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Summary

Stimulating litho-autotrophic denitrification in aqui-
fers with hydrogen is a promising strategy to remove
excess NO3

�, but it often entails accumulation of the
cytotoxic intermediate NO2

� and the greenhouse gas
N2O. To explore if these high NO2

� and N2O concen-
trations are caused by differences in the genomic
composition, the regulation of gene transcription or
the kinetics of the reductases involved, we isolated
hydrogenotrophic denitrifiers from a polluted aquifer,
performed whole-genome sequencing and investi-
gated their phenotypes. We therefore assessed the
kinetics of NO2

�, NO, N2O, N2 and O2 as they
depleted O2 and transitioned to denitrification with
NO3

� as the only electron acceptor and hydrogen as
the electron donor. Isolates with a complete denitrifi-
cation pathway, although differing intermediate accu-
mulation, were closely related to Dechloromonas
denitrificans, Ferribacterium limneticum or Hydro-
genophaga taeniospiralis. High NO2

� accumulation
was associated with the reductases’ kinetics. While
available, electrons only flowed towards NO3

� in the
narG-containing H. taeniospiralis but flowed concur-
rently to all denitrification intermediates in the napA-
containing D. denitrificans and F. limneticum. The
denitrification regulator RegAB, present in the napA
strains, may further secure low intermediate

accumulation. High N2O accumulation only occurred
during the transition to denitrification and is thus
likely caused by delayed N2O reductase expression.

Introduction

Denitrification is the stepwise reduction of nitrate (NO3
�)

to dinitrogen (N2), via the three intermediates nitrite
(NO2

�), nitric oxide (NO) and nitrous oxide (N2O)
(Zumft, 1997). The process is mainly performed by facul-
tative anaerobic organo-heterotrophic prokaryotes (Rivett
et al., 2008), which use the pathway to sustain respiratory
metabolism under oxygen (O2) limiting conditions. Such
organisms are widespread among bacterial and archaeal
phyla, but many of these lack one to three of the four
genes coding for the four steps of denitrification, thus
having incomplete denitrification pathways (Shapleigh,
2013; Graf et al., 2014). While denitrification is not desir-
able in agricultural soils because it reduces the amounts
of NO3

� available to crops, the process is beneficial in
groundwater (GW) and wastewater treatment systems,
where it removes excess NO3

� that would otherwise
deteriorate the water quality as well as the downstream
environment (Rivett et al., 2008). Deliberate stimulation
of denitrification in aquifers has been proposed as a
method to eliminate NO3

�, to secure drinking water qual-
ity. This can be achieved by injecting water with dis-
solved organic carbon, but the downside is massive
growth of organo-heterotrophic bacteria, hence high bac-
terial load in the water (Matějů et al., 1992). This problem
can be minimized, however, by injecting hydrogen (H2)
instead of organic carbon, thus stimulating denitrification
by organisms that utilize H2 as an electron donor and
CO2 as a carbon source (Karanasios et al., 2010). The
reason is that litho-autotrophic denitrification sustained by
the electron donor H2 only yields 0.22–0.37 g cells for
each g NO3

�-N reduced (Lee and Rittmann, 2003;
Ghafari et al., 2009), compared to 0.6–0.9 g cells
reported for organo-heterotrophic denitrification (Ergas
and Reuss, 2001).

The ability to use H2 as an electron donor for respira-
tory metabolism is widespread and the application of H2

and its stimulating effect on denitrification has been
proven in several laboratory experiments, bioreactors
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and in in situ studies (Schnobrich et al., 2007; Chaplin
et al., 2009; Wu et al., 2018). The conditions for
hydrogenotrophic denitrification are highly selective
(anoxic, inorganic carbon, H2 as the sole electron donor
and NOx as the terminal electron acceptors) (Karanasios
et al., 2010) and only a limited number of bacteria with
this metabolism have been isolated, including strains
belonging to the genera Acidovorax, Paracoccus,
Acinetobacter and Pseudomonas (Szekeres et al., 2002;
Vasiliadou et al., 2006). Additionally, several genera,
including Rhodocyclus, Sulfuricurvum, Sulfuritalea,
Hydrogenophaga, Ferribacterium and Dechloromonas,
have been detected in 16S rRNA gene-based community
analyses of hydrogenotrophic environments (Zhang
et al., 2009; Zhao et al., 2011; Kumar et al., 2018b;
Duffner et al., 2021). A recent community analysis micro-
cosm experiment with nitrate-polluted aquifer material by
Duffner et al. (2021) confirmed the low diversity of
hydrogenotrophic denitrifiers (HDs). Only six amplified
sequence variants (ASVs) were assigned to the genus
Dechloromonas, and another unclassified
Rhodocyclaceae ASV increased significantly in relative
abundance during the incubations under an H2 atmo-
sphere. Additionally, the study suggested species- or
even strain-level differences in the hydrogenotrophic den-
itrifying ability of Dechloromonas. In such low diversity
communities, the contribution of single taxa to the overall
observed metabolic process is strong. Previous studies
have revealed a possible accumulation of the cytotoxic
intermediate NO2

� and the greenhouse gas N2O during
lithotrophic denitrification with H2. Analysing the persis-
tent or transient intermediate accumulation of individual
HDs is therefore of interest, both for a basic understand-
ing of the functioning of these bacteria and for their appli-
cation in nitrate remediation of aquifers. A study by
Vasiliadou et al. (2006) quantified the denitrification
derived NO2

� of some HDs, but the strains tested
(Acinetobacter sp., Acidovorax sp. and Paracoccus sp.)
do not seem to be dominant in aquifers, and the study
was limited to non-gaseous NO3

� and NO2
�.

The reasons for incomplete denitrification and transient
accumulation of intermediates have been studied for het-
erotrophic denitrifiers, and there are indications that multi-
ple factors play a role, such as the absence of genes
encoding the denitrification reductases, transcriptional
regulation and post-translational processes determined
by environmental conditions (Liu et al., 2013; Lycus
et al., 2017). Such information on the regulation of denitri-
fication and accumulation of intermediates for
hydrogenotrophic denitrification is still lacking. We there-
fore isolated HDs from aquifer material and characterized
their genotypes and phenotypes. The genomes were
sequenced and screened for genes involved in
hydrogenotrophic denitrification, which code for different

denitrification reductase types, Rubisco forms (II, IA, IC)
(Badger and Bek, 2008), hydrogenase groups (Greening
et al., 2016) and denitrification regulators. Additionally,
the ‘denitrification regulatory phenotypes (DRPs)’, a
method established by Bergaust et al. (2011), were deter-
mined under litho-autotrophic conditions with H2 as the
sole electron donor and under organo-heterotrophic con-
ditions with low concentrations of mixed carbon sources.
The former was analyzed during the transition from aero-
bic respiration to denitrification and with cells that were
already adapted to denitrification. This was done to differ-
entiate between delayed gene expression and differential
electron flow to the different denitrification reductases
causing intermediate accumulation. As a control group,
three closely related isolates of complete HDs assigned
to D. denitrificans and F. limneticum, which were lacking
the ability to reduce a significant amount of NO3

� with H2

as electron donor were subjected to the same genotypic
and phenotypic characterization.

Results

Bacterial community composition in the original
materials and enrichments

The bacterial community composition in the original sedi-
ment and GW materials as well as in the enrichments
were analyzed via 16S rRNA gene amplicon sequencing.
The rarefaction curves of the enrichment setups from the
first (EI) and second (EII) enrichment procedure were all
reaching a plateau within the subsampled range, indicat-
ing sufficient sequencing depth (Fig. S3). The number of
ASVs in the original sediment samples was comparable
between EI (1342) and EII (1863). However, there was a
large difference for the original GW samples, as 2338
ASVs were detected in EI compared with 1202 in EII.
The number of ASVs was much lower in the enrichment
cultures, resulting in 1102 (EI)/646 (EII) ASVs in the
highly active SED/GW enrichment and 144 (EI)/181 (EII)
ASVs in the GW enrichment with slower reduction rates
(Fig. S1B). The subsequent transfers of the enrichments
to fresh nitrate-rich medium for one replicate of each
setup further reduced the number of ASVs. In the original
sediment and GW material, Rhodocyclaceae ASVs
made up less than 0.5% relative abundance. Due to the
enrichment, the relative abundance of Rhodocyclaceae
ASVs was increased up to 32.2% in the transferred GW
(GW(t)) and up to 25.6% in the transferred sediment/GW
(SED/GW(t)) setups of EII (Fig. S4B). In contrast, in EI,
the major increase in relative abundance was detected
for Burkholderiaceae ASVs, which made up 79.8% in the
transferred mineral medium and GW (MM/GW(t)) enrich-
ment setup (Fig. S4A).
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Phylogenetic classification of the isolates

After separating the isolates on agar plates and determin-
ing their taxonomy, 48% of all Sanger sequenced isolates
in EI were assigned to the family Burkholderiaceae and
only 4% to Rhodocyclaceae (equivalent to one isolate).
Contrary in EII, most of the isolates (26%) were assigned
to the family Rhodocyclaceae. Most obtained
Rhodocyclaceae isolates clustered with the genera
Dechloromonas, Ferribacterium and Quatrionicoccus in
the phylogenetic tree (Fig. S2), whereas most Bur-
kholderiaceae isolates clustered with the genera Hydro-
genophaga, Acidovorax and Rhodoferax. In total,
45 isolates, including isolated strains of all obtained fami-
lies, were tested for their ability to reduce NO3

� with H2,
but only some genera of Rhodocyclaceae and Bur-
kholderiaceae showed this ability (Table S3). Of those
isolates, which could reduce NO3

� with H2, the isolates
F76(HD), F77(HD), F128(HD), F132(HD), D110(HD), D6(HD),
H3(HD) and H2(HD) (Fig. 1; Table S3) were selected for
further genotypic and phenotypic characterization
because they display a range of phylogenetically closely
related and diverse genera. Additionally, the three iso-
lates, D98, Q100 and Q9, which lacked the ability of
hydrogenotrophic denitrification but were closely related
to the other Rhodocyclaceae HDs, were characterized
alongside as a control group.

Most sequenced genomes were assembled into a sin-
gle contig that could be circularized (Table S6). Only
Q100 and H3(HD) had one or two additional smaller con-
tigs respectively, which may be plasmids (Table S5). The
completeness was above 99.2% and the contamination
below 0.95% for all 11 sequenced genomes (Table S6).

For a genome-based phylogenetic classification, the
number of reference genomes was low, especially for the
genera Ferribacterium and Quatrionicoccus, as no
sequenced genomes were available at NCBI at the time
of analysis (www.ncbi.nlm.nih.gov/genome, March 2021).
The phylogenetic classification, therefore, was mostly
based on 16S rRNA gene comparisons. Based on the
data obtained using TYGS (Meier-Kolthoff and
Göker, 2019) (Table S8), isolates F76(HD), F77(HD),
F128(HD) and F132(HD) were closest related to Fer-
ribacterium limneticum CdA-1. While F132(HD) and
F128(HD) shared highly similar genomes, F76(HD) and
F77(HD) had a 16S rRNA gene identity of 99.4%, but their
dDDH values only reached 60.8%, which did not allow a
clear assignment to the same species. D110(HD) and
D6(HD) were closest related to Dechloromonas
denitrificans ED1. Both genomes were similar, with a
dDDH value of 89.2%. A detailed comparison of the two
isolates with D. denitrificans ED1 revealed 97.8% identity
of 16S rRNA genes, a dDDH value of 34.7% and differ-
ences in the G + C content of less than 0.2%. This does
not allow a clear assignment of the two isolates to the
species D. denitrificans. Isolates H3(HD) and H2(HD) were
both closest related to Hydrogenophaga taeniospiralis
2K1 according to the 16S rRNA gene sequences. How-
ever, a dDDH value of 37.5% and a G + C content differ-
ence of 1.5% between H2(HD) and H. taeniospiralis 2K1
suggested that this isolate belonged to a different
species.

The isolate D98 of the control group was closest
related to D. denitrificans ED1. However, while D98
clustered with D. denitrificans ED1 in the 16S rRNA

Fig. 1. Schematic overview of the experiments.
A. Initially, nitrate polluted aquifer material was incubated inside sealed vials in various setups with an H2-containing atmosphere to enrich
hydrogenotrophic denitrifiers and to isolate them on agar plates. (A.1) The community composition of the enrichments was additionally assessed
by 16S rRNA gene amplicon sequencing.
B. Nine isolates of the families Rhodocyclaceae and two of the family Burkholderiaceae were selected for further (B.1) genotypic and (B.2) phe-
notypic analyses. Eight of the selected isolates were complete hydrogenotrophic denitrifiers (HDs) but the Rhodocyclaceae isolates also included
three isolates which were closely related but were lacking the ability to denitrify with H2 (non-HDs).
C. Finally, a sub-selection of three isolates, comprising one of each phylogenetically distinct hydrogenotrophic denitrifier groups (F76(HD),
D110(HD), H3(HD)) was analyzed in more depth. Therefore, (C.1) the denitrification phenotypes were determined under three different conditions
and (C.2) the genomic location of hydrogenotrophic denitrifier genes was visualized.
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gene-based phylogenetic tree (Fig. S6A), it clustered
separately from all other isolated Rhodocyclaceae
strains in the whole-genome sequence-based phyloge-
netic tree (Fig. S6B). The other two isolates of the control
group, Q9 and Q100, were closest related to Qua-
trionicoccus australiensis Ben 117. The low dDDH
values of 34.6% and 34.8% compared with the genome
of Q. australiensis Ben 117 indicated that the isolates;
however, belong to another species.

Phenotypes – intermediate accumulation during
denitrification

The targeted isolation of bacteria revealed several com-
plete HDs being capable of the complete reduction of
NO3

� to N2 according to the endpoint analysis. These
included eight isolates, which were assigned, based on
their full 16S rRNA gene sequences, to the species Fer-
ribacterium limneticum (F76(HD), F77(HD), F128(HD),
F132(HD)), Dechloromonas denitrificans (D110(HD),
D6(HD)) and Hydrogenophaga taeniospiralis (H3(HD),
H2(HD)) (Fig. 2A and B). Of the three closely related
Rhodocyclaceae isolates (D98, Q100, Q9), which were
analyzed as a control group, the two Q. australiensis iso-
lates (Q100, Q9) reduced only NO3

� to NO2
�, while D98

did not reduce any nitrogen oxides (Fig. 2A and B). The
pH at the endpoint measurements was on average signif-
icantly higher (0.11–0.18) in the incubations of the HDs
compared with the non-inoculated incubations and the
incubations with the isolates of the control group (lincon,
p ≤ 0.009) (Fig. S5A). The gas pressure was 0.125–
0.151 bar lower in the incubations containing the HDs
compared with the other incubations (lincon, p ≤ 0.009)
(Fig. S5B).
The DRPs were analyzed for a sub-selection of three

HDs performing complete denitrification to N2 (F76(HD),
D110(HD) and H3(HD)), which represent three phylogeneti-
cally distinct groups, under three conditions: Litho-
autotrophic transition, Adapted litho-autotrophic and
Organo-heterotrophic transition (Fig. 1). In the Litho-
autotrophic transition experiment, the isolates F76(HD)
and D110(HD), belonging to the family Rhodocyclaceae,
displayed a continuous seamless transition to anaerobic
respiration, i.e. the total electron flow continued to grow
without any depression at the time of O2 depletion
(Fig. 3D and E). Furthermore, F76(HD) and D110(HD) initi-
ated all denitrification steps simultaneously (Fig. 3A and
B), as an electron flow was observed to all denitrification
reductases from the onset of denitrification (Fig. 3D and
E). The H. taeniospiralis isolate H3(HD) showed a similar
seamless transition from aerobic respiration to NO3

�

reduction (no depression in total electron flow); however,
the electron flow dropped substantially in response to
NO3

� depletion (Fig. 3F), which forced the cells to switch

to nitrite reduction. The organism displayed a typical pro-
gressive onset of denitrification reactions (Liu
et al., 2013) (Fig. 3C): initially, all electrons were flowing
to NAR until all NO3

� had been reduced to NO2
�, before

flowing to NIR, NOR and NOS (Fig. 3F). F76(HD) and
D110(HD) differed significantly from H3(HD) in the O2 con-
centration in the medium at the first appearance of NO:
6.9 μM (�0.37) O2 for F76(HD), 8.1 μM (�1.75) O2 for
D110(HD) and 0.25 μM (�0.14) O2 for H3(HD) (lincon,
p = 0.0127) (Table 1 and S9). This contrast reflects the
progressive onset of denitrification in H3(HD); however: in
this strain, there was 8.3 μM (�1.6) O2 in the liquid at the
time when NO2

� emerged. Thus, the three strains initi-
ated anaerobic respiration at similar O2 concentrations.
Moreover, the relative growth rate (μanoxic/μoxic) was sig-
nificantly lower for H3(HD) compared with F76(HD) (lincon,
p = 0.0121) and D110(HD) (lincon, p = 0.0343) (Table 1
and S9). Even though F76(HD) and D110(HD) displayed a
similar overall denitrification phenotype, they differed sig-
nificantly in the transient NO2

� accumulation of initial
NO3

� (lincon, p = 0.0135) (Table S9). D110(HD) accumu-
lated on average 19.4% (�3.94) NO2

� of the initial NO3
�,

whereas no NO2
� accumulation was detected for F76(HD)

(Table 1). Both, however, accumulated significantly less
NO2

� compared with 100% accumulated by the H3(HD)
isolate (lincon, p = 0.0124) (Table 1 and S10). No signifi-
cant differences between the three isolates were
observed for the max. NO concentration in the medium
and the maximum N2O-N measured (t1way, p = 0.24
and 0.56) (Table S10). All isolates displayed a relatively
high steady-state NO concentration, which ranged from
14.5–18.5 nM NO and a large variation in max. N2O-N
accumulation (Table 1).

In the Organo-heterotrophic transition experiment, we
analyzed the DRPs with organic carbon as the electron
donor and carbon source. The accumulated NO2

� dif-
fered again significantly among the three isolates with the
least NO2

� accumulated in F76(HD) with 2.92% (�0.92),
followed by D110(HD) with 9.54% (�0.81), and H3(HD) with
29.48% (�3.01) (Table 1). Especially for H3(HD), the tran-
siently accumulated NO2

� was significantly lower in the
Organo-heterotrophic transition compared with the Litho-
autotrophic transition experiment (t1way, p = 0.0289)
(Table S11). Also, D110(HD) accumulated only approxi-
mately half of the NO2

� measured during the H2 transi-
tion experiment (Table 1). Contrary to the Litho-
autotrophic transition experiments, the average max.
steady-state NO differed significantly among the three
isolates. It was significantly higher with 17.2 nM (�1.9)
for isolate H3(HD), compared with 5.5 nM (�4.8) for
F76(HD) (lincon, p = 0.0212) and 3.7 nM (�0.9) for
D110(HD) (lincon, p = 0.0004) (Table S9). The max. accu-
mulated N2O-N was also significantly higher for isolate
H3(HD) with 33.42% (�0.81) compared with 1.86%
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(�1.26) for F76(HD), and 0.82% (�1.49) for D110(HD)
(both, lincon, p ≤ 0.0000) (Table S9). However, it did not
significantly differ from the N2O-N accumulation in the H2

transition experiment (Table S11). The concentration of
dissolved O2 at the appearance of detectable NO during
the Organo-heterotrophic transition experiment was for
isolates F76(HD) and D110(HD) approximately half of the
average measured during the Litho-autotrophic transition
experiment (t1way, both p = 0.0289) (Table 1 and S11).

In the Adapted litho-autotrophic experiment, the cells
were already adapted to denitrification, i.e. equipped with
a fully expressed denitrification proteome, with H2 as the
sole electron donor. In this experiment the max. accumu-
lated NO2

� still differed significantly among the three
tested isolates. On average, F76(HD) transiently accumu-
lated 0.02% (�0.01), D110(HD) 26.8% (�6.9) and H3(HD)
75.7% (�2.3) NO2

� of the initial amount of NO3
� added

(Table 1). Unlike NO2
�, which displayed a similar pattern

in the Adapted litho-autotrophic and in the Litho-
autotrophic transition experiment, the max. accumulated
N2O-N was much lower during the Adapted litho-autotro-
phic experiment (Table 1), even though the difference
was again not significant due to the large variation
among replicates.

During all three kinetics experiments, isolate F76(HD)
displayed the least intermediate accumulation, followed
by D110(HD), while H3(HD) displayed the largest intermedi-
ate accumulation, especially concerning that of NO2

�.

Genotypes – genes of HDs

The hydrogenotrophic denitrifier isolates assigned to F.
limneticum and D. denitrificans (F76(HD), F77(HD),
F128(HD), F132(HD), D110(HD), D6(HD)), were character-
ized by napA nitrate reductase genes and clade II nosZ

Fig. 2. (A) 16S rRNA gene-based maximum-likelihood phylogenetic tree of the 11 selected isolates from the genera Rhodocyclaceae (olive
green) and Burkholderiaceae (dark green), as well as Paracoccus denitrificans (Y16927) as an outgroup. (B) Their denitrification end products
were determined by measuring the changes in N-species after incubation in MM with H2 as the sole electron donor and CO2 as the sole carbon
source. Furthermore, the type and copy number of (C) denitrification reductase, (D) RubisCO, and (E) hydrogenase genes detected in their
sequenced genomes are displayed. White squares signify the absence of denitrification activity or the respective gene. Gas kinetics of the
hydrogenotrophic denitrifier isolates (A) F. limneticum (F76(HD)), (B) D. denitrificans (D110(HD)) and (C) H. taeniospiralis (H3(HD)) during the transi-
tion from aerobic respiration to denitrification in MM with H2 as the sole electron donor are shown in the top panel. The period of denitrification is
marked with a blue background, beginning at the appearance of detectable NO until all available nitrogen oxides had been reduced to N2. [O2],
[NO2

�], [NO], [N2O] and [N2] concentrations were quantified over time, while [NO3
�] were extrapolated by subtracting the sum of N-oxides and

N2 from the initial [NO3
�] concentration. The graphs are exemplary from one of several replicates, shown in Table 1. Calculated electron flow to

the terminal oxidases (VeO2) and the denitrification reductases (VeNAR/NAP, VeNIR, VeNOS) of isolates (D) F76(HD) (n = 3), (E) D110(HD)
(n = 6), and (F) H3(HD) (n = 6) during the same experiment are shown in the bottom panel. The graphs show the average from several replicates
(Table 1) and the standard deviations, which are large primarily due to temporal differences between replicate vials.
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nitrous oxide reductase genes (Fig. 2C). In contrast, the
isolates assigned to H. taeniospiralis (H3(HD), H2(HD))
harboured narG and clade I nosZ genes. All of them
harboured nirS and cnorB rather than nirK and qnorB
genes. For carbon assimilation, all complete
hydrogenotrophic denitrifier isolates were equipped with
a form II Rubisco gene (cbbM) (Fig. 2D), and several
[NiFe]-hydrogenase genes (Fig. 2E) for H2 oxidation.
These hydrogenase genes comprised at least one group
1d respiratory hydrogenase gene, one group 2b H2-
sensing hydrogenase gene and one group 3d redox-
balancing hydrogenase gene per genome. The F.
limneticum isolates F76(HD), F128(HD) and F132(HD) addi-
tionally contained a group 1c respiratory hydrogenase
gene and those isolates plus F77(HD), also harboured a
group 2c H2-sensing hydrogenase gene. All analyzed
hydrogenotrophic denitrifier genomes contained the O2-
responsive regulator gene fixL, but the D. denitrificans

and F. limneticum isolates, in contrast to the H.
taeniospiralis isolates, were missing the two-component
counterpart fixJ (Table S12). Instead, the genomes of the
Rhodocyclaceae isolates contained one or multiple gene
copies of the redox-sensing two-component system
RegAB, which was not detected in the genomes of the
two H. taeniospiralis isolates.

The location of these genes involved in
hydrogenotrophic denitrification was analyzed for the
genomes of the sub-selection, whose denitrification kinet-
ics were also determined (Fig. 1). The analyzed genes
were not confined to a certain region in either of the three
genomes (Fig. S7). The denitrification operons in the
genomes of F76(HD) and D110(HD) were less coherent
compared with the genome of H3(HD). For example, one
nap operon in F76(HD) and D110(HD) was fragmented into
napABC, napGH and napF respectively. An extra nap
operon in the F76(HD) genome was arranged as

Fig. 3. Gas kinetics of the hydrogenotrophic denitrifier isolates (A) F. limneticum (F76(HD)), (B) D. denitrificans (D110(HD)) and
(C) H. taeniospiralis (H3(HD)) during the transition from aerobic respiration to denitrification in MM with H2 as the sole electron donor are shown in
the top panel. The period of denitrification is marked with a blue background, beginning at the appearance of detectable NO until all available
nitrogen oxides had been reduced to N2. [O2], [NO2

�], [NO], [N2O] and [N2] concentrations were quantified over time, while [NO3
�] were extrapo-

lated by subtracting the sum of N-oxides and N2 from the initial [NO3
�] concentration. The graphs are exemplary from one of several replicates,

shown in Table 1. Calculated electron flow to the terminal oxidases (VeO2) and the denitrification reductases (VeNAR/NAP, VeNIR, VeNOS) of
isolates (D) F76(HD) (n = 3), (E) D110(HD) (n = 6), and (F) H3(HD) (n = 6) during the same experiment are shown in the bottom panel. The graphs
show the average and standard deviation from several replicates, which are large primarily due to temporal differences between replicate vials.
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napDAGHB. The nar genes of H3(HD), however, were
organized all together as narKGHJV. Each analyzed
genome contained multiple nirS gene copies in proximity,
except for one nirS copy in the D110(HD) genome. Also,
multiple copies of the accessory gene nirM, coding for
cytochrome c551, were spread in all three genomes. The
genes norC and norB clustered together close to nirQ, a
synonym for norQ. While the nos operon genes of H3(HD)
were located consecutively as nosZ DFYL, they were
scattered among other genes in F76(HD) and D110(HD)
(Fig. S7A and B). The nos genes of F76(HD) and
D110(HD) were both accompanied by regA/regB genes.

Some of the above-specified genes were lacking in the
genomes of the control group (D98, Q100, Q9). The two
Q. australiensis isolates (Q100, Q9), which only reduced
NO3

� partly to NO2
�, did not harbour any nitrite reduc-

tase gene, and D98, most closely related to D.
denitrificans, did not harbour a RubisCO gene.

Discussion

Within this work bacteria that could denitrify with H2 were
isolated and characterized. The aim was to identify HDs
with differing accumulation of intermediates, including
NO2

�, NO and N2O, as well as to detect coherence
between denitrification phenotypes, genetic properties and
genome arrangement. The focus was on the genera
Dechloromonas and its close relatives Ferribacterium and
Quatrionicoccus from the family Rhodocyclaceae, as they
had increased significantly in relative abundance in a recent
microcosm experiment where H2 was applied to stimulate
lithotrophic denitrification with the aquifer material from the
same location as used in this study (Duffner et al., 2021).
The genus Dechloromonas has also been observed to
thrive in other H2-based environments, such as bioreactors
(Zhang et al., 2009; Zhao et al., 2011) and microcosm

experiments with GW and crushed rock material from a
pristine aquifer (Kumar et al., 2018b). In the same experi-
ments, the genus Hydrogenophaga was also detected.
Indeed, in our study’s second isolation, a large proportion of
the isolates were assigned to the Dechloromonas, Fer-
ribacterium and Quatrionicoccus, while in the first isolation,
Burkholderiaceae isolates, mainly from the genera Hydro-
genophaga and Acidovorax, were dominant. The different
outcome could be due to high mineral nutrient concentra-
tions in the MM that was used for the first isolation or due
to the different sampling time points because seasonal dif-
ferences in the bacterial community composition of aquifers
are well-known (Chik et al., 2020). The multiple isolation of
D. denitrificans and close relatives during the second isola-
tion support their importance in hydrogenotrophic denitrifica-
tion in oxic, nitrate-polluted oligotrophic aquifers (Duffner
et al., 2021). While it is unclear which species prevails
under which conditions, both Dechloromonas (and close
relatives) and Hydrogenophaga obviously play an impor-
tant role in hydrogenotrophic denitrification.

The significantly higher reduction in overpressure in
the incubations with the HDs during the endpoint analysis
compared to the control incubations confirms that the
added H2 and CO2 were consumed by hydrogenotrophic
bacteria. The increase in pH in the same incubations fur-
ther indicates that denitrification occurred because deni-
trification uses protons to reduce NO2

� to N2 gas,
increasing pH (Karanasios et al., 2010). The four isolates
assigned to F. limneticum could all reduce NO3

� to N2

with H2 as the electron donor, which was also the case
for the closely related D110(HD) and D6(HD), belonging to
the species D. denitrificans. The third group of complete
HDs comprised the Burkholderiaceae isolates H3(HD)
and H2(HD). While the first belonged to the species H.
taeniospiralis, H2(HD) could be considered another spe-
cies, based on the G + C content difference above 1%.

Table 1. Basic characteristics of the denitrification phenotypes of the complete hydrogenotrophic denitrifiers F. limneticum (F76(HD)), D.
denitrificans (D110(HD)) and H. taeniospiralis (H3(HD)), as aerobically grown cells switched to denitrification while respiring H2 only (Litho-
autotrophic transition) or organic carbon only (Organo-heterotrophic Transition), and as the anaerobically H2-respiring cells were given a second
dose of NO3

� and H2 (Adapted litho-autotrophic).

Isolate μoxic μanoxic μanoxic/μoxic

O2 (μM) in
liquid --> NO2

�
O2 (μM) in

liquid --> NO
max. NO2

�

(% of initial NO3
�)

max. NO
(nM) in liquid

max. N2O-N
(% of initial NO3

�) n

Litho-autotrophic transition
F76(HD) 0.12 (�0.03) 0.10 (�0.01) 0.88 (�0.15) nda 6.9 (�0.4) nda 17.8 (�3.1) 7.1 (�4.6) 3
D110(HD) 0.11 (�0.02) 0.10 (�0.02) 0.92 (�0.24) 1.5 (�1.4) 8.1 (�1.8) 19.4 (�3.9) 14.5 (�2.7) 13.3 (�11.3) 6
H3(HD) 0.13 (�0.03) 0.03 (�0.01) 0.21 (�0.06) 8.3 (�1.6) 0.3 (�0.1) 100.1 (�13.7) 18.5 (�3.5) 18.3 (�15.5) 6
Adapted litho-autotrophic
F76(HD) – – – – – nda 9.1 (�3.4) 2.4 (�4.1) 6
D110(HD) – – – – – 26.8 (�6.9) 16.1 (�4.3) 0.8 (�1.4) 3
H3(HD) – – – – – 75.7 (�2.3) 13.6 (�2.4) 0.01 (�0) 3
Organo-heterotrophic transition
F76(HD) 0.28 (�0.05) 0.16 (�0.04) 0.58 (�0.06) 10.3 (�0.6) 2.7 (�1.7) 2.9 (�0.9) 5.5 (�4.8) 1.9 (�1.3) 4
D110(HD) 0.37 (�0.06) 0.29 (�0.06) 0.79 (�0.03) 8.2 (� 1.3) 1.7 (�0.8) 9.5 (�0.8) 3.7 (�0.9) 0.8 (�1.5) 4
H3(HD) 0.18 (�0.10) 0.05 (�0.02) 0.35 (�0.20) 10.4 (�1.4) 0.3 (�0.1) 29.5 (�3.0) 17.2 (�1.9) 33.4 (�0.8) 4
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Genes for hydrogenotrophic denitrification

The genes coding for the dissimilatory nitrate reductase
and nitrous oxide reductase differed between the
Rhodocyclaceae isolates (F76(HD), F77(HD), F128(HD),
F132(HD), D110(HD), D6(HD)), which harboured napA and
clade II nosZ, and the Burkholderiaceae isolates (H3(HD),
H2(HD)), which were characterized by narG and clade I
nosZ genes. In conclusion, all complete HDs possessed
denitrification reductases for all four steps, a form II
Rubisco gene and three [NiFe] hydrogenase genes
(group 1d, 2b and 3d). Thus, these genes are likely a
prerequisite for hydrogenotrophic denitrification.
All detected hydrogenase genes in the analyzed

hydrogenotrophic denitrifier genomes belonged to the
[NiFe] class, which include the most common hydroge-
nases in bacteria (Vignais and Billoud, 2007). They
harboured the O2 tolerant group 1d respiratory [NiFe]
hydrogenase (Greening et al., 2016), which is character-
istic of many facultative anaerobic bacteria due to their
frequent contact with O2. Besides the respiratory hydrog-
enases, H2-sensing and redox-balancing hydrogenases
(Greening et al., 2016) were also detected. Of these,
group 2b H2-sensing [NiFe] hydrogenase controls
hydrogenase expression, while the group 3d [NiFe]
hydrogenase interconverts electrons between H2 and
NAD to adjust the redox state (Greening et al., 2016).
Interestingly, only the F. limneticum isolates’ genomes
possessed extra hydrogenase genes (groups 1c and 2c).
Moreover, CO2 assimilation is an essential process of
autotrophic hydrogenotrophic denitrification. Badger and
Bek (2008) found that Proteobacteria may contain one or
multiple RubisCO genes of the forms IA, IC and II, func-
tioning at different concentrations of CO2 and O2. All
investigated HDs possessed a form II Rubisco gene,
which encodes a RubisCO version adapted to conditions
with medium to high CO2 and low or no O2 (Badger and
Bek, 2008). Thus, this is the only form that can assimilate
CO2 under anoxic conditions as encountered in the
incubations.
Contrary to the findings of Yin et al. (2010), the genes

of hydrogenotrophic denitrification did not cluster in close
genome locations. Thus, their presence seems neces-
sary, while their genomic location may vary. A plausible
explanation for this observation is that operon proximity
only occurs for operons whose encoding processes con-
sistently work together, unlike denitrification, H2 oxidation
and CO2 assimilation, which also function in combination
with other metabolic pathways.
The closely related Rhodocyclaceae isolates, which

lacked the ability to denitrify with H2 (D98, Q100, Q9),
lacked one of the mentioned genes which are likely a
prerequisite of hydrogenotrophic denitrification: Q100 and
Q9 lacked nitrite reductase gene, and D98 lacked a

RubisCO gene. Additionally, D98 deviated phylogeneti-
cally from isolates D110(HD) and D6(HD), implying that
D98 belonged to another species. The finding that all
hydrogenotrophic denitrifying Rhodocyclaceae isolates
either belonged to the species D. denitrificans or F.
limneticum, and that the two isolates belonging to Q.
australiensis and D98 of a so far not described species
were incapable of hydrogenotrophic denitrification sup-
ports the finding of Duffner et al. (2021) that the ability for
hydrogenotrophic denitrification among the family
Rhodocyclaceae is species-specific.

Different hydrogenotrophic DRPs

Our data revealed that the H. taeniospiralis isolate H3(HD)
differed significantly in multiple characteristics from the
phenotypes of the F. limneticum isolate F76(HD) and the
D. denitrificans isolate D110(HD). The most distinctive dif-
ference for isolate H3(HD) was the complete accumulation
of NO2

� until all NO3
� had been reduced before continu-

ing with further reduction steps, whereas isolates F76(HD)
and D110(HD) initiated all denitrification steps simulta-
neously. This DRP of H3(HD) with a progressive onset of
denitrification was also observed in several Thauera
strains studied by Liu et al. (2013) as well as in another
Hydrogenophaga, and a Polaromonas isolate studied by
Lycus et al. (2017), with carbon as the electron donor.
Like isolate H3(HD), the latter two are known to carry a
nar gene, while isolates with the opposite phenotype,
F76(HD) and D110(HD), harboured nap genes. Such a
coherence between this distinct phenotype and the type
of nitrate reductase has also been observed in recent
studies by Gao et al. (2021) and Mania et al. (2020) for
denitrifying Bradyrhizobium isolates. They also found that
denitrifying napA-harbouring bradyrhizobia prefer N2O
reduction over NO3

� reduction, while no such preference
was detected in narG-carriers. This indicates that the
electron pathway to the membrane-bound cytoplasmic
nitrate reductase NarG competes better for electrons
than the pathway to the periplasmic nitrate reductase
NapA. The latter obtains electrons from NapC, a
membrane-bound c-type cytochrome receiving electrons
from the membrane-associated quinol pool, while NarG
obtains electrons directly from the membrane-associated
quinol pool (Shapleigh, 2013). The strong competition for
electrons by the NarG pathway may prevent other denitri-
fication reductases from receiving electrons when NO3

�

is still available, resulting in substantial NO2
� accumula-

tion like measured for H3(HD). The observation, that the
transient NO2

� accumulation did not differ significantly
between the Litho-autotrophic transition and Adapted
litho-autotrophic experiment for all tested isolates, further
reasserts the hypothesis that the difference in NO2

�
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accumulation was due to differential electron flow rather
than to differential gene expression. However, the occur-
rence of a narG gene cannot be the sole factor leading to
100% transient NO2

� accumulation, as some narG-carry-
ing bacteria, such as a Pseudomonas isolate in the study
of Lycus et al. (2017), did not show any NO2

� accumula-
tion during denitrification with carbon. This could possibly
be due to regulation at the transcriptional level (low tran-
scription of narG). Contrary to transient NO2

� accumula-
tion, transient N2O accumulation was on average
considerably lower when the isolates were already
equipped with a denitrification proteome (adapted to deni-
trification) compared with the transition phase, indicating
that delayed nos gene expression caused most N2O
accumulation during the transition from aerobic respira-
tion to denitrification. There was, however, considerable
variation in transient N2O accumulation between replicate
experiments, also observed by Liu et al. (2013) with
Thauera strains performing heterotrophic denitrification.
The type of nitrous oxide reductase may influence the
amount of N2O accumulation as clade II NosZ enzymes
have higher apparent N2O affinity, higher biomass yield,
and a more energy-efficient translocation mechanism
compared with clade I NosZ (Yoon et al., 2016). Isolate
H3(HD) also differed in this regard from F76(HD) and
D110(HD), as it contained clade I nosZ, while the other
tested strains harboured clade II.

The three analyzed HDs displayed a seamless transi-
tion from aerobic respiration to denitrification, i.e. without
a substantial depression in electron flow rate at the tran-
sition from oxic to anoxic conditions. This was the case
both with H2 and carbon as the electron donor, implying
that all cells, or at least the largest fraction of the cells,
switched to denitrification due to anoxia unlike a phenom-
enon termed bet-hedging, observed by Lycus et al. (2017)
for some denitrifying soil isolates. However, a drop in the
total electron flow was observed in H3(HD) after nitrate
depletion. This could either indicate that the organism
expressed too little nitrite reductase to sustain the same
high respiratory metabolism as during nitrate reduction or
that only a fraction of the cells expressed nitrite
reductase.

The denitrification phenotypes of F76(HD) and D110(HD)
differed significantly between the oxic–anoxic transition
under Litho-autotrophic and Organo-heterotrophic condi-
tions. Litho-autotrophy led to an earlier onset of denitrifi-
cation, as NO was detected at a significantly higher O2

concentration. Also, both the oxic and anoxic growth
rates were lower during the Litho-autotrophic compared
to the Organo-heterotrophic transition experiment. Auto-
trophic growth requires much more energy to assimilate
CO2 (Albina et al., 2019) compared to heterotrophic
growth. Consequently, cells grown on H2 and CO2 may
switch earlier to denitrification to avoid entrapment in

anoxia (Hassan et al., 2014). This difference in the O2

concentration at the initiation of denitrification was not
observed in H3(HD). However, the onset of NO3

� reduc-
tion to NO2

� occurred long before NO was detected,
wherefore the estimated growth rate of H3(HD) was likely
mostly based on NO3

� reduction to NO2
�. In the isolates

F76(HD) and D110(HD) autotrophy additionally led to less
balanced denitrification with higher transient accumula-
tion of NO2

�, NO and N2O, indicating an influence of the
electron donor H2 on the proportionate expression of the
respective reductase genes. In isolate H3(HD) this was
only visible in the transient NO2

� accumulation, which
was significantly lower during Organo-heterotrophic
transition.

The transcriptional regulation of denitrification differs
largely among denitrifiers; however, the range of diversity
is unknown as the regulation has mostly been studied in
model organisms (e.g. Paracoccus denitrificans)
(Gaimster et al., 2017; Lycus et al., 2017). Denitrification
regulation comprises a network of regulators responding
to intra- and extracellular signals such as NO, O2, NO3

�

and NO2
� concentrations as well as pH (Gaimster

et al., 2017). An important sensor of decreasing O2 con-
centrations and activator of denitrification is the RegAB
redox-sensing two-component system, which was
detected in all Rhodocyclaceae isolates. The H.
taeniospiralis isolates; however, seemed to rely on the
O2-sensing two-component system FixLJ as their
genomes harboured both genes. While FixL is directly
activated by O2 (Spiro, 2012), the membrane-associated
RegB kinase indirectly responds to decreasing O2 con-
centration as it is regulated by the redox state of the ubi-
quinone pool by non-catalytic equilibrium binding of
ubiquinone (Wu and Bauer, 2010). The direct sensing of
the ubiquinone redox state inside the denitrification respi-
ratory membrane by RegAB may enable its carrier to
react faster to changes in the electron availability inside
the denitrification respiratory membrane and thus regu-
late the electron flow more efficiently. This could be a fac-
tor leading to a more balanced phenotype observed in
the isolates F76(HD) and D110(HD) compared with H3(HD).
In isolate F76(HD) extra hydrogenase genes were
detected which may be connected to the even lower
intermediate accumulation observed in F76(HD) compared
with D110(HD).

Experimental procedures

Enrichment and isolation of HDs

Enrichment. Sediment and GW were sampled from a
highly NO3

� polluted oxic aquifer in the Hohenthann
region in Southeast Germany (GPS: 48�42001.200N,
12�00010.200E). Location and sampling methods are
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described in Duffner et al. (2021). Samples were stored
at 4�C for 1 day until the enrichment incubations started.
The used mineral medium (MM) was based on the ‘multi-
purpose mineral medium’ described by Widdel and
Bak (1992). It contained separately autoclaved basal
medium (without sulphate), 30 mM NaHCO3 and 1.5–
2 mM NaNO3, as well as filter-sterilized 0.2% (vol./vol.)
trace element solution SL-10 (Widdel and Pfennig, 1981;
Widdel et al., 1983), 0.1% (vol./vol.) selenite tungsten
solution (Widdel and Bak, 1992) and 0.1% (vol./vol.) vita-
min solution (Balch et al., 1979). After autoclaving, all
other components were added to the basal medium, and
the pH was adjusted to 7.2 with 1 M HCl.
Approximately 100 ml of either only GW, sediment and

groundwater (SED/GW), MM and groundwater (MM/GW)
or MM and sediment (MM/SED), containing approxi-
mately 1.3 mM (70 mg L�1) NaNO3, were incubated
inside 200 ml vials sealed with a rubber septum and an
aluminium crimp cap. The crimped vials were sparged
with a gas mixture containing 60% H2, 10% CO2 and
30% N2 at an approximate flow rate of 100 ml min�1, until
the O2 content in the outflowing air was 0% according to
a digital oximeter (Greisinger Electronic, Germany)
(�0.5 mM H2(aq), 14�C). The sparged enrichments were
incubated at 14�C–20�C, while samples were taken
every 2–5 days to monitor the NO3

� and NO2
� concen-

trations spectrophotometrically. NO3
� was quantified

according to Velghe and Claeys (1985), and NO2
�

according to Tsikas et al. (1997). Once all NO3
� and

NO2
� had been reduced, which took between 6 and

46 days depending on the initial material (Fig. S1B), iso-
lation from the enrichments was initiated. For one repli-
cate per treatment 10% (vol./vol.) were transferred to
fresh MM or 0.2 μm filtered/autoclaved GW once all
NO3

� had been reduced. This was done three times
before the isolation.

Bacterial community analysis of the enrichments. Two
milliliters (SED/GW, MM/SED) or 10 ml (GW, MM/GW) of
the final enrichments were pelleted and frozen for bacte-
rial community analysis. Additionally, original sediment
and the material collected on a 0.22 μm filter of 3 L GW
of each sampling was analyzed. DNA was extracted
using the NucleoSpin Soil Kit (Macherey Nagel,
Germany) with buffer SL2 and 30 s at 5.5 m s�1 bead
beating. A negative extraction control was run alongside
the samples. The 16S rRNA gene amplicon sequencing
library preparation, the Illumina MiSeq sequencing and
data processing were conducted as described in Duffner
et al. (2021), with the exception that the primer pair 515F
(Parada et al., 2016) and 806R (Apprill et al., 2015)
suggested by the Earth Microbiome Project (V4 region),
was used (Walters et al., 2016). The demultiplexed reads
were processed using the QIIME2 and the DADA2 plugin

(Bolyen et al., 2019), setting the N-terminal trimming to
10 bp and the C-terminal trimming to 270 bp for the for-
ward and to 200 bp for the reverse reads. After denoising
(Table S1), on average 70.6% of the reads remained for
the enrichments, whereas only 53.1% of the reads
remained for the original sediment and GW samples. Sin-
gleton reads from domains other than bacteria, and ASVs
with more than nine reads in the negative extraction con-
trol were removed. The datasets were subsampled to the
minimum number of reads per sample, 35 921 (EI) and
28 584 (EII), using the vegan package (v.2.5–7)
(Oksanen et al., 2019) included in the R project (v.4.0.3)
(Team, 2019). The rarefaction curves were generated
using the vegan package, and the stacked bar plots with
the phyloseq package (v.1.34.0) (McMurdie and
Holmes, 2013). The amplicon sequences have been
deposited in the Sequence Read Archive repository
under the BioSample accession numbers
SAMN19613689–SAMN19613703 as part of the
BioProject PRJNA727717.

Isolation. The enrichments were serially diluted (10�2
–

10�4) upon depletion of the given nitrate. 100 μl of the
dilutions were plated on MM agar plates, prepared with
1.5% (wt./vol.) purified agar (Oxoid Thermo Fisher, USA),
under a laminar flow. The agar plates were incubated in
anoxic pots flushed for approximately 1 h with the H2-
containing gas mixture. The anoxic pots were incubated
for approximately 6 weeks at 14�C–20�C. In total 300 col-
onies were picked and secured in a colony library on
agar plates. A large portion of the grown colonies was
less than 0.5 mm in diameter, white/transparent and cir-
cular with a smooth edge, similar to the colony morphol-
ogy of Dechloromonas denitrificans (Horn et al., 2005).
For phylogenetic identification of the isolates, a colony
PCR was performed targeting the full 16S rRNA gene
(described in Table S2). Forty-five isolates (Table S3;
Fig. S2), including strains of the species Dechloromonas
denitrificans, Ferribacterium limneticum, Quatrionicoccus
australiensis and Hydrogenophaga taeniospiralis, were
inoculated in MM with the same H2 atmosphere as
described above and tested for their ability to reduce
NO3

� while being incubated at 20�C for 5 days. Ten iso-
lates could reduce at least 35% of the initial NO3

� within
the given time (Table S3). Thereof eight were used for
further phenotypic and genotypic characterization. They
are marked as HD (hydrogenotrophic denitrifier) hereaf-
ter. These isolates included four strains assigned to F.
limneticum (F76(HD), F77(HD), F128(HD), F132(HD)), two
isolates assigned to D. denitrificans (D110(HD), D6(HD))
and two isolates assigned to H. taeniospiralis (H3(HD),
H2(HD)) (Fig. 1). Additionally, three close relatives of D.
denitrificans and F. limneticum (D98, Q100, Q9) without
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denitrifying ability with H2 were characterized as a control
group.

Difference between EI and EII. The enrichment and isola-
tion procedure was performed twice, termed EI and EII,
to increase the number of isolates from the family
Rhodocyclaceae. For EI groundwater and sediment was
sampled on February 20th 2019, and for EII on October
18th 2019. For EI, two replicates were prepared for each
setup (GW, SED/GW, MM/GW, MM/SED), whereas four
replicates were prepared for each setup of EII (GW,
SED/GW). A difference was that the enrichment setups
with MM were omitted for EII, and the agar plates con-
tained only 10% of the mineral and vitamin mixtures
described above. Also, during EII the enrichments were
transferred to 0.2 μm filtered and autoclaved GW instead
of fresh MM like during EI. Details of the enrichment and
isolation procedure of HDs are given in Fig. S1 and
Table S4.

Sequencing and analysis of the isolates’ genomes

The 11 selected isolates (Fig. 1) were grown in R2A
medium aerobically at 30�C for 2–4 days up to late expo-
nential phase and harvested to reach approximately
4.5 � 109 cells, as recommended by the QIAGEN
Genomic-tip (20/G) procedure (QIAGEN, Germany) pro-
tocol. This anion-exchange-based DNA extraction
method, ensuring minimal fragmentation, was performed
according to the manufacturer’s protocol. The obtained
high-quality DNA was sheared to 9–14 kb long fragments
and quantified using a fragment analyzer (Agilent Tech-
nologies, USA) and the large fragment DNF-492 Kit
(Agilent Technologies). With a maximum total expected
genome size of 33 Mb, multiplexed microbial libraries
were generated with the SMRTbell Express Template
Prep Kit 2.0 Part Number 101-696-100 v.6 (March 2020)
(PacBio, USA) without size selection. The libraries were
sequenced using PacBio SMRT cells with the Sequel
System and 3.0 chemistry. The genomes were assem-
bled by the HGAP4 pipeline (SMRT Link: 8.0.0.80529,
PacBio) with a seed coverage of 30 (Table S5). The
genome sequences were circularized using the Circlator
software (Hunt et al., 2015), and the genome sequence
quality was assessed with the CheckM software (Parks
et al., 2015) (Table S6). The circularized genomes were
annotated with Prokka (version 1.13) (Seemann, 2014)
using a similarity e-value cut-off of 1e�05.

The taxonomy of the genomes was determined by the
Type Strain Genome Server (TYGS), the successor of
the Genome-to-Genome Distance Calculator, in August
2020 (Meier-Kolthoff and Göker, 2019; Meier-Kolthoff
et al., 2021). Instead of using a restricted number of
marker proteins, TYGS computes genome-scale

phylogeny and infers species boundaries from closest
type genome sequences. It thereby also calculates the
digital DNA–DNA hybridisation (dDDH) and G + C con-
tent difference between two isolates and the closest type
strain genomes, which was described as a more reliable
method compared to average nucleotide identity for
example (Meier-Kolthoff and Göker, 2019). Furthermore,
the complete 16S rRNA gene sequences were extracted
and the percentage identity with the most similar 16S
RNA gene sequence was calculated. The species delin-
eation for dDDH has been set as 70% (Meier-Kolthoff
and Göker, 2019). The G + C content difference is also
an indicator of phylogeny because it rarely exceeds 1%
within species (Meier-Kolthoff et al., 2014). For 16S rRNA
gene comparison, species delineation ranges between
97% and 98.5% in the literature, as there is no universal
agreement on the species boundaries (Janda and
Abbott, 2007).

Further focus was given on the identification of genes
potentially involved in hydrogenotrophic denitrification,
such as denitrification reductases (napA, narG, nirS, nirK,
qnorB, cnorB, clade I and clade II nosZ), RubisCO,
hydrogenase and denitrification regulatory genes (fixL,
fixJ, ntcA, nnr, regA, regB, narX, narL, narQ, narP, norR,
nsrR, dnrD, dnrN) (see Supplementary Materials 2).

For a sub-selection, including one isolate of each phy-
logenetically distinct hydrogenotrophic denitrifier group
(F76(HD), D110(HD), H3(HD)) (Fig. 1), the circular genomes
were visualized using the DNAPlotter software (Carver
et al., 2008) showing the location of the important
hydrogenotrophic denitrifier genes. If these were in prox-
imity, their gene neighbourhood was additionally plotted
using Gene Graphics (Harrison et al., 2018).

The genome sequences with the BioSample acces-
sions SAMN19030600–SAMN19030611 are deposited at
NCBI under the BioProject PRJNA727717.

Analyses of the denitrification phenotypes

Incubation system. A robotized incubation system was
used for all analyses of the denitrification endpoints and
denitrification kinetics. The system, described in detail by
Molstad et al. (2007) and Molstad et al. (2016), hosts up
to 30 parallel stirred batch cultures (120 ml serum vials
with Teflon coated magnetic bars, crimp sealed with butyl
rubber membranes) in a water bath with constant temper-
ature (18�C in our experiments). At intervals, the system
samples the headspace by piercing the butyl rubber
septa and drawing the sample by a peristaltic pump into
injection loops. After injection, the pump is reversed,
returning a volume of He (equal to the volume drawn) into
the vial. The gas chromatographic system [CP4900
microGC, Varian (now Agilent Technologies)] measures
O2, N2, N2O, CO2 and CH4 with thermal conductivity
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detectors, and a chemoluminescence NOx analyzer
(Model 200A, Advanced Pollution Instrumentation, USA)
is used to measure NO. Measurements of standard gas
mixtures (25 ppmv NO in N2, 150 ppmv N2O and 1%
CO2 in He, 21% O2 in N2) alongside the incubations were
used for calibration and capture dilution of the headspace
gases and leakage (see Molstad et al., 2007 for details).
A spreadsheet developed by Bakken (2021) was used to
convert the chromatography output into gas concentra-
tions in the headspace and in the liquid, and the rate of
production/consumption of each gas for every time inter-
val between two samples. For the incubations with H2 in
the headspace, there was a significant reduction of the
headspace pressure, despite the system’s return of He at
each sampling, due to the consumption of both H2 and
CO2. This necessitated inclusion of pressure depression
into calculating the gas concentrations. Therefore, the
kinetics and in particular the mass balances for these
incubations were not as accurately determined as is
described in Molstad et al. (2007). NO3

� and NO2
� liquid

concentrations were determined as described in Lycus
et al. (2017), in small liquid samples taken manually
throughout the incubations.

Endpoint analysis. First, the denitrification end products
of all 11 selected isolates (eight HDs and three control
strains) were determined by an endpoint analysis, essen-
tially as described by Lycus et al. (2017). The cultures
were incubated anoxically in the presence of NO3

�,
NO2

� and N2O, which allowed us to determine if they
had complete or only partial denitrification pathways and
if they were able to convert all available electron accep-
tors to N2 with H2 as the sole electron donor. The end-
point analyses were performed in triplicate for all
11 isolates. Approximately 1 ml pre-culture at an optical
density (OD600) of 0.3 was centrifuged at 4400g for
5 min, washed twice with 1 ml MM and dispersed in 1 ml
MM. Since F77(HD) did not grow aerobically in liquid cul-
ture, it had to be scratched from R2A agar plates and
washed in MM (as the others). The washed inocula were
injected into 120 ml vials with 50 ml MM containing
1.5 mM NaNO3 and 0.5 mM NaNO2. After He-flushing,
the vials were injected with 40 ml H2 vial�1, 20 ml CO2

vial�1 and 1.4 ml N2O vial�1 (�50 μmol N2O vial�1). The
resulting overpressure of approximately 725 mbar
(C9555 pressure metre, Comark Instruments, UK) was
not released, and the vials were incubated for a minimum
of 10 days at 18�C and 120 rpm. First, the pressure in
the vials was quantified, the pressure was then released,
and the headspace gases were measured twice in the
robotized incubation system. Furthermore, NO3

� and
NO2

� concentrations were determined, and the pH was
measured directly after opening each vial. The experi-
ment included additional control vials with inoculum but

without H2 to check for potential denitrification by carry-
over carbon. The cultures were streaked onto R2A plates
before and after incubation to check for cell viability and
contamination.

Denitrification kinetics. The kinetics were investigated for
the sub-selection of strains including F76(HD), D110(HD)
and H3(HD). The first two experiments investigated the
DRPs of cells that were raised under strict oxic conditions
(to avoid the synthesis of denitrification enzymes), and
monitored for O2, NO2

�, NO, N2O and N2 as the batch
cultures depleted O2, switched to anaerobic respiration
and converted NO3

� to N2. These transition experiments
were conducted with cells growing litho-autotrophically
(H2, CO2, no organic carbon) and with cells growing
organo-heterotrophically (only organic carbon provided),
thus in the following, we will call the two experiments
Litho-autotrophic transition and Organo-heterotrophic
transition respectively. The DRP revealed by these tran-
sition experiments effectively confounds the effects of
regulation at the transcriptional and metabolic level. To
inspect the regulation at the metabolic level for litho-
autotrophic denitrification, we conducted a third experi-
ment where we continued to monitor the Litho-autotro-
phic transition experiment vials after adding a new dose
of NaNO3. In the following, we will call this experiment
Adapted litho-autotrophic.

Litho-autotrophic transition: Liquid pre-cultures were
grown aerobically in the most suitable complex organic
medium (R2A for F76(HD) and D110(HD), and 20% TSB
for H3(HD); Table S7) to secure high cell density for the
inoculation. When these had reached mid/late exponen-
tial phase, 20–50 ml of the culture was centrifuged at
8000g for 10 min, washed twice with 20 ml MM
(to remove organic compounds) and finally dispersed in
MM. The washed cells were used to inoculate the 120 ml
vials (1 ml per vial) containing 50 ml MM with 2 mM
NaNO3. After He-flushing and the injection of 40 ml H2

vial�1 and 20 ml CO2 vial�1, the vials were placed in the
robotized incubation system, where the overpressure
was released before 0.6 ml O2 gas was injected
(�26.5 μmol O2 vial

�1). The headspace gases were mea-
sured at 4 h intervals, and the experiment lasted ≥120 h.
The initial NO3

� concentration was determined, and
NO2

� was measured throughout the incubation, more fre-
quently during its accumulation.

Organo-heterotrophic transition: This experiment was
similar to the Litho-autotrophic transition experiment. The
differences were that the washing of the inocula (1 ml
pre-culture, OD600 = 0.1) was omitted, complex organic
liquid media were used (R2A for F76(HD), D110(HD), and
20% TSB for H3(HD); Table S7) and the anoxic atmo-
sphere contained only Helium as no H2 and CO2 gas
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was injected to the headspace. Thus, CO2 fixation and
lithotrophic denitrification were excluded.

Adapted litho-autotrophic: At the end of the Litho-
autotrophic transition experiments, the vials were re-
flushed with He, injected with 40 ml H2 vial�1, 20 ml CO2

vial�1 (but no O2) and 1 ml 0.1 M NaNO3 (=100 μmol
vial�1, 2 mM in the liquid). The pressure was released,
and the vials were monitored for NO2

�, NO, N2O and N2

in the robotized incubation system until all NO3
� had

been recovered as N2.
Control vials with the same setup but without inoculum

were measured alongside the bacterial incubations to
check for contamination and gas leakage. All experi-
ments were performed with a minimum of three replicate
(n stated in Table 1) for each isolate.

Because NO2
� was measured manually at different

time points than the gases, the concentrations at the time
points of the gas sampling were estimated by interpola-
tion, using the SRS1 Cubic Spline Software (http://www.
srs1software.com). Additionally, the electron flow
(μmol e� h�1) to terminal oxidases and the denitrification
reductases (NAR/NAP, NIR, NOR, NOS) was calculated
based on the gross rates of each step in denitrification.
The graphs were compiled in R project (v.4.0.1) with the
ggplot2 package (Wickham, 2016). Due to the small num-
ber of replicates, a robust one-way analysis of variance
with trimmed means (t1way function) and the post hoc
test lincon from the package WRS2 (Mair and
Wilcox, 2019) was used to detect statistically significant
differences in the basic denitrification phenotype charac-
teristics between the three analyzed isolates and kinetics
experiments. The p-values were adjusted for each exper-
iment or experimental comparison with a Benjamini and
Hochberg (‘BH’) correction (Benjamini and
Hochberg, 1995). Adjusted p-values <0.05 were consid-
ered significant.

Conclusion

We isolated and characterized prevailing complete HDs,
which belong to the species F. limneticum, D.
denitrificans and H. taeniospiralis. The presence of all
denitrification reductase genes, a form II RubisCO gene
and a minimum of three [NiFe]-hydrogenase genes were
identified as common features to denitrify with H2 as elec-
tron donor and CO2 as carbon source. The results indi-
cated that under ideal conditions without an electron
donor limitation and sufficient nutrients and vitamins
available, a difference in transient NO2

� accumulation
can be attributed to a stronger electron flow to the nitrate
reductase NarG than NapA rather than sequential gene
expression. If hydrogenotrophic denitrifying communities
are dominated by napA carrying bacteria, e.g. of the spe-
cies F. limneticum and D. denitrificans, we would thus

expect less NO2
� accumulation compared with communi-

ties dominated by narG-carrying bacteria e.g. of H.
taeniospiralis. Furthermore, the genome analysis indi-
cated that the phenotypes with less transient NO2

� accu-
mulation were associated with the RegAB two-
component system, which could improve the regulation
of electron flow inside the denitrification respiratory mem-
brane. As detected in the F. limneticum isolates, addi-
tional hydrogenase genes may have a similar effect and
thereby minimize intermediate accumulation further.
Based on the obtained data, the next step is to develop
ways enabling targeted stimulation of complete HDs with
the least intermediate accumulation.
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