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Nitrogenase-dependent H2 production by photosynthetic bacteria, such as 

Rhodobacter capsulatus, has been extensively investigated. An important 

limitation to increase H2 production using genetic manipulation is the scarcity 

of high-throughput screening methods to detect possible overproducing 

mutants. Previously, we  engineered R. capsulatus strains that emitted 

fluorescence in response to H2 and used them to identify mutations in the 

nitrogenase Fe protein leading to H2 overproduction. Here, we used ultraviolet 

light to induce random mutations in the genome of the engineered H2-

sensing strain, and fluorescent-activated cell sorting to detect and isolate the 

H2-overproducing cells from libraries containing 5 × 105 mutants. Three rounds 

of mutagenesis and strain selection gradually increased H2 production up to 

3-fold. The whole genomes of five H2 overproducing strains were sequenced 

and compared to that of the parental sensor strain to determine the basis 

for H2 overproduction. No mutations were present in well-characterized 

functions related to nitrogen fixation, except for the transcriptional activator 

nifA2. However, several mutations mapped to energy-generating systems and 

to carbon metabolism-related functions, which could feed reducing power 

or ATP to nitrogenase. Time-course experiments of nitrogenase depression in 

batch cultures exposed mismatches between nitrogenase protein levels and 

their H2 and ethylene production activities that suggested energy limitation. 

Consistently, cultivating in a chemostat produced up to 19-fold more H2 

than the corresponding batch cultures, revealing the potential of selected H2 

overproducing strains.
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Introduction

The nitrogen-fixing and photosynthetic purple non-sulfur 
bacterium (PNSB) Rhodobacter capsulatus evolves H2 using two 
genetically distinct nitrogenases, a Mo-nitrogenase and an Fe-only 
nitrogenase, when cultured under anaerobic, illuminated 
conditions with organic compounds and in the total absence of 
nitrogen or in the presence of a poor nitrogen source (Scolnik and 
Haselkorn, 1984; Strnad et  al., 2010). Nitrogenases are 
two-component enzymes (Bulen and LeComte, 1966) formed by 
a dinitrogenase (called MoFe protein in the Mo-nitrogenase and 
FeFe protein in the Fe-only nitrogenase) and a dinitrogenase 
reductase (called the Fe protein), which catalyze the reduction of 
N2 into NH3 in a reaction that also produces, at a minimum, one 
mol of H2 per mol of reduced N2 (Seefeldt et al., 2020).

N2 + 8 H+ + 8 e− + 16 MgATP + 16 H2O → H2 + 2 NH3 + 16 Mg 
ADP + 16 Pi.

The specific substrate-reducing activities of the R. capsulatus 
nitrogenases have been described (Schneider et al., 1991, 1997). 
The relative H2 to NH3 production varies with the component 
ratio and nitrogenase type, being much higher in lower electron 
fluxes and for the Fe-only nitrogenase compared to the 
Mo-nitrogenase, making potential H2 production much higher 
than predicted from the above equation.

Rhodobacter capsulatus also expresses two hydrogenases: a 
cytosolic H2-sensing [Ni-Fe] hydrogenase encoded by hupU and 
hupV (Vignais and Billoud, 2007), and a membrane-bound uptake 
[Ni–Fe] hydrogenase that catalyzes the reversible reaction 
2H+ + 2e− ↔ H2 (Colbeau et al., 1993; Vignais et al., 2005). This 
latter enzyme is a heterodimer of the hupA and hupB gene 
products. The hupC gene product is a cytochrome b-type protein 
that anchors HupAB to the membrane and receives electrons from 
HupA (Vignais and Billoud, 2007). Transcription of hupABC is 
controlled by a promoter in response to H2 and involves a HupUV 
H2-sensor and a two-component regulatory system consisting of 
a histidine kinase HupT and a response regulator HupR. In the 
absence of H2, HupT and HupUV interact to form a complex in 
which HupT has increased auto kinase activity. 
Autophosphorylated HupT transfers a phosphate group to HupR, 
which in this state is unable to activate transcription. In the 
presence of H2, HupUV binds H2 and HupT is released. Although 
trans-phosphorylation between HupT and HupR can occur, in 
this state HupT appears to function rather in a phosphatase mode, 
leaving HupR in the active, unphosphorylated state, which can 
now activate transcription (Vignais et al., 2005).

Diverse approaches have been used to increase H2 production 
by genetic manipulation of microorganisms. Increase of H2 
production by hydrogenase obtained by directed mutagenesis or 
by removing genes related to their synthesis, regulation or 
assembly has been reported (Jahn et al., 1994; Masukawa et al., 
2002; Liu et  al., 2010). Nitrogenases are also excellent H2-
producing enzymes, and H2 production via nitrogenase has also 
been improved, mainly in cyanobacteria (Bandyopadhyay et al., 
2010; Masukawa et al., 2010; Skizim et al., 2012) and PNSB (Rey 

et al., 2007; Kim et al., 2008; Liu et al., 2010; Wang et al., 2010; 
Barahona et al., 2016; Zhang et al., 2016). An important limitation 
to improve H2-producing enzymes is the scarcity of high-
throughput screening methods for H2 overproducing 
microorganisms. In this context, a combination of fluorescence-
activated cell sorting (FACS), an engineered R. capsulatus strain 
that generates fluorescein in response to H2, and the in vivo 
expression of random variants of the nitrogenase NifH protein in 
the engineered strain, has been used previously to detect and 
separate H2 overproducing cells in screenings involving over a 
million variants per experiment (Barahona et al., 2016).

Here, we subjected R. capsulatus to directed genome evolution 
to increase H2 production. Random UV mutagenesis of engineered 
H2-sensing strains was combined with FACS to detect and isolate 
the resulting H2-overproducing cells. Three rounds of 
mutagenesis/selection were performed to achieve 2- to 3-fold 
increase in H2 production over the parental H2-sensing strain. The 
effect of removing H2 from the gas phase of R. capsulatus cultures 
to accelerate H2 evolution was also investigated.

Materials and methods

Bacterial strains, growth media, and 
growth conditions

Bacterial strains used in this study are listed in 
Supplementary Table S1. R. capsulatus strains were cultivated 
either in rich YPS medium or RCV minimal medium (Weaver 
et  al., 1975). RCV medium contained 30 mM DL-malate and 
10 mM (NH4)2SO4 as sole carbon and nitrogen source, respectively. 
When required for nitrogenase derepression, ammonium was 
omitted (RCV0) and, when indicated, RCV was supplemented 
with 10 mM L-serine (in this work, called RCVS). For Petri dishes 
medium was solidified with 1.5% agar. The medium was 
supplemented with kanamycin (Km; 50 μg/ml) or rifampicin (Rif; 
25 μg/ml) when required. Cultures were incubated at 30°C either 
under chemotrophic (aerobic) or phototrophic (anaerobic) 
conditions. Petri dishes were incubated at 30°C inside illuminated 
(300 lux) anaerobic jars in the presence of anaerobic gas generator 
bags (AnaeroGen™, Thermo Scientific, United States).

To determine growth curves of R. capsulatus-derived strains, 
precultures in RCV medium were diluted to an OD600 of 0.15 and 
transferred in triplicate to 24-multiwell plates. Cultures were 
grown at 30°C in presence of oxygen with shaking (700 rpm) using 
a SPECTROstar Nano instrument (BMG LABTECH, Germany) 
to determine the OD600, and growth was recorded every hour 
for 44 h.

To derepress nitrogenase in batch cultures, R. capsulatus cells 
precultured in RCV were transferred to 100-ml capped vials 
containing 60 ml of RCV0 medium and adjusted to an initial OD600 
of 0.18. Vials were sparged with N2 to completely remove air. 
Cultures were grown at 30°C phototrophically (six 60 W light 
bulbs providing 300 lux at 25 cm of the vials) for 22 h.
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Nitrogenase was also derepressed in continuous cultures. The 
system consisted of an illuminated 300 ml bioreactor containing 
150 ml of RCV0. The bioreactor was inoculated with anaerobically 
grown R. capsulatus cells to an initial OD600 of 0.3 and the reactor 
was made anaerobic by sparging N2 for 1 h (t = 0 h). After 16 h of 
diazotrophic growth, the gas phase was renewed by sparging N2 
for 1 h. Then, a peristaltic pump was used to replace fresh medium 
for reactor contents at a flow of 2.5 ml/min until the end of the 
experiment. At t = 39.5 h, the bioreactor was opened again both to 
release any H2 produced and to renew the N2 atmosphere by 
sparging. H2 measurements were taken at 0, 16, 17, 22.5, 25.5, 39.5, 
40, 46, 49, and 63 h.

Ultraviolet light mutagenesis

Ultraviolet light (UV light) mutagenesis was performed on 
R. capsulatus wild-type, S1, and S2 strains to generate random 
mutations along the genome. Each strain was cultured for 48 h on 
two Petri dishes containing solid YPS medium. One of the two 
Petri dishes was exposed to UV light while the second plate was 
used as control. The procedure was carried out in the dark to 
prevent photoreactivation. After UV light exposure, a loop of cells 
from each Petri dish was resuspended in 1 ml YPS and vortexed 
vigorously. Serial dilutions (from 10−1 to 10−6) were plated onto 
solid YPS to give 30–300 colonies/plate and incubated at 30°C for 
48 h. Colony counts were performed to estimate survival rates. 
Nine UV treatment times were tested. At 30 s, and at 1, 3, 5, 6, and 
8 min, there were no survival differences between UV-treated 
plates and non-treated controls. At 10 min, the survival rate in 
UV-treated plates was 90% of the control. At 13 min, the survival 
rate was 8% for R. capsulatus wild type and 10% for the S2 strain. 
No survivors were obtained after 15 min of UV illumination. 
Therefore, a 13-min exposure to UV light was used to generate 
libraries of random mutants. Each library contained ca. 3 × 109 
colony-forming units.

Flow cytometry

Rhodobacter capsulatus cells grown under diazotrophic 
conditions in 100-ml capped vials, containing 60 ml of RCVS 
medium, were collected by centrifugation in Falcon tubes for 
15 min at 4°C, 4,500×g, resuspended in 5 ml PBS supplemented 
with 10% glycerol, and incubated for 30 min at 4°C. Cells were 
then collected, resuspended in 1 ml of an 8:1:1 mixture of PBS, 
fluorescein di-β-D-galactopyranoside (FDG) and propidium 
iodide (PI), and incubated at 37°C for 30 min to facilitate FDG 
entrance into the cells. When cleaved by β-galactosidase, FDG 
releases fluorescein, which cannot diffuse across the cytoplasmic 
membrane (Plovins et  al., 1994). Cells were collected by 
centrifugation, resuspended in RCV medium, and analyzed in a 
FACSVantage (sorter) flow cytometer using an argon ion laser to 
excite the fluorochrome (488 nm) and a 0.5 μm filament filter to 

separate very small particles. About 5 × 105 cells were analyzed in 
each experiment. The cell sorter was programmed with very 
stringent parameters to separate individual cells leading to clonal 
populations. Only a few cells from a subpopulation exhibiting 
10–100-fold more fluorescence than the population average were 
sorted and recovered in 96-well microplates containing RCV 
medium. These stringent sorting conditions were chosen to ensure 
that just one highly fluorescent cell, or none, went into the 
receiving well. As a result, only a single microplate was filled in a 
2-h experiment, and about one-half of the wells produced no 
growth when their contents were used as inoculum. Grown 
cultures were then diluted to normalize their OD and transferred 
to RCVS medium in 96-well microplates to derepress nitrogenase 
overnight and prepare for 4-methylumbelliferone β-D- 
galactopyranoside (MUG) assays.

4-Methylumbelliferone  
β-D-galactopyranoside activity assays

4-Methylumbelliferone β-D-galactopyranoside β-galactosidase 
activity assays were carried out as described in (Barahona et al., 
2016). R. capsulatus cultures were incubated overnight under 
diazotrophic conditions inside a glove box in a 96-well plate (black/
clear Optilux™ flat bottom; BD Biosciences) covered with a 
transparent adhesive sealer. Portions of 120 μl from each culture 
were transferred to a 96-well microplate containing 100 μl of 
Z-Buffer (Miller, 1972) in each well, then supplemented with 25 μl 
MUG solution (1 mg/ml solution in dimethyl sulfoxide) and 
incubated at room temperature for 2 h in darkness. MUG 
hydrolysis by β-galactosidase was quantified by fluorescence 
emission at 445 nm (372 nm excitation wavelength) in a Genios Pro 
(Tecan) microplate fluorometer.

In vivo nitrogenase acetylene reduction 
assay

To determine acetylene reduction activity in R. capsulatus, 
1 ml portions of cultures grown under diazotrophic conditions 
were transferred to 9-ml sealed vials with a 94% N2/6% acetylene 
gas phase and incubated at 30°C in presence of light for 30 min. 
Ethylene formation was detected in 50 μl samples withdrawn from 
the gas phase by using a Shimadzu GC-2014 gas chromatograph 
equipped with a 9-ft long, 1/8-in diameter Porapak R column. In 
vivo nitrogenase activity units are defined as nmol ethylene 
formed per min per ml of culture at an OD600 equal to 1 (nmol 
C2H4 min−1 OD600

−1).

H2 production measurements

To determine H2 production in R. capsulatus cultures grown 
under diazotrophic conditions, 250 μl samples were withdrawn at 
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the indicated times from the gas phase of 100 ml capped vials. H2 
production in R. capsulatus continuous cultures was also 
determined in 250 μl gas phase samples withdrawn at the indicated 
times. Samples were injected in a Shimadzu GC-8A gas 
chromatograph equipped with a 6-ft long, 1/8-in diameter 
Molecular Sieve column 5A. Each measurement had two technical 
replicates per biological replicate. H2 production activity is 
presented either as total H2 released or as H2 released per hour and 
ml of culture (OD600 = 1).

Immunoblot detection of NifH and NifDK 
proteins

For SDS-PAGE, cells from 1-ml culture samples were 
collected by centrifugation, resuspended in 2× Laemmli 
sample buffer supplemented with 0.1 M dithiothreitol (to a 
concentration equivalent to an OD600 of 4), and electrophoresed 
in 12% acrylamide/bisacrylamide (29:1) gels. For immunoblot 
analysis, proteins were transferred to nitrocellulose membranes 
for 40 min at 20 V using a Transfer-Blot® Semi Dry system 
(Bio-Rad). Immunoblot analyses were carried out with 
antibodies raised against a 1:1 mixture of Azotobacter 
vinelandii and Rhodospirillum rubrum NifH proteins (1:2,500 
dilution) or with antibodies raised against R. capsulatus NifDK 
(1:2,000 dilution; antibody kindly donated by Yves Jouanneau, 
CNRS, Grenoble). Secondary HRP-conjugated anti-rabbit 
antibody (Invitrogen, United  States) was used at 
1:15,000 dilution.

Whole-genome DNA sequencing and 
data analysis

For second-generation genome sequencing, total DNA 
from bacterial cultures was isolated using the NZY Tissue 
gDNA isolation kit (NZYTech), following the manufacturer’s 
instructions, and eluted in a final volume of 100 μl. A negative 
control that contained no sample was included in the DNA 
isolation process to check for cross-contamination during the 
experiments. DNA samples were quantified using the Qubit 
dsDNA HS Assay kit (Thermo Fisher Scientific) and sequenced 
by an external service provider (AllGenetics & Biology SL). 
Briefly, libraries were constructed using the Nextera XT DNA 
Library Prep kit (Illumina) according to the manufacturer’s 
instructions, and they were dual indexed for post-sequencing 
demultiplexing. The fragment size distribution of the libraries 
was checked with an Agilent 2,100 Bioanalyzer using the 
Agilent DNA 1000 Kit. Libraries were quantified with the Qubit 
dsDNA HS Assay Kit and pooled in equimolar amounts. Pooled 
libraries were then sequenced with an Illumina MiSeq (2 × PE, 
300 bp) sequencer.

For third-generation genome sequencing, total DNA 
extraction from S2– R. capsulatus culture was performed using 

DNeasy Blood & Tissue Kit (QIAGEN) according to PacBio 
guidelines for handling high-molecular-weight DNA for 
successful constructions of SMRTbell™ libraries. Quick 
Ampure XP bead clean-up was then performed to remove RNA 
contamination. DNA quality (i.e., integrity, purity, and 
concentration) necessary for library preparations was evaluated 
from gel images of DNA samples and by Qubit® fluorimetry. 
Barcoded libraries were prepared, and the size was selected by 
performing one 0.45 × (sample volume to beads volume ratio) 
clean followed by another 0.4 x clean using Ampure beads to 
remove DNA fragments smaller than 3–5 kb. Sequence data 
were demultiplexed and genomes assembled using PacBio’s 
Microbial Assembly Tool.

Raw genome sequencing reads were processed to correct or 
eliminate erroneous reads. Error correction algorithms, from 
simple trimming processes using base quality scores to complex 
error correction approaches based on the frequency of 
erroneous reads in the set being assembled, were carried out. 
Subsequently, single-nucleotide polymorphisms (SNV) were 
mapped to the S2– R. capsulatus genome used as reference. 
Initial DNA sequence comparisons detected more than a 
thousand differences between the reference genome and 
UV-mutated derivatives, but most of those laid in regions of 
lower sequence coverage and were considered population 
polymorphisms. Thus, only SNVs present in more than 65% of 
the reads, and that were also present in subsequent strain 
derivatives (3 rounds of mutagenesis were performed), were 
considered for further analysis. All procedures were performed 
using Geneious version 6.1.8 software. SNVs were confirmed 
by performing Basic Local Alignment Search Tool (BLAST) 
against the reference genome.

Statistical analysis

Statistical analyses were carried out using Prism software. 
One-way ANOVA tests were performed to compare the means of 
multiple sets of data (p < 0.05). Adjusted p values were determined 
by the Bonferroni test.

Results

We sought to develop a method to generate and in vivo 
identify H2 overproducing PNSB variants that could be easily 
implemented in the set-up of an academic R&D laboratory. 
This method starts by generating a huge library of random 
mutants that is subsequently screened in groups of half a 
million at a time by FACS using a fluorescence signal as proxy 
for H2 production. The selection procedure favors speed and 
standardization, and balances, on one hand, a significant 
increase in fluorescence signal with, on the other hand, 
obtaining a manageable number of selected overproducing 
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strains. We found out that about 1% of the mutant population 
emitted 10-100-fold higher signal than average, and that a 
2–3-h FACS experiment could sort out and collect 96 of them 
in a single plate. Because the number of isolated clones was 
relatively small, a growth test and secondary H2 production 
proxy screening were then performed to validate the FACS 
selection before real H2 production was determined. To “fix” 
advantageous mutations for H2 production, we  decided to 
pursue stepwise increments rather than performing a deeper– 
and much longer–screening of an individual mutagenic library. 
Thus, the 2–3 highest H2 overproducing mutants were used in 
subsequent cycles of mutagenesis and screening. At the end, a 
collection of H2 overproducing R. capsulatus mutants was 
analyzed by whole genome sequencing to gain insights into the 
genetic basis of their phenotypes and to establish the 
mutation genealogy.

First round of UV mutagenesis and 
screening for H2-overproducing strains

Rhodobacter capsulatus S1 and S2 sensor strains contain a 
copy of lacZ (PhupA::lacZ) integrated in the chromosome 
between hypF and hupA (Supplementary Table S1). They 
express LacZ and catalyze the formation of fluorescein from 
fluorescein di-β-D-galactopyranoside (FDG) in response to 
endogenously produced H2 (Barahona et  al., 2016). In 
addition, S2 lacks the hupAB structural genes for the uptake-
hydrogenase and is unable to consume H2. Random genome-
wide mutagenesis of S2 was performed as starting point to 
generate strains with enhanced in vivo H2 production. S2 cells 
growing on solid YPS medium were exposed to UV light, 
serially diluted, and plated again to assess survival. About 
3 × 109 colony-forming units (10% survival rate) were 
recovered after mutagenesis. Mutagenized cells (UV-S2) were 
pooled, derepressed for nitrogenase in RCVS medium, 
incubated with FDG, and analyzed by FACS flow cytometry 
(Figure  1A). Wild-type, S1, and S2 cells derepressed for 
nitrogenase and treated with FDG were used as controls. 
About 5 × 105 mutagenic events were processed per FACS 
sample. UV-S2 cells emitting 10 to 100-fold more fluorescence 
than the main population (1.4% of the total population in the 
P2 areas of Figure 1A) were sorted by the flow cytometer and 
some of them were collected into a 96-well microplate 
containing RCV medium. After incubation, growth was 
observed in 52% of the inoculated wells. Grown cultures were 
then transferred to RCVS medium inside an anaerobic 
glovebox for nitrogenase derepression and secondary 
MUG-based β-galactosidase activity determinations. Fourteen 
mutants exhibited at least 2.5-fold higher MUG-derived 
fluorescence than S2 (Figure 1B). Derepressed cultures showed 
statistically significant increases in H2 production rates 
compared to S1 and S2 (see Round 1 box in Figure  2). 
S2-derived strains 2G, 11F, and 11G were selected as the 

highest H2 producers and further analyzed in time-course H2-
production experiments (Figure 3A).

Additional rounds of mutagenesis and 
screening to further increase H2 
production

2G, 11F, and 11G strains were separately subjected to a 
second round of UV mutagenesis and FACS screening. The 
percentage of cells in selective P2 areas of FACS was 0.027, 0.5, 
and 0.01%, for UV-11F, UV-11G, and UV-2G, respectively 
(Figure 1A). As in round 1, cultures presenting over twice the 
β-galactosidase activity of their parental strains were monitored 
for H2 production, and the highest H2 producers were selected 
(Figure 1B). Selected strains were used in subsequent rounds 
of UV mutagenesis and screening while statistically significant 
increases in H2 production rates were observed. Significant 
differences were observed between S1, S2, and mutants 
generated in mutagenic rounds 1 and round 2, but not between 
round 2 and round 3 mutants (Figure 2). Therefore, no further 
rounds of mutagenesis were performed after round 3. 
Supplementary Figure S1 shows the genealogy of R. capsulatus 
strains generated in this work.

The H2 production rates of selected strains subject to 
subsequent rounds of UV mutagenesis are shown in Figure 3A. H2 
production rates of additional derivative strains can be found in 
Supplementary Figure S2. Rates were determined in time-course 
experiments after nitrogenase derepression, and statistically 
significant differences between S2 and derivative strains were 
observed at all investigated times. Strains 12A, 8D, and 12C stood 
out as the highest overproducers, with average production rates of 
3,056, 2,830, and 3,180 nmol H2 ml−1  h−1 OD600

−1, respectively 
(compared to average S2 production of 1,388 nmol H2 ml−1 h−1 
OD600

−1).
Mo-nitrogenase is the enzyme responsible for H2 

production in R. capsulatus growing photoheterotrophically in 
the absence of fixed N and when the growth medium contains 
Mo. In vivo nitrogenase activity in S2 and derivative strains was 
estimated by the acetylene-to-ethylene reduction method. 
Ethylene production was lower in S2 than in the derivative 
strains at all analyzed times, although differences were only 
statistically significant 22 h after derepression (Figure  3B). 
Correlations between H2 and ethylene production activities 
were observed for all strains, indicating that H2 overproduction 
phenotypes were not due to changes in nitrogenase substrate 
specificity (i. e. preference of H+ over acetylene), as reported 
previously for nifH mutant experiments (Barahona et al., 2016). 
On the contrary, nitrogenase activities did not correlate with 
the accumulation of the NifH and NifDK components of 
Mo-nitrogenase, as S2 accumulated more Nif polypeptides 
than most of its derivative strains (Figure 3C). 8D, 3D, and 12C 
had slightly altered NifH and NifDK accumulation profiles 
compared to the other strains.
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Improving H2 production under 
continuous culture conditions with 
intermittent gas exchange

After maximum accumulation of nitrogenase polypeptides 
occurred, the rates of H2 production decelerated over time in all 
strains and, finally, decreased between 38 and 39 h 
(Supplementary Figure S3). Consistently, acetylene reduction 

activities were lower at 39 h than at 22 h after nitrogenase 
derepression (data not shown). The slight decrease of NifH and 
NifDK accumulation over time (Figure 3C) cannot entirely account 
for the magnitude of this effect, and therefore, additional factors 
must be involved. One possibility is the limitation of electrons and 
ATP supply to nitrogenase. However, because aerobic 
non-diazotrophic growth also stopped at similar culture OD 
(Supplementary Figure S4), it appears that the observed decrease 

A

B

FIGURE 1

High-throughput selection of Rhodobacter capsulatus cells emitting fluorescence in response to H2. (A) Fluorescence activated cell sorting. Dot-
plot showing side-scattered light (SSC) versus fluorescence generated by fluorescein isothiocyanate (FITC) in R. capsulatus populations of wild 
type, S1, S2, UV-S2 (pool of S2 cells after UV treatment), and derivative strains obtained by further rounds of UV mutagenesis. P2 indicates areas 
used for cell sorting into 96-well plates. Strains analyzed in depth in this study (e. g. 11F, 11G, and 2G) are shown in the P2 area from which they 
were isolated. (B) Examples of beta-galactosidase activity (MUG hydrolysis in 96-well plate format) of clones sorted by FACS. Left, UV-S2. Right, 
UV-2G, UV-11F, and UV-11G sorted populations. Green and blue bars show wild-type and S1 and S2 activities, respectively. Red bars show activities 
of strain subject to each mutagenic treatment. Black bars represent activities of clones selected for further rounds of mutagenesis.

https://doi.org/10.3389/fmicb.2022.991123
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Barahona et al. 10.3389/fmicb.2022.991123

Frontiers in Microbiology 07 frontiersin.org

was caused by more general, physiological causes. Typically, 
substrate limitation or waste accumulation are responsible for batch 
cultures entering the stationary growth phase. Therefore, continuous 
culture experiments were undertaken.

Continuous culture conditions were established that 
maintained culture density at OD600 = 1.6 (Figure  4A), and H2 
production by S2, 8D, and 12C strains was determined during 
63-h experiments (Figures 4B,C). Periodic atmosphere changes to 
replenish N2 and to remove accumulated H2 were also 
implemented. Figure  4B shows that all accumulated H2 
disappeared after atmosphere regeneration at 17 and 40 h. H2 
production rates increased during the experiment and were always 
higher in 12C and 8D than S2 (Figure 4). At 63 h, strains 12C and 
8D produced 63 ± 1 μmol H2 h−1 ml−1 OD600

−1 and 52 ± 2 μmol H2 
h−1 ml−1 OD600

−1, respectively, compared to 12 ± 1 μmol H2 h−1 ml−1 
OD600

−1 in the S2 strain. Comparison with their maximum H2 
production rates in batch cultures (ca. 1–3 μmol H2 h−1  ml−1 
OD600

−1, see Figure  3A) indicated that continuous culture 
conditions effectively removed some limitations to H2 production. 
The total volume of H2 produced in 63 h by strains 8D and 12C 
was 4 and 5 l H2 per L of culture, respectively (Figure 4C).

Identification of mutations in 
Rhodobacter capsulatus H2 
overproducing strains

Mutations present in 11F, 12A, 12C, 3D, and 8D strains were 
identified by whole genome sequencing (Illumina MiSeq, PE 2 × 
300 bp, 100 × coverage) and mapped to the R. capsulatus S2 
chromosomal DNA sequence. Due to the large number of 
differences in the DNA sequences of the mutants and S2, only SNVs 
that were present in more than 65% of the mutant reads, and that 
were also present in subsequent strain derivatives, were considered. 
These stringent criteria represent a conservative approach. Therefore, 
the chosen mutations might not encompass all possible changes but 
rather represent the minimum relevant changes caused by UV that, 
altogether, affect H2 production phenotype. Mutations identified in 
the selected H2 overproducing strains are listed in Table  1 and 
Supplementary Table S2. SNVs were identified that resulted in 
amino acid changes within functional gene sequences or changes in 
promoters and terminator regions. Point mutations leading to 
nucleotide deletions that create frameshifts were also observed. A 
total of 35 genomic changes, uniformly and randomly distributed 
across the genome, were identified among strains 
(Supplementary Table S2). These changes included two deletions 
and 31 SNVs, 21 of which resulted in amino acid changes. In seven 
cases, two mutations were localized very close in the same ORFs. As 
expected, parental variations were maintained in second- and third-
round mutants (except for eda mutation in 11F).

Table 1 lists mutations in genes that could be relevant to H2-
overproducing phenotypes. Deletion of structural uptake 
hydrogenase genes (hupAB) was confirmed in S2 and all derivatives 
were sequenced in this study. Obviously, the absence of HupAB 

prevented consumption of H2 produced by nitrogenase. 8D had a 
mutation in ackA2, encoding acetate kinase, which possibly affects 
carbon metabolism. 11F had a mutation in rcc02232, a gene linked 
to a nitrogen fixation gene cluster that encodes a FAD-dependent 
oxidoreductase, and possibly affects electron donation to 
nitrogenase. Importantly, this mutation was carried over to 12A, 
12C, and 3D derivative strains. 12A had additional mutations in 
rcc01477 (encoding another FAD-dependent oxidoreductase) and 
araB (encoding a ribulokinase involved in arabinose catabolism), 
with implications in carbohydrate metabolism and electron transfer. 
In addition to mutations carried over from 11F and 12A, 3D has a 
mutation in a ndh gene encoding a subunit of an NADH 
dehydrogenase, and thus involved in energy production. Most 
importantly, strain 12C has mutations in metH3, encoding a 
methionine synthase necessary for S-adenosylmethionine (SAM) 
biosynthesis, and in nifA2, a second, initially redundant, nif-specific 
transcriptional regulator located in nif cluster B (Demtröder et al., 
2019). SAM is required for the biosynthesis of the iron-molybdenum 
cofactor of nitrogenase by NifB (Curatti et al., 2006). Notably, NifH 
and NifDK accumulation in 12C was not much lower than in the 
other analyzed strains (Figure 3C).

Discussion

Biohydrogen generation by photosynthetic bacteria, such as 
PNSB, exhibits low productivity making them unsuitable to 

FIGURE 2

In vivo H2 production in batch cultures of clones that had high 
β-galactosidase activity in previous MUG assays. Measurements 
were taken after each round of UV mutagenesis. In vivo H2 
production of S1 and S2 are shown as reference. Boxes show 
25th to 75th percentiles, the median (line), and the mean (+). 
Whiskers show from minimum to maximum values. Each dot 
represents H2 production of a different clone. Different letters 
indicate statistically significant differences (p < 0.05 for S1 vs. S2, 
and p < 0.0001 for the rest of group comparisons).
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generate H2 for large-scale applications (Chandrasekhar et al., 
2015). However, their production has been insufficiently explored, 
being underdeveloped, and remains a promising renewable source 
of H2 considering the energy input (sunlight) and purity of 
product output (Gupta et al., 2013; Chandrasekhar et al., 2015; 
Jiménez-Llanos et al., 2020; Chai et al., 2021). Several strategies to 
enhance photo-fermentative biohydrogen production have been 
described, such as immobilization of bacteria for continuous H2 
production (Fiβler et al., 1995; Elkahlout et al., 2019), modification 
of carbon substrates, nitrogen source, and micronutrients 
contained in the H2 production medium (Liu et  al., 2009; 
Laocharoen and Reungsang, 2014; Chen et al., 2017), and genetic 
modifications (Barahona et al., 2016; Feng et al., 2018b; Ma et al., 
2021), among others.

Previously, we  were able to increase H2 production by 
R. capsulatus 10-fold through the development of a biotechnological 
tool for the detection of H2-overproducing mutants expressing 

randomly generated nitrogenase variants (Barahona et al., 2016). 
The tool was based on the sensing hydrogenase of R. capsulatus and 
produced a fluorescent signal proportional to the amount of H2 
produced by each variant. Here, we have used it for genome-wide 
screening of mutations leading to enhanced H2 production, thus 
expanding the impact of this tool.

This work focuses on methodology for non-designed 
enhancement of H2 production activity through the detection of 
rare overproducers within a very large population of cells. One 
outcome from this work is that this method did not accumulate 
mutations on nitrogenase or hydrogenase genes, which would 
be obvious targets for a designed mutant strategy. It appears that 
a panoply of mutations, probably resulting in small production 
increments, underly the H2 overproducing phenotype. As a result, 
the proposed methodology does not allow to unequivocally 
assign specific genotypes as responsible for the observed H2 
overproducing phenotype, and the putative contribution of each 

A B

C

FIGURE 3

Time course of H2 production in batch cultures of selected strains isolated after each round of UV mutagenesis. In vivo H2 (A) and ethylene 
(B) production of S2 and the highest H2 overproducing variants. The three bars of each strain represent activities at 15, 18, and 22 h after the start of 
nitrogenase depression. Data represent the mean ± SD of biological replicates (n = 6 for H2, n = 4 for ethylene). Each biological replicate had 2 
technical replicates. Statistically significant differences in H2 production between S2 and H2 overproducers existed at all measured times 
(p < 0.0001). Differences in ethylene production between S2 and H2 overproducers were statistically significant at 22 h (p < 0.05). (C) Immunoblot 
detection of nitrogenase NifH and NifDK components in cell-free soluble extracts from cultures shown in panel B. Normalized quantification of 
band intensity is indicated above each band. Ponceau staining of membranes is shown as loading control. Full uncropped gels are available as 
Supplementary Figure S5.
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one of the identified mutations towards this phenotype will 
require further experimentation.

To identify genes and pathways involved in H2 metabolism, 
we performed random DNA mutagenesis of R. capsulatus S2 
using UV mutagenesis. Random mutagenesis of bacteria and 
algae using both physical (UV) and chemical (e.g. ethyl methane 
sulfonate) mutagens has been used extensively to improve 
microorganism activities useful at industrial scale (Joshi et al., 
2013; Lee et  al., 2014; Perin et  al., 2015). UV radiation 
(250–290 nm) induces either formation of thymine dimers that 
cause transition of G and C to adenine A and thymine T and/or 
deletion of A–T base pairs in the DNA. R. capsulatus has an 
efficient photoreactivation system that repairs DNA damage 
induced by UV (Barbe et  al., 1987). Thus, in this work, UV 
mutagenesis was performed in absence of visible light. Point 
mutations in R. capsulatus regulatory sequences and other key 
genes could result in enhanced H2 production. The possibility 
of mutation bias resulting from the UV treatment cannot 
be  ruled out as no other chemical random mutagenesis was 
performed in parallel. The survivors of mutagenic treatment 
were screened in groups of 5 × 105 CFU. About 0.01 to 1% of 
them exhibited enhanced fluorescence compared to the 
population average and the parental strain. The effectiveness of 
FACS high-throughput screening was confirmed by secondary 
β-galactosidase and H2 production activities.

A

B

C

FIGURE 4

H2 production in continuous cultures of S2, 8D, and 12C strains. 
(A) Stability of culture OD during the experiment. Continuous 
culture conditions were established once the OD600 reached 1.6. 
(B) Time course of in vivo H2 accumulation. Note the 
disappearance of accumulated H2 at times 17 and 40 h due to 
complete regeneration of the gas phase. (C). The total amount of 
H2 produced. Statistically significant differences in H2 production 
between S2 and H2 overproducers existed at all measured times. 
Different letters (a, b, or c) indicate statistically significant 
differences (p < 0.05). In all panels, data represent the mean ± SD of 
biological replicates (n = 4 for S2, n = 2 for 8D and 12C) with two 
technical replicates each.

TABLE 1 Mutations accumulated in Rhodobacter capsulatus H2 
overproducing strains.

Strain Accumulated 
mutations

Relevant 
genes 
affected

Proposed 
function

S2 1 mutation hupAB Uptake hydrogenase 

(H2 consumption)

11F S2 + 7 mutations rcc02232 FAD dependent 

oxidoreductase 

(Energy production)

12A 11F + 5 mutations rcc01477 FAD-dependent 

oxidoreductase 

(Energy production)

araB Ribulokinase 

(Carbohydrate 

metabolism)

8D S2 + 5 mutations ackA2 Acetate kinase 

(Carbon 

metabolism)

3D 12A + 5 mutations ndh NADH 

dehydrogenase 

(Energy production)

12C 12A + 6 mutations metH3 Methionine 

synthase (SAM 

biosynthesis)

nifA2 Nif transcriptional 

regulator (Nitrogen 

fixation)

https://doi.org/10.3389/fmicb.2022.991123
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org


Barahona et al. 10.3389/fmicb.2022.991123

Frontiers in Microbiology 10 frontiersin.org

The greatest differences in H2 production were observed at 22 h, 
where all selected strains produced higher levels than S2. The highest 
H2-overproducing strains were subject to subsequent rounds of UV 
mutagenesis and FACS to continue improving H2 production. Thus, 
accumulation of mutations after each round could be closely linked 
to the enhancement of H2 production. Differences in H2 production 
rates were lower at 39 than 22 h, probably due to depletion of 
nutrients in batch cultures, as previously reported (Bianchi et al., 
2010; Boran et al., 2010; Feng et al., 2018a). Overall, H2 production 
was enhanced 6-fold by deleting the hupAB genes (uptake 
hydrogenase) and by performing random mutagenesis. In addition, 
continuous cultures of selected mutant strains were shown to 
produce 19-fold more H2 than the corresponding batch cultures.

Nitrogenase variants greatly enhancing H2 production have 
been previously obtained. The most active H2 producers lost the 
ability to reduce acetylene into ethylene (Barahona et al., 2016; 
Zheng and Harwood, 2019). In contrast to the nitrogenase-
focused approach, all variants analyzed by genome-wide screening 
exhibited higher acetylene reduction activities than the S2 parental 
strain, although nitrogenase structural proteins, NifH and NifDK, 
were expressed at similar levels. This observation suggests that 
changes selected in the genome of variants do not affect 
nitrogenase substrate specificity and could be altering either (i) 
other nitrogenase-related proteins, or proteins that are involved in 
nitrogen fixation-related pathways, or (ii) regulatory regions or 
factors. One aspect not investigated here was the possible 
contribution of the Fe-only nitrogenase to the H2 overproduction 
phenotype. A comparative characterization of H2 production by 
Mo- and Fe-only nitrogenases in a hupB− mutant of R. capsulatus 
indicated higher production from the Fe-only nitrogenase 
operating under N2 atmosphere (Krahn et al., 1996). However, in 
our experiments, the Fe-only nitrogenase is repressed because the 
culture medium contains molybdate. Thus, mutations derepressing 
its expression in presence of molybdate would be required.

Regarding regulatory mutations, it is noteworthy that round 2 
mutant 12C, one of the strongest H2 overproducers, contains a 
mutation in nifA2. R. capsulatus contains two copies of the nifA 
transcriptional activator gene, nifA1 and nifA2, and their gene 
products equally activate both nif and anf promoters (Demtröder 
et al., 2019). However, the regulation of nifA2 differs from that of 
nifA1 in that it is subject not only to NtrC nitrogen control, but also 
to the general, redox-responding RegAB regulatory system (Elsen 
et al., 2000).

Regarding mutations in nitrogenase-related functions or 
pathways, none of the mutations accumulated in selected H2 
overproducers targeted well-characterized functions related to 
nitrogen fixation. However, some of them affect genes with 
proposed functions that could be relevant to nitrogen fixation. 
Strain 11F –and hence 12A and its derivatives– contained a 
mutation in rcc02232, a proposed FAD oxidoreductase, while 12A 
and its derivatives accumulated an additional mutation in 
rcc01477, another proposed FAD oxidoreductase. FAD-dependent 
oxidoreductases play a role in energy-generating systems and here 
they may be part of an ancillary system, unknown until now, that 

can feed reducing power or ATP to the nitrogenase system. This 
possibility is further substantiated by the presence of a ndh 
mutation in 3D, 12A-derived strain. Although many NADH 
oxidases have been linked to oxidative stress control, regeneration 
of NAD+ is also critical for cellular energy generation.

Another set of selected mutations is that of C metabolism-
related functions. In strain 12A and derivatives, a mutation in 
araB, a ribulokinase, was selected, while strain 8D showed a 
mutation in ackA2, an acetate kinase. Gene ackA2 has been 
implicated in a 1,2-propanediol degradation pathway that is 
overexpressed in mutants in the RegAB general redox regulatory 
system (Schindel and Bauer, 2016). AraB, on the other hand, 
catalyzes the conversion of ribulose to ribulose-5-phosphate 
(Agarwal et al., 2012). Ribulose-5-phosphate, besides constituting 
an energy vector, can feed into the pentose phosphate pathway. It 
has been reported that polysaccharide production substantially 
increases in R. capsulatus mutants lacking nitrogenase activity 
(Klein et  al., 1991). This suggests that nitrogen fixation and 
polysaccharide production pathways may be  competing for 
metabolites or reducing power. Were this the case, it is possible 
that a mutation in araB could result in higher energy availability 
to nitrogenase, thus explaining its higher H2 production.

Finally, one of the mutations in the overproducing strain 12C is 
located within the metH3 gene that codes for a methionine synthase. 
Methionine is a precursor of S-adenosyl-methionine (SAM), and 
SAM is required for NifB activity in the synthesis of the NifB-co 
cofactor, a precursor to the nitrogenase catalytic cofactor, FeMo-co 
(Buren et al., 2020). However, in the absence of data regarding 
alteration of SAM levels in strain 12C, the effect of this mutation is 
difficult to rationalize. This gene could simply be involved in the 
relative availability of sulfur that might affect the relative NH3 vs. H2 
produced. Or its mutation might alter the relative expression of 
Mo– vs. Fe– only nitrogenase affecting H2 produced.

At present it is difficult to rationalize the role of the above 
mutations that result in a nitrogenase able to efficiently evolve H2 
while not being affected in its ability to reduce N2, within a specific 
framework. Further investigation of the phenotypes of these 
mutations will probably clarify some of the complex metabolic 
interactions that the proposed functions of the genes implicated 
suggest. This will probably unearth subtle redox and energy 
interactions in the nitrogen fixation process that have so far escaped 
detection but that are, nonetheless, important to determine the fate 
of electrons through nitrogenase. In this respect, it is important to 
keep in mind that alterations in the electron flux through 
nitrogenase can alter its preference for different substrates (e. g. 
protons or N2). Purified nitrogenase allocates 25% of the electrons 
fed to it to proton reduction (Simpson and Burris, 1984), and this 
has been mechanistically explained (Seefeldt et al., 2020). However, 
in vivo, higher ratios of proton reduction have been observed, 
especially in symbiotic systems under stressful conditions for the 
legume symbiont (Schubert and Evans, 1976), an observation that 
is also commonly explained by the complexities of the nitrogenase 
catalytic mechanism: given that nitrogenase needs to store six 
electrons for the stepwise reduction of N2 to NH3, it is expected that 
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when the electron flux is suboptimal, electrons can leak out to 
protons and be lost as H2. Hence, any mutations that negatively 
affect the efficiency of the flux of electrons through nitrogenase 
would probably result in a higher proportion of electrons allocated 
to protons, and thus a higher production of H2. The selected 
mutations would fit within this category.

It is surprising that no nitrogenase mutations were identified 
in this screening. Future developments should include combining 
mutations identified in (Barahona et al., 2016) and this study, as 
well as exploiting the Fe-only nitrogenase activity by deregulating 
it or by changing culture conditions to express it.
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