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ABSTRACT: For the production of edible microbial protein (MP), ammonia generated by
the Haber-Bosch process or reclaimed ammonia from waste streams is typically considered
as the nitrogen source. These processes for ammonia production are highly energy intensive.
In this study, the potential for using nitrogen gas (N2) as a direct nitrogen source for MP
production by hydrogen-oxidizing bacteria (HOB) was evaluated. The use of N2 versus
ammonium as nitrogen source during the enrichment process resulted in differentiation of
the bacterial community composition of the enrichments. A few previously unknown
potential N2-fixing HOB taxa (i.e., representatives of the genus Azonexus and the family
Comamonadaceae) dominated the enrichments. The biomass yield of a N2-fixing HOB enrichment was 30−50% lower than that of
the ammonium-based HOB enrichment from the same inoculum source. The dried biomass of N2-fixing HOB had a high protein
content (62.0 ± 6.3%) and an essential amino acid profile comparable to MP from ammonium-based HOB. MP from N2-fixing
HOB could potentially be produced in situ without entailing the emissions caused by ammonia production and transportation by
conventional means. It could be a promising substitute for N2-fixing protein-rich soybean because it has 70% higher protein content
and double energy conversion efficiency from solar energy to biomass.

1. INTRODUCTION

Food production will need to be increased in response to the
growing world population and rising demand for high grade
protein per capita.1,2 Due to the inefficient use of energy-
intensive nitrogen fertilizers in contemporary agriculture and
main nitrogen losses as manure during plant−livestock
conversion,3,4 further expansion of traditional agricultural
practices will exacerbate its environmental damage. Therefore,
the interest in microbial protein (MP) production has been
renewed and MP could potentially be integrated into the food
chain as feed or food.5−7

Among various MP producers, such as bacteria, algae, yeast,
and fungi, hydrogen-oxidizing bacteria (HOB) are of particular
interest because they can grow autotrophically on H2,

8 which
can be produced from renewable energy. The stoichiometry of
the autotrophic culture of well-studied HOB, Cupriavidus
necator, is presented in the following equation:9

+ + + →

+

21.36H 6.21O 4.09CO 0.76NH C H O N

18.7H O
2 2 2 3 4.09 7.13 1.89 0.76

2 (1)

Axenic cultures of HOB can establish a high growth rate (up to
0.42 h−1)9 and both pure cultures and consortia have been
studied to produce value-added MP with a protein content of
up to 70% of the cell dry weight.10,11 In addition, the HOB
biomass is of high quality, with a protein availability to
proteolytic enzymes surpassing that of wheat and an essential
amino acid composition similar to that of animal protein.10,11

Although the reactive mineral nitrogen uptake efficiency in
HOB-based MP production can be close to 100%,10 the high
demand of energy-intensive nitrogen fertilizer (37−45 MJ/kg
N as NH3 via the Haber-Bosch process)5 for protein synthesis
is inevitable. The current technology of ammonia production
results in enormous CO2 emissions (2.9 t CO2/t NH3), and
the transportation of centrally produced ammonia to end-users
leads to additional energy consumption and detrimental gas
emissions.12−14 Direct upgrade of reactive mineral nitrogen
into MP from waste streams may have limited applications15,16

due to the potential influence of pathogens, inhibitors, and
hazardous residues in wastes. Additionally, ammonia recovery
from wastes by combination of electrolysis and stripping has a
high energy requirement (65−76 MJ/kg N),17−19 which is
more energy-demanding than the Haber-Bosch process. To
attenuate the dependence of MP production on reactive
mineral nitrogen fertilizers, conversion of N2 to bioavailable
nitrogen via biological nitrogen fixation could be an alternative.
HOB comprise diverse genera20−23 and a few pure cultures

are known to perform N2 fixation while they grow chemo-
lithoautotrophically with H2, O2, and CO2.

23−25 Xanthobacter
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autotrophicus has been studied for production of ammonia and
biofertilizers via its hydrogenotrophic N2 fixation capacity.26

However, this group of bacteria are still far from fully explored
and exploited. Although hydrogenotrophic N2 fixation via
microorganisms is a promising method to promote the growth
of plants sustainably,27 the value of edible protein assimilated
in microbial biomass has, to the authors’ knowledge, not been
investigated. Little is known about making use of N2-fixing
bacteria in MP production under a minimal nutrient condition.
In this study, the aim was to upgrade N2, H2, O2, and CO2

into MP by a microbial community without addition of
reactive mineral nitrogen fertilizer. Parallel enrichments with
either ammonium (NH4

+) or N2 as the nitrogen source were
performed to investigate the differences in the bacterial
communities shaped by the nitrogen sources and uncover
the existence of bacteria in the enrichments growing on N2. In
addition, comparative assays using NH4

+ or N2 for growth
were performed to evaluate N2 fixation capacity and biomass
yield of N2-fixing HOB. The protein content and essential
amino acid composition of N2-fixing HOB were also analyzed
to assess the protein quality.

2. MATERIALS AND METHODS
2.1. Inoculation and Enrichment. Three inocula,

including an HOB enrichment (HE),28 biocathode sludge
(BS),29 and salty sediment (SS) (Supporting Information, SI,
S1) were used each in their respective enrichment process by
batch incubation at 28 °C. HE was from an HOB chemostat
reactor operated for 80 days at 28 °C with ammonium as the
nitrogen source. BS was sampled from a microbial fuel cell’s
cathodic compartment operated at 25 °C and +0.2 V vs Ag/
AgCl for 565 days with modified M9 mineral medium free
from reactive nitrogen and supplemented with NaCl (18 to 40
mS/cm). SS was sampled from Salines located at Castro
Marim, Portugal. The mineral medium H-330 was used for
chemolithoautotrophic growth of cultures in the “N medium”,
where reactive mineral nitrogen was provided as NH4Cl while
H-3 medium was modified for the “N-free medium” by
omitting NH4Cl. After 32 days (41 days for SS in N-free
medium) of enrichment, the ferric ammonium citrate solution
mainly providing iron to the medium was replaced with 0.05 g
FeSO4·7H2O and 0.06 g Na2EDTA dissolved in 20 mL
distilled water to eliminate possible interference of reactive
mineral nitrogen from ammonium and bioavailable organic
from citrate.
120 mL serum bottles containing 18 mL N (HE-NH4

+, BS-
NH4

+, and SS-NH4
+) or N-free (HE-N2, BS-N2, and SS-N2)

mineral medium were inoculated (10% v/v) in duplicate. The
cultures in N medium served as controls. The bottles were
sealed with butyl rubber stoppers, and the headspace was
replaced with 2% O2, 10% H2, 10% CO2, and 78% N2. A low
concentration of O2 was used to alleviate its possible inhibition
to N2 fixation

23 while an H2/O2 ratio of 5 was used to provide
sufficient energy. CO2 served as the carbon source of the
growth and buffer system together with NaHCO3. N2 was
added to balance the gas composition and to serve as a
nitrogen source when ammonium was not available. This initial
gas composition was used in all the bottles throughout this
entire manuscript. To obtain the specific gas composition, the
headspace was first flushed with N2 and adjusted to around
atmospheric pressure (0−4 kPa). Then pure O2, H2, and CO2
were taken from gas sampling bags and injected separately with
syringes to the bottles. The bottles were incubated in the dark

to avoid phototrophic growth, and pressure changes were
recorded to estimate the H2 oxidation activity. During the first
three start-up batches at 120 rpm and 28 °C, 50% of the liquid
cultures in these bottles were transferred to fresh media and
fresh headspace was made when gas consumption was
observed. Then culture transfer and headspace refreshment
were repeated once a day as described in SI Table S1. When all
the cultures showed active H2 oxidation, they were incubated
in triplicate in 240 mL serum bottles (40 mL mineral medium
and 200 mL headspace) from day 25 to 80 (from day 34 to 89
for SS-N2). To reduce the effect of the anaerobic condition
caused by O2 depletion without losing biomass, the time of
shaking was reduced and cultures were transferred every 2 days
(SI Table S1).
Headspace composition changes were analyzed to evaluate

H2 oxidation rates on day 5 and day 80 (day 89 for SS-N2)
during the enrichment process. For the batch incubation from
day 79 to 80 (day 88 to 89 for SS-N2), the changes of total
nitrogen (TN), soluble total nitrogen (TNs), total chemical
oxygen demand (CODt), soluble chemical oxygen demand
(CODs) and cell density of the cultures growing on N2 were
measured to compare their biomass growth. DNA samples
were taken on day 0, 44, and 80 (day 0, 53, and 89 for SS-N2)
and cell density was measured to obtain absolute abundance in
the bacterial communities.

2.2. 15N2 Isotope Labeling Experiment. HE-N2, together
with HE-NH4

+ as control, were used to verify 15N2 assimilation
into biomass after 80 days’ enrichment. 1150 mL gastight glass
bottles were used to provide sufficient gaseous nutrients, and
all tests were performed in biological triplicate. Inocula from
the two enrichments were each diluted 100 times by adding 0.4
mL culture into 39.6 mL medium, and the headspace was
prepared as described previously. The bottles were shaken at
120 rpm and 28 °C in the dark. The headspace of 15N2 test
bottles was amended with 15N2 (98%

15N, Buchem B.V., The
Netherlands) to reach 1.3% 15N abundance while only regular
N2 was added in the biotic control bottles. The 15N/14N
isotope ratios of biomass were compared between the test and
the biotic control bottles. The test of HE-N2 was performed in
both N and N-free medium to evaluate the influence of
reactive mineral nitrogen on N2-fixing activity and the
incubation lasted 72 h. For the test of HE-NH4

+, only N
medium was used and the incubation lasted 48 h. Abiotic
control bottles containing 40 mL N or N-free medium and the
same headspace were used to monitor the gas equilibration
during the test. The observed change in total molar amount of
gas in the abiotic controls was 0.29 ± 0.13%, indicating a good
condition of gas tightness. At the end of the batch tests,
biomass was harvested for isotope analysis.

2.3. Biomass Yield Test. As described in the 15N2 isotope
labeling experiment, a similar setup was made to monitor
biomass growth and nitrogen species concentration changes
during the incubation of HE-N2 in N-free medium and HE-
NH4

+ in N medium, respectively. Due to the limiting liquid
volume in each bottle and the need for liquid sampling at an
interval of 12 h, multiple replicate bottles were prepared, and
three bottles were sacrificed as triplicates for gas and liquid
analysis at each time point. The test of HE-N2 lasted 72 h, and
18 bottles were used whereas the test of HE-NH4

+ lasted 48 h
and 12 bottles were used. TN, TNs, CODt, CODs, total
ammonia nitrogen (TAN), cell density, and pH were measured
in liquid samples. Headspace composition and pressure were
measured to evaluate gas consumption.
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2.4. Protein Quality Evaluation. A setup including three
serially connected 3 L bottles as biological triplicates was
supplied with continuous gas (SI S2 and Figure S1) and used
to scale up the microbial protein production from HE-N2 and
HE-NH4

+ respectively. The gas composition remained stable
from the inlet to the outlet of the setup, which allowed for the
efficient operation of the compact setup without introducing a
gas supply difference of individual gas lines. After 8 days’
operation, crude protein and essential amino acid content in
the dry biomass were measured as described in SI S3.
2.5. Analytical Methods. TN and CODt were measured

on sampled aliquots and TNs, TAN, and CODs onfiltered
samples (0.45 μm filter, Millipore, Belgium), according to the
persulfate method (TN), the open reflux method (COD), and
the Nessler method (TAN), respectively.31 Gas composition
was analyzed on a compact gas chromatograph (Global
Analyzer Solutions, Breda, The Netherlands), and quantified
by gas pressure measurement (UMS INFIELD7, München,
Germany). The gas chromatography was equipped with an Rt-
Q-bond precolumn and a column for CO2 analysis, a Molsieve
5A precolumn and a Porabond column for O2, H2, and N2
analysis and a thermal conductivity detector. Cell density was
measured with an Accuri C6 benchtop flow cytometer (BD
Biosciences, Erembodegem, Belgium) using an established
protocol.32

For biomass-nitrogen isotope analysis, the cultures were
centrifuged (10 min, 7000g), and the supernatant was
removed. To eliminate dissolved nitrogen species residues,
the pellets were resuspended in a buffer solution (0.23 g/L
KH2PO4 and 0.29 g/L Na2HPO4·2H2O) and centrifuged (10
min, 10 000g) for three cycles. The pellets were stored at −20
°C before drying by lyophilization for 24 h. The 15N/14N
isotope ratios of dry biomass were analyzed by a ANCA-GSL
elemental analyzer interfaced with a 20−22 IRMS with SysCon
electronics (SerCon, Cheshire, U.K.). The results were
expressed in delta values (δ) defined in eq 2, where Rsample
and Rstandard represent

15N/14N isotope ratios of the sample and
standard, respectively. The standard is N2 in air.

δ = [ − ] ×R RN / 1 1015
sample standard

3
(2)

2.6. Bacterial Community Analysis. The culture samples
for total DNA extraction were centrifuged (10 min, 10 000g) in
2 mL DNase and RNase free tubes, and the pellets were stored
at −20 °C until DNA was extracted by phenol-chloroform
extraction.33 The DNA pellets were dried in air for 20 min and
dissolved in 100 μL 1 × TE (10 mM Tris, 1 mM EDTA) and
the solutions were stored at −20 °C. Illumina sequencing of
the DNA samples was conducted by LGC Genomics GmbH
(Berlin, Germany). Method of read assembly and cleanup was

largely derived from the MiSeq SOP described by the Schloss
lab.34,35 The raw sequencing data have been submitted to the
NCBI SRA under accession number PRJNA580512.

2.7. Statistical Data Analysis. Absolute taxon abundances
were calculated as described previously.36 Graphing and data
analysis of community data were performed using R (v 3.6.1).
The heat map was made using the NMF package (v 0.21.0).37

Ecological distance metrics and ordinations were calculated
using the vegan package (v 2.5−6),38 and differential
abundance was assessed using a DESeq2 (v 1.24.0)-based
workflow.39,40 The code is publically available through https://
github.com/CMET-UGent/HOB_Enrichment. Other graph-
ing was performed using SigmaPlot 13.

2.8. Calculations. The N content of microbial biomass
(TNbiomass) was calculated as the difference of TN and TNs
while COD of biomass (CODbiomass) was the difference of
CODt and CODs. Detailed calculations regarding biomass
yield are described in SI S4.

3. RESULTS

3.1. Enriching Hydrogen-Oxidizing Communities. The
enrichment process was started with an HOB enrichment
(HE), biocathode sludge (BS), or salty sediment (SS) as
inocula, with or without reactive mineral nitrogen. The
enrichments growing on NH4

+ were used as a benchmark for
those growing on N2 regarding their H2 oxidation activity.
During the enrichment, the N2-enrichments (HE-N2, BS-N2,
and SS-N2) showed H2 oxidation activity, i.e., gas consumption
rate, similar to that observed in the NH4

+-enrichments (HE-
NH4

+, BS-NH4
+, and SS-NH4

+) (SI Figures S2 and S3a). SS-
N2 and SS-NH4

+ needed a longer start-up time of 21 days and
14 days, respectively, compared to the 4 days of start-up period
for HE-N2, BS-N2, HE-NH4

+, and BS-NH4
+ (SI Figure S2).

From day 31 (day 40 for SS-N2), gas consumption rates of N2-
and NH4

+-enrichments during incubation with shaking were
stable at 2.4 ± 0.3 and 3.2 ± 0.4 mmol/(L·h), respectively (SI
Figure S2). After 80 to 89 days of enrichment, biomass
accumulated in all the enrichments. Cell density in the N2-
enrichments increased from (4.31 ± 5.14) × 107 to (4.57 ±
0.90) × 108 cells/mL, whereas their end cell density was 42 ±
9% lower compared to the NH4

+-enrichments from the same
inoculum source (SI Figure S3b).
The potential N2-fixing activity was observed by an increase

of 4.3 ± 0.7 mg/L in TN during a batch incubation of the
three N2-enrichments on day 80 (day 89 for SS-N2) (SI Table
S2). In addition, after the 40 h batch incubation, the biomass
concentrations of the N2-enrichments in terms of cell density,
TNbiomass and CODbiomass increased by 104 ± 26%, 112 ± 20%,
and 191 ± 49%, respectively (SI Table S2).

Table 1. δ15N of Biomass Growing with and without Spiked 15N2

inoculum NH4
+ in medium spiked with 15N2 time (h) δ15N (‰)a

HE-N2 no no 0 −1.16 ± 0.33b

no no 72 −0.21 ± 0.15
no yes 72 2401.73 ± 25.26
yes no 72 −13.36 ± 0.76
yes yes 72 −13.28 ± 0.81

HE-NH4
+ yes no 0 −15.20 ± 0.14

yes no 48 −12.64 ± 1.80
yes yes 48 −13.36 ± 0.11

aFor most naturally occurring N containing materials, −30‰ < δ15N < +30‰. The small difference in observed negative values could be caused by
the different 15N/14N ratios in natural nitrogen sources. bAverage ± SD, n = 3.
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3.2. Confirmation of Biological Nitrogen Fixation by
15N2 Incorporation. HE-N2 and its control HE-NH4

+ were
chosen among these active enrichments as representatives for
further study of N2 fixation and biomass growth. In the
medium free of mineral reactive nitrogen, incubation of HE-N2
with spiked 15N2 resulted in an increase of δ15N in biomass
compared to the biomass grown with only regular N2 (Table
1). This demonstrates that N2 was assimilated into the
microbial biomass. On the contrary, the presence of NH4

+ in
medium stopped 15N2 incorporation into cells of HE-N2. The
HE-NH4

+ incubated in N medium did not show N2-fixing
capacity either.
3.3. Biomass Growth of HE-N2 and HE-NH4

+. Biomass
was the main product while relatively low amounts of soluble
organic compounds (49 ± 7 mg CODs/L for HE-N2 and 53 ±
11 mg CODs/L for HE-NH4

+) were released into the liquid
during the growth of both HE-N2 and HE-NH4

+ in the batch
activity tests (Figure 1c, d). In addition, N2 was mainly
assimilated into the biomass of HE-N2 rather than soluble
nitrogen-containing compounds in the medium as evidenced
by the increasing TN concentration and stable TNs
concentration (Figure 1e), whereas growth of the HE-NH4

+

cultures resulted in TAN consumption of 23.6 ± 6.5 mg/L.
The cell density and CODt increased gradually along with H2
and O2 consumption, and the biomass growth rate was
positively correlated to the H2 oxidation rate (Figure 1). The

low O2 concentration (<0.26 ± 0.04%) in the headspace
limited further H2 oxidation and cell growth of HE-N2 after 60
h (Figure 1a) while O2 limitation (<0.03 ± 0.02%) also
occurred in the HE-NH4

+ after 36 h (Figure 1b).
The use of N2 as the nitrogen source resulted in a lower

biomass growth of HE-N2 when similar amounts of O2 and H2

were consumed by HE-N2 (1.12 ± 0.06 mmol O2, 2.85 ± 0.03
mmol H2) and HE-NH4

+ (1.12 ± 0.02 mmol O2, 3.12 ± 0.01
mmol H2) in the batch tests (Figure 1a, b). The biomass yield
obtained with HE-N2 in terms of cell number was half that
with HE-NH4

+, and the yield in terms of CODbiomass was
almost 70% of that with HE-NH4

+ (SI Table S3). Furthermore,
the energy demand for N2 assimilation into biomass by HE-N2

was approximately twice that needed for the same amount of
NH4

+ assimilation by HE-NH4
+ (SI Table S3).

Interestingly, the protein content of dry biomass from HE-
N2 and HE-NH4

+ reached similar levels, which was 62.0 ±
6.3% and 71.8 ± 0.8%, respectively, and they had similar
essential amino acid composition (SI Table S4). In the crude
protein of HE-N2 biomass, all essential amino acids were
present and constituted around half of the protein weight.
Moreover, its crude protein was rich in Lysine (7.3 ± 1.2%)
and Methionine (3.1 ± 0.4%) which are normally deficient in
plant-based proteins.

3.4. Bacterial Community. 3.4.1. Bacterial Community
Structure of the Enrichments. The bacterial community

Figure 1. Change of (a) O2 and H2; (c) CODt, CODs, and cell density; and (e) TNt, TNs, and TAN during the biomass yield test of HE-N2.
Change of (b) O2 and H2; (d) CODt, CODs, and cell density; and (f) TAN during the biomass yield test of HE-NH4

+. Average values are
presented and error bars represent standard deviations. Values were calculated on biological triplicates.

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.9b06755
Environ. Sci. Technol. 2020, 54, 3609−3617

3612

http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06755/suppl_file/es9b06755_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06755/suppl_file/es9b06755_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b06755/suppl_file/es9b06755_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b06755?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b06755?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b06755?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.9b06755?fig=fig1&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.9b06755?ref=pdf


structures of the enrichments were clearly different from that
of their original inocula (SI Figure S4), and samples of these
enrichments were divided into two main clusters according to
nitrogen sources by principal coordinates analysis (PCoA)
(Figure 2). Cluster 1 contained all the N2-enrichments while

cluster 2 contained all the NH4
+-enrichments. Furthermore,

these two main clusters were each characterized by two
subclusters which were related to the inoculum source and
enrichment length. For the N2-enrichments in cluster 1, SS-N2

maintained stable bacterial community structures in subcluster
1b over the course of the enriching process while HE-N2 and
BS-N2 communities showed migration between subcluster 1a
and 1b. In cluster 2, bacterial community structures of SS-
NH4

+ and BS-NH4
+ were stably maintained in subcluster 2a

and 2b, respectively, while that of HE-NH4
+ experienced

variation from 2a to 2b during the enrichment process.
3.4.2. Bacterial Community Composition. The N2-enrich-

ments and NH4
+-enrichments shared some dominant genera,

whereas these genera showed a high degree of variation of
absolute abundances (Figure 3). Specific taxa, such as
Azonexus, Xanthobacter, and unclassified Comamonadaceae,
were frequently observed in most of the communities after the
enriching process under the atmosphere of H2/O2/N2/CO2

although different nitrogen and inoculum sources were used.
These three taxa were also observed to be differentially
abundant taxa between the N2-enrichments and NH4

+-
enrichments (SI Figure S5). Regarding OTU2, unclassified
Comamonadaceae, the NH4

+-enrichments obtained higher
abundances of (2.66 ± 1.00) × 108 cells/mL compared to
(2.30 ± 1.46) × 107 cells/mL in the N2-enrichments (Figures
3 and SI S5). As a less abundant taxon, Xanthobacter was more
abundant in the N2-enrichments than in the NH4

+-enrichments
originating from the same inocula (Figures 3 and SI S5).
The structures of the dominant taxa inside the two groups of

communities were different. For the N2-enrichments, Azonexus
with abundances of (1.95 ± 0.75) × 108 cells/mL always
dominated over the unclassified Comamonadaceae with
abundances of (2.30 ± 1.46) × 107 cells/mL. In contrast to
the N2-enrichments, the structures of Azonexus and the
unclassified Comamonadaceae in the NH4

+-enrichments were

Figure 2. Principal coordinates analysis (PCoA) plot based on
abundance-based Jaccard distances showing the bacterial community
similarity among the enrichments (in triplicates) in N-free and N
medium. Red and blue symbols represent the NH4

+-enrichments and
N2-enrichments, respectively. Open and filled symbols represent
enrichments of day 44 (day 53 for SS-N2) and day 80 (day 89 for SS-
N2) respectively. Squares, circles, and triangles represent the
enrichments originated from BS, HE, and SS respectively.

Figure 3. Heat map showing the absolute abundance of top 20 abundant OTUs among all the samples. The color scale ranges from blue to red,
corresponding to absolute abundance of 0 to 10 × log10 reads/mL culture. Inoculum sources, sample types, and time points are each represented
by a row of color codes on the top of the heatmap. Time points 0, 1, and 2 are day 0, day 44 (day 53 for SS-N2), and day 80 (day 89 for SS-N2),
respectively. Results of technical triplicates of the inocula and biological triplicates of the enrichments are presented.
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variable and dominance of one genus over the other was not
consistent.

4. DISCUSSION
4.1. Biomass Production of the N2-Enrichments.

Microbial enrichments that could grow on N2, H2, O2, and
CO2 in N-free liquid medium were obtained, and H2 oxidation
activity could be maintained in a stable manner over around 50
days. Utilization of N2 as the nitrogen source for biomass
growth was further confirmed by 15N2 assimilation into cells
and increasing nitrogen content in biomass during growth.
This capacity of simultaneous N2 fixation and H2 oxidization of
the N2-enrichments was similar to that of genus Xantho-
bacter,26 which is the N2-fixing HOB genus that has been
studied most. The close correlation between change of H2/O2
consumption and biomass growth indicated that CO2 and N2
fixation into biomass consumed energy from H2 oxidation.

26,41

The conversion from gases to biomass was quite efficient as
little synthesized material was released as soluble compounds
in medium. The characteristic of fixing nitrogen from the gas
mainly into biomass was also observed in the pure strain of
Xanthobacter autotrophicus growing in a similar medium and
atmosphere.26 However, biological N2 fixation is an energy-
expensive process which requires at least 16 mol ATP
(equivalent to 2.3 mol H2

41) to reduce 1 mol N2 to NH4
+.42

Thus, instead of direct NH4
+ assimilation, part of the energy

from H2 oxidation needs to be diverted to N2 fixation, which
could explain the lower biomass yields in the N2-enrichments.
In this research, the biomass yield of HE-N2 based on H2
consumption was 30% to 50% lower than that of HE-NH4

+

(Table 2). This kind of reduced growth caused by the extra
energy demand for N2 fixation was also observed with
bioethanol-producing strain of Zymomonas mobilis which
showed 50% less heterotrophic growth with N2 compared to
that with NH4

+.43

Biomass yield of HE-N2 growing on N2 was on the same
order of magnitude of observed yields in pure or mixed
cultures of HOB supplied with NH4

+ as the nitrogen source
(Table 2), indicating its potential application in MP
production. However, under the current nonoptimized growth
conditions, the biomass yield of HE-N2 was situated in the
lower range of the reported values of the NH4

+-based HOBs.
4.2. Characteristics of Bacterial Communities of the

Enrichments. Different nitrogen sources resulted in differ-
entiation of the bacterial community composition between the
N2-enrichments and the NH4

+-enrichments. Despite the
difference between the two groups of enrichments, they had
dominant taxa in common having limited diversity. Therefore,
regardless of the selective pressure of the nitrogen sources,
other parameters of the growth condition, such as the supply of
H2 as the energy source and microaerobic environment, might
also play an important role in the taxa selection. The presence
of the same OTUs in both N2-enrichments and NH4

+-

enrichments implies that the versatile metabolism of those
bacteria might allow them to shift between N2-fixing and non
N2-fixing HOB metabolism. The synthesis of uptake hydro-
genase, which can oxidize H2, in N2-fixing bacteria may allow
these bacteria to grow as HOB with N2 or ammonium as the
nitrogen source.42,47

The consistently higher absolute abundance of the OTU
that represented the unclassified Comamonadaceae in the
NH4

+-enrichments compared to the N2-enrichments could
contribute to the differentiation of the two groups. By
comparison of the partial 16S rRNA gene sequence of the
unclassified Comamonadaceae with the database of the Basic
Local Alignment Search Tool (BLAST), it could be a
bacterium related to the genus Hydrogenophaga, mainly
known as HOB growing with NH4

+,20 with an identity of
99.53%. Some strains of Hydrogenophaga were proven to be
N2-fixing HOB

24 and the presence of genus Hydrogenophaga in
the N2-enrichments also indicates its potential as a N2-fixer.
However, the growth of the unclassified Comamonadaceae
might still be limited by the deficiency of reactive mineral
nitrogen, leading to its lower abundances in the N2-
enrichments in this study.
On the contrary, Azonexus could grow faster than the

unclassified Comamonadaceae in the N2-enrichments. Members
of the genus Azonexus have the nifH gene encoding
dinitrogenase48 which is the enzyme known to catalyze N2
fixation, indicating that Azonexus could have the advantage of
surviving with limited reactive mineral nitrogen due to its
potential N2-fixing capacity. However, the high abundances of
Azonexus in most NH4

+-enrichments implied that Azonexus
could also perform actively as HOB with NH4

+ as nitrogen
source. This versatile metabolism was also observed in some
N2-fixing bacteria such as Rhizobium japonicum and Derxia
gummosa, which could grow autotrophically on exogenous H2
as an energy source with either N2 or ammonium as nitrogen
source.25 The subclustering in cluster 1 and cluster 2 could be
attributed to Azonexus due to the fact that subcluster 1b had
higher abundance of Azonexus than subcluster 1a while
subcluster 2b had higher abundance of Azonexus than
subcluster 2a. The dynamic changes in the two groups of
enrichments during the enrichment process could result from
the interaction of various genera in the communities.
The restricted diversity of genera in the N2-enrichments

indicates potentially versatile metabolism and collaboration of
bacteria under the nutrient-limiting condition. In a study of
pure cultures of Xanthobacter, aerobic H2 oxidation was shown
to provide energy for CO2 fixation and N2 fixation while
biological N2 fixation provided fixed nitrogen for bacterial
growth.26 For the hydrogenotrophic growth of mixed
communities under the reactive mineral nitrogen deficient
condition, the possible mechanism could be versatile, e.g., the
individual activity of N2-fixing HOB or the cooperation of non-
N2-fixing HOB and heterotrophic N2-fixers similar to the

Table 2. Comparison of Biomass Yield in This Study with That Obtained with other HOBs

microbial culture substrate nitrogen source biomass yield (g CDW/g COD-H2) reference

pure culture H2/O2/CO2 NH4
+ 0.14−0.29 9,44−46

mixed culture H2/Air/CO2 NH4
+ 0.07−0.28 10

mixed culture H2/O2/CO2/N2 NH4
+ 0.14 ± 0.01 (0.17 ± 0.05)a,b this study

mixed culture H2/O2/CO2/N2 N2 0.10 ± 0 (0.09 ± 0)a,b this study
aThe HOB biomass composition in the study was assumed to be C4.09H7.13O1.89N0.76, which is the biomass composition of the most-studied HOB,
e.g., Ralstonia eutropha.9 bThe CDW was calculated via COD or nitrogen concentration (values in brackets) of biomass obtained in SI Table S3.
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symbiosis between biological N2 fixation and legume roots.49

In the latter case, N2-fixers could benefit from the organics
released from non-N2-fixing HOB while non-N2-fixing HOB
could utilize the released nitrogen from N2-fixers. However,
whether a specific taxon performed as N2-fixing HOB,
heterotrophic N2-fixers, or non-N2-fixing HOB or switched
from one metabolism to another in the mixed communities still
needs further examination, e.g., by isolation of pure cultures
from the enrichments and characterization of the isolates.
4.3. Potential of N2-Fixing H2-Oxidizing Bacteria in

MP Production. The protein content of the HOB biomass
produced without addition of reactive mineral nitrogen was
about 10% lower than that of HOB biomass relying on reactive
mineral nitrogen while the essential amino acid profile was
comparable between them.10 In addition, the protein quality of
N2-fixing HOB in terms of both protein content and essential
amino acid profile was similar to MP from methane-oxidizing
bacteria50 as well as animal protein from fishmeal (Norse-
LT)51 and higher than vegetable protein from soybean seeds52

(SI Table S4). Therefore, HOB growing on N2 constitute a
promising alternative source of high-quality protein.
However, the process of using simultaneous N2 fixation and

H2 oxidation for MP production is not yet optimized, and
additional H2 is needed to drive biological N2 fixation. The
energy requirement for MP production by N2-fixing HOB, i.e.,
HE-N2, is estimated to be 50% higher than that by HE-NH4

+

growing on nitrogen from either Haber-Bosch nitrogen
fertilizer or ammonia recovered via electrolysis and stripping
(SI S5). Although N2-fixing HOB were not more energy-
efficient than HOB growing on reactive mineral nitrogen, it
could be more sustainable because it can rely mainly on energy
from renewable H2 and avoid addition of industrial nitrogen
fertilizers which cause detrimental effects to the environments
and require land space for the construction of manufacturing
plants. Furthermore, wide availability of N2 from air combined
with potential in situ H2 production powered by renewable
energy makes in situ MP production possible.
If H2 is produced through solar powered water electrolysis

and used by N2-fixing HOB for MP production, then the
proposed process would be comparable to the photosynthetic
growth of soybean that can obtain most of its nitrogen source
from bacterial N2 fixation and soil.53 The estimated energy
conversion efficiency from solar energy to biomass of N2-fixing
HOB (1.3−1.5%) was over twice that of soybean seeds
(0.55%) (SI S6). The superiority of the energy conversion
efficiency of N2-fixing HOB was enhanced in terms of protein
production due to the 70% higher protein content than
soybeans. In addition, more efficient solar-to-H2 conver-
sion54,55 may improve the overall energy efficiency of the
proposed process and integration of H2 supply from other
processes, e.g., wind powered water electrolysis and hybrid
thermochemical cycles, is also possible.56−58 As one of the
most important protein sources in the world,59−61 soybean
crops represent about 9% of the world’s arable land62 and
supplementary nitrogen fertilizer is necessary to improve the
soybean yield.63 Therefore, MP produced via the proposed
process, which can serve as an alternative to feed or food
supplied by soybean, can have promising applications. In
nutrient-limiting conditions, e.g., life support systems for long-
term travel or habitation in space, N2-fixing HOB can be used
to reuse H2, waste produced in these systems, and fix N2
escaping into the atmosphere without entailing high pressure

and temperature to balance the nitrogen cycle and supply food
for the crew.64

The proposed process in this research provides a promising
alternative shortcut for protein-rich food/feed production. The
enriched microbial communities obtained in this study also
provide microbial resources to study the mechanism of
bacterial interactions and construct more efficient cultures
for MP production. Further research will be necessary to study
the engineering of this process and optimize the performance
in terms of biomass yield and protein quality.
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