 and argon after 
bacteria accommodation to CO2 (Fig. 5 A to D). As previously observed, 
when the reactor was fed with argon (Fig. 5D), the current was almost 
zero. But when N2 was bubbled, a N2-reduction current immediately 
occurred (Fig. 5E). This current remained at a low value (about 
− 0.15 A m− 2) for 0.2 days before the current increased to reach a 
significantly higher value (- 0.8 A m− 2) than the maximum observed 
with CO2 bubbling, i.e. − 0.6 A m− 2 (Fig. 5 C). The transitory period 
observed could be linked to the time required to saturate the reaction 
medium with N2 (since N2 is poorly soluble in water) and to adapt 
S. maltophilia to N2. Argon was then bubbled and the current dropped to 
zero (Fig. 5 F), which revealed an N2-dependant reduction current 
(Fig. 5E). Finally, CO2 was fed again at 10 mL min− 1 and the current 
then increased and stabilized at a value similar to that obtained under 
the same conditions (Fig. 5 A and 5 G). This suggests that N2 supply did 
not damage the enzymatic system in charge of CO2 reduction. 

N2 was consequently assumed to be reduced by S. maltophilia at the 
cathode, which reinforces the hypothesis of a possible reduction of N2 in 
the batch reactor. The polarization of the cathode at - 0.8 V vs Ag/AgCl 
makes this reaction thermodynamically possible since the redox po
tential of the couple N2/NH4

+ is - 0.35 V vs Ag/AgCl at pH 6.4 [56]. The 
adaptation time of S. maltophilia to N2 substrate was significantly shorter 
in comparison to CO2 (i.e. 0.2 days vs 7 days). The same enzyme was 
therefore assumed to catalyze both reduction reactions (i.e. N2 and CO2 
reductions) with nitrogenase probably being the intracellular enzyme 
enabling these two reactions. 

Genome sequencing analyses were carried out on the native S. mal
tophilia strain (post reaction). The sequencing resulted in a high-quality 
metagenome assembled genome (MAG) corresponding to Steno
trophomonas maltophilia (100% completion, 0% redundancy). To check 
the possible presence of FDH and nitrogenase enzymes in S. maltophilia, 
genes coding for a part of a known FDH (Mo, W, FeS, FMN or NAD) or a 
known nitrogenase (Fe, MoFe or VFe) were searched for in the genome 
of S. maltophilia MAG using the PFAM database. Results are reported in  
Table 4. Lowest e-values correspond to highest homologies and an e- 
value of zero means the probability of the enzyme gene to be coded is 
100%. High homologies (i.e. low e-values) were found between the 
genome and the genes identified coding for both enzyme parts. The 
contribution of FeS-FDH and Fe-nitrogenase to CO2 reduction is thus 
very likely (Table 4). 

4. Conclusions 

S. maltophilia, a native environmental bacterium, was shown to 
reduce CO2. Formate was identified as the product of the CO2 reduction 
reaction in batch mode. This new process is very promising as it works 
without H2, cofactor or photon addition. The CO2 reduction can be 
enhanced by PHB adding or in a fed-batch electrolyzer providing elec
trons and protons to the bacteria. Fed-batch electrolysis allowed CO2 
removals up to 25% v/v at 30◦C and atmospheric pressure. S. maltophilia 
was also demonstrated to reduce N2, which constitutes another exciting 
aspect of this work. Intracellular FeS-FDH and Fe-nitrogenase are 
currently assumed to be part of the mechanism. Further research, 
including reactor optimization and omics studies are expected to 
elucidate the detailed bacterium mechanism and intensify CO2 reduc
tion. Carbon balance on the overall process will also be carried out and 
trials to cultivate the bacterium on a renewable waste will be 
investigated. 
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Table 3 
13CO2 reduction trials carried out in batch mode with different initial gaseous 
mixtures: initial and final concentrations of NH4

+ ([NH4
+], mmol L− 1) and 13C- 

formate ([13C-formate], µmol L− 1).   

[13C-formate] 
µmol L− 1 

[NH4
+] 

µmol L− 1 

Gaseous mixtures 0 day 31 days 0 day 31 days 
13CO2/air 3:7 v/v 0 90 ± 10 0.2 ± 0.1 10 ± 2 
13CO2/N2 3:7 v/v 0 90 ± 10 0.2 ± 0.1 5.5 ± 0.3 
13CO2 0 90 ± 10 0.2 ± 0.1 3.0 ± 0.5  

Table 4 
Summary table of the genes found in S. maltophilia genome coding for parts of 
nitrogenase and FDH enzymes. The e-values and gene function are also detailed.  

Gene Function e-value 

Fer4-NifH 4Fe-4S iron sulfur cluster binding proteins, NifH/frxC 
family 

1.80 10− 11 

nifH nitrogenase iron protein 3.50 10− 12 

nifH nitrogenase iron protein 1.40 10− 12 

Fer4-NifH 4Fe-4S iron sulfur cluster binding proteins, NifH/frxC 
family 

3.00 10− 16 

NifU NifU-like domain 6.8010− 24 

fdh-trans Formate dehydrogenase N, transmembrane 1.90 10− 24 

fdh- 
gamma 

formate dehydrogenase subunit gamma 2.2010− 60 

fdhD-narQ formate dehydrogenase accessory sulfurtransferase 
FdhD 

4.90 10− 67 

fdhE formate dehydrogenase accessory protein FdhE 6.40 10− 76 

fdh-beta formate dehydrogenase FDH3 subunit beta 4.80 
10− 145 

fdh-alpha formate dehydrogenase-N subunit alpha 0  
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Appendix 

Isolation and identification of S. maltophilia 

An environmental consortium with M. trichosporium OB3b was pre
viously obtained at our Laboratory, having showed that it reduced 
CO2.32 Isolation and identification of the strains forming this consortium 
were carried out. To facilitate the study, the consortium samples were 
inoculated on two heterotrophic media: Tryptic Soy Broth (TSB) and 
Lysogeny Broth (LB) Miller. These two standard media were ordered 
from Sigma (France) and differ in their NaCl concentrations (5 and 
10 g L− 1 respectively) and carbon sources (glucose vs yeast extract). 
These factors could indeed play a role in the strain differentiation. After 
incubation at 30◦C in aerobic conditions, two consortia were obtained: 
consortium I (on TSB) and consortium II (on LB). These consortia were 
Gram stained and observed by microscopy. 

Three bacteria were distinguished by microscopy in these consortia: 
(i) a small Gram-negative bacillus which was present and predominant, 
(ii) a small Gram-positive bacillus that was always present and (iii) a 
large Gram-negative bacillus that was visible sparingly in consortium I 
only. It is worth noticing that the methanotrophic bacterium 
M. trichosporium OB3b was not expected to be observed since the culti
vation conditions did not match the necessary requirements (i.e. pres
ence of methane in the gas in contact with the plates). 

Bacteria were then isolated from consortia I and II by exposure to 
selective culture conditions. Colonies from the plates were recovered 
separately to inoculate both TSB and LB culture media; the inoculated 
media were then incubated in four different conditions: (i) 37◦C in 
contact with air, (ii) 30◦C in contact with air, (iii) 37◦C in anaerobic 
conditions and (iv) 37◦C in anaerobic conditions on media beforehand 
with addition, or not, of colistine (10 mg L− 1), an antibiotic inhibiting 
Gram positive bacteria growth. After isolation of the bacteria from the 
consortia, bacteria were identified with regards to macroscopic and 
microscopic characteristics and biochemical properties (oxidase, cata
lase). Finally, strains were identified at the species level by MALDI-TOF 
MS (Maldi Biotyper Microflex®, Bruker Daltonics, Bremen, Germany; 
IVD 7712) (score ≥2.0). Mass spectrometry results demonstrated that:  

(i) The small Gram-negative bacillus observed predominantly in 
both consortia was the same bacterium, i.e. Stenotrophomonas 
maltophilia (match score of 2.21),  

(ii) The small Gram-positive bacillus observed in both consortia was 
the same bacterium, i.e. Microbacterium oxydans (match score of 
2.05),  

(iii) The large and very sparse Gram-negative bacillus that was 
observed in consortium I only was Pantoea agglomerans (match 
score of 2.07). 

Sequencing the 16 S RNA of the isolated Stenotrophomonas malto
philia that was already used for CO2 reduction tests confirmed that the 
bacteria identified was S. maltophilia and the genome matched at 
99.87% to the known strain of S. maltophilia NCIMB 9203 (Materials and 
Methods, Section 5.d). 
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