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Summary

Groundwater is feeding rivers, lakes, and oceans and is thus an important part of the water cycle. It
also serves as a source of drinking water for many municipalities. Pollution with nitrate; however,
continuously increases due to human activities. It stems from excessive fertilizer application,
manure deposited on fields, decomposing plant residues, and human waste leaking from the
sewage system. Groundwater nitrate pollution endangers the stability of water ecosystems, the
safety of our drinking water, and the climate. In anoxic aquifers with sufficient electron donors,
nitrate reduction occurs naturally though microbial denitrification. Denitrification includes four
reduction steps from nitrate via nitrite, nitric oxide and nitrous oxide to harmless N2 gas. Other
aquifers; however, contain low concentrations of electron donors in combination with the presence
of oxygen, which makes denitrification inefficient. In such aquifers local nitrate remediation may
be achieved by stimulating litho-autotrophic denitrifiers through the addition of the electron donor
hydrogen. Yet, research investigating this strategy has encountered the problems of incomplete
denitrification and the transient accumulation of the cytotoxic intermediate nitrite as well as the
greenhouse gas nitrous oxide. We hypothesised that the hydrogenotrophic denitrifier community
only comprises few taxa, which differ in their denitrification phenotypes. In such small communi-
ties the individual phenotypes and their proportion of the total community would largely impact
the overall metabolism. This thesis therefore aims at defining the prevailing hydrogenotrophic
denitrifying taxa in a nitrate polluted oxic model aquifer and investigates the individual contribution
of these taxa to incomplete denitrification and the accumulation of intermediates. Furthermore, we
hypothesised a link between genetic features and the denitrification phenotypes. Thus, besides
characterising the phenotypes the genomes were also analysed.

Several microcosm and column experiments with groundwater sediment were performed, analysing
the bacterial community composition by 16S rRNA gene amplicon sequencing after stimulation
with hydrogen. Additionally, bacterial taxa belonging to the prevailing genera detected in the com-
munity analyses were isolated, their genomes were sequenced, and their denitrification phenotypes
were characterised. The prevailing genus in the hydrogen treated microcosms was Dechloromonas,
while Hydrogenophaga was most abundant in the column experiment. Species of both genera, D.
denitrificans and H. taeniospiralis, as well as Ferribacterium limneticum, were isolated and proven
to completely reduce nitrate to N2 when stimulated with hydrogen under autotrophic conditions.
Differences in the overall intermediate accumulation among communities therefore likely stem
from the timing of reduction steps in individual taxa rather than from different proportions of
truncated denitrifiers. Through detailed denitrification kinetics analyses we could show that the
three complete hydrogenotrophic denitrifiers differed in their denitrification phenotypes. The
largest difference among the three species was the transient nitrite accumulation, which was
significantly larger in H. taeniospiralis, as it accumulated nitrite until all nitrate had been reduced,
compared to the two Rhodocyclaceae isolates, which performed all steps simultaneously. Three
possible genetic-based links to these denitrification phenotypes have been identified: First, the
type of nitrate reductase gene, because H. taeniospiralis harboured narG and the other two napA.
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Second, the genomes of D. denitrificans and F. limneticum harboured the regAB genes coding for a
redox-sensing global regulator and F. limneticum harboured extra hydrogenase genes. Both regAB
and the extra hydrogenase genes are likely involved in further reducing intermediate accumulation.

The obtained findings highlight the importance of determining the hydrogenotrophic denitrifier
community in an aquifer in order to decide whether it can be remediated with hydrogen. Fur-
ther, parameters specifically stimulating the napA-containing taxa with the least intermediate
accumulation must be investigated to enable targeted stimulation.
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Zusammenfassung

Grundwasser speist Flüsse, Seen und Ozeane und ist somit ein wichtiger Teil des Wasserkreislaufs.
Gleichzeitig dient es als eine wichtige Trinkwasserquelle für zahlreiche Gemeinden. Grund-
wasserverschmutzung mit Nitrat steigt jedoch kontinuierlich an. Nitrat gelangt durch das Aus-
bringen von Düngemitteln und Gülle sowie kompostierenden Pflanzenresten aufs Feld und sickert
in die Grundwasserleiter. Die Verschmutzung des Grundwassers durch Nitrat gefährdet sowohl
die Stabilität der Wasserökosysteme, die Sicherheit von Trinkwasser als auch das Klima. In
anoxischen Grundwasserleitern mit ausreichend Elektronen-Donatoren kommt Nitratrereduktion
durch mikrobielle Denitrifikation natürlicherweise vor. Die Denitrifikation besteht aus vier Reduk-
tionsschritten von Nitrat über Nitrit, Stickoxid und Distickstoffoxid zu ungefährlichem N2 Gas.
Andere Grundwasserleiter sind jedoch oxisch und enthalten kaum Elektronen-Donatoren, wodurch
Denitrifikation wenig effizient ist. Lokale Nitrat-Sanierung in solchen Grundwasserleitern könnte
durch die Stimulation litho-autotropher Denitrifizierern mit Wasserstoff gelingen. Bei Untersuchun-
gen dieser Sanierungsstrategie verlief die Denitrifikation jedoch häufig unvollständig oder es trat
eine vorübergehende Akkumulation des zytotoxisch wirkenden Nitrits und/oder des Treibhaus-
gases N2O auf. Wir stellten die Hypothesen auf, dass die Gemeinschaft der hydrogenotropher
Denitrifizierer nur aus wenigen Taxa besteht, die sich zudem in ihren Denitrifikationsphänotypen
unterscheiden. In solchen kleinen Gemeinschaften haben die individuellen Phänotypen und deren
Anteil an der Gesamtgemeinschaft einen großen Einfluss auf den Gesamtmetabolismus. Diese
Doktorarbeit hat somit das Ziel die vorherrschenden hydrogenotrophen Denitrifizierer in einem
mit Nitrat verschmutzten, oxischen Modellgrundwasserleiter zu bestimmen. Zudem wurde der
individuelle Beitrag zu unvollständiger Denitrifikation und der Akkumulation von Zwischenpro-
dukten dieser Bakterienarten untersucht. Außerdem nahmen wir einen Zusammenhang zwischen
genetischen Eigenschaften und dem Denitrifikationsphänotypen an. Deshalb wurden neben der
Charakterisierung der Phänotypen auch die Genome der Bakterienisolate analysiert.

Es wurden mehrere Mikrokosmos- und Säulenexperimente mit Grundwassersediment durchge-
führt, bei denen die bakterielle Gemeinschaft nach Stimulation mit Wasserstoff mittels 16S rRNA
Amplikon-Sequenzierung untersucht wurde. Bakterientaxa, die zu den vorherrschenden Gattungen
der analysierten Gemeinschaften gehören, wurden isoliert, ihre Genome sequenziert und die Deni-
trifikationsphänotypen bestimmt. Die vorherrschende Gattung in den mit Wasserstoff behandelten
Mikrokosmen war Dechloromonas, wohingegen Hydrogenophaga die höchste Abundanz im Säu-
lenexperiment aufwies. Die Arten D. denitrificans und H. taeniospiralis dieser beiden Gattungen,
sowie Ferribacterium limneticum, wurden isoliert und es konnte gezeigt werden, dass alle Nitrat
vollständig zu N2 reduzieren wenn sie unter autotrophen Bedingungen mit Wasserstoff stimuliert
wurden.

Die Akkumulation von Zwischenprodukten liegt demnach eher an unterschiedlichen Abläufen der
Reduktionsschritte in den dominierenden Bakterientaxa, als an unvollständiger Denitrifikation.
Detailierte Analysen der Denitrifikationskinetiken zeigten, dass sich die drei Arten in ihren Denitri-
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fikationsphänotypen stark unterscheiden. Der größte Unterschied zeigte sich bei der Akkumulation
von Nitrit, die bei H. taeniospiralis signifikant höher war als bei den beiden Isolaten der Gattung
Rhodocyclaceae. H. taeniospiralis akkumulierte Nitrit bis alles Nitrat verbraucht war, wohingegen
die anderen Isolate alle Denitrifikationsschritte gleichzeitig durchführten. Es wurden drei mögliche
Zusammenhänge der Phänotypen mit genetischen Eigenschaften identifiziert. Zum einen besteht
ein Zusammenhang mit dem Gen der Nitratreduktase, da das H. taeniospiralis Genom narG
aber die Rhodocyclaceae Genome napA aufwiesen. Desweiteren enthielten die Genome von D.
denitrificans und F. limneticum die regAB Gene, die für einen globalen Regulator kodieren, der
Änderungen des Redoxpotentials registriert und das F. limneticum Genom enthielt zusätzliche
Hydrogenasegene. Sowohl bei regAB, als auch den zusätzlichen Hydrogenasegenen besteht ein
möglicher Zusammenhang mit der weiteren Verringerung der Zwischenproduktakkumulation.

Die Ergebnisse zeigen auf, wie wichtig es ist die hydrogenotrophe Denitrifizierergemeinschaft
im Grundwasserleiter zu untersuchen bevor eine Sanierung mit Wasserstoff durchgeführt wird.
Außerdem ist es wichtig, dass Bedingungen identifiziert werden unter denen spezifisch napA-
Denitrifizierer mit der niedrigsten Akkumulation von Zwischenprodukten stimuliert werden.
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-, NO2
-, and ammonium concentrations

as well as the bacterial community composition and the quantity of the denitrification reductase
genes and transcripts.
Concurrent with the decreasing NO3

- concentration, the relative abundance of the genus Dechloro-
monas increased significantly from less than 1% to approximately 24% after 80 h. Interestingly,
out of 37 detected amplicon sequence variants (ASVs) assigned to Dechloromonas, only six ASVs
increased significantly over the period of NO3

- and NO2
- reduction. Besides the prevalence of

Dechloromonas, the results indicate species- or even strain-level differences in their hydrogenotor-
phic denitrifying abilities. Of the analysed denitrification reductase genes napA, nirS and clade I
nosZ increased significantly over the observed period.
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who also differed in the type of nitrate and nitrous oxide reductase gene. While the narG and clade
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1. Introduction

1.1. Groundwater as a microbial habitat

Groundwater represents a very different habitat compared to soil. Whilst conditions in soil are
quite heterogeneous, groundwater ecosystems are rather homogenous as they are are dark, poor in
nutrients and carbon sources, and exhibit stable temperatures of around 10°C [1]. Due to these
extreme conditions bacterial activity is substantially lower. Consequently bacterial doubling times
can last from several to thousands of days [1]. In shallow aquifers annual recharge processes add
oxygen (O2) and agricultural amendments, such as nitrate (NO3

-), into the groundwater ecosystem.
Conversely deeper and older groundwater are more isolated ecosystems that rely on Fe(II)/Fe(III)
and SO4

2-/H2S redox cycling [2]. Even though bacteria are the dominating microorganisms,
groundwater ecosystems are also inhabited by archaea, protozoa and some fungi [3]. Each cm³
of groundwater contains between 102 and 106 bacterial cells and the same volume of aquifer
sediment contains between 104 and 108 [1]. In soils the number of bacteria per gramm dry soil
rather ranges between 108 and 1010 [4]. Recent cultivation-independent metagenomics analyses of
aquifer sediment and groundwater, performed by Anantharaman et al. 2016 [5], discovered a total
of 47 new bacterial phylum level lineages. These findings imply that the subsurface still holds a
widely unknown microbial diversity.

Ecosystem properties, such as pore size, availability of nutrients and electron donors/acceptors, as
well as the attachment surface areas, determine microbial community composition, abundance,
and activity [3]. For example, in a study on hard-rock aquifers by Ben Maamar et al. 2015
[6] shallow groundwater with high NO3

- concentrations (47-53 mg L-1) was dominated by β-
Proteobacteria (26-57% ) [Burkholderiaceae (19-53%), and Rhodocyclaceaea (1-4%)], whereas
deep groundwater, containing much less NO3

-, was dominated by Gallonellaceae (25-44%).
Interestingly, the community composition also differs between sediment attached and suspended
bacteria [7]. Iron- and sulfate reducers are more often attached to the sediment, whereas α-, β-
and, γ-Proteobacteria occur more frequently suspended in the groundwater.

1.2. Nitrate pollution in groundwater

The main component of the earths atmosphere, making up approximately 78.1%, is nitrogen (N)
in the form of di-nitrogen (N2). Nevertheless, the earths N-cycle has been largely impacted by a
surplus of nitrogen input through industrial and intentional biological N-fixation. While a limit
of 62 Tg N input per year has been determined as a safe operating space by Vries et al. 2013 [8],
approx. 150 Tg N are actually still added each year [9]. This surplus of nitrogen eventually leads to
climatic changes by increased emissions of the greenhouse gas nitrous oxide (N2O), acidification
of soil, the destruction of ecosystems through eutrophication, and poses direct and indirect risks to
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1 Introduction

human health [10, 11]. The major contributions of N originate from a few regions with intensive
agriculture in North America, Europe, and Asia with high N application rates [9].

Fertilizer application has increased drastically since the invention of the Haber-Bosch process in
1910, which enabled the conversion of atmospheric N2 to ammonia, and has been used increasingly
year after year [10, 11]. It it therefore nowadays the largest source of nitrogen compounds to
the global N-cycle [11]. Further, manure containing ammonia and organic nitrogen, is applied
to fields in excess in areas with extended livestock production (Figure 1). In soils, ammonia is
frequently converted to nitrate (NO3

-) through nitrification [12]. Due to its high solubility, NO3
-

leaches from the soil to the groundwater whereby it is lost to the crops and pollutes the groundwater.

Between 2019 and 2021 alone 827 publications were assessing and investigating groundwater
nitrate pollution in many regions across the globe (Web of Science, Search term: "nitrate contamina-
tion","groundwater", 3rd of August 2021). The majority of studies detected nitrate concentrations
exceeding the World Health Organization (WHO) threshold for drinking water of 50 mg L-1 in a
large fraction of analysed wells and boreholes [13, 14, 15, 16]. In these studies isotopic signature
approaches detected manure and sewage as the main source of groundwater nitrate pollution. It is
also an urgent problem in Germany, as 28% of analysed wells below agricultural land had nitrate
concentrations above the WHO threshold [17]. Because of these high levels of NO3

-, Germany
was found guilty of having insufficient measures to combat NO3

- pollution in groundwater in June
2018 by the European Court of Justice. This could result in the European Union imposing fines on
Germany for breaching EU law.

Nitrogen leaching into groundwater can be reduced by applying fertilizer or manure only at times
of lower risk, for example when plant-uptake is high and rainfall scarce, and by adapting the
fertilizer application to the plant‘s demand [18]. A comparison by Dobermann 2005 [19] of more
than 800 experiments showed that the nitrogen fertilizer use efficiency, meaning the proportion of
recovered fertilizer-N in the above-ground biomass, was on average only 51%. Other protective
agricultural practices have been analysed, such as replacing crops of a high nitrogen demand with
low NO3

- leaching crops, improving nutrient management, and using stored flood water to recharge
the groundwater on suitable fields during the winter [20]. These measures have the potential to
lower the NO3

- levels by 80% within the next 40 years compared to business as usual scenarios
[20].

1.2.1. Consequences of elevated nitrate input
Through the water cycle groundwater eventually flows to other aquatic ecosystems, such as rivers,
lakes, and oceans. As a component of all amino acids, nitrogen is one of the main essential
nutrients. An increase in nitrogen thus leads to enhanced primary production that is associated
with eutrophication. Elevated NO3

- levels in oligotrophic aquatic ecosystems therefore cause some
species to thrive while others, adapted to low nutrient conditions, are suppressed and disappear

2



1 Introduction

Figure 1 Causes of nitrate pollution in groundwater, which may spread to rivers lakes and oceans but is also naturally attenuated
through denitrification if the conditions are right (based on graphic by [21]).

[22, 23]. The resulting algal blooms are depleting O2 and consequently cause "dead-zones" for
aquatic life [10, 11]. Additionally, NO3

- is converted by bacteria to nitrite (NO2
-) and N2O, which

may accumulate [24]. Elevated NO2
- concentrations are toxic to fish and crayfish [25]. NO2

- is
blocking O2-carriers leading to hypoxia. It is also causing an electrolyte imbalance, impairing
neurotransmission, repressing the immune system and forming carcinogenic compounds. Emission
of N2O are mainly a threat to the climate as N2O promotes the building of ground-level ozone,
acts as a potent greenhouse gas and leads to acid rain [24]. In soil, N2O emissions mainly stem
from denitrifying activity during re-wetting events [26].

Besides the harm to aquatic ecosystems and the climate, elevated NO3
- concentrations in ground-

water also impact its use as drinking water. Above a concentration of 50 mg L-1 the European
Union and the WHO consider water unsafe for drinking [24]. In the human gastrointestinal tract
bacteria also convert NO3

- to NO2
-. The later binds to heamoglobin instead of O2 and thus causes

methemoglobinemia, a condition where the O2-binding capacity of hemoglobin is impaired [27].
This binding is irreversible in infants below 6 months, wherefore elevated NO3

- levels above 50
mg L-1 can be fatal for them [28]. Further, increased risks of cancer development and reproductive
problems due to the consumption of NO3

--enriched water have been reported [11]. A population
wide health register data analysis by Schullehner et al. 2018 [29] showed a significantly increased
risk of colorectal cancer development in people living in areas with drinking water NO3

- concen-
trations above 3.87 mg L-1. Such studies indicate that even the current drinking water standard is
far too high to prevent negative long term health effects on the public. To deliver drinking water
with NO3

- concentrations below the maximum allowable threshold of 50 mg L-1, waterworks are
required to blend more contaminated water with clean water, relocate wells, and set up protected
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areas [30]. However, if the pollution further increases costly measures for water purification have
to be implemented.

1.2.2. Natural nitrate attenuation and its limitations
The dominant natural nitrate attenuation process in groundwater is microbial denitrification [24].
A large range of bacteria are able to denitrify, reducing NO3

- to N2 [31]. However, as facultative
anaerobes denitrifiers only switch from aerobic respiration to denitrification when O2 concentra-
tions fall below approx. 62.5 µM whereby denitrification becomes energetically favourable [24,
32]. O2 limiting conditions are reached in micro-scale anaerobic sites in organic rich patches or
biofilms [24]. For denitrification to occur, also NO3

- and electron donors must be sufficiently
available, and favourable conditions regarding pH, temperature, nutrients and trace elements are
required [24]. Most denitrifiers are heterotrophic, which means that they use organic carbon as the
electron donor [31]. According to a review by Rivett et al. 2008 [24], lack of organic carbon was
determined as the major factor limiting denitrification rates in aquifers. In many regions, such as
the Kano Plains in Kenya, the Arborea region in Italy and the Pearl River Delta in China, isotopic
signature approaches have detected mostly heterotrophic denitrifying activity in NO3

- polluted
aquifers [14, 15, 16]. The lowest measured O2 concentrations in these investigated aquifers were
between 0.55-2 mg L-1, thus denitrification occurred also slightly above 1 mg-O2 L-1. Nonetheless,
several recent publications detected litho-autotrophic denitrification through the oxidation of pyrite
and sulfide as the main nitrate attenuation process in the investigated aquifers [33, 34, 35]. For
example, in the Osona region north of Barcelona that has been declared vulnerable to NO3

- pollu-
tion, approximately 25% of the polluting NO3

- in the groundwater is naturally attenuated through
litho-autotrophic denitrification coupled to pyrite oxidation [33, 35].

NO3
- and O2 levels are generally higher in shallow aquifers compared to deep aquifers [13, 14].

The elevated O2 concentration minimizes natural NO3
- attenuation in such vulnerable aquifers.

For example in porous aquifers found in Southeast Germany, denitrification is therefore not a
significant NO3

- removal process [13]. The time until the present O2 is sufficiently reduced for
denitrification to commence was calculated to be over 100 years [13]. NO2

-, the reduction product
of NO3

-, may also be reduced abiotically by Fe(II) species, located on mineral surfaces, in a
process termed chemo-denitrification. The process is only relevant in the interface of anoxic and
oxic redox zones, where Fe(II) and NO3

-/NO2
- co-occur [36].

Dissimilatory nitrate reduction to ammonium (DNRA), performed by strict anaerobes, exists under
the same conditions as denitrification but it is observed rarely in groundwater and solely under
NO3

--limitation and high carbon availability [24, 37, 38].

1.3. Denitrification

The N-cycle consists of six processes: denitrification, N-fixation, nitrification, nitrate assimilation,
DNRA, and anaerobic ammonium oxidation (anammox). Most substrates and intermediates of
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denitrification are also involved in other processes of the N-cycle (Figure 2). For example, NO3
-

and NO2
- can be produced by nitrification and they are both also used as a substrate in DNRA

and nitrate assimilation. While NO3
- reduction during DNRA is also performed by Nap and Nar

reductases, nitrate assimilation requires a Nas reductase [39]. NO2
- is also reduced to NO by Nir

as the first step of the strictly anaerobic process anammox [40]. Further, NO2
- can also be reduced

to ammonium during DNRA and nitrate assimilation. While nitrification requires strictly oxic
conditions, denitrification, DNRA and anammox are only performed under anoxic conditions.

Figure 2 Reactions of denitrification and other N-cycle processes (nitrification, DNRA, anammox, and nitrate assimilation) which
include the substrates and intermediates of denitrification. During nitrification ammonium (NH4

+) is first oxidized to hydroxylamine
(NH2OH) and then further to nitrite. Hydroxylamine may be converted to N2O by Cytochrome P460.

Denitrification is an energy conserving process that includes four redox reactions from NO3
-

(redox state +V) to atmospheric N2 (redox state 0) (Equation 1.1), each catalysed by multisite
metalloenzymes [41].

NO3
-(+V )→ NO2

-(+III)→ NO(+II)→ N2O(+I)→ N2(0) (1.1)

In a strict sense denitrification includes only NO2
-, NO and N2O respiration [39], because the first

step, NO3
- to NO2

-, is also performed in other metabolic pathways (Figure 2). The nitrite reductase
catalyses the first committed step to a gaseous product and is thus considered to be the key enzyme
of denitrification. However; in this thesis complete denitrification refers to the complete reduction
of NO3

- to N2, as these are the required steps for nitrate attenuation to a harmless product. The
denitrification pathway is modular with individual induction, except for NO2

- and NO reduction.
Those two steps are controlled interdependently to prevent the accumulation of the toxic NO
radical [39].

The ability to denitrify is found among a range of bacterial and archaeal taxa [39, 42]. The
widespread occurrence suggests that this trait emerged before prokaryotes split into two domains
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[39]. Closely related genes involved in denitrification are found between distantly related bacterial
taxa [43], at the same time closely related taxa can differ greatly in their ability to denitrify. These
findings are consistent with the disagreement of phylogenetic trees from denitrification and 16S
rRNA genes and suggest horizontal gene transfer and gene loss during evolution [42]. Also most
genes involved in denitrification exhibit frequent substitutions due to their long evolutionary history
[44]. Because of this high substitutional load, currently no optimal universal primer pair with full
taxonomic range exists [44].

1.3.1. Genes and enzymes involved in denitrification
For every one of the four reduction reactions of denitrification at least two different enzymes or
two different enzyme lineages are known [41]. Dissimilatory NO3

- reduction is catalysed either by
Nar, a membrane-bound nitrate reductase located in the cytoplasm that is encoded by narG, or by
Nap, a periplasmic nitrate reductase encoded by napA. The two enzymes evolved separately [41].
Nar couples the NO3

- reduction to proton translocation across the plasma membrane, whereas Nap
dissipates the energy of the reaction [45]. The nap gene expression in Paracoccus pantotrophus is
higher under aerobic growth, which is further evidence for its role in redox balancing rather than
in energy conservation [45]. Dissimilatory NO2

- reduction, which occurs in the periplasm, can
be catalysed also by two non-homologous enzymes with either haem (cd1Nir, encoded by nirS)
or copper (CuNir, encoded by nirK) as a cofactor [41, 46]. The taxonomic and environmental
distribution of these two reductases differs greatly, which indicates that their genes must have arisen
separately during evolution [44]. The long-prevailing assumption that these genes do not co-occur
has; however, been recently refuted by Graf et al. 2014 [47] who detected some denitrifier genomes
with both nirS and nirK genes. NO reduction can be catalysed by the nitric oxide reductase Nor,
of which two classes are known. The quinol-oxidizing single-subunit class, encoded by qnorB,
and the cytochrome bc-type complex class, encoded by cnorB. While both classes are occurring
in denitrifiers, the qnorB type is also detected frequently in non-denitrifying strains who use the
NO reductase for detoxification [48]. Similarly, N2O reduction can be catalysed by two classes
of nitrous oxide reductases (Nos), termed clade I and clade II. The latter has been described only
recently in detail and half of the organisms possessing clade II nosZ are non-denitrifying N2O
reducers [49]. According to the study of Yoon et al. [50] the two clades of nitrous oxide reductases
seem to confer certain physiological properties to its carrier. Clade II nosZ organisms displayed a
higher affinity for N2O while also producing 1.5 times more biomass per mol of N2O consumed
in an analysis comparing clade I and clade II nosZ harbouring pure cultures [50]. Measurements
of the N2O sink capacity correlating with the diversity and abundance of clade II nosZ bacteria
[51] are supporting these results. Conversely, Conthe et al. 2018 [52] analysed continuous cultures
enriched from a natural community in which clade I nosZ organisms still dominated even under
N2O limiting conditions. The maturation of both Nos enzymes is pH dependent. At a pH of 6.5
or lower the enzyme’s maturation is impaired [53, 54], which explains why numerous studies
observed an increase in N2O emission in acidic soils [55].

Several other proteins, besides denitrifying reductases, are necessary for a functional electron
transfer coupled to energy-generating proton translocation. These include chaperonins and metal

6



1 Introduction

processing proteins for the maturation of the reductases, as well as electron carriers and regulatory
proteins [43]. The genes encoding the proteins involved in each denitrification step are arranged in
gene clusters. These clusters differ largely among bacterial and archaeal genomes, because only
some arrangements are conserved [43]. Several evolutionary drivers, including horizontal gene
transfer, convergent evolution of different structural types, as well as gene duplication and loss,
are likely causes of the variation observed today [42]. The diversity in gene cluster organisation
among denitrifiers is large; however, the extent of this diversity and the implications of different
gene cluster organisations on the denitrification phenotypes are unknown, as most studies on
the regulation of denitrification have been conducted with model organisms, such as Paracoccus
denitrificans [32, 56].

Even though complete denitrification comprises the four reaction steps, only approximately
one third of bacteria harbouring denitrification genes posses the complete set [32, 47]. The
denitrification pathway is, in fact, vastly versatile, as shown by a genome comparison study by Graf
et al. 2014 [47] that included 652 genomes harbouring at least one denitrification gene. Besides
displaying the vast abundance of truncated denitrifying pathways, they also detected co-occurrence
patterns of denitrification reductase genes across the different taxa. Only 27% of bacteria with a
nirK gene had the potential to reduce NO2

- up to N2O, whereas 76% of nirS gene carriers had so
[47]. Thus, nirS co-occurred much more frequently with norB and nosZ genes compared to nirK.
However, nirK co-occurred more often with clade I nosZ.

1.3.2. Denitrification phenotypes
Alike the diverse combinations of denitrification reductase genes in denitrifier genomes, also a
variety of denitrification phenotypes exist [32, 57]. These denitrification phenotypes not only differ
in the presence or absence of denitrification steps but also in the transient accumulation of the
intermediates NO2

-, NO and N2O, the O2 concentration at the initiation of denitrification, the
anoxic growth rate in relation to the oxic growth rate and the electron flow patterns [57]. Bergaust et
al. 2011 [57] therefore established a standardised method to determine a set of basic characteristics
of denitrification phenotypes during the transition from aerobic to anaerobic respiration. Liquid
pure cultures are therefore grown tempered and stirred in sealed vials with initially approximately
1% O2 in the headspace. NO, N2O, N2, and O2 gases in the headspace are measured for each
vial at regular intervals, as well as the NO2

- concentrations in the liquid medium. The resulting
characteristics from the standardised measurements enable the comparison of diverse denitrifi-
cation phenotypes. The set of phenotypic characteristics was termed ‘Denitrification Regulatory
Phenotype’ (DRP).

With this standardised method Lycus et al. 2017 [32] analysed the DRP of 70 isolates which
performed at least one step of denitrification. 40 of those 70 isolates performed truncated denitrifi-
cation, which was also visible in the genetic constitution of most of them but not in all. An analysis
of the DRPs from eight Thaurea strains separated them into two groups. The first group displayed
a ’rapid, complete onset’ (RCO) of all denitrification reactions without NO2

- accumulation. The
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second group; however, displayed a ’progressive onset’ (PO) of the transcription of denitrification
genes and thus also the denitrification reactions, which lead to the transient accumulation of NO2

-

as long as NO3
- was present [58]. Lycus et al. 2017 [32] observed the RCO DRP also in a

Bradyrhizobium isolate and the PO DRP in a Hydrogenophaga isolate. Other DRPs that were
observed include a Pseudomonas isolate which accumulated 100% of the given nitrogen oxides as
N2O before reducing it further to N2 and a Polaromonas isolate which accumulated significant
amounts of NO (max. 150 nM) as well as 80% of the given nitrogen oxides as N2O. The latter
DRP is unusual because the transient NO concentration is generally kept at 5-20 nM to avoid
self-intoxication [32, 58]. Besides the accumulation of intermediates, also the O2 concentration
at which NO3

- reduction is initiated varies among denitrifiers. NO3
- reduction is mostly initiated

when O2 concentrations fall as low as 5 µM, but in some denitrifiers NO3
- reduction already starts

at 16-17 µM O2 or it is initiated when O2 is completely depleted [32].

For another phenotypic phenomenon of some denitrifiers, called bet-hedging, only a fraction of the
population’s cells commit to switch to denitrification and express the nitrite reductase [59]. This
phenotypic diversification may reduce the metabolic investment under O2 limiting conditions, in
case of a brief anoxic spell. The electron flow pattern in such denitrifier populations displays a
large drop in the total electron flow after the depletion of O2 [32, 59]. On the contrary, isolates
without such phenotypic diversification display a smooth pattern of total electron flow.

1.3.3. Regulation of denitrification
The expression of denitrification enzymes and thus the initiation of denitrification must be tightly
regulated with regard to the available O2, as denitrification is only energetically favourable when
O2 becomes too limited for aerobic respiration. On the one hand cells should not switch too early
to avoid wasting resources in case of a merely temporary drop in the O2 concentration. On the
other hand, a delayed switch may lead to entrapment in anoxia, a state where all energy resources
are depleted so that a functional denitrification respiratory chain cannot be expressed any more [59,
60]. Further, denitrification should only be initiated in the presence of sufficient NO3

-. Besides
the right starting conditions, it is also important that the NO production and consumption is co-
regulated to avoid accumulation of the toxic intermediate. Consequently, denitrification regulatory
proteins are mainly responding to lowering O2, as well as the NO3

- and NO concentrations [39, 61].

Several denitrification regulators and their role are known while others are still unidentified.
Many studies on the regulation of denitrification focus on the best studied denitrifier Paracoccus
denitrificans. As the combination and network of regulators differ among denitrifiers [62], the
details of the network of transcriptional regulators and the influence of environmental signals
in other taxa are often still unknown [56]. Important regulatory proteins sensing lowering O2

concentrations are the two-component systems FixLJ and RegAB, both histidine kinases [62].
FixLJ is active in the absence of O2 and is thereby a major regulator of the O2 limitation response
[63]. RegAB is indirectly activated by lowering O2 concentrations, because as a redox sensor it
becomes switched on when the bacterial cell is in a reduced state. It regulates energy generating
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and consuming processes such as denitrification [62]. These two regulators are examples of
global regulators which may induce all four steps of denitrification. Another two-component
system, NarXL (ortholog of NarQP), specifically regulates the NO3

- reductase expression upon
activation by elevated NO3

- and NO2
- concentrations [62]. The tight regulation necessary for NO

production and consumption requires several regulators responding to NO concentrations, which
are activating or inhibiting the expression of the NO2

- or NO reductases [62]. These include NNR,
NsrR and NorR. Contrary to the other denitrification intermediates, elevated N2O is not known to
be perceived by denitrification regulatory proteins [62].

1.4. Hydrogenotrophic denitrification

Hydrogenotrophic denitrifiers couple the oxidation of hydrogen (H2) to denitrification. They are
autotrophic organisms, utilizing carbon dioxide (CO2) or bicarbonate (HCO3-) as their carbon
source [27]. Equation 1.2 shows the overall stoichiometry of the full hydrogenotrophic denitrifica-
tion reaction from NO3

- to gaseous N2. Each mole of NO3
- also consumes one mole of the acid

equivalent H+, resulting in an increased pH [27].

2NO3
- + 5H2 + 2H+ → N2(g) + 6H2O (1.2)

1.4.1. Hydrogen oxidation
Even though the Earth‘s atmosphere only contains 0.55 ppm (0.000055%) H2 nowadays [64], it
is hypothesised that during the development of life, H2 played a major role as the first electron
donor [65]. Sediments still contain larger amounts locally, as H2 is produced during fermenta-
tion processes [66]. H2 rarely accumulates because it is constantly depleted by H2-consuming
microorganisms. The oxidation of H2 can be coupled to the reduction of several electron acceptors,
such as O2, NO3

-, Fe(III), SO4
2- and CO2 [67]. Thereof, the two groups comprising the most

important H2-consuming prokaryotes are methanogenic archaea and sulfate-reducing bacteria [66].
However, hydrogenase genes, coding for the enzymes catalysing H2-oxidation, occur in a wide
range of bacterial and archaeal taxa [67]. Greening et al. 2016 [68] detected hydrogenase genes in
51 bacterial and archaeal phyla including lithotrophs, phototrophs, respirers and fermenters.
Hydrogenase enzymes are functionally and structurally diverse. They can be attributed to three
unrelated classes which differ in the metal at the H2-binding site: [NiFe]-, [FeFe]- and [Fe]-
hydrogenases [67, 68]. The class of [NiFe]-hydrogenase is the best studied and contains the most
known hydrogenases [67], which is why the focus of the following section is thereon. The class of
[NiFe]-hydrogenases can be divided into 4 groups that entail a total of 22 subgroups [68]. Group 1
comprises respiratory hydrogenases which oxidise H2 and reduce quinones in the respiratory chain,
where H2 oxidation is coupled to the reduction of electron acceptors [67]. They are connected
directly to the quinone pool inside the respiratory chain by a cytochrome b at the periplasmic
side of the membrane [69]. The subgroups included in the group of respiratory hydrogenases
suggest that that the evolution of this enzyme was driven by the O2 partial pressure [68]. The
enzymes of subgroup 1a and 1b are O2 sensitive, whereas the enzymes of subgroups 1d and 1h are
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O2 tolerant [68]. Group 2 comprises H2-sensing hydrogenases performing regulatory functions
that control the expression of respiratory hydrogenases in response to H2 [67]. Group 3 includes
redox-balancing or bidirectional hydrogenases that are able to reoxidise soluble cofactors, such
as F420, NAD or NADP, when reducing equivalents are needed by other proteins [67, 68]. Lastly,
group 4 contains H2 evolving hydrogenases that can dispose reducing equivalents by transferring
electrons to protons from water [67].

1.4.2. CO2 assimilation
Autotrophic bacteria obtain their carbon by fixing CO2 into organic carbon, which is an energy-
consuming process. Of the six currently known autotrophic CO2 assimilation pathways, the
Calvin-Benson-Basham (CBB) cycle is the most abundant; found in plants, algae, cyanobacteria
as well as aerobic and anaerobic Proteobacteria of the α, β, and γ-subgroups [70]. The CBB
cycle is also the most frequent CO2 fixation pathway in chemo-litho-autotrophic Proteobacteria
[71, 72]. Its widespread occurrence is likely due to the O2 tolerance of its two main enzymes,
the ribulose-1,5-biphosphate carboxylase (RubisCO) and the phosphoribulokinase [70]. Other
CO2 assimilation pathways, like the reductive citric acid cycle and the reductive acetyl-CoA
pathway, are rather adapted to anoxic habitats and life at the thermodynamical limit [70]. Due to
the relevance of the CBB cycle, this section will further focus on its key enzyme: RubisCO. Several
forms of the RubisCO enzyme have evolved due to selective pressure of changing conditions
regarding the CO2 and O2 level [70, 71]. The three forms, IA, IC, and II, exist in Proteobacteria
[72]. Form II RubisCO has the highest turnover rate and is adapted to environments with low O2

and high CO2 [71]. It may bring its carrier an advantage in ecosystems with varying O2 and CO2

concentrations and is therefore often found in facultative autotrophs or mixotrophs [72]. Form IA
and IC mostly occur in strictly chemo-litho-autotrophic bacteria and they are adapted to higher O2

concentrations [71]. Alfreider et al. 2012 [72] detected distinct expression patterns of the different
RubisCO forms in polluted groundwater depending on the redox conditions. While form IA and
IC were expressed only in groundwater containing O2, form II RubisCO transcripts were mostly
stemming from denitrifiers [72].

1.4.3. Parameters influencing hydrogenotrophic denitrification
Several studies have investigated parameters influencing the turnover rates and the accumulation
of intermediates during hydrogenotrophic denitrification, such as pH [73, 74, 75, 76], temperature
[73, 76, 77], dissolved H2 concentration [76, 78, 79, 80], NO3

- concentration [81] and the ratio of
inorganic carbon to nitrogen [74, 76].
Most studies determined the optimal pH for highest hydrogenotrophic denitrifying rates to range
between 7.6 and 8.6 [27, 74]. Rezania et al. 2005 [73]; however, detected a temperature dependent
pH optimum, which was 9.5 at 25°C and 8.5 at 12°C. The pH range 7.5-8.0 seems to enable the
highest turnover rate, and it restrains NO2

- accumulation. NO2
- accumulation increases above

pH 8.0 as well as at a slightly acidic pH, such as pH 6.5 and lower [76]. N2O accumulation
is lowest at the pH range 7.0-9.0 and also increases at pH 6.0 or lower [76]. The optimal
temperature for the highest NO3

- reduction rate is between 30-40°C [76, 77]; however, the least
NO2

- accumulation is reached at temperatures between 20-35°C. At temperatures below 15°C,
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which occur in groundwater, intermediate accumulation increases. In a microcosm experiment
containing activated sludge from an aerobic tank by Li et al. 2017 [76] both NO2

- and N2O
concentration were significantly increased at 15°C. Rezania et al. 2005 [73] also observed
significantly increased NO2

- at 12°C compared to 25°C. Dissolved H2 concentrations should
be above 0.2 mg L-1 for hydrogenotrophic denitrification. In an experiment with mixed cultures
of denitrifying bacteria, the nitrate reductase was inhibited below 0.1 mg-H2 L-1 and the nitrite
reductase was already inhibited below 0.2 mg-H2 L-1 [81]. Several studies achieved optimal NO3

-

removal rates at H2 concentrations between 0.4-0.8 mg L-1; however, sufficient results were also
obtained with higher H2 concentrations [27]. Schnobrich et al. 2007 [80] could improve NO3

-

reduction by increasing the H2 lumen pressure. Conversely, Li et al. 2017 [76] observed NO2
-

accumulation at 0.17 and 0.4 mg-H2 L-1 but not at 0.02 mg-H2 L-1. Optimal NO3
- concentrations

for hydrogenotrophic denitrification are still under debate. While Vasiliadou et al. 2006 [81]
observed an inhibition of NO3

- removal rates above 40 mg-NO3
- L-1, others did not observe

such inhibition at increasing NO3
- concentrations, only a slight increase in NO2

- accumulation
[27]. Wang et al. 2015 even reached optimal performance of the hydrogenotrophic denitrification
reactor at a NO3

- loading of 105 mg L-1 [82]. Available inorganic carbon is essential for
hydrogenotrophic denitrification to occur as the bacteria rely on CO2 assimilation for their cellular
carbon [83]. The optimal C/N ratio was 30 in the reactor experiment by Wang et al. 2015 [82].
Further, controversy remains on the effect of phosphate addition on NO3

- reduction rates. Some
studies [80, 84] achieved higher NO3

- reduction rates following phosphate addition. It is overall
noticeable that the different studies obtained varying results regarding the optimal conditions of
hydrogenotrophic denitrification. Possibly, the optimal conditions also depend on the composition
of the hydrogenotrophic denitrifier community.

1.4.4. Diversity and taxonomy of hydrogenotrophic denitrifiers
The majority of hydrogenotrophic denitrifiers belong to the phylum Proteobacteria, mainly β-
Proteobacteria [27, 85]. The bacterial diversity in hydrogenotrophic denitrifier consortia is
generally low due to the highly selective environmental conditions that the metabolism requires
[27, 86]. The taxonomy and diversity of such consortia has mostly been studied in samples from
H2-based bioreactors or from H2-based enrichments of sludge. Acidovorax sp., Paracoccus sp.,
Acinetobacter sp. and Pseudomonas sp. were isolated by Vasiliadou et al. 2006 [81] and verified
as hydrogenotrophic denitrifiers as they grew in NO3

--enriched synthetic groundwater with a H2

and CO2 atmosphere. Other potential hydrogenotrophic denitrifier genera were detected by 16S
rRNA gene sequencing; such as Hydrogenophaga [86, 87, 88], Rhodocyclus [86], Dechloromonas
[88, 89], Azonexus [88], Propionivibrio [89], Sulfuricurvum [88, 89] and Rhodobacter [89].
Kumar et al. 2018 [90] analysed an enrichment culture from groundwater of an oligotrophic aquifer
stimulated with a combination of thiosulfate and H2 as electron donors. They detected Thiobacillus,
Sulfuricella, Sulfuritalea, Dechloromonas as well as Hydrogenophaga as the dominant genera.
The genus Dechloromonas was also the prevailing taxa in a microcosm experiment of perchlorate
contaminated soil with NO3

- and H2 addition [91]. In the field of perchlorate remediation much
research has been conducted analysing bacterial consortia reducing NO3

- and perchlorate with H2

[88, 91, 92]. These consortia generally prefer NO3
- over perchlorate [91] and are thus also possible

hydrogenotrophic denitrifiers. In biofilms of a H2-based membrane biofilm reactor Dechloromonas
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was the dominant litho-autotrophic genus besides Sulfuricurvum and Hydrogenophaga [88]. Ac-
cording to functional-gene and pyrosequencing assays, Dechloromonas was mainly responsible for
perchlorate-reduction, while the other two taxa reduced NO3

- [88].

1.5. In situ nitrate remediation in groundwater

Local in situ remediation strategies are, besides reducing NO3
- input to groundwater, an important

strategy to protect drinking water wells or nature reserves. The most promising method to locally
attenuate NO3

- in aquifers is to stimulate denitrifying activity by creating anoxic conditions and
providing an electron donor (Figure 3).

Figure 3 In situ nitrate remediation strategy with H2 addition via semi-permeable membranes extending into the groundwater through
a well. The strategy involves bacteria that are able to couple H2 oxidation to denitrification, which are thereby growing and forming
a biofilm on the H2-releasing membrane. Their denitrifying activity should result in a significant reduction of the nitrate pollution
downstream, where drinking water could be obtained.

1.5.1. Different electron donors
Stimulating heterotrophic denitrification by the addition of organic carbon leads to high denitrifying
rates but at the same time to excessive bacterial growth that could congest aquifer pores. Further, the
residual carbon may impede drinking water treatment [27, 80]. The addition of inorganic electron
donors stimulating litho-autotrophic denitrifiers provides an alternative with lower denitrifying
rates; however, without the risk of bio-clogging. Possible electron donors are for example sulfur
and iron compounds, as well as H2. The latter has the advantage over the other two that its
oxidation does not form unwanted side-products that would require post-treatment. Many studies
have proven H2 as a good lithotrophic electron donor choice which is also least expensive per
electron-equivalent [27, 81]. The downsides of H2 gas are its low solubility of 1.6 mg L-1 at 20°C
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in water and that it can create an explosive atmosphere in contact with O2.

1.5.2. Delivery of the electron donor
An important factor for successful in situ nitrate remediation with H2 is a safe and efficient way to
deliver the gas into the groundwater and to achieve its maximum utilization by the hydrogenotrophic
denitrifying bacteria. A large area of gas exchange is advantageous due to the low solubility of
H2 gas, and it additionally provides space for denitrifying bacteria to form a biofilm within the
anoxic zone [93]. One method is to use semi-permeable membranes, for example gas-permeable
silicon tubes, which was successfully tested by Ho et al. 2001 [94]. This method requires H2 gas
from external sources. Another method, called microbial electrolysis cells, generates H2 itself
from organic waste that could be delivered to the hydrogenotrophic denitrifiers via a gas diffusion
membrane [95]. Similarly, microbial electrolysis cells could also directly deliver electrons [96].
While these approaches were able to achieve almost complete NO3

- removal at relevant NO3
-

concentrations under laboratory conditions, its application in situ still needs to overcome technical
challenges.

1.5.3. Challenges of in situ nitrate remediation by hydrogenotrophic denitrification
The main challenge of in situ NO3

- remediation, besides technical issues of H2 delivery, lie in
incomplete denitrification and the transient accumulation of the harmful intermediates NO2

- and
N2O. As mentioned previously, denitrification comprises four reduction steps. While some bacteria
perform all, others may only perform a part of them. An imbalance in the microbial community
composition, such as more N2O producers than N2O reducers, may therefore result in incomplete
denitrification or transient intermediate accumulation. Another possible reason thereof lies in the
denitrifier‘s physiology and influencing environmental factors.

Several experiments that have investigated hydrogenotrophic denitrification in microcosms [76, 84,
90] observed transient NO2

- accumulation. In the microcosms of Chaplin et al. 2009 [84] NO2
-

remained untouched until all NO3
- had been reduced; however, the H2 gas volume percentage in the

microcosms of this study was only 10%. This could have impacted the intermediate accumulation,
as the H2 concentration was shown to be an important factor. 100% NO3

- removal was reached in
several flow-through reactor experiments when the H2 pressure was increased [75, 79]. Incomplete
denitrification also occurs in natural environments [33, 97], which illustrates the generic nature
of incompleteness of the denitrification process. Flint et al. 2021 [98] analysed carbonate karst
aquifers, which are especially prone to NO3

- pollution as well as groundwater surface mixing due
to their structure. They found that incomplete denitrification to N2O occurred more frequently
in recharge water with residence times of several days, while complete denitrification was more
prominent in aquifers with residence times of months and years.

13



1 Introduction

1.6. Isolation of groundwater bacteria

Over 70% of bacteria in groundwater and sediment belong to clades that have not been cultivated
yet [99]. This problem of non-cultivable bacteria is observed in most environments and was termed
"the great plate count anomaly", due to the disparity between the number of cultivable bacteria
on plates and the total number of cells detected under the microscope. Recently the number of
cultivable bacteria could be increased in numerous studies by choosing adequate growth media
and cultivation conditions that resemble the natural environment and growth conditions of the
targeted taxa [100, 101]. Components of the growth medium that need to be considered include
the concentration of macronutrients (C, O, H, N, S, P, K, Mg, Fe, Ca), micronutrients (Mn, Co, Cu,
Mo, Zn, Ni, V, B), growth factors (amino acids, purines and pyrimidines, vitamins), pH, osmolarity,
temperature as well as the hydrostatic pressure [100].

The amount of carbon has a large effect on the growth of oligotrophic bacteria. Reducing the
organic carbon concentration from 0.25 g L-1, present in yeast extract and peptone medium, to less
than 5 mg L-1 generally increase the isolation outcome of oligotrophic bacteria by up to 20-60%
[100]. Another strategy for the isolation of oligotrophic bacteria from freshwater or groundwater is
the use of filter-sterilized and autoclaved water samples as the medium [102]. The preparation of
the growth medium is just as important as its components. Tanaka et al. 2014 [103] observed that
when phosphate was autoclaved separately from the agar, the total colony counts were significantly
higher and the grown taxa were more reflective of the actual community structure compared to
plates prepared with agar and phosphate autoclaved together. Also sugars autoclaved together
with salts may form sugar phosphates that inhibit bacterial growth [100]. Separate sterilization of
different components is therefore recommended. For the cultivation of diverse denitrifiers, Heylen
et al. 2006 [104] tested 60 different combinations of 11 varying medium parameters including:
pH, temperature, carbon source, molar C/N ratio, N-source, NaCl, as well as vitamin, riboflavin,
thiamine and cobalamin solutions. They reached the highest number and diversity of isolated
denitrifiers with following values for the five parameters: pH 7.0, nitrate concentration of 3 mM, 1
mL vitamin solution and no NaCl and riboflavin solution. The other parameters did not influence
the isolation outcome as much. Implementing an enrichment step with specific conditions adapted
to the metabolism of the target organisms prior to isolation on solid growth medium is also a
common and promising step in isolation to initially increase the share of the targeted bacteria.
For example Jonassen et al. 2021 [105] successfully isolated strong N2O-reducing bacteria with
growth in both soil and digestate by seven rounds of enrichment cultures alternating between
γ-radiated soil and autoclaved digestate.
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2. Aims and Hypotheses

Groundwater nitrate remediation with H2 provides a promising strategy to locally minimize nitrate
pollution and its impact on the ecosystem and drinking water quality. Despite numerous studies,
actual in situ application is; however, still a long way to go. Pressing obstacles include the imple-
mentation of efficient and wide-ranging H2 delivery to the groundwater as well as understanding
the hydrogenotrophic denitrifier community compositions and its influence on the accumulation of
unintended intermediates. This thesis, part of the "Healthy Water" (12.08) project funded by the
International Graduate School for Science and Engineering (IGSSE) from the Technical University
Munich, includes research on the microbiological part. The aim of this thesis therefore is the
determination and characterisation of prevailing hydrogenotrophic denitrifier species occurring
in NO3

- polluted oxic aquifers which could be remediated by H2 addition. Their denitrification
regulatory phenotypes and genetic features were investigated and compared to detect prevailing
hydrogenotrophic denitrifiers with least intermediate accumulation. Another aim was to possibly
link genetic features of desired hydrogenotrophic denitrifiers to certain phenotypes. These genetic
features could be used as marker genes to determine the applicability of in situ nitrate remediation
with H2 in a potential aquifer.

Hypothesis 1: Hydrogenotrophic denitrification is performed by few bacterial taxa.

We expected to find a specific community of few hydrogenotrophic denitrifiers due to the highly se-
lective environmental conditions and because less than twenty bacterial genera have been detected
in H2-based environments. So far, the community of hydrogenotrophic denitrifiers was mainly
determined in H2-based bioreactors, thus the dominating taxa in NO3

- polluted oxic aquifers are
still largely unknown. Hypothesis 1 was mainly examined by bacterial community analyses using
16S rRNA gene amplicon sequencing over the course of a microcosm experiment (PI) and at the
end of a flow-through column experiment. The results thereof were validated by the enrichment
and isolation of hydrogenotrophic denitrifiers under selective conditions (PIIa).

Hypothesis 2: Hydrogenotrophic denitrifiers differ in their denitrification phenotypes. Intermedi-
ate accumulation of NO2

- and N2O is therefore influenced by the bacterial community composition.

Since we expected the hydrogenotrophic denitrifier community to comprise only a limited number
of species, we aimed at determining the denitrification phenotypes of the prevailing species in
pure cultures under standardised conditions (PIIb). We also expected hydrogenotrophic denitrifiers
to entail different phenotypes, because heterotrophic denitrifiers are known to posses diverse
denitrifier phenotypes. Observed differences in intermediate accumulation among studies on hy-
drogenotrophic denitrification are another indication of the existence of diverse hydrogenotrophic
denitrifier phenotypes.

Hypothesis 3: The genetic features of hydrogenotrophic denitrifiers shape their denitrification
phenotype and thus their tendency to accumulate intermediates.
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Due to the numerous observations of a discrepancy between denitrification phenotypes and geno-
types, the phenotype cannot solely be predicted by the set of denitrification reductase genes carried
by a species. However, if we expand the set of analysed genes to hydrogenase, RubisCO and
denitrification regulatory genes as well, we may identify certain genes harboured by species
with less intermediate accumulation. Hypothesis 3 was analysed by comparing the determined
phenotypes to the results of whole genome analyses (PIIb).
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3. Materials and Methods

3.1. Experimental descriptions

Figure 4 Overview of the experimental procedures of experiments PI, PII and the column experiment. Sediment (SED) and groundwater
(GW) were sampled for the three experiments from an aquifer located in the Hohenthann region, north-east of Munich, Germany. PI
analysed the changing bacterial community composition over time in microcosms containing SED and GW and a 100% H2 atmosphere.
Microcosms with N2 gas or atmospheric air (UC) as well as autoclaved microcosms with a H2 atmosphere (sterile) served as controls.
Besides determining the community composition, the NO3

-, NO2
- and ammonium concentrations as well as the bacterial abundance

and denitrification reductase genes and transcripts were quantified. Similar enrichment cultures were set up for PIIa containing either
mineral medium (MM) and SED, MM and GW, SED and GW or solely GW and a 60% H2 atmosphere with additional 10% CO2 and
30% N2. Once NO3

- and NO2
- were depleted the enrichments were diluted and spread onto MM or GW agar plates and incubated

with the same H2 containing atmosphere inside anaerobic pots. The bacterial communities of the enrichments were analysed and a
colony library was prepared of which the taxonomy was determined via full 16S rRNA gene Sanger sequencing. The genomes of a
selection of 11 isolated of the families Rhodocyclaceae and Burkholderiaceae were sequenced and the presence and gene types of the
denitrification reductases, RubisCO, hydrogenases and denitrification regulators were determined. Further, their denitrification end
products were analysed, whereby they could be categorized into two groups; complete hydrogenotrophic denitrifiers (HDs) and closely
related non-hydrogenotrophic denitrifiers (non-HDs). The Denitrification Regulatory Phenotypes of a sub-selection including one
member of each phylogenetic group of HDs was determined under three conditions; Litho-autotrophic transition, Organo-heterotrophic
transition and Adapted litho-autotrophic. The column experiment was performed to determine the bacterial community in a flowing
system with added H2, containing the same sediment and groundwater. The bacterial community was determined at the end of the
experimental run. In all three experiments, the bacterial communities were determined by 16S rRNA gene amplicon sequencing.
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3.1.1. Sampling site
Samples for all experiments were collected in the Hohenthann area, 90 km north-east of Munich
in Germany [Figure 5 (A)]. The area is part of the Bavarian Tertiary Molasse-Hills, comprising
limestone and sandstone debris deposited by the rising alps. Maize cultivation and hog farming
dominate the landscape causing nitrate pollution in a main porous aquifer and several perched
aquifers [13]. Additionally, the aquifers are largely electron donor limited and oxic. The main
aquifer has a median O2 concentration of 198.8 µM and the perched aquifer of 249.1 µM, while
the median dissolve organic carbon (DOC) is 11.8 µM in the main and 33.3 µM in the perched
aquifer [13]. The pH ranges between 7.2-7.4 and the temperature between 10.8-10.9 °C. Sediment
samples were collected from the main porous aquifer below a fallow field (GPS: 48°42‘01.2"N
12°00‘10.2"E) by drilling a hole with an auger up to the saturated zone of the aquifer at a depth
of 2-2.5 m [Figure 5 (B) & (C)]. The groundwater was collected from a spring discharging from
one of the small, perched aquifers. The sampling for the microcosm experiment (PI) was done
in August 2018, for the enrichment and isolation (PIIa) in February and October 2019, and for
the column experiments in October 2018. The sediment and groundwater were transported to the
laboratory at < 10°C and stored at 4°C prior to the experiments. The enrichments of PIIa were
started directly on the following day.

Figure 5 (A) Map (© OpenStreetMap-Mitwirkende, www.openstreetmap.org/copyright) indicating the location of the sampling site 90
km north-east of Munich. (B) The hole was approximately 2-2.5 m deep and (C) was drilled with a manual auger.

3.1.2. Microcosms (PI)
The microcosm experiment was performed to verify that the aquifer material of the Hohenthann
area comprises hydrogenotrophic denitrifiers reducing nitrate and its products when given H2

under anoxic conditions. Therefore NO3
-, NO2

- and ammonium were measured over the course of
the microcosm incubations. In order to detect prevailing hydrogenotrophic denitrifiers, changes
in the bacterial community composition and the quantity of the denitrification reductase genes

18



3 Materials and Methods

and transcripts were determined at the same time points by 16S rRNA amplicon sequencing and
(RT)-qPCR (Figure 4).

Initially, large gravel was removed by sieving the wet sediment through a 2 mm sieve and particles
were removed from the groundwater by passing it through a filter with a 20 µm pore size. Each
incubation consisted of 30 g sieved sediment and 85 mL groundwater inside a 120 mL vial closed
hermetically with a butyl rubber septum and an aluminium crimp cap. In total 69 vials were
prepared in this manner and were treated as well as sampled in the following way: Four vials,
representing the initial bacterial community, were sampled at the beginning of the experiment (0 h)
when the treatments were applied. Forty vials were sparged with circa 1 L H2 gas produced by a
hydrogen generator (Precision series, Peak Scientific, Scotland) of which four vials were sampled
respectively in 10 h intervals. Serving as an anaerobic control (N2) without an electron donor,
eight vials were sparged with N2 gas, whereof four vials were sampled after 77 h and another four
after 126 h. Of further eight vials, with ambient air serving as an untreated control (UC), four vials
were sampled after 76 h and the other four after 125 h. Nine vials were autoclaved prior to the H2

sparging serving as a sterile control (sterile). Three vials of the nine were sampled respectively at 0
h, 72 h and 128 h. In order to confirm that the applied gas sparging was sufficient, four exemplary
H2- and N2-treated microcosms contained an O2 sensor spot that was measured non-invasive with
an O2 sensor (Fibox 4 trace, PreSens, Germany).
All vials were incubated on a rotary shaker at 220 rpm at 16°C and were sampled destructively,
so that each microcosm remained undisturbed until its sampling time. At the sampling time
individual samples were taken for the chemical analysis and for the microbiological analyses
(16S rRNA gene amplicon sequencing and (RT)-qPCR). For the former approximately 10 mL
mixed sediment-groundwater suspension was filtered (0.22 µm PES) to remove bacteria and to
analyse nitrate, nitrite and ammonium. For the microbiological analyses two times 15 mL of the
suspension were centrifuged for 10 min at 7700 x g and 4°C, the supernatant was discarded, and the
pellets frozen at -80°C until nucleic acid extraction. The samples from the H2-treated microcosms
sacrificed at 40 h, 100 h and 114 h, as well as the samples from the sterile microcosms were not
included in the 16S rRNA amplicon sequencing because no changes in the bacterial community
composition was expected according to the NO3

-/NO2
- measurements and because this method

cannot discriminate between living and dead cells in the sterile control samples.

3.1.3. Isolation of hydrogenotrophic denitrifiers (PIIa)
Hydrogenotrophic denitrifiers were enriched and isolated to detect complete hydrogenotrophic
denitrifiers and to characterise their individual denitrification genotypes and phenotypes (Figure 4).
Based on the results of PI, the focus was on hydrogenotrophic denitrifiers from the Rhodocyclaceae
family, as these had been shown to enrich over time in the microcosm incubations with H2. The
enrichment and isolation process was performed twice, termed EI and EII, because EI resulted in
little isolates assigned to the family Rhodocyclaceae. For EII the use of mineral medium (MM)
was dispensed during the enrichment, and it was diluted in the preparation of the agar plates used
for isolation.
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Enrichments and isolation

The enrichments were set up inside 200 mL vials containing approx. 100 mL of either groundwater
(GW), sediment and groundwater (SED/GW), mineral medium and groundwater (MM/GW), or
mineral medium and sediment (MM/SED). EI comprised two replicates per setup (GW, SED/GW,
MM/GW, MM/SED) and EII four replicates per setup (GW, SED/GW). The bottles were sealed
with a rubber septum fastened by an aluminium crimp cap. Nitrate concentrations were approx.
1.13 mM (70 mg L-1) in the MM, as well as in the GW and SED samples. The exact GW, SED,
and MM volumes are specified in ([106], Table S4). The MM included following minerals: 1 g
L-1 NaCl, 0.188 g L-1 MgCl2, 0.2 g L-1 KH2PO4, 0.25 g L-1 NH4Cl, 0.5 g L-1 KCl, and 0.15 g
L-1 CaCl2 * 2 H2O (basal medium of [107]). It additionally contained separately autoclaved 30
mM NaHCO3 buffer and 1.5-2 mM NaNO3, as well as filter-sterilized 0.2% (v/v) trace element
solution (DSMZ Mineral Medium 461) and 0.1% (v/v) vitamin solution [108] (compositions listed
in Table 1), as well as 0.1% (v/v) selenite tungsten solution [107]. All components were added to
the basal medium after autoclaving and lastly the pH was adjusted to 7.2 with 1M HCl. Sealed
vials were flushed with a gas mixture of 60% H2, 10% CO2, and 30% N2 for approx. 15 minutes
until the outflowing air contained 0% O2 (digital oximeter, Greisinger Electronic, Germany) and
were thereafter incubated at 14-20°C. NO3

- and NO2
- concentrations were quantified every two

to five days over the enrichment period. The complete consumption of NO3
- and NO2

- took
between six and 46 days, depending on the composition of the enrichment setup. Afterwards the
enriched cultures were serially diluted (10-2 - 10-4) and plated onto agar plates. The agar plates
used during EI consisted of the described MM and 1.5% (w/v) purified agar (Oxoid Thermo Fisher,
USA). The plates used during EII were prepared either with diluted MM (10% of the original
salts, trace elements, and vitamins) or with filtered (0.2 µm) autoclaved groundwater as well as
1.5% purified agar. For one replicate per setup three transfers of 10% (v/v) to fresh MM (EI)
and to 0.2 µm filtered and autoclaved GW (EII) were performed upon NO3

- and NO2
- depletion.

These transferred enrichments were plated as described above on agar plates for the isolation of
hydrogenotrophic denitrifiers. The agar plates were placed in anoxic pots, flushed with the same
60% H2, 10% CO2, and 30% N2 gas mixture for over one hour, and incubated subsequently for
approximately 6 weeks at 14–20°C.
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solution compound concentration

trace element SL-10 FeCl2 * 4 H2O 3 mg L-1

ZnCl2 0.14 mg L-1

MnCl2* 4 H2O 0.1 mg L-1

CoCl2 * 6 H2O 0.19 mg L-1

CuCl2 * 2 H2O 0.002 mg L-1

NiCl2 * 6 H2O 0.024 mg L-1

Na2MoO4 * 2 H2O 0.036 mg L-1

H3BO3 0.006 mg L-1

HCl (25%) 0.02 ml

vitamin folic acid 2 µg L-1

p-aminobezoic acid 5 µg L-1

D(+) biotin 2 µg L-1

nicotinic acid 5 µg L-1

vitamin B5 5 µg L-1

pyridoxine hydrochloride 10 µg L-1

thiamine hydrochloride 5 µg L-1

riboflavin 5 µg L-1

vitamin B12 0.1 µg L-1

lipoic acid 5 µg L-1

Table 1 Composition of the trace element solution SL-10 (DSMZ Mineral Medium 461) and the vitamin solution [108] used to prepare
the mineral medium.

Colony Screening and Taxonomic Assignment of Isolates

In total 300 colonies were screened taxonomically by full length 16S rRNA gene Sanger sequencing.
A large fraction of the colonies resembled the colony morphology of Dechloromonas denitrificans
[109]: round, < 0.5 mm in diameter, white/transparent with smooth edges (Figure 6).
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Figure 6 Colony morphology of a Dechloromonas denitrificans isolate.

Forty-five different isolates of the 300 screened colonies, including several assigned to the species
D. denitrificans, F. limneticum, Q. australiensis and H. taeniospiralis, were further individually
tested for their ability to reduce NO3

- in liquid MM with a H2 containing atmosphere. The isolates
able to reduce at least 35% of the initial NO3

- were assigned to the species F. limneticum, D.
denitrificans, and H. taeniospiralis according to their 16S rRNA gene sequences ([106] Table
S3). The isolates with the following abbreviations were chosen to be analysed genotypically
and phenotypically: F76(HD), F77(HD), F128(HD), F132(HD) (F. limneticum), D110(HD), D6(HD) (D.
denitrificans), and H3(HD), H2(HD) (H. taeniospiralis). As these were later proven to be complete
hydrogenotrophic denitrifiers they are marked with HD hereafter. Additionally, three taxa, whose
closest relatives were D. denitrificans and Q. australiensis, without the ability to reduce NO3

- with
H2, were also selected for further characterisation. They were given the following abbreviations:
D98 (D. denitrificans) and Q9/Q100 (Q. australiensis).

Bacterial Community Analysis of Enrichment Cultures

Additionally, samples of the final enrichments and of the original sediment and groundwater
samples were taken to determine their bacterial community. For the enrichments with sediment
(SED/GW, MM/SED) 2 mL was sufficient, whereas 10 mL were required of the other enrichments.
These were pelleted and frozen for the analysis. For the original groundwater sample, 3 L ground-
water material were collected on a 0.22 µm filter. The DNA of these samples was extracted with
the NucleoSpin Soil Kit (Macherey Nagel, Germany) and subsequently the bacterial community
composition was determined by 16S rRNA gene amplicon sequencing.

3.1.4. Genotypic and phenotypic characterisation of the isolates (PIIb)
The overall goal of the isolate characterisation was to determine in what way the individual taxa
were contributing to intermediate accumulation during denitrification and whether these phenotypes
could be attributed to certain genetic features (Figure 4).

22



3 Materials and Methods

Genotypic characterisation

The genomes of the 11 isolates F76(HD), F77(HD), F128(HD), F132(HD), D110(HD), D6(HD), H3(HD),
H2(HD), D98, Q100, and Q9 were sequenced with the PacBio SMRT long-read technology. Genes
coding for enzymes required during hydrogenotrophic denitrification, such as denitrification reduc-
tases, denitrification regulators, hydrogenases and RubisCO, were determined and specified.

Phenotypic characterisation

Initially, the end product during hydrogenotrophic autotrophic denitrifying growth was determined
for all 11 isolates. The respective experiment was termed ‘Endpoint analysis’. Therefore NO3

-,
NO2

-, NO, N2O, N2 and CO2 concentrations were quantified at the end of the incubation period.
The final pH and pressure inside the incubation vials were determined as well.

Further, the denitrification kinetics of a sub-selection of three isolates, comprising one isolate of
each phylogenetically distinct hydrogenotrophic denitrifier group (F76(HD), D110(HD), H3(HD)),
were analysed over time under three different conditions. The kinetics were investigated when the
cells were depleting O2 and transitioning to the anaerobic reduction of NO3

- to N2. These transition
experiments were conducted under litho-autotrophic conditions with H2 as the sole electron donor
and CO2 as the carbon source (Litho-autotrophic transition), as well as with an organic carbon
containing medium (Organo-heterotrophic transition). Differences between these two transition
experiments indicate whether intermediate accumulation or other denitrification characteristics dif-
fer depending on the electron donor. Another litho-autotrophic kinetics experiment was performed
with bacteria already adapted to denitrification, thus with cells equipped with a fully expressed
denitrification proteome (Adapted litho-autotrophic). Differences between the Litho-autotrophic
transition and Adapted litho-autotrophic experiments indicate whether intermediate accumulation
is caused by either delayed gene expression of some denitrification reductase genes during the
transition phase or by the kinetics of the different denitrification reductases and the respective elec-
tron pathway. The anoxic batch cultures containing the medium and atmosphere of the respective
experiment were placed inside a robotised incubation system with a constant temperature of 18°C
and stirring. They were auto-sampled in parallel on a regular basis to measure the gases NO, N2O,
N2, and O2 via gas chromatography. Concurrently the liquid NO2

- concentration was determined
in manually taken small liquid samples.

3.1.5. Column experiment
The columns were prepared with quartz sand (∅ 0.7 cm) at the influent and effluent segment (5 cm
each) and with collected sediment in the middle part (40 cm). Collected groundwater, containing
65-70 mg L-1 NO3

-, was first saturated with N2 and circulated through the column to make it
anoxic. After approximately 80 h, the groundwater was saturated with H2 gas with a hydrogen
generator, whereby hydrogenotrophic denitrification was stimulated. Initially, a strong decrease
in NO3

- was observed concurrent with a peak in NO2
-. An equilibrium at 45-50 mg L-1 NO3

-

and approximately 15 mg L-1 NO2
- was reached after further 125 h. The same experiment was
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performed in April and December of 2019. These measurements cannot be shown in this thesis as
they will be published by our collaborator. At the end of the experimental run sediment samples
for microbiological analysis were taken from 2 cm sections of each 50 cm long column. The
samples were frozen until a selection of the samples (sections 6-12 cm, 24-30 cm, and 38-44 cm)
was subjected to DNA extraction and 16S rRNA gene amplicon sequencing. A negative extraction
control was run alongside the samples. The average and standard deviation of the 12 samples of
each column were calculated.

3.2. Chemical analyses

3.2.1. Nitrate, nitrite and ammonium measurements
Nitrate and nitrite were determined for all experiments; however, they were quantified for the
different experiments in different laboratories. Therefore, and because the different experiments
did not require the same level of accuracy, different methods of nitrate and nitrite determination
were used.
PI and column experiment:
The NO3

- and NO2
- concentrations were quantified in the filtered liquid samples with ion chro-

matography (DIONEX ICS-1100, Thermo Fisher Scientific, Waltham, USA). The detection limits
were 0.008 mM for NO3

- and 0.007 mM for NO2
-. The NO3

- and NO2
- concentrations were

measured for all vials of PI, while the NH4
+ concentrations were determined only for one repre-

sentative replicate, as no changes were expected. The detection limit was 0.013 mM for NH4
+.

PIIa:
The NO3

- and NO2
- concentrations of the enrichments were determined in a fast manner using

spectrophotometry. The monitoring of the NO3
- and NO2

- reduction did not require high accuracy;
however, results were needed instantly. NO3

- was quantified by adding 50 µL of 5% resorcinol and
1.3 mL 36N sulphuric acid to 1 mL sample. The absorption at 360 nm wavelength was measured
in a spectrophotometer after the mixture had cooled down, and it was compared to a standard curve
(Velghe & Claeys, 1985). NO2

- was quantified according to Tsikas et al. (1997), where 100 µL
37.5 mM sulfanilic acid and 100 µL 20% acetic acid were added to 1 mL sample, which was then
incubated for 10 minutes in the dark. Afterwards 100 µL 12.5 mM N-(1-naphtyl)ethylendiamine
dihydrochloride was added and the mixture was again incubated in the dark for 20 minutes. Finally,
the absorption was measured at 540 nm wavelength and compared to a standard curve.
PIIb:
The NO3

- and NO2
- measurements for the denitrification phenotype analyses required high accu-

racy. Thus, both were quantified by converting NO3
- and NO2

- to NO and then analysing the NO
concentrations with a chemiluminescence NOx analyser (Sievers 280i, GE Analytical Instruments)
(Cox, 1980, Braman & Hendrix, 1989, MacArthur et al., 2007). Therefore, 10 µL bacterial
suspension was added to a triiodide (I3

-) solution, converting NO2
- to NO, thereby determining

the NO2
- concentration. An additional 10 µL of bacterial suspension was added to a heated 1M

vanadium(III) chloride (VaCl3) solution (95°C), which converted both NO3
- and NO2

- to NO. The
NO3

- concentrations thus resulted from the difference in the NO2
- and NO3

-/NO2
- measurements.

The detection limits were approx. 0.002 mM for both methods.
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3.2.2. Gas measurements
Gas concentrations in the headspace of the anaerobic incubations were determined for the deni-
trification phenotype analyses of PIIb. The prepared vials were therefore placed inside the 18°C
water bath with continuous stirring at 600 rpm of the robotised incubation system [110, 111].
The headspace gas of each incubation vial was automatically sampled every two to four hours,
depending on the length of the experiment. Per measurement 1.9 mL headspace gas was sampled
and injected into a gas chromatography (CP4900 microGC, Varian (now Agilent Technologies)) to
quantify O2, N2, N2O, CO2 and CH4 concentrations. The samples were additionally injected into
a chemiluminescence NOx analyser (Model 200A, Advanced Pollution Instrumentation, USA)
to quantify the NO concentrations. Further details on the instruments and method are given in
Bergaust et al. 2008 [112]. The sampling volume was replaced in the headsapce after each
measurement by an equal volume of helium gas, whereby the headspace pressure was maintained
at approximately 1 atm. Three standard gas mixtures, containing 25 ppmv NO in N2, 150 ppmv
N2O and 1 % CO2 in He, and 21 % O2 in N2, were measured alongside for every time point in
order to calibrate the gas concentrations and to capture the dilution of the headspace gases due to
the sampling as well as leakage over time. In the continuous litho-autotrophic incubations with H2

and CO2 gas, the pressure in the headspace was reduced as the bacteria were consuming both H2

and CO2. To improve the accuracy of the measured gases, the pressure loss was estimated and inte-
grated into calculating the gas concentrations and parameters derived thereof. The stoichiometry
for the hydrogenotrophic denitrifying incubations was therefore not as accurate as described for
heterotrophic incubations in Molstad et al. 2007 [110]).

The chromatography output (ppmv) was converted to µM in liquid for O2, nM in liquid for NO,
and µmol vial-1 for N2O-N and N2-N. The gas solubility of the measured gases at the condition of
the incubations (18°C and pH 7.1) as well as the measurements of the standard gas mixtures were
therefore considered. In the kinetics analyses NO2

- was measured at different time points than the
gases, thus the concentrations at the gas measurement time points were interpolated using the SRS1
Cubic Spline Software (http://www.srs1software.com) and converted to µmol vial-1. Additionally,
the electron flow [µmol e- h-1] to terminal oxidases and the denitrification reductases (Nar/Nap,
Nir, Nor, Nos) was calculated with the gross rates of each denitrification step [113].

3.3. Molecular analyses

3.3.1. DNA extraction
Several different DNA extraction methods were applied depending on the amount of DNA present
in the samples and the required intactness of the DNA for the intended use.
PI and column experiment:
The DNA of the microcosm samples (PI) was extracted from a complete pellet, comprising 15 mL
pelleted groundwater-sediment suspension, and the DNA of the column sections was extracted
from 0.45-0.75 g sediment. A phenol-chloroform based protocol described in Lüders et al. 2004
[114] and Töwe et al. 2011 [115] was used therefore. A negative extraction control, without sample
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material, was performed concurrently for every new extraction run. For the phenol-chloroform
based method, samples were bead-beaten for 30 s at 5.5 m s-1 together with NaPO4 buffer and
a SDS-containing solution. The following centrifugation step for 10 min at 14 000 x g and the
subsequent transfer of the supernatant removed solid particles in the sample and freed the DNA
from histones and the lipid membrane. The DNA containing suspension was then mixed with
phenol/chloroform/isoamylalcohol and centrifuged to separate the DNA-containing upper aqueous
phase from the protein and lipid containing lower organic phase. This step was repeated twice
with chloroform/isoamylalcohol to enhance the purification of the DNA. After an incubation with
PEG-solution, the DNA was precipitated and washed with 70% ethanol before it was eluted in
DEPC-MiliQ water.
PIIa:
The DNA from the enrichments and the original sediment and groundwater samples was isolated
with the NucleoSpin Soil Kit (Macherey Nagel, Düren, Germany). The kit was chosen for
this purpose due to the limited amount of sample material. Recommended procedures of the
manufacturer’s protocol were followed, with the lysis buffer SL2 and 30 s 5.5 m s-1 bead beating.
PIIb:
The 11 isolates were grown under oxic conditions for two to four days in R2A medium at 30°C up
to late exponential phase. A suitable volume was harvested to obtain approx. 4.5 x 109 cells, which
is the recommended input amount for the QIAGEN Genomic-tip protocol. The genomic DNA of
the isolates was then extracted with the QIAGEN Genomic-tip (20/G) procedure (QIAGEN, Hilden,
Germany) because the gDNA for PacBio single molecule real time (SMRT) long read sequencing
requires intact DNA with as little fragmentation as possible. The protocol of the manufacturer
was followed. The kit’s procedure does not require a beating step in order to extract the gDNA
gently.

3.3.2. RNA extraction and reverse transcription
The RNA of the microcosm samples from PI was extracted from pellets of 15 mL sediment-
groundwater suspension, identical to the ones used for the DNA extraction. The extraction was
performed with the RNeasy Power Soil Total RNA Kit (QIAGEN, Hilden, Germany) according
to the manufacturer’s manual. The small amount of residual DNA in the extracts was digested
with DNase (TURBO DNase, Invitrogen, Waltham, USA) using 1 µg RNA as input. The RNA
was thereafter purified with the RNA Clean & Concentrator-5 Kit (Zymo Research, Irvine, USA).
In order to validate the absence of DNA in the RNA extracts, a nirS based qPCR was performed
as described in section 3.4. A nirS gene based PCR was favoured over a 16S rRNA gene based
PCR to avoid complications due to DNA contamination in laboratory reagents (Salter et al., 2014).
Moreover, the nirS gene was highly abundant in the DNA extracts of all samples, according to the
previously performed nirS qPCRs with DNA. The integrity of the extracted RNA was determined
with a Fragment Analyzer (Agilent Technologies, Santa Clara, USA) and the standard sensitivity
RNA analysis kit (DNF-471, Agilent Technologies), because reverse transcription requires RNA
of high quality. The ProSize data analysis software determines the RNA quality number (RQN) by
capillary electrophoresis, where 1 represents completely degraded RNA, and 10 undamaged RNA
(ProSize 3.0.1.6, Advanced Analytical Technologies, USA). The RNA of one H2-treated vial from
time point 30 h had a RQN of only 3.5, which was considerably lower compared to the rest of the
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samples with an average RQN of 7.12 (SD 0.77). The outlier sample with a RQN of 3.5 was thus
omitted from further analyses.

The reverse transcription reaction contained 40 ng RNA, 1X RT buffer, 1X dNTPs, 1X RT random
primers, and 50 U MultiScribe reverse transcriptase from the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems, Waltham, MA, USA). It contained additionally 20 U
RNase inhibitor (Thermo Fisher Scientific, Waltham, USA) to avoid RNA degradation during the
reaction. With the purpose of detecting contamination extraction controls without sample input
and DNase reaction controls were run alongside of the samples.

3.3.3. DNA and RNA quantification
DNA and RNA were quantified spectrophotometrically and fluorometrically. The examination of
the nucleic acids with a nanodrop based spectrophotometer [PEQLAB (now VWR), Pensylvania,
USA]; however, mainly served as an indicator of the extract’s purity, based on the absorption ratios
A260/A280 and A260/A230. When an exact quantification was required, for example to calculate the
input for the amplicon PCR and the reverse transcription steps, a fluorometric quantification method
was performed. The PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific, Waltham, USA) was
used for the quantification of DNA and the RiboGreen RNA Assay Kit (Thermo Fisher Scientific,
Waltham, USA) was used for the quantification of RNA , both according to the manufacturer’s
protocol.

3.4. Quantitative real-time PCR

The genes and transcripts of all denitrification reductases (narG, napA, nirS, nirK, qnorB, cnorB,
clade I nosZ, and clade II nosZ) as well as the 16S rRNA gene (Table 2) were quantified by
real-time PCR on a 7300 Real-Time PCR System (Applied Biosystems, Waltham, USA) for PI.
To avoid PCR inhibition, the optimal dilutions of the DNA and cDNA extracts were determined
initially. A dilution series of exemplary samples was therefore subjected to nirS and 16S rRNA
gene qPCR to obtain the dilution at which inhibition is no longer observed. For the DNA extracts
a dilution of 1:25 was needed for the functional genes and a dilution of 1:500 for the 16S rRNA
gene. For the cDNA extracts a dilution of 1:8 was sufficient for the functional genes except for the
RT-qPCR of clade II nosZ, which did not require any dilution at all.

The standards of all genes, except for clade II nosZ, were composed of the respective gene fragment
inserted into a plasmid. The origin of the inserted gene fragments are stated in table 2. In the case
of the clade II nosZ standard, the plasmid backbone seemed to inhibit the gene amplification, thus
another approach was implemented. The clade II nosZ gene of D. denitrificans DNA was therefore
amplified, purified, quantified, and then used as a linear standard. The preparation of the standard
was performed prior to the (RT)-qPCR to avoid degradation. All standards were serially diluted
with copy numbers ranging from 107 to 10 gene copies per reaction.
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Gene Thermal profile & cycles Primer pair [µM] Standard

16S rRNA (95°C-15”,58°C-30”,72°C-30”) x40 FP 16S, RP 16S [116] 0.2 P. putida

napA (95°C-30”,60°C-30”,72°C-30”) x5a V17m 0.4 P. fluorescens

(95°C-30”,55°C-30”,72°C-30”) x40 napA4r [117]

narG (95°C-30”,63°C-30”,72°C-30”) x5a narG-f 0.2 P. stutzeri

(95°C-30”,58°C-30”,72°C-30”) x40 narG-r [117]

nirS (95°C-45”,57°C-45”,72°C-45”) x40 Cd3aF [118] 0.2 P. stutzeri

R3cd [119]

nirK (95°C-30”,63°C-30”,72°C-30”) x5a nirK876 [120] 0.2 A. irakense

(95°C-30”,58°C-30”,72°C-30 s) x40 nirK5R [121]

qnorB (95°C-15”,60°C-30”,72°C-30”) x5a qnorB2F 0.4 S. meliloti

(95°C-15”,55°C-30”,72°C-30”) x40 qnorB5R [48]

cnorB (95°C-15”,60°C-30”,72°C-30”) x5a cnorB2F 0.4 P. putida

(95°C-15”,55°C-30”,72°C-30”) x40 cnorB6R [48]

clade I (95°C-15”,65°C-30”,72°C-30”) x5a nosZ2F 0.4 P. fluorescens

nosZ (95°C-15”,60°C-30”,72°C-30”) x40 nosZ2R [121]

clade II (95°C-30”,59°C-30”,72°C-45”) x5a nosZII-F 1 D. denitrificans

nosZ (95°C-30”,54°C-30”,72°C-45”,80°C-30”) x40 nosZII-R [122]

Table 2 Thermal profiles for the 16S rRNA and denitrification reductase gene qPCRs, the primer pair and their input concentration as
well as the origin of the inserted gene of the standard.

Each qPCR reaction contained 1X Power Sybr Green Master Mix (Applied Biosystems, Waltham,
USA), 0.2-1 µM forward and reverse primer (Table 2), and 2 µL diluted DNA/cDNA. For sta-
bilization, the qPCR reactions of most genes contained 0.06% BSA, only the qPCR reaction of
clade II nosZ required 0.25 µg T4 Gene 32 protein . The qPCRs cycling conditions (Table 2) were
adjusted to the respective primer pair; however, they were all initiated with a 10 s denaturation
step and were finalized with a melting curve. The melting curve results were used to validate the
specificity of the amplified products. When the results of the melting curve were imprecise, an
additional agarose gel of exemplary samples was performed. The R2 of all standard curves was
above 0.99 and the efficiencies at least above 70% (Table 3). The efficiencies were calculated using
the slope of the standard curve with the equation Eff = 10(-1/slope)-1 [115]. The gene and transcript
copy numbers were calculated per mL sediment-groundwater suspension and were displayed as
connected dot plots including the standard deviation.
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Gene Efficiency [%] of qPCR Efficiency [%] of RT-qPCR

16S rRNA 80.55 -

napA 71.26 72.79

narG 77.93 81.89

nirS 99.37 92.82

nirK 98.35 99.66

qnorB 88.57 77.57

cnorB 70.51 78.08

clade I nosZ 89.51 94.17

clade II nosZ 70.40 72.79

Table 3 Efficiencies of the performed qPCRs and RT-qPCRs from PI.

3.5. DNA sequencing and data processing

3.5.1. Sanger sequencing
The full 16S rRNA genes of the obtained isolates (PIIa) were amplified with the primer pair 27F
and 1429R [123]. Therefore, one colony was added to 50 µL PCR reaction mixture, that included
1X PCR buffer, 0.2 mM dNTPs, 1.5 mM MgCl2, 0.1 mg BSA, 0.2 µM forward and reverse primer,
as well as 3 U Taq DNA polymerase (Thermo Fisher - Invitrogen, Waltham, USA). The PCR
was initiated by denaturing the DNA at 94°C for 10 min, followed by 30 cycles of 94°C 1 min -
56°C 1 min - 72°C 1.5 min, and finalized with an elongation step at 72°C for 5 min. The PCR
reaction products were purified with the Nucleo-Spin Gel and PCR Clean-up Kit (Macherey-Nagel,
Düren, Germany). The obtained 16S rRNA gene fragments were then sequenced with the Sanger
method using BigDye Terminator v3.1 sequencing chemistry on an ABI 3730 capillary sequencer
(Thermo Fisher Scientific, Waltham, USA). Afterwards, the sequencing chromatograms were
manually reviewed and amended if necessary. After the forward and reverse reads were merged, the
taxonomy was assigned by aligning the sequences against the rRNA/ITS databases of the nucleotide
Basic Local Alignment Search Tool (nblast) (NCBI: https://blast.ncbi.nlm.nih.gov/Blast.cgi).

3.5.2. MiSeq 16S rRNA amplicon sequencing
The bacterial community composition of PI, PIIa and the column experiment was determined
by 16S rRNA gene-targeted amplicon sequencing with an Illumina MiSeq sequencer (Illumina,
San Diego, USA). The library preparation and sequencing was performed for each experiment
individually. Approximately 300 base pairs of the 16S rRNA gene were therefore amplified;
however, different primer pairs were used due to changes in the research unit‘s standardised
protocol for amplicon sequencing analyses of environmental samples. Primer pair 0008f/0343r
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[124], amplifying the V1 and V2 region, was used for PI, whereas primer pair 0515f/0806r of the
earth microbiome project [125, 126], amplifying the V4 region, was used for PIIa and the column
experiment (Table 4).

Each amplicon PCR reactions contained 0.2 µM forward and reverse primer, 1X NebNext High-
Fidelity PCR Master Mix (New England BioLabs, Ipswich, USA) and 2-4 ng of DNA. The reaction
mixtures were initially denatured for 1 min at 98°C, followed by 25-27 cycles of 98°C 10 s - 60°C
30 s - 72°C 30 s, and concluded with a final elongation step at 72°C for 5 min. Triplicates were
pooled when the successful amplification was confirmed by an agarose gel and were further purified
with magnetic beads (AMPure XP Beads, Beckman Coulter, Brea, USA or MagSi-NGSPREP
Plus, magtivio, Nuth, Netherlands) at a volume ratio of 0.6:1 or 0.8:1 beads per sample. The
ratio 0.6:1 was used when the amplification products contained recognisable primer-dimers on
the agarose gel. This was the case for the 0515f/0806r primer pair, so the samples of PIIa and
the column experiment were also purified twice. The purified products were run on a capillary
fragment analyser (Agilent Technologies, Santa Clara, USA) to determine the amplicons’ size,
concentration, and purity.

The following indexing PCR reaction of total 25 µL contained 8-10 ng amplicon DNA, 1X NebNext
High-Fidelity PCR Master Mix, and 2.5 µL of sample-specific forward and reverse indexing primer
respectively (Nextera Dual Indexes Set, Illumina, San Diego, USA). The PCR started with 30 s of
initial denaturation at 98°C, followed by 8-10 cycles of 98°C 10 s - 55°C 30 s - 72°C 30 s, again
concluded by 72°C for 5 min. The indexed amplicons were purified and analysed by capillary
electrophoresis as described above. Afterwards samples were diluted to 4 nM, pooled equimolar
and then loaded on the Illumina MiSeq platform with 20% PhiX for paired-end sequencing with
the Reagent Kit v3 (2x300 bp) (Illumina, San Diego, USA).

The sequenced reads were demultiplexed and processed with QIIME2 using the DADA2 plugin for
denoising [127]. The N-terminal trimming was set to 10 bp in all experiments, while the C-terminal
trimming was set to the basepair at which the quality score fell below 25. Forward reads were
thus trimmed at 260-280 bp and reverse reads at 200-220 bp (Table 4). After the denoising step
on average 44.7% of the reads remained in PI, 66.7% in experiment PIIa, and 57% in the column
experiment. Thereafter three types of reads were removed. The removed reads included single
reads, reads from non-bacterial domains and reads of ASVs with more than 9 reads detected in
the negative extraction control sample. A classifier was pre-trained with the respective primer
pair based on the SILVA 16S database release 132 [128] for the actual taxonomic assignment.
Subsampling to the minimum number of reads per sample in the respective run was performed
with the vegan package (version v2.4-2 and 2.5-7) [129] in R project (version 3.5.3 and 4.0.3)
[130] to account for unequal sampling depth.
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Experiment DNA extrac-
tion

primer pair C-terminal
trimming

reads after de-
noising [%]

# reads after
subsampling

PI phenol-
chloroform

0008f/0343r f:260 r:220 44.70 17 515

PIIa NucleoSpin
Soil Kit

0515f/0806r f:270 r:200 65.34 (EI) 35 921 (EI)

68.04 (EII) 28 584 (EII)

column experiment phenol-
chloroform

0515f/0806r f:280 r:200 57.00 36 752

Table 4 Differences in the 16S rRNA amplicon sequencing library preparation procedure between PI (microcosms), PII (enrichments
of hydrogenotrophic denitrifiers), and the column experiment.

3.5.3. SMRT PacBio genome sequencing
The genomic DNA of the 11 selected isolates was sequenced using the PacBio SMRT long-read
technology. SMRTbell libraries were prepared from the extracted gDNA with the SMRTbell
Express Template Prep Kit 2.0 Part Number 101-696-100 Version 6 (March 2020) (PacBio, Menlo
Park, USA) according to the manufacturer’s protocol. The gDNA was sheared to 9-14 kb long
fragments using g-TUBEs (Covaris, Woburn, USA) and then further processed without additional
size selection. Each library, with a maximum expected genome size of 33 Mb, was sequenced
separately. They were each loaded onto two SMRT cells at 3 and 6 pM, as recommended by the
PacBio diffusion loading protocol. Initially the libraries were immobilized on the SMRT cells for
2 h, followed by 2 h of pre-extension. They were then sequenced on the Sequel System using 3.0
chemistry and a movie time of 10 h. The SMRT Link software (version 8.0.0.80529, PacBio) with
the HGAP4 pipeline was used to assemble the genomes. The seed coverage was therefore set to
30. The sequences were circularised with the Circlator software v1.5.5 [131] in order to assess the
completeness of the genomes. The genome sequence quality was additionally assessed with the
CheckM software v1.1.2 [132].

3.6. Bioinformatics

3.6.1. Community analyses
The analyses of the 16S rRNA gene amplicon data were performed in R project with additional
packages. The rarefaction curves, assessing the sequencing depth, were generated with the vegan
package (version v2.4 2) [129]. The vegan package was also used to calculated the alpha diversity
indices Shannon and Simpson, which were then converted to the effective number of species
(ENS) by taking the exponent of the Shannon index and by dividing one by the complement of the
Simpson index [133]. All stacked bar plots, showing the relative abundance on different taxonomic
levels (phylum, family, ASV), were computed with the phyloseq package (version 1.30.0 and
1.34.0) [134]. The 40 most abundant ASVs of the phyla Proteobacteria and Bacteroidetes in
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the H2-treated microcosms (PI) were selected and depicted in a heatmap, generated with the
ComplexHeatmap package [135].

Some ASVs which increasing in relative abundance in the H2-treated microcosms of PI were not
taxonomically assigned up to the genus level. To narrow down the taxonomy of these unassigned
ASVs, their 324 bp long amplicon sequences were aligned against the rRNA/ITS databases (NCBI:
https://blast.ncbi.nlm.nih.gov/Blast.cgi) with the nucleotide Basic Local Alignment Search Tool
(nblast). As the resulting percentage identity was below 97%, maximum-likelihood phylogenetic
trees were additionally created. The phylogenetic trees were generated with the software MEGA-X
[136] including the amplicon sequences and trimmed 16S rRNA gene sequences of closely related
type species downloaded from the SILVA database [128].

3.6.2. Genome analyses
Important genes of hydrogenotrophic denitrification were identified and their specific class was
determined. Several methods were combined to avoid false annotations. These included genes cod-
ing for denitrification reductases, RubisCO, hydrogenases, and denitrification regulators. Initially,
the circularized genomes were annotated with Prokka v1.13 [137] using blast v2.7 and a similarity
e-value cut-off of 1e-05. The Prokka annotations of the denitrification reductase genes were
additionally verified by determining their domain (Table 5). The annotated gene sequences were
therefore searched against the conserved domain database (Lu et al., 2020) and the ones without
the gene-specific domain accession were eliminated. The genes of the nitrate and nitrite reductases,
which evolved separately (napA/narG and nirS/nirK) [41], could be differentiated by the the
annotations. However, qnorB/cnorB and clade I nosZ/clade II nosZ are different classes of genes
descending from a common ancestor, which could not differentiated by the Prokka annotation
alone. Thus, the annotated norB gene sequences were incorporated in a maximum-likelihood
phylogenetic tree with classified cnorB and qnorB sequences (Genbank AJ507329-AJ507380)
from Braker and Tiedje 2003 [48] using MEGA-X [136]. Depending on the position of the
respective annotated gene sequence within the phylogenetic tree, their affiliation with the qnorB
or cnorB class could be determined. Clade I and clade II nosZ could be differentiated more
easily, as they have different domains. Clade I nosZ contains the domain accession PRK02888
and clade I nosZ contains the domain accession TIGR04246 (Table 5). The RubisCO genes
(cbbM and cbbL) were detected using a Hidden Markov Model (HMM) search (HMMER 3.3,
http://hmmer.org/) with the Pfam HMMs PF00016 (large subunit) and PF00101 (small subunit)
in addition to the te Prokka annotations. In order to identify the RubisCO form, the amino acid
sequences of the HMM search hits were included in a maximum-likelihood tree together with the
RubisCO partial sequences analysed by Alfreider et al. 2012 [72] (GenBank JF414941–JF415078).
The position of the HMM search hits within the tree verified the RubisCO genes and assigned
them to form IA, IC, and II. The Prokka annotations for the hydrogenase genes were inconclusive.
Thus, known [NiFe]-, [FeFe]-, and [Fe]-hydrogenase sequences analysed by Greening et al. 2016
[68] were downloaded from NCBI and were used to detect and classify the hydrogenase genes
in the genomes. An HMM specific for each metal-centre type hydrogenase was generated with
HMMER 3.3 [138]. Hydrogenase genes in the isolate’s genomes were searched using the generated
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gene KEGG domain accession (CDD)

napA K02567 PRK13532

narG K00370 TIGR01580 or COG5013

nirS K15864 pfam02239 or cl26549 & pfam13442 or COG2010

nirK K00368 TIGR02376 (superfamily cl31204)

qnorB K04561 cl00275

cnorB “ “

clade I nosZ K00367 PRK02888

clade II nosZ “ TIGR04246

Table 5 KEGG numbers and domains accessions of the denitrification reductase genes.

HMMs. Furthermore, maximum-likelihood trees were generated for each metal-centre type with
the HMM search hits and hydrogenase sequences from Greening et al. 2016 [68]. Greening et al.
2016 [68] also assigned information on the hydrogenase group and subgroup to the hydrogenase
gene sequences. The location of the HMM hit sequences within the tree therefore enabled the
verification and classification of the identified hydrogenase genes. Additionally, a manual revision
of the L1/L2 metal centre motifs, specific to the respective hydrogenase group/subgroup, as shown
in Table 2 of [68], was performed.

The position of these detected genes within the genomes of hydrogenotrophic denitrifiers were
visualised for the three sub-selected isolates F76(HD), D110(HD), and H3(HD) with the DNAPlotter
[139]. The circular genome representations additionally show the genes on the forward and on
the reverse strand as well as the GC-content. If the genes of interest were in proximity, their gene
neighbourhood was plotted with the web-based software Gene Graphics [140].

3.6.3. Data availability
The 16S rRNA gene amplicon sequencing dataset of PI is available as part of the BioProject
PRJNA626487 in the Sequence Read Archive (SRA) repository under the BioSample accession
numbers SAMN14610043-SAMN14610054. Further, the 16S rRNA gene amplicon sequencing
dataset of the PIIa enrichments and the assembled genome sequences of the 11 isolates from
PIIb are available under the BioProject PRJNA727717. The genome sequences are deposited at
NCBI under the BioSample accessions SAMN19030600-SAMN19030611 and the 16S rRNA gene
amplicon sequences of the enrichments are deposited in the SRA repository under the BioSample
accession numbers SAMN19613689–SAMN19613703. The genomes of the sub-selected isolates
with whom the ’Kinetics analyses’ were performed were additionally published in a genome
announcement [141].
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3.7. Denitrification regulatory phenotype analyses

The analyses on the denitrification regulatory phenotypes of the selected isolates were performed
in the laboratory of the Nitrogen Group, located at the Norwegian University of Life Sciences
(NMBU), under the supervision of Prof. Lars Bakken and Prof. Åsa Frostegård. Initially, the deni-
trification end products under standard hydrogenotrophic autotrophic conditions were determined
for 11 isolates (F76(HD), F77(HD), F128(HD), F132(HD), D110(HD), D6(HD), H3(HD), H2(HD), D98,
Q100, and Q9) in an experiment called ‘Endpoint analysis’. Thereafter, the denitrification regu-
latory phenotypes of a sub-selection (F76(HD), D110(HD), H3(HD)) were determined by ‘Kinetics
analyses’, whereby O2, NO2

-, NO, N2O and N2 were monitored over time during three experiments;
Litho-autotrophic transition, Heterotrophic transition and Adapted litho-autotrophic.

3.7.1. Incubation setup
The 11 isolates were revived from glycerol stocks on R2A agar plates (1.5%) incubated at 30°C.
Liquid pre-cultures were inoculated with single colonies and grown aerobically in complex organic
medium, R2A or 20% TSB, to obtain higher cell density. The pre-cultures were washed for
the litho-autotrophic experiments to remove the carbon-containing medium before being used
as inocula. The cultures were therefore harvested at mid/late exponential phase, centrifuged,
and washed with MM. Since the F. limneticum isolate F77(HD) did not grow at all aerobically in
liquid culture, several colonies were scratched off an agar plate to be used as an inoculum for the
‘Endpoint analysis’.

The incubations for the ‘Endpoint analysis’ and ‘Kinetics analyses’ were prepared inside 120 mL
vials which contained 50 mL medium and a triangular magnetic stirring bar. The incubations of the
‘Endpoint analysis’ and the Litho-autotrophic transition and Adapted litho-autotrophic experiments
contained the MM described in section 3.1.3, but without the selenite tungsten solution, and
a H2/CO2 atmosphere. The heterotrophic incubations of the Organo-heterotrophic transition
experiment contained complex organic medium, R2A for F76(HD) and D110(HD), and 20% TSB for
H3(HD). Once the inocula were added to the medium, the vials were closed with rubber septa and
aluminium crimp caps, and the headspace gas was exchanged with helium gas during six cycles of
evacuation and helium addition under constant stirring (900 rpm) [110]. Each cycle comprised
180 s vacuum pumping, 40 s helium addition, and 30 s pause. Thereafter, the helium overpressure
was released. 20 mL CO2 and 40 mL H2 were injected into the headspace of the litho-autotrophic
incubations, whereas no additional gases were added to the organo-heterotrophic incubations.

3.7.2. Controls
Control vials with the same setup but without inoculum were measured alongside the inoculated
vials during all experiments in order to detect potential contamination or leakage of N2 gas. An
additional control containing the same setup with inoculum but without H2 gas was run for each
isolate during the ‘Endpoint analysis’ as well. This control enabled the detection or exclusion of
potential denitrification by carry-over carbon. To ensure that the cultures were pure and viable at
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the beginning and the end of the incubations, the inoculum and the final cultures were streaked
onto R2A agar plates, incubated at 30°C and examined two to three days later.

3.7.3. Endpoint analysis
The ‘Endpoint analysis’ was performed in triplicates for all 11 selected isolates. As inoculum,
1 mL pre-culture at an optical density (OD600) of 0.3 was centrifuged at 4400 x g for 5 minutes,
washed, and eluted in 1 mL MM. The inoculum was then added to 50 mL MM containing 1.5
mM NaNO3 and 0.5 mM NaNO2. The vials were helium flushed, the overpressure was released,
and 40 mL H2 and 20 mL CO2 were added. Finally, 1.4 mL N2O gas (approx. 50 µmol N2O
vial-1) were added as well, so that the incubations initially contained all the NOx intermediates of
denitrification, except for NO gas. The obtained overpressure of around 0.725 bar (C9555 pressure
meter, Comark Instruments, UK) was kept over the incubation period of minimum 10 days at 18°C
and 120 rpm inside a shaking incubator. At the end of the incubation period, all measurements
took place immediately. Firstly, the overpressure was quantified with a pressure meter (C9555
pressure meter, Comark Instruments, UK), then it was released, and the vials were placed in the
robotised incubation system, where the headspace gases were measured twice. Also, the NO3

-

and NO2
- concentrations were determined, and the pH was measured directly after opening each

vial. Growth of hydrogenotrophic denitrifying isolates was visible at the end of the incubations;
however, especially the Rhodocyclaceae isolate cells were sticking together and were forming
lumps, which made it impossible to determine the optical density reliably.

3.7.4. Kinetics analyses
The ‘Kinetics analyses’, determining the denitrification regulatory phenotypes, were performed
for the sub-selection with minimum three replicates (n stated in Table 1 of [106]). Three different
kinetics experiments were performed. These experiments varied in the state of the cells (transition
to denitrification vs. adapted to denitrification) and in the electron donor and carbon availability
(H2 and CO2 vs. organic carbon). For the two transition experiments O2 gas was added to the
headspace at the initiation of the incubation. In contrast, the adapted experiment contained cells
already expressing the denitrification proteome at the beginning of the incubation, thus remained
O2 free. For the two litho-autotrophic experiments pre-cultures were washed to remove the carbon-
containing medium. The vials were incubated and measured in the robotised incubation system
until all given NO3

- had been reduced to N2. NO3
- was quantified only initially, but NO2

- was
measured throughout the incubation, more frequently during its accumulation period.

For the Litho-autotrophic transition experiment pre-cultures were grown to mid/late exponential
phase, which signified an OD600 of 0.11-0.16 for D110(HD) and F76(HD) and of 0.97-1.55 for
H3(HD). 20-50 mL pre-culture were centrifuged at 8000 x g for 10 minutes, washed two times with
20 mL MM, and were then eluted in the same medium. The washing process of the inoculum
was performed collectively for all replicates, so that the inoculum was the same within the same
experimental run. 1 mL of the inoculum was added to each vial comprising 50 mL MM with
2 mM NaNO3. The vials were helium flushed, H2/CO2 gas was added, and they were placed
in the robotised incubation system. After acclimatisation to 18°C and stirring for improved gas
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solubilization, the overpressure was released and 0.6 mL O2 gas was added (approx. 26.5 µmol
O2 vial-1). The headspace gases were measured in 4 h intervals over a 120 h period. At the
end of the Litho-autotrophic transition experiment the vials were used for the Adapted litho-
autotrophic experiment, because these cells were already adapted to denitrification. The vials were
reconditioned by adding another 2 mM NaNO3, flushing the headspace with helium gas and adding
fresh H2/CO2 gas. After the release of the overpressure the experiment was started and gases
were measured in 2 h intervals over a 24 h period. For the Heterotrophic transition experiment 1
mL pre-culture at an OD600 of 0.1 was added to 50 mL organic medium (R2A for D110(HD) and
F76(HD), 20% TSB medium for H3(HD)) with additional 2 mM NaNO3. The vials were helium
flushed, placed inside the robotised incubation system, and the overpressure was released before
0.6 mL O2 gas was added. The headspace gases were sampled in 3 h intervals over a 45 h period
for the Rhodocyclaceae isolates and over a 120 h period for the H. taeniospiralis isolate.

3.8. Statistical analyses

Comparisons were tested for statistical significance with a robust one-way ANOVA with trimmed
means (t1way function) and the corresponding post-hoc test (lincon function), both from the
package WRS2 [142]. This test was used for the amplicon sequencing results because such data
is non-parametric. Due to the low number of replicates, the same functions were used to test
for differences between isolates during the kinetics experiments (PIIb) and to test for differences
in mean gene/transcript copy numbers during the microcosm experiment (PI). For all statistical
tests performed, p-values <0.05 after Benjamini-Hochberg correction [143] were considered
significant.
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4.1. Column Experiment

The column experiment was performed to examine the denitrification potential in sediment-
groundwater material upon stimulation with H2 in a flowing system. Since the genera Dechloromonas,
Ferribacterium and Hydrogenophaga had been determined as important hydrogenotrophic deni-
trifiers in the microcosms (PI) and the isolation and characterisation experiment (PII), it was of
interest whether their sequences would also account for a large share in the column experiment.
The columns were therefore filled with sediment from the nitrate polluted sampling site in the
Hohenthann region. Initially groundwater saturated with H2 from the same site was flown through.
Once the flow-though experiment had run for 330 h and a reduction equilibrium had been reached,
the bacterial community composition of the column sediment was determined. The rarefaction
analysis of the 16S rRNA gene amplicon data indicates a sufficient sequencing depth as all curves
reach a plateau within the subsampled range (Figure 7).

Figure 7 Rarefaction curves of the 16S rRNA gene sequencing results from the April (red) and December (blue) column experiment.

Both, Dechloromonas and Hydrogenophaga, were among the 20 genera with the highest relative
abundance (Table 6). Dechloromonas had an average relative abundance of 2.6% in the April
and of 2.3% in the December experiment. The average relative abundance of Hydrogenophaga
was significantly higher with an average of 6.1% and 4.1% respectively (t1way, April p = 0.01,
December p = 0.0004) (Figure 8). A large portion of Burkholderiaceae ASVs remained unclassified,
17.7% in the April and 17.3% in the December experiment, which in part may also belong to the
genus Hydrogenophaga. The genus Ferribacterium was also detected but only 0.6% of of reads
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were assigned to it in the April and and 0.1% in the December experiment.

Burkholderiaceae unclassified 17.7 ± 8.8 17.3 ± 3.4

Anaerolineaceae uncultured 2.0 ± 0.7 1.4 ± 0.5

Rhodocyclaceae unclassified 1.9 ± 1.5 1.9 ± 0.9

unclassified Bacillales 2.0 ± 0.8 1.4 ± 0.3

Rhodocyclaceae Dechloromonas 2.6 ± 1.4 2.3 ± 2.0

Gemmatimonadaceae uncultured 1.5 ± 0.8 1.4 ± 0.6

Bacillaceae Bacillus 2.3 ± 1.0 1.4 ± 0.4

Rhodocyclaceae Methyloversatilis 0.1 ± 0.1 2.1 ± 1.2

Burkholderiaceae Hydrogenophaga 6.1 ± 3.3 4.1 ± 0.9

unclassified Chloroflexi 3.0 ± 1.0 2.7 ± 0.5

Sphingomonadaceae Sphingopyxis 0.1 ± 0.3 1.9 ± 2.1

Nitrospiraceae Nitrospira 1.2 ± 0.5 1.6 ± 0.6

Gaillaceae Gaiella 1.4 ±0.5 1.0 ± 0.3

Xanthobacteraceae unclassified 1.7 ± 1.4 1.1 ± 0.2

Pseudomonadaceae Pseudomonas 0.6 ± 0.2 2.1 ± 1.4

unclassified Rokubacteriales 1.6 ± 0.6 1.4 ± 0.6

Sphingomonadaceae Sphingomonas 0.6 ± 0.8 1.8 ± 0.8

unclassified Acidobacteria 2.5 ± 1.0 2.5 ± 0.9

Chromobacteriaceae Vogesella 1.8 ± 0.9 0.6 ± 0.2

Nitrosomonadaceae MND1 1.0 ± 0.7 1.2 ± 0.5

Table 6 Average relative abundance and the respective standard deviation of the 20 most abundant genera detected in the columns of
the April and December experiment.
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Figure 8 Boxplots showing the relative abundance of the the hydrogenotrophic denitrifier genera Dechloromonas, Ferribacterium and
Hydrogenophaga in the columns of the April and December experiment.
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5. Discussion

The research discussed in this thesis is part of the project ‘Healthy Water’, an interdisciplinary
project that aims at understanding hydrogeological and microbiological processes during in situ
nitrate remediation with H2 in polluted oxic aquifers. A special focus was set on ways to prevent
incomplete denitrification as well as transient accumulation of the intermediates NO2

- and N2O.
These are known challenges during hydrogenotrophic nitrate remediation studies. This Ph.D.
thesis defines the prevailing hydrogenotrophic denitrifying community in a model aquifer and
displays the contribution of individual community members to incomplete denitrification and the
accumulation of intermediates.

5.1. The few members of the hydrogenotrophic denitrifier community

Hydrogenotrophic denitrification requires the ability to use N-oxides as the electron acceptor, H2

as the electron donor, and CO2 as the carbon source. Due to these selective requirements, the
hydrogenotrophic denitrifier community, as stated in Hypothesis 1, comprises only few taxa [27,
86]. This was also visible in the performed experiments with aquifer material from the Hohenthann
region where only a limited number of bacteria seemed to perform hydrogenotrophic denitrifica-
tion. All isolated complete hydrogenotrophic denitrifiers (PIIb) belonged to only three species of
β-Proteobacteria: Dechloromonas denitrificans, Ferribacterium limneticum, and Hydrogenophaga
taeniospiralis. The species Quatrionicoccus australiensis was also isolated numerously but only
reduced NO3

- to NO2
- under the tested litho-autotrophic conditions. The low diversity of the hy-

drogenotrophic denitrifier community was also visible in the results of the microcosm experiment
(PI), where the α-diversity, described by the effective number of species (ENS), dropped from 1000
at 30 h to 235 at 80 h. The small enriched community in the H2-treated microcosms was dominated
by the genus Dechloromonas, whose relative abundance increased 15.3-fold over the period of
NO3

- reduction. Further, only three unclassified ASVs of the family Rhodocyclaceae, likely
belonging to the genera Rhodocyclus, Azospira or Propionivibrio, were additionally determined as
part of this community. Both, Rhodocyclus and Propionivibrio, have been detected in H2-based
reactor experiments previously [86, 89]. Their relevance for in situ nitrate remediation with H2

was; however, not proven within the work of this thesis. Even though one Propionivibrio isolate
was obtained during PIIa, it only reduced insignificant amounts of NO3

- in MM under a H2/CO2

atmosphere.

Of the total 37 ASVs assigned to Dechloromonas in the amplicon sequencing analysis of PI only
six increased significantly. These six ASVs positioned in three clusters across the constructed
phylogenetic tree, which included all 37 ASVs as well as D. agitata, D. aromatica, D. hortensis,
D. denitrificans, F. limneticum and Q. australiensis. The later two are monospecific genera which
position within the Dechloromonas subtree [144]. Thus, instead of representing three different
Dechloromonas species, it is more likely that the three clusters represent the species D. denitrificans,
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F. limneticum and Q. australiensis, the Rhodocyclaceae species that were numerously isolated in
PIIa. Currently, the genus Dechloromonas includes three validly published species; D. agitata, D.
hortensis and D. denitrificans (LPSN, https://lpsn.dsmz.de/genus/dechloromonas, 27.08.2021),
of whom only D. denitrificans is known to perform complete denitrification [109, 145]. This
further supports the speculation of the involvement of F. limneticum and Q. australiensis besides
D. denitrificans in the H2-treated microcosms of PI instead of species-specific differences among
Dechloromonas species. Two of the six Dechloromonas ASVs increased in relative abundance
only until 70-80 h, the time of nitrate depletion, while the other four increased further. These two
ASVs may actually belong to Q. australiensis who only reduced NO3

- to NO2
- in the phenotypic

analyses (PIIb). Also, the lack of ASVs assigned to Ferribacterium and Quatrionicoccus by the
used bioinformatic pipeline was only observed in PI. Both were detected in the 16S rRNA gene
amplicon sequencing analyses of the enrichments of PIIa and at least Ferribacterium was detected
in the column experiment. This absence of ASVs assigned to Ferribacterium and Quatrionicoccus
in the microcosms experiment (PI) may have been due to the usage of different primer pairs. While
primer pair 0008f/0343r was used for PI, primer pair 0515f/0806r was used for PIIa and the column
experiment. Due to the binding site of the forward primer 0008f at the very beginning of the
16S rRNA gene, 48.6-66.7% of the sequence accessions available in the used SILVA database of
Dechloromonas, Ferribacterium, Quatrionicoccus and Hydrogenophaga do not contain sequence
data at the position of the primer pair (according to a TestPrime 1.0 analysis, database SSU r138.1,
taxonomy SILVA Ref NR) [124]. In contrast, there are no sequence accessions without data at the
V4 region covered by the 0515f/0806r primer pair.

The genera Dechloromonas and Hydrogenophaga have both been identified as abundant OTUs
in several H2 based biofilm reactors [86, 87, 88, 89]. Dechloromonas was also an abundant
clade II nosZ OTU in an enrichment culture based on acetate and N2O and also enriched in
environments containing environmental contaminants, such as BTEX [146] and perchlorate [147].
The respective families of these two genera have; however, not only been detected in artificial
surroundings but also in aquifers comparable to the model aquifers in Hohenthann. For example,
in an upper section aquifer in France, which is high in NO3

- and O2 but low in DOC [148], 26-57%
of detected β-Proteobacteria in the groundwater samples were assigned to Rhodocyclaceae as well
as Comamonadaceae and Oxalobacteraceae (these families are combined as Burkholderiaceae
in the used SILVA database release 132). Further, a study that investigated a dynamic alpine
oligotrophic porous aquifer found that in the samples collected in May 43% of sequences belonged
to Rhodocyclaceae and 6% to Comamonadaceae whereas in July 16% belonged to Rhodocyclaceae
and 54% to Comamonadaceae [149]. Among these, most Rhodocyclaceae sequences were related
to the genera Dechloromonas and Ferribacterium. This widespread occurrence of Dechloromonas,
Ferribacterium and Hydrogenophaga in aquifers suggests that the obtained results based on the
model aquifer can be transferred to other comparable aquifers.

The observed phenotypes of the three analysed complete hydrogenotrophic denitrifiers (PIIb) dif-
fered in some aspects from the original species descriptions of D. denitrificans [109], F. limneticum
[150] and H. taeniospiralis [151, 152]. While the D. denitrificans strain isolated from the gut of

41



5 Discussion

an earthworm performs heterotrophic denitrification with acetate, butyrate, glutamate and lactate,
among others, it does not oxidise H2 [109]. Similarly, the F. limneticum strain Cda-1, isolated from
a mining impacted freshwater lake, does not use H2 as an electron donor, does not respire NO2

-,
and only grows strictly anaerobic [150]. Interestingly, two obtained F. limneticum isolates, F76(HD)

and F77(HD), showed a different performance during aerobic cultivation. F76(HD) grew aerobically
with carbon, even though slowly, in both R2A liquid culture and on agar plates, whereas F77(HD)

only grew small colonies aerobically on R2A agar plates. With a dDDH value of 60.8%, F76(HD)

and F77(HD) are likely different strains. It seems therefore, like there are strain-level differences
regarding O2 respiration among F. limneticum strains. In contrast to the other two original species
descriptions, the original H. taeniospiralis strain, isolated from a soil near Barcelona, does grow
chemolithoautotrophically with H2 as an energy source and performs heterotrophic denitrification
[151, 152]. However, in the experiments leading to the species description it was unable to combine
these two metabolisms and did not perform autotrophic hydrogenotrophic denitrification.

Even though D. denitrificans, F. limneticum and H. taeniospiralis were the closest described rela-
tives of the complete hydrogenotrophic denitrifier isolates, the mentioned phenotypic differences
were observed compared to the original species description. The taxonomic assignment based
on the 16S rRNA gene identity indicated the affiliation to the respective species, as it was above
98.9% for all F. limneticum isolates, 97.77% for all D. denitrificans isolates and above 99.3% for
the two H. taeniospiralis isolates (PIIb). The whole genome-based comparison results of dDDH
and GC-content difference were conflicting and in the case of F. limneticum unavailable as no
whole-genome sequence was available at the time of analysis. However, based on their phenotypic
characteristics, the isolated bacteria must be different strains compared to the strains originally
described for the respective species. The hydrogenotrophic denitrifier isolates are niche generalists
as they may perform many different metabolisms and adapt to changing environments. Among
niche generalists large accessory genomes, dispensable genes occurring in only a subset of the
species strains, are common [153]. Thus, such differences among strains of the same species are
not surprising.

5.2. The different denitrification phenotypes and their impact on
intermediate accumulation

Besides a large taxonomic diversity, denitrifying bacteria also comprise a range of different pheno-
types [32]. The varying phenotypic traits include truncated and complete denitrification, differences
in the timing of the four reduction reactions leading to transient accumulation of intermediates,
varying O2 levels at the initiation of denitrification, and other phenomena such as bet-hedging
[32, 57, 60]. The denitrification phenotypes of the three analysed complete hydrogenotrophic
denitrifiers were very distinct; especially H. taeniospiralis differed from the other two isolates,
which confirms Hypothesis 2.

The transient intermediate accumulation of complete denitrifiers can be either temporary, meaning
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solely during the initiation of denitrification or lasting. Temporary accumulation is caused by
delayed gene expression. Lasting accumulation; however, is caused either by an unbalanced ratio
of active enzymes of consecutive denitrification steps or by varying competitiveness of the electron
pathways to the different denitrification reductases [154, 155]. The NO2

- accumulation was lasting
in all three analysed complete hydrogenotrophic denitrifier isolates (PIIb), because a similar amount
of NO2

- accumulated when the cells were transitioning from oxic respiration to denitrification
as when they were already adapted. This lasting NO2

- accumulation varied; however, among
the three. The H. taeniospiralis isolate was transiently accumulating 100% of the given NO3

- as
NO2

-, whereas D. denitrificans only accumulated approximately 20% and F. limneticum none at
all. During the microcosms experiment (PI), which was dominated by the genus Dechloromonas
according to the community analysis, the maximum measured NO2

- was also approximately 20%
of the initial NO3

-. These results are thus in agreement with the pure culture ‘Kinetics analyses’
results of PIIb. The calculated electron flow of the ’Kinetics analyses’ (PIIb) showed that after O2

depletion electrons were simultaneously flowing to all denitrification reductases in F. limneticum
and D. denitrificans. In H. taeniospiralis they were initially only flowing to the nitrate reductases
until all NO3

- had been reduced, which explains the 100% accumulation of the given NO3
- as

NO2
-. Similar different phenotypes were observed by Liu et al. 2013 [58] when classifying several

denitrifying Thauera strains. While the group of RCO isolates displayed a simultaneous electron
flow to all denitrification reductases, the group of PO isolates was accumulating NO2

- and did
not transcribe nirS until the given NO3

- was consumed [58]. The N2O accumulation was, on the
other hand, temporary in all three characterised isolates. It was clearly higher when the bacteria
were transitioning from oxic respiration to denitrification as opposed to when they were already
adapted and had expressed the denitrification proteome. A delayed expression of the nitrous
oxide reductase genes in hydrogenotrophic denitrifiers could have been visible in the transcript
quantification results of the microcosm experiment (PI). However, the transcript quantity of all
denitrification reductase genes peaked simultaneously at 80 h. Likely, the measurements temporal
resolution of 10 h was too low to detect such a delay in gene expression. In closed systems all
transiently accumulated intermediates are eventually reduced to N2. However, in open aqueous
systems, like in flowing groundwater, transient intermediate accumulation becomes relevant, as
intermediates may be carried away from the anoxic H2-rich zone during slow sequential reduction.
This would imply incomplete denitrification and therefore impede in situ nitrate remediation
attempts. In flowing groundwater transient intermediate accumulation is therefore just as harmful
to the success of nitrate remediation attempts as actual incomplete denitrification due to a lack of
some denitrification genes.

The results of the experiments performed for this thesis collectively indicate that the most important
members of hydrogenotrophic denitrifiers were the three analysed complete hydrogenotrophic
denitrifier species. However, the abundance ratio of the three species seemed to differ between the
experiments. The hydrogenotrophic denitrifier community was either dominated by D. denitrifi-
cans and F. limneticum, both belonging to the family Rhodocyclaceae, or by H. taeniospiralis of
the Burkholderiaceae family. This can be observed in the following examples: The microcosm
experiment (PI) was dominated by Dechloromonas whereas Hydrogenophaga was not detected at
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all. Further, the EI enrichments (PIIa) were dominated by Burkholderiaceae ASVs, whereas the
EII enrichments were dominated by Rhodocyclaceae ASVs, which was also reflected in the actual
isolation output. While the EI enrichments led to a total of 19 isolates assigned to Hydrogenophaga,
only one Hydrogenophaga isolate was isolated during the EII isolation. Inversely, the EII isola-
tion led to a total of 18 Dechloromonas and Ferribacterium isolates, whereas none thereof were
isolated during the EI isolation. Finally, during the column experiments, Hydrogenophaga had
approximately double the relative abundance than the genus Dechloromonas.
The observed difference in dominance between Dechloromonas andFerribacterium as well as
Hydrogenophaga may be due to the slightly different incubation conditions among the performed
experiments as well as due to the different sampling time points of the original sediment and
groundwater material. Despite relatively stable conditions in aquifers, seasonal changes in the
bacterial community compositions are observed, especially in shallow unconfined aquifers [156].
Chick et al. 2020 [156] detected significant seasonal variation in β-Proteobacteria sequences, with
an elevated abundance during summer. This coincides with seasonal changes in groundwater NO3

-

concentrations which are reaching their highest levels from June to August [157]. The species D.
denitrificans, F. limneticum and H. taeniospiralis may react differently to altering NO3

- concen-
trations whereby their abundance undergoes different seasonal changes. Possibly other seasonal
factors also play a role. The varying seasonal abundance of these prevailing hydrogenotrophic
denitrifiers in such shallow unconfined aquifers should be further investigated.

It is generally challenging to prove a causal relationship between microbial community compo-
sition and an increased intermediate product ratio, because both measures are also linked to pH
and other factors. Additionally, there are large differences in the hydrogenotrophic denitrifying
abilities among different species of a genera, thus genus-level community analyses are imprecise.
Ways in which the microbial community composition may alter the overall outcome of denitri-
fication include an imbalance in denitrification reductase genes caused by truncated denitrifiers
and different phenotypes of complete denitrifiers under the given conditions. The results of this
thesis indicate that truncated denitrifiers do not seem to play a major role in hydrogenotrophic
denitrifying communities, because most members of the isolated hydrogenotrophic denitrifies
(PIIb) performed all four denitrification steps and also harboured the respective genes. In the micro-
cosm experiment (PI), the quantity of the four denitrification reductase genes (napA, nirS, cnorB
and clade I nosZ) increased within a similar range, indicating that most members of the enriched
hydrogenotrophic denitrifier community harboured the genes to perform all four denitrification
reactions. The phenotypes of the complete hydrogenotrophic denitrifiers, on the other side, differed
substantially and therefore play a major role in affecting transient intermediate accumulation. A
recent study by Highton et al. 2020 [158] was able to prove a sustained correlation between the
microbial community composition and N2O emissions in soil because they were able to exclude
a pH effect due to the experimental setup. Similar to our results, Highton et al. 2020 [158]
showed that in soils with a higher N2O emission potential the bacterial community was not lacking
reductase genes but showed a poor timing of N2O reduction. Consequently, the N2O emission
potential was determined by different phenotypes that carried out N2O production either more
sequentially or more concurrently. The findings of Highton et al. 2020 support our results. This
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signifies that a bacterial community dominated by H. taeniospiralis species would denitrify more
sequentially, accumulating more NO3

- and likely also N2O, compared to a community dominated
by D. denitrificans and F. limneticum.

5.3. Links between genetic features and the denitrification phenotypes

Agreement between the genotype and phenotype is observed in many denitrifiers but there are
also numerous exceptions [32]. These exceptions arise from the interaction of the environmental
conditions and the regulatory biology of denitrification. The kinetics analyses results revealed
that the type of nitrate reductase impacts transient NO2

- accumulation. This supports Hypothesis
3, stating that the genetic features of hydrogenotrophic denitrifiers shape their denitrification
phenotypes.

The eleven analysed isolates (PIIb) were either complete hydrogenotrophic denitrifiers, NO3
--

reducers or non-hydrogenotrophic denitrifying organisms. The complete denitrifiers harboured the
four required denitrification reductase genes, thus their genotypes and phenotypes agreed in that
regard. The two NO3

--reducers assigned to the species Q. australiensis harboured napA, cnorB and
clade II nosZ genes but were missing a nitrite reductase gene. They reduced NO3

- but refrained
from using N2O despite the presence of the necessary gene. Another example of a disagreement
between the denitrification reductase genotype and phenotype was the isolate D98 which did
not perform any steps of hydrogenotrophic denitrification despite possessing all denitrification
reductase genes. Such cases may lead to varying results in studies correlating, for example nosZ
gene abundance to the N2O emission potential [51, 53, 159]. However, in our genomic analysis,
we also considered other necessary genes for a hydrogenotrophic denitrifying lifestyle, such as
RubisCO genes, hydrogenase genes and several denitrification regulatory genes. It was thereby
observed that D98 was missing a RubisCO gene and thus likely lacks the ability to assimilate CO2

under the tested conditions. Consequently it also did not denitrify under the hydrogenotrophic
autotrophic conditions.

All analysed complete hydrogenotrophic denitrifiers harboured genes coding for one denitrification
reductase type for each denitrification step, as well as a gene coding for RubisCO and at least three
hydrogenase genes coding for a respiratory, H2-sensing, and redox-balancing version. Likely this
set of genes is required to perform hydrogenotrophic denitrification. The observations highlight
the importance of examining the genetic potential of other capacities required to grow under the
analysed conditions.

The 100% NO2
- accumulating denitrification phenotype, as observed in H. taeniospiralis, may

be linked to the nitrate reductase type, which is Nar as opposed to Nap in D. denitrificans and
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F. limneticum. Mania et al. 2020 [154] and Gao et al. 2021 [155] observed a strong preference
of N2O reduction over NO3

- reduction in napA-harbouring Bradyrhizobia strains which was
abolished if the strain carried a narG gene. Based on these result they concluded that Nos is more
competitive in recruiting electrons from the quinol pool compared to Nap. Gao et al. 2021 further
excluded the alternative explanation of lower Nap than Nos abundance by proteomic analysis. The
reduced competitiveness was not observed for strains with Nar [155], thus we can conclude that
Nar is generally more competitive compared to Nap. Unfortunately the nitrate reductase type
of the Thauera strains from Liu et al. 2013 [58] were not determined. However, in the study of
Lycus et al. 2017 [32] the denitrification phenotypes and genotypes of numerous denitrifying
isolates were determined. Several ’progressive onset’ stains, closest related to Hydrogenophaga
and Polaromonas, harboured a narG gene and a ’rapid complete onset’ strain, closest related to
Bradyrhizobium, harboured a napA.

The amount of temporary transient N2O accumulation during the transition from oxic respiration
to denitrification also differed most between the Rhodocyclaceae isolates and the H. taeniospiralis
isolate. Again, the generally higher N2O accumulation in H. taeniospiralis compared to the other
two isolates may be linked to the respective reductase genes, because both F76(HD) and D110(HD)

harboured two clade II nosZ genes, whereas the H. taeniospiralis isolate H3(HD) harboured a
clade I nosZ gene. These results are in agreement with findings by Yoon et al. 2016 [50] which
showed that clade II nosZ organisms posses a higher N2O affinity. A higher affinity leads to a
faster substrate turnover and thus less transient accumulation.

Besides the characteristics of the two nitrite and nitrous oxide reductases, an additional cause
of the large phenotypic differences between the H. taeniospiralis isolate and the two Rhodocy-
claceae isolates may be the global regulators controlling the shift between oxic respiration and
denitrification, which also differed between the two groups. While H. taeniospiralis harboured
the two-component system FixLJ, D. denitrificans and F. limneticum were equipped with the
two-component system RegAB (PIIb). The two global regulator systems differ in their mechanism
to detect lowering O2 concentrations, as FixLJ is activated by the absence of O2 [62] and RegAB
senses the lowering ubiquinone redox state following decreasing O2 concentrations inside the
respiratory chain [160]. Due to the direct sensing of the ubiquinone redox state by RegB inside
the denitrification respiratory membrane, D. denitrificans and F. limneticum may detect changing
electron availability faster. This could result in a more efficient electron flow to the denitrification
reductases compared with the fixLJ-carrying H. taeniospiralis.

All eight analysed complete hydrogenotrophic denitrifiers harboured genes coding for a RubisCO
form II and for three [NiFe] hydrogenases. The hydrogenases included one respiratory hydrogenase
from group 1d, one H2-sensing hydrogenase from group 2b and one redox-balancing hydrogenase
from group 3d (PIIb). As facultative anaerobes, hydrogenotrophic denitrifiers must contain O2

tolerating enzymes that do not require O2. Both, the RubisCO form II and the three hydrogenase
types are O2 tolerant [68, 71], which is necessary in the shallow model aquifers where samples
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were taken for the experiments. The other RubsiCO forms, IA and IC, are adapted to high
O2 concentrations [71]. The three hydrogenase genes have different functions and are widely
distributed, especially among Proteobacteria [161]. The group 1d respiratory hydrogenase is the
only hydrogenase oxidising H2 inside the periplasm and transferring electrons to the cytochrome
bc1 complex and quinones inside the respiratory chain (Figure 9) [161]. The group 2b H2-sensing
hydrogenase, quite differently, controls the expression of respiratory hydrogenases and group 3d
generates reducing equivalents from NAD for hydrogenotrophic carbon fixation [161]. Three F.
limneticum isolates, F76(HD), F128(HD) and F132(HD), were the only complete hydrogenotrophic
denitrifiers isolated harbouring two additional hydrogenase genes including a O2-sensitive group
1c respiratory hydrogenase and a group 2c H2-sensing hydrogenase. This genotypic difference
of additional hydrogenase genes between F76(HD) and D110(HD) may be the cause of even lower
NO2

- accumulation in F76(HD), as observed during the ‘Kinetics analyses’.

Figure 9 Potential electron transport chain of hydrogenotrophic denitrifiers (based on figure 2(A) in Duffner et al. 2021 [162]).

5.4. Recommendations to improve in situ nitrate remediation with
hydrogen

Complete hydrogenotrophic denitrification is favoured under certain aquifer conditions while
others make it more difficult to achieve complete reduction of NO3

- to N2. These favourable
conditions include a pH between 6.5-8.6 and sufficient inorganic carbon for autotrophy as well
as to buffer the pH. Also, the dissolved O2 concentration and NO3

- concentrations should not be
too high because this would require even larger dissolved H2 concentrations, which are generally
difficult to achieve in situ. Local in situ nitrate removal approaches with H2 should therefore only
be attempted in aquifers with suitable conditions to avoid incomplete denitrification or transient
intermediate accumulation (PIII). Additional to acquiring the above mentioned parameters, the
prevailing hydrogenotrophic denitrifier community should also be determined to asses whether
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an aquifer could be nitrate remediated. This could be achieved either through 16S rRNA gene-
based community analyses in order to detect the genera that include complete hydrogenotrophic
denitrifiers or through qPCR-based quantification of the nitrate reductase genes narG and napA.
The second option is simpler and more economic. For both methods sediment and groundwater
samples should be previously subjected to selective hydrogenotrophic denitrifier enrichment under
a H2/CO2 atmosphere, as described for PIIa. The abundance of the hydrogenotrophic denitrifiers
should thereby be increased to a level that can be clearly detected, as seen in PI and PIIa.

According to a review by Karanasios et al. 2010 [27] the optimal dissolved H2 concentration
for efficient hydrogenotrophic denitrification is between 0.4-0.8 mg L-1. Below 0.2 mg H2 L-1

the nitrate reductase is inhibited [163]. The dissolved H2 concentration of 0.51 mg L-1 in the
kinetics experiments (PIIb) was chosen accordingly and did result in complete hydrogenotrophic
denitrification. Such dissolved H2 concentrations can be easily reached in closed batch experiment;
however, it is challenging to reach in situ due to the groundwater flow and the high diffusion
coefficient of H2 in water (PIII). For example, during an in situ experiment by Chaplin et al. 2009
[84] even a increase in the lumen pressure from 1.68 atm to 2.36 atm could not achieve a nitrate
reduction above 50%. For in situ trials it is thus important to release the H2 gas over a large
exchange area which serves also as a surface area for biofilm formation. Lee and Rittmann 2002
achieved 95% nitrogen removal in a hollow fibre biofilm reactor, with a 1340 cm2 surface area
and 110 µm biofilm thickness, whereby 96% of the added H2 was utilized. In their experiment H2

was limiting the rate of nitrate reduction, thus as long as the denitrification capacity was below its
maximum, almost all added H2 was consumed inside the biofilm [78]. Their results highlight the
importance of promoting biofilm formation to enhance bacterial growth and avoid the loss of H2

gas by diffusion.

In order to prevent intermediate accumulation, we could further specifically promote the taxa with
least intermediate accumulation, e.g. napA-carrying hydrogenotrophic denitrifiers (D. denitrificans
and F. limneticum) or inoculate with such bacterial taxa. During the ’Kinetics analyses’ of PIIb,
growth differences based on the availability of O2 and DOC were already observed. For example,
the time to achieve complete reduction of NO3

- to N2 during the Litho-autotrophic transition
experiment was between 80-100 h for all three analysed isolates. There was; however, a large
difference among the isolates during organo-heterotrophic denitrification, as the D. denitrificans
and F. limneticum isolates only took 35-40 h, whereas the H. taeniospiralis isolate needed 120
h. Contrary, the H. taeniospiralis cells were growing much faster and to a higher optical density
under heterotrophic oxic conditions. This indicates that the Rhodocyclaceae isolates may have
a selective advantage if the aquifer still contains relevant amounts of dissolved organic carbon
under anoxic conditions, e.g. when H2 has been added. Dissolved organic carbon in combination
with increased O2 concentrations; however, may give a selective advantage to H. taeniospiralis
cells. Co-cultivation experiments with different combinations of D. denitrificans, F. limneticum
and H. taeniospiralis under different conditions regarding pH, initial O2, NO3

- and DOC concen-
tration thus are necessary to determine these conditions for the specific stimulation of desired
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hydrogenotrophic denitrifiers.
Another option may be the inoculation with the desired taxa, for example by inoculating the
H2-releasing membrane before insertion into the aquifer. If a biofilm has been formed already
prior to the insertion, the inoculated taxa rather remain on the membrane where they are needed,
especially since a high cell density is required to obtain significant results. For example, Jonassen
et al. 2021 [105] and Domeignoz-Horta et al. 2016 [164] were able to reduce N2O accumulation
from soil significantly by inoculating with 106-108 cells g-1 soil. However, currently there are still
perceived limitations about bioremediation, such as questions regarding the required inoculation
concentration, the final survival of the microbes as well as the effects on the ecology and the
natural microbial community structure [165]. Thus, the impact of such microbial inoculants on the
groundwater ecosystem must be evaluated initially.

A complementing approach to H2 addition may be the application of reactive Fe(II)-containing
minerals, such as siderite (FeCO3(s)) (PIII), in order to reduce NO2

- accumulation. The abiotic
reduction of NO2

- by Fe(II), called chemo-denitrification, occurs naturally under environmental
conditions [166, 167] and could be enhanced by the injection of siderite particles into the H2

plume. Nano-sized Fe(II)-containing minerals have a larger surface area, higher availability and
a wider range of distribution [168]; however, they also entail possible risks regarding unknown
long-term effects, transformation and eco-toxicity [169]. Further uncertainties about the general
application of reactive Fe(II)-containing minerals exist, such as the possible reaction with sediment
potentially clogging the aquifer [170], the possible increase of NO and N2O accumulation [168]
as well as the difficulties of efficient delivery of the Fe(II)-containing minerals to the anoxic H2

plume. While the application of reactive Fe(II)-containing minerals is a promising way to alleviate
NO2

- accumulation during in situ nitrate remediation with H2, many open questions remain before
its application.
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6. Conclusion and Outlook

The combination of community analyses and the genotypic and phenotypic characterisation
of isolates enabled us to define the prevailing complete hydrogenotrophic denitrifiers in the
analysed nitrate polluted oxic model aquifers and to determine the members with the least transient
accumulation of nitrite or N2O.

The results proved our hypotheses that hydrogenotrophic denitrifier communities consist of only
few taxa (Hypothesis 1) and include different denitrification regulatory phenotypes (Hypothesis
2). Also, the different phenotypic characteristics could be linked to genetic features (Hypothesis
3). These findings imply, that even when the external parameters, such as pH, NO3

-, O2 and H2

concentration as well as the groundwater flow, are the same, differences in NO2
- accumulation still

occur due to the composition of the bacterial community. It is therefore essential to investigate
the hydrogenotrophic denitrifier community when examining whether a nitrate polluted aquifer is
suited for such a remediation approach.

Further, it is of interest to understand the factors resulting in the dominance of either the Rhodocy-
claceae isolates or H. taeniospiralis. Therefore, future work should include co-cultivation of D.
denitrificans, F. limneticum and H. taeniospiralis under different conditions regarding pH, initial
O2, NO3

- and DOC concentration and examine which species are more successful under the given
conditions. This information may enable the targeted stimulation of the desired species with least
intermediate accumulation. It is additionally important to examine the impact of H2-based nitrate
remediation on the aquifer‘s ecosystem with regards to other microbes. The sphere of influence
of the added H2 gas needs to be clarified, whether most of the H2 is consumed inside the biofilm
grown on the H2-releasing membrane or whether it further diffuses into the water. It would be
of interest to asses whether the added H2, besides stimulating hydrogenotrophic denitrification,
also leads to other functional changes in the groundwater bacterial community. A metagenomics
analysis of samples from the biofilm and the surrounding groundwater/sediment from a large tank
experiment could answer such questions.

As we obtained detailed knowledge on the individual prevailing hydrogenotrophic denitrifier
species by analysing the behaviour of communities and pure cultures in batch experiments, future
work must focus on the distribution of H2 gas in an aquifer setting and how these bacteria grow
and behave in such an environment. The knowledge obtained about the genotypic and phenotypic
features of D. denitrificans, F. limneticum and H. taeniospiralis can help in doing so, as important
and species-specific genes as well as characteristic phenotypic behaviour have been determined.
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One sentence summary: Members of the bacterial family Rhodocyclaceae, especially Dechloromonas, were detected as the major denitrifiers under
hydrogenotrophic conditions in a groundwater-sediment microcosm experiment.
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ABSTRACT

Globally occurring nitrate pollution in groundwater is harming the environment and human health. In situ hydrogen
addition to stimulate denitrification has been proposed as a remediation strategy. However, observed nitrite accumulation
and incomplete denitrification are severe drawbacks that possibly stem from the specific microbial community
composition. We set up a microcosm experiment comprising sediment and groundwater from a nitrate polluted oxic
oligotrophic aquifer. After the microcosms were sparged with hydrogen gas, samples were taken regularly within 122 h for
nitrate and nitrite measurements, community composition analysis via 16S rRNA gene amplicon sequencing and gene and
transcript quantification via qPCR of reductase genes essential for complete denitrification. The highest nitrate reduction
rates and greatest increase in bacterial abundance coincided with a 15.3-fold increase in relative abundance of
Rhodocyclaceae, specifically six ASVs that are closely related to the genus Dechloromonas. The denitrification reductase genes
napA, nirS and clade I nosZ also increased significantly over the observation period. We conclude that taxa of the genus
Dechloromonas are the prevailing hydrogenotrophic denitrifiers in this nitrate polluted aquifer and the ability of
hydrogenotrophic denitrification under the given conditions is species-specific.

Keywords: nitrate pollution; remediation; Rhodocyclaceae; groundwater; hydrogen oxidation; denitrification genes

INTRODUCTION

Nitrate leaching into groundwater as a result of intensified
nitrogen fertilization and animal farming has been a severe
global environmental problem since the 1970s (Rivett et al. 2008).

Monitoring of the nitrate levels in the upper aquifers in Ger-
many (EEA monitoring network) showed that 18% of ground-
water wells had nitrate concentrations above 0.8 mM (50 mg
NO3/L) (Keppner, Grimm and Fischer 2017) and are thereby clas-
sified as polluted according to the European nitrate directive
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(91/676/EEC, 1991). In the aquatic environment and the gastroin-
testinal tract bacteria reduce nitrate to nitrite. The later binds
to haemoglobin at its active site thus impairing the oxygen-
binding capacity, which can be fatal for infants (Greer and Shan-
non 2005). Additionally, epidemiological studies reported signif-
icant correlations between increased occurrence of colorectal
cancer and the consumption of nitrate-enriched drinking water,
even at concentrations far below 0.8 mM (Schullehner et al. 2018;
Ward et al. 2018). Thus, minimizing nitrate concentrations in
groundwater, widely used as the main source of drinking water,
is important to ensure human health in the long run.

Denitrification is the dominant nitrate transformation pro-
cess in groundwater and thus a natural biotic process of nitrate
remediation (Rivett et al. 2008). It is defined as an energy gain-
ing dissimilatory transformation of nitrate or nitrite to a gas
species (Zumft 1997). However, under aerobic conditions, the
denitrification capacity is poor and microbial available electron
donors such as dissolved organic carbon (DOC) or reduced sul-
phur are often limited in groundwater (Wild, Mayer and Ein-
siedl 2018). Thus, the in situ addition of an electron donor into
groundwater, potentially stimulating oxygen consumption and
subsequently denitrification, represents a powerful remedia-
tion strategy for nitrate polluted aquifers (Janda et al. 1988;
Smith et al. 2001; Chaplin et al. 2009). Hydrogen was proven to
be the most practical electron donor for this purpose because
autotrophic hydrogenotrophic denitrification leads to less bio-
clogging as it only reaches 40% of the cell yield compared to
heterotrophic denitrification (Ergas and Reuss 2001). Addition-
ally, no by-products requiring post-treatment may be formed
(Karanasios et al. 2010). Also it is likely that aquifers natu-
rally harbor hydrogenotrophic chemolithoautotrophic bacteria
because a large proportion of the bacterial population in aquifers
holds the genetic potential to fix CO2 via the Calvin cycle (Her-
rmann et al. 2015) and hydrogenase genes occur over a wide
range of phyla and environments (Greening et al. 2015). Micro-
cosm experiments with sediment stemming from nitrate pol-
luted oxic aquifers and hydrogen addition showed complete
nitrate removal but with transient nitrite accumulation (Schno-
brich et al. 2007; Chaplin et al. 2009). However, to the best of our
knowledge the only in situ experiment conducted so far reported
incomplete nitrate reduction and no reduction of nitrite (Chap-
lin et al. 2009). While some denitrifiers perform four steps reduc-
ing nitrate to gaseous N2, others may only perform a subset
due to lack of genes or unfavorable environmental conditions
(Graf, Jones and Hallin 2014; Lycus et al. 2017). Since the deni-
trification intermediate nitrite is toxic and nitrous oxide repre-
sents an potent greenhouse gas (Mosier 1998), it is important to
understand which hydrogenotrophic denitrifiers perform com-
plete denitrification.

Confirmed autotrophic hydrogenotrophic denitrifiers in pure
cultures belong to the genera Acidovorax, Paracoccus, Acinetobac-
ter and Pseudomonas (Szekeres et al. 2002; Vasiliadou et al. 2006b).
Additionally, Rhodocyclus, Sulfuricurvum, Hydrogenophaga and
Dechloromonas were detected by 16S rRNA gene sequencing of
stable communities in hydrogen-based bioreactors (Zhang et al.
2009; Zhao et al. 2011). Hydrogenophaga and Dechloromonas as well
as Sulfuritalea were also detected as dominant transcription-
ally active hydrogenotrophic denitrifiers in a microcosm experi-
ment with groundwater and crushed rock from a pristine aquifer
(Kumar et al. 2018a). These results from hydrogen-based biore-
actors and pristine groundwater enrichments indicate which
bacterial taxa are capable of autotrophic hydrogenotrophic den-
itrification. However, it is unknown which taxa would domi-
nate upon hydrogen addition in a nitrate polluted oxic porous

aquifer where in situ remediation seems to be an effective tool to
reduce nitrate below drinking-water maximum allowable con-
centrations of 0.8 mM. Therefore, a microcosm experiment with
sediment and groundwater from a tertiary aquifer located in
southeast Germany was conducted under a hydrogen atmo-
sphere measuring microbial nitrate reduction over time. The
sampling area is characterized by intensive pig farming with
groundwater nitrate concentrations up to 1.61 mM, high median
oxygen concentrations of up to around 200 μM and, median
DOC of only 11.8 μM (Wild, Mayer and Einsiedl 2018). Based
on modelling results, the same authors determined a denitri-
fication lag time (time prior to commencement of denitrifica-
tion) of approximately 114 years for this aquifer, which illus-
trates the need for bioremediation in addition to reducing nitro-
gen input into groundwater. Over the course of the experiment
microcosms were sampled destructively at several timepoints to
determine the microbial community composition with 16S rRNA
gene amplicon sequencing. We hypothesized that if the commu-
nity changes upon hydrogen addition, the relative abundance of
the hydrogenotrophic denitrifying community should increase
as nitrate concentrations decrease. Additionally, denitrification
genes and transcripts were quantified via (RT)-qPCR. Due to the
highly selective conditions the diversity of denitrifiers in such
aquatic environments is generally low (Zhang et al. 2009; Karana-
sios et al. 2010) and therefore an increased abundance of reduc-
tase genes and their corresponding transcripts may reflect the
hydrogenotrophic denitrifiers of this community. The goal was
to determine the predominant members of hydrogenotrophic
denitrifier communities and which genes involved in denitrifi-
cation were most abundant in the stimulated microcosms with
oxic aquifer material.

METHODS

Study site and sampling method

The Hohenthann area is located 90 km northeast of Munich (Ger-
many) within the Bavarian Tertiary Molasse-Hills. Both a main
porous aquifer and several perched aquifers are nitrate polluted,
electron donor limited and oxic. Sediment samples were taken
from the main porous aquifer, whereas groundwater was col-
lected from a spring discharging from one of the small perched
aquifers. More details concerning the physicochemical param-
eters of the area and the oxygen reduction rates can be found
in Wild, Mayer and Einsiedl (2018). Sampling for this study was
done in August 2018. The sediment samples were taken on a fal-
low field (GPS: 48◦42′01.2′′N 12◦00′10.2′′E) with an auger from the
saturated zone of the aquifer at a depth between 2 and 2.5 m. The
groundwater discharging from the spring has on average 100 μM
DOC. The sediment and groundwater were transported to the
laboratory at <10◦C and stored at 4◦C prior to the experiment.

Microcosm experiment set up and sampling

Prior to the experiment the collected wet sediment was sieved
(2 mm) to remove larger gravel and the groundwater was filtered
(pore size ∼20 μm) to remove particles. A total of 30 g of sieved
sediment and 85 mL groundwater were added to 120 mL vials
closed with butyl rubber septa and aluminium crimp caps. Over-
all, 69 vials were prepared. A total of four vials were sampled at
the start of the experiment (0 h), simultaneous to the treatment’s
application, to assess the initial community. A total of forty vials
were sparged with approximately 1 L of hydrogen (H 2 ) using a
hydrogen generator (Precision series, Peak Scientific, Scotland).
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Another eight vials were sparged with nitrogen as an anaerobic
control lacking an electron donor (N 2 ), while eight vials with
ambient air served as an untreated control (UC) and nine vials
autoclaved prior to hydrogen sparging served as an abiotic con-
trol (sterile). At each sampling point four vials were destructively
sampled so that the remaining microcosms stayed undisturbed.
The sampling timepoints, and applied analyses of each treat-
ment and control are stated in Table 1. Some sampling time-
points of the hydrogen-treated samples were excluded from the
microbial analysis because the results of the chemical analysis
did not suggest changes in the microbial community composi-
tion. The sterile controls were also excluded from the microbial
analysis since DNA sequencing cannot differentiate between liv-
ing and dead bacteria. The absence of oxygen in the hydrogen-
and the nitrogen-treated microcosms was confirmed in four
vials with an oxygen sensor (Fibox 4 trace, PreSens, Germany).
During the experiment, all microcosms were incubated at 16◦C
on a rotary shaker (220 rpm). For the microbiological analyses
two times 15 mL mixed sediment-groundwater suspension were
centrifuged for 10 min at 7700 × g and 4◦C. The supernatant
was discarded, the pellets shock-frozen in liquid nitrogen and
stored at −80◦C until further processing. The samples for the
chemical analysis were filtered (0.22 μm PES) to remove bac-
teria and analysed via ion chromatography (DIONEX ICS-1100,
Thermo Fisher Scientific, Waltham, MA, USA). Nitrate and nitrite
were measured in all vials while ammonium was only measured
in one replicate per timepoint. The concentration of each sam-
ple is the mean of three measurements and the detection limits
are 0.008 mM for nitrate, 0.007 mM for nitrite and 0.013 mM for
ammonium.

Nucleic acid extraction and reverse transcription

DNA was extracted from one complete pellet (15 mL
groundwater-sediment suspension) using the phenol–
chloroform based protocol described in Lueders, Manefield
and Friedrich (2004) and Töwe et al. (2011) and quantified
fluorometrically. Due to the overall low DNA output, the RNA
was extracted separately with the RNeasy Power Soil Total RNA
Kit (QIAGEN, Hilden, Germany) from the second pellet sampled
and quantified spectrophotometrically. Residual DNA in the
extracts was digested with DNase (TURBO DNase, Thermo
Fisher Scientific (Invitrogen), Waltham, MA, USA) with 1 μg RNA
as input. The RNA was purified (RNA Clean & Concentrator-5
Kit, Zymo Research, Irvina, CA, USA) and the absence of DNA in
the samples was confirmed using a nirS based qPCR according
to the protocol in Table S3 (Supporting Information). Confirma-
tion with a 16S rRNA gene-based PCR was not considered as
useful due to known DNA contamination in laboratory reagents
(Salter et al. 2014). Instead nirS was chosen as a marker gene
because quantification on the DNA level (Fig. 5A) showed a high
abundance of nirS genes in all samples. Furthermore, the RNA’s
quality was determined with a Fragment Analyzer (DNF-471
Standard Sensitivity RNA Analysis Kit, Agilent Technologies,
Santa Clara, CA, USA). The extracted RNA of one hydrogen-
treated vial from timepoint 30 h had a noticeable lower RNA
quality number (RQN) of 3.5 compared to the rest of the samples
(RQN 7.12, SD: 0.77). The sample with the low RQN value was
omitted from further analysis, however three replicates of
the timepoint remained. The purified RNA was quantified
fluorometrically so that consistently 40 ng RNA were added
to the reverse transcription reaction (High-Capacity cDNA
Reverse Transcription Kit, Thermo Fisher Scientific (Applied
Biosystems), Waltham, MA, USA). The two negative extraction

controls and two DNase reaction controls were run alongside
the samples.

16S rRNA gene amplicon sequencing, data processing
and statistical analysis

Bacterial community composition was determined by 16S rRNA
gene-targeted Illumina MiSeq amplicon sequencing. The hyper-
variable regions V1 and V2 of the 16S rRNA gene were ampli-
fied over 25 cycles with the adapter containing primer pair S-
D-Bact-0008-a-S-16 5′-AGAGTTTGATCMTGGC-3′ and S-D-Bact-
0343-a-A-15 5′-CTGCTGCCTYCCGTA-3′ (Klindworth et al. 2013) in
triplicates. Besides the primers, the PCR reaction contained the
NebNext High-Fidelity 2X PCR Master Mix (New England BioLabs,
Ipswich, MA, USA) and 2 ng/μL DNA. Triplicates were pooled
when the successful amplification was confirmed by an agarose
gel and purified (AMPure XP Beads, Beckman Coulter, Brea, CA,
USA). The amplicon’s size, concentration and purity were deter-
mined by capillary electrophoresis. A total of 10 ng DNA were
used as input in the following index PCR which added sample-
specific indices (Nextera Dual Indexes Set, Illumina, San Diego,
CA, USA) to the adapters during eight cycles. The indexed ampli-
cons were also purified and analysed by capillary electrophore-
sis as described above. Afterwards they were equalized to 4 nM,
pooled and loaded on the Illumina MiSeq platform with 20%
PhiX for paired-end sequencing with the Reagent Kit v3 (2 ×
300 bp; Illumina).

The demultiplexed sequenced reads were processed with
QIIME 2 (Bolyen et al. 2019). Denoising was performed with the
DADA2 plugin whereby the N-terminal trimming was set to 10 bp
and the C-terminal trimming to 260 bp for the forward and
to 220 bp for the reverse reads. The amplified sequence vari-
ants (ASVs) with reads in the negative extraction control were
removed from all samples. For the taxonomic assignment (P-
confidence ≥ 0.9), a classifier was pre-trained with the primer
pair 0008/0343 based on the SILVA 16S database release 132
(Quast et al. 2012). To compensate for unequal sampling depth
subsampling to the minimum number of reads per sample
(17 515) was performed using the vegan package (version v2.4–
2; Oksanen et al. 2019) in R project (version 3.5.3; R Develop-
ment Core Team 2019). Data analysis was performed in R project
using additional packages. The alpha diversity indices (Shan-
non and Simpson) were calculated with the vegan package (ver-
sion v2.4-2; Oksanen et al. 2019) and converted to the effective
number of species (ENS) by taking the exponent of the Shan-
non index and by dividing one by the complement of the Simp-
son index (Hill 1973). The stacked bar plots were generated with
the phyloseq package (version 1.30.0; McMurdie and Holmes
2013) and the heatmap with the ComplexHeatmap package (Gu,
Eils and Schlesner 2016). Because relative abundances are non-
parametric data, a robust one-way ANOVA with trimmed means
(t1way function) and the corresponding post-hoc test lincon,
both from the package WRS2 (Mair and Wilcox 2019), were used
to test which taxa differed in relative abundance over time.
Low abundant taxa were removed from the tests when the
sum of reads of a given taxa in all samples was less than four.
Differences were considered significant if p-values were <0.05
after Benjamini–Hochberg correction (Benjamini and Hochberg
1995). The closest relatives of unclassified ASVs which increased
significantly over time were determined with the nucleotide
Basic Local Alignment Search Tool (nblast) by aligning the ASV
sequence against the rRNA/ITS databases (NCBI: https://blast.
ncbi.nlm.nih.gov/Blast.cgi). Because the percentage identity was
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Table 1. Description of the microcosms experiment set up including the sampling time points, number of replicates and the performed subse-
quent analyses (x) for the treatments (H2 and N2) and controls (UC and sterile).

Treatment None H2 N2 UC Sterile + H2

Time [h] 0 30 40 50 60 70 80 92 100 114 122 77 126 76 125 0 72 128

Replicates 4 4 4 4 4 4 4 4 4 4 4 4 4 4 4 3 3 3
Chemical analysis x x x x x x x x x x x x x x x x x x
Microbial analysis x x x x x x x x x x x x

below 97%, additionally maximum-likelihood phylogenetic trees
were created using MEGA-X (Kumar et al. 2018b). The phylo-
genetic trees were generated with the 324 bp long amplicon
sequences and trimmed 16S rRNA gene sequences of closely
related type species downloaded from the SILVA database (Quast
et al. 2012). The amplicon sequence dataset is available in the
Sequence Read Archive (SRA) repository under the BioSample
accession numbers SAMN14610043-SAMN14610054 as part of
the BioProject PRJNA626487.

Quantification of denitrification genes and transcripts

The genes and transcripts of all relevant reductases (Table S2,
Supporting Information) were quantified by qPCR on a 7300 Real-
Time PCR System (Applied Biosystems). Additionally, the over-
all bacterial abundance was determined by quantifying the 16S
rRNA gene. To avoid PCR inhibition the optimal dilutions were
determined for DNA (denitrification genes 1:25, 16S rRNA gene
1:500) and cDNA (1:8, only for clade II nosZ undiluted) by a dilu-
tion series qPCR. The standards were serially diluted ranging
from 107 to 101 gene copies/μL. The standards of all genes,
except for clade II nosZ, consisted of the respective gene frag-
ment (source bacteria stated in Table S3, Supporting Informa-
tion) inserted into a plasmid. The plasmid backbone however
inhibited the clade II nosZ gene amplification. Therefore, clade II
nosZ was amplified, purified and quantified to be used as a lin-
ear standard prior to starting the qPCR run. The qPCR reactions,
performed in 96-well plates, contained Power Sybr Green Master
Mix (Applied Biosystems), 0.2–1 μM forward and reverse primer
(Table S3, Supporting Information) and 2 μL diluted DNA/cDNA.
Additionally, the qPCR reactions of all genes, except for clade
II nosZ, contained 0.06% BSA while the reactions of the clade II
nosZ qPCRs contained 0.25 μg T4 Gene 32 protein. The qPCRs had
an initial 10 min denaturation step at 95◦C followed by gene-
specific cycling conditions listed in Table S3 (Supporting Infor-
mation). The specificity of the amplified products was verified
by a melting curve analysis and agarose gels of exemplary sam-
ples. The R2 of all standard curves was above 0.99 and the effi-
ciencies, listed in Table S4 (Supporting Information), were cal-
culated as described in Töwe et al. (2010) with the equation Eff
= 10(−1/slope)−1. The gene and transcript copy numbers were cal-
culated per mL sediment-groundwater suspension. The differ-
ences in mean gene/transcript copy numbers were statistically
tested with a robust ANOVA from the R package WRS2 (Mair and
Wilcox 2019). As done for the analysis of sequencing data, tests
with P-values <0.05 after Benjamini–Hochberg correction (Ben-
jamini and Hochberg 1995) were considered significant.

RESULTS

Chemical analysis

The groundwater and sediment sampled from a highly nitrate
polluted oxic oligotrophic aquifer inside sealed microcosms was
sparged with hydrogen gas to stimulate the hydrogenotrophic

denitrifying bacteria. Figure 1 shows the measured nitrate,
nitrite and ammonium concentrations over time. In con-
trast to the nitrogen-treatment and the untreated control, the
hydrogen-treatment stimulated denitrification up to complete
nitrate and nitrite reduction. The initial nitrate concentration
was fully reduced within 80 h. At the beginning, nitrate was
reduced at an average rate of 6.6 μM/h however between 60 and
80 h the nitrate reduction rate increased to more than 35.6 μM/h.
During this exponential phase of nitrate reduction, the nitrite
concentrations peaked with the highest measured concentra-
tion (0.252 mM) after 70 h. Nitrite was still measured when
nitrate was below detection limit but was also fully reduced after
at least 92 h. A small amount of nitrate was also reduced in the
nitrogen-treated and untreated control microcosms, however at
much lower average rates (N2: 2.68 μM/h, UC: 0.88 μM/h) (Fig. 1).
The sterile control microcosms, however, displayed no nitrate
reduction at all. Throughout the experiment ammonium con-
centrations remained below 0.024 mM in the measured vials.

Community analysis

The bacterial community composition in the groundwater and
sediment suspensions was determined by 16S rRNA gene ampli-
con sequencing. On average the samples contained 113 283
sequence reads of which 54.2% were lost during denoising (Table
S1, Supporting Information). The sampling depth was suffi-
cient as the rarefaction curves reached a plateau at the cut-
off of 17 515 reads (Fig. S1, Supporting Information). The effec-
tive number of species (ENS; Fig. 2A) decreased by half in the
hydrogen-treated microcosms from an initial average ENS of
2099 to 915 within the first 30 h. The ENS in the nitrogen-treated
and untreated control microcosms also decrease to around 1000,
so this early drop can be attributed to the incubation rather than
to the treatment. However, contrary to the controls the ENS in
the hydrogen-treated microcosms further decreased between 30
and 80 h to average 235. The ENS based on the Simpson index
(Fig. S2, Supporting Information) shows comparable results.
Concurrent, 16S rRNA gene copies increased significantly over
time ( P = 0.002, t1way), especially between 60 and 92 h (P = 0.009,
lincon; Fig. 2B), while no significant changes over time were
observed in the nitrogen-treated microcosms and the untreated
control.

The phylum Bacteroidetes increased significantly from 5.76%
mean relative abundance at the beginning to above 10% after
60 h in the hydrogen-treated microcosms (P = 0.001, lincon;
Fig. 3A and Fig. S4, Supporting Information). A similar increase in
relative abundance also occurred in the nitrogen-treated (77 h,
P = 0.0009 and lincon), and in the untreated control micro-
cosms (76 h, P = 0.0002, lincon). Notably the mean relative abun-
dance did not increase further thereafter in either treatments
or control. The significant increase in Bacteroidetes was mainly
attributed to the families Crocinitomicaceae and Prolixibacteraceae
which both increased significantly in the hydrogen-treated (P =
0.00003, P = 0.0004, t1way) and nitrogen-treated microcosms (P
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Figure 1. Nitrate, nitrite and ammonium concentrations over time in the hydrogen-treated (H2), nitrogen-treated (N2), untreated control (UC) and sterile microcosms.

The data points for nitrate and nitrite are mean values from four replicates, except in the sterile control, where each data point is a mean value of three replicates.
Error bars are SDs. The data points for ammonium are from one representative replicate.

Figure 2. Changes in (A) the effective number of species (Shannon) based on the 16S rRNA gene amplicon sequencing data and (B) the bacterial abundance based on
16S rRNA gene quantification with qPCR in the hydrogen-treated, nitrogen-treated and untreated control microcosms over time. Timepoint 0 h represents the initial

community independent from a treatment. The data points are mean values from four replicates; error bars are SDs.

= 0.047, P = 0.049, t1way; Fig. 3A). Also, in the untreated con-
trol, Crocinitomicaceae (P = 0.009, t1way) increased, however their
relative abundance remained below 1.25% at all timepoints.

The second phylum which increased significantly over time
was Proteobacteria. However, unlike Bacteroidetes, the increase
was observed only in the hydrogen-treated microcosms (P =
0.00003, t1way; Fig. 3B and Fig. S4, Supporting Information). Its
relative abundance rose from 37.9% at the beginning to 61.1%
after 80 h, from then on it remained constant until the last
measurement. A total of two families belonging to Proteobacte-
ria contributed to the significant increase, namely Rhodocyclaceae
(P = <0.00001, t1way) and Burkholderiaceae (P = 0.007, t1way).
The former increased 15.3-fold in relative abundance from aver-
age 2 to 30.1% within the first 80 h while the later increased
only 2.3-fold from average 5.8 to 13.5% within the same period.
During the first 50 h, the relative abundance of Rhodocyclaceae
increased at a rate of 0.1%/h which rose to 0.285%/h between 50
and 80 h, the period of the highest nitrate reduction rate and
greatest increase in 16S rRNA copies. A first shift in the bacterial
community composition of the hydrogen-treated microcosms
between 30 and 50 h and a second shift after 60 h is visible in

Fig. 3 and the heatmap (Fig. S3, Supporting Information), which
includes the 40 most abundant ASVs of the phyla Proteobacte-
ria and Bacteroidetes in the hydrogen-treated microcosms. In the
hydrogen-treated microcosms, the significantly increased ASVs
(t1way) of the first shift mostly belong to the family Burkholde-
riaceae e.g. Rhodoferax, as well as Prolixibacteraceae BSV13, Fluvi-
icola and Geobacter (Fig. S3, Supporting Information). The gen-
era Curvibacter, Ramlibacter and Sulfuricella also increased in rel-
ative abundance in the first 50 h however not statistically sig-
nificant. Several ASVs which increased during the first com-
munity shift, including Rhodoferax and Prolixibacteraceae, also
increased in relative abundance in the nitrogen-treated micro-
cosms (Fig. S3, Supporting Information). However, these changes
were not statistically significant. In contrast, the taxa belonging
to the second shift, Dechloromonas, three unclassified Rhodocy-
claceae ASVs (ii) and, two unclassified Burkholderiaceae ASVs (i),
only enriched significantly in the hydrogen-treated microcosms
but not in the nitrogen-treated nor in the untreated control (Fig.
S3, Supporting Information). According to nblast and the cre-
ated phylogenetic trees (Fig. S5, Supporting Information) the
unclassified Rhodocylcacea ASVs (ii) are closely related to Azospira
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Figure 3. Changes in the bacterial community structure on the family level of the two phyla; (A) Bacteroidetes (P = 0.00015, t1way), and (B) Proteobacteria (P = 0.00003,
t1way) which increased significantly in the hydrogen-treated microcosms over time. All significantly increased families (t1way) which reached at least 1.25% relative
abundance at one timepoint are marked with an asterisk and the respective treatment/control it refers to (H2: hydrogen, N2: nitrogen, UC: untreated control). The
stacked bars represent mean relative abundances of four replicates.

and Rhodocyclus and the unclassified Burkholderiaceae ASVs (i) are
closely related to Massilia. Sulfuritalea increased in relative abun-
dance within the first 50 h, like the taxa of the first commu-
nity shift, and remained constant thereafter. The genus with
the highest increase in relative abundance was Dechloromonas
rising from on average 0.8% at the beginning to 24% after 80 h
in the hydrogen-treated microcosms, while its relative abun-
dance always remained below 1% in the nitrogen-treated micro-
cosms and the untreated control (Fig. 4A). In the hydrogen-
treated microcosms, 37 detected ASVs were assigned to the
genus Dechloromonas of which only six increased significantly
over time. Thereof, ASV15089, ASV5383 and ASV1396 were ini-
tially of such low abundance, that they remained below the
detection limit even until 30 h. ASV15089 and ASV5383 increased
in relative abundance until 92 h while ASV13899 and ASV9041
only increased until 70 to 80 h. A phylogenetic tree was con-
structed based on an alignment of the 324 bp long amplicon
sequences of the 37 Dechloromonas ASVs and the trimmed 16S
rRNA gene sequences of the type strains of all Rhodocyclaceae
genera (Fig. 4B). It shows that the six Dechloromonas ASVs which
increased significantly over time form three clusters within the
Dechloromonas subtree. The monospecific genera Ferribacterium
and Quatrionicoccus also position within the Dechloromonas sub-
tree.

While the phyla Bacteroidetes and Proteobacteria increased sig-
nificantly in relative abundance in the hydrogen-treated micro-
cosms the phyla Acidobacteria (P = 0.0003, t1way), Chloroflexi (P =
0.0005, t1way), Rokubacteria (P = 0.0005, t1way) and Nitrospirae (P
= 0.02, t1way) decreased significantly over time (Fig. S4, Support-
ing Information). No significant decrease in relative abundance
of these phyla was observed in either the nitrogen-treated or the
untreated control microcosms.

Denitrification genes and transcripts

In the hydrogen-treated microcosms the gene abundance of
napA (P = 0.001, t1way), nirS (P = <0.00001, t1way), qnorB (P =
0.045, t1way) and clade I nosZ (P = <0.00001, t1way) increased
significantly over time (Fig. 5A). Comparisons of all timepoints
against each other using post-hoc test lincon showed significant
differences between the timepoints 0–60 h and 70–122 h for the
genes napA, nirS and clade I nosZ but not for qnorB. For napA, nirS
and clade I nosZ the greatest increase was between 50 and 80 h
while for qnorB only a slight gradual increase was measured. The
mean gene abundance of cnorB also increased strongly between
60 and 92 h, however the variability between replicates was
rather high. The copy number of most transcripts of the mea-
sured reductase genes increased from 60 to 80 h after which they
decreased again (Fig. 5B). These changes were however mostly
not significant. An exception were nirK transcripts, which did
not increase at all, and clade I nosZ transcripts which started
to increase in abundance earlier and peaked at 70 h. Significant
changes in the abundance patterns of genes and transcripts of
the analysed reductases over time were neither observed in the
nitrogen treatment nor in the untreated control (Fig. 5).

DISCUSSION

In this study, we aimed to detect taxa stimulated under
hydrogenotrophic denitrifying conditions, which were expected
to increase in relative abundance during the period of great-
est nitrate reduction activity. The maximum measured nitrate
reduction rate of 35.6 μM/h, comparable with other studies on
hydrogenotrophic denitrification (Ergas and Reuss 2001; Vasili-
adou, Pavlou and Vayenas 2006a), was between 60 and 80 h. Con-
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Figure 4. The stacked bar plot (A) shows the 37 detected ASVs assigned to the genus Dechloromonas. The stacked bars represent mean relative abundances of four
replicates. Only six ASVs increased significantly in relative abundance in the hydrogen-treated microcosms. A phylogenetic tree (B) constructed with the amplicon
sequences of the 37 detected Dechloromonas ASVs and 16S rRNA sequences of most type strains belonging to Rhodocyclaceae. The six ASVs which significantly increased

over time (t1way) are marked with their respective color.

sequently, the highest energy gain and resulting greatest growth
of bacteria utilizing hydrogen for denitrification is expected dur-
ing this period. This is further corroborated by a decrease of ENS
and a significant increase of 16S rRNA copies/mL between 60 and
92 h. The genera which increased greatest in relative abundance
during this period were Dechloromonas and Sulfuritalea along
with five unclassified ASVs which may belong to the genera
Azospira/Rhodocylcus and Massilia. These taxa neither increased
in the nitrogen-treated microcosms nor in the untreated control,
which indicates that they were using hydrogen as the main elec-
tron donor. Rhodocyclaceae, the family with the greatest increase
in relative abundance as it includes the genera Dechloromonas,
Azospira/Rhodocylcus, Sulfuritalea, is known to contribute sig-
nificantly to denitrification in wastewater treatment systems
(Wang et al. 2020). The genera belonging to Rhodocyclaceae which
increased significantly in relative abundance between 60 and
80h are all known hydrogenotrophic denitrifiers (Zhang et al.
2009; Zhao et al. 2011; Kumar et al. 2018a). Two unclassified ASVs
likely belonging to the genus Massilia also increased in relative
abundance between 60 and 80 h but contrary to the previous
they belong to the family Burkholderiaceae. To our knowledge it
has not been described as a hydrogenotrophic denitrifier yet
whereby its role as such is questionable.

Dechloromonas was the genus with the greatest increase in
relative abundance. Bacteria of this genus have been detected
in many different environments and are known for their diverse
abilities to degrade environmental contaminants such as aro-
matic hydrocarbons (BTEX; Bradford et al. 2018) and perchlo-
rate (Salinero et al. 2009). They are also known to reduce
nitrate, preferring it even over perchlorate, despite being ener-
getically slightly less favorable (Nozawa-Inoue et al. 2011; Wang

et al. 2018). Conthe et al. (2018) detected Dechloromonas as the
most abundant clade II nosZ OTU in an enrichment culture
grown on acetate and N2O as the sole electron acceptor. This
demonstrates the ability of Dechloromonas as a N2O reducer.
These qualities, which include wide occurrence, degradation
of environmental contaminants as well as nitrate and strong
N2O reduction, are desirable traits in hydrogenotrophic deni-
trifiers for in situ remediation. The significant increase in rel-
ative abundance of only six out of 37 detected ASVs assigned
to Dechloromonas implies species or even strain level differences
in their hydrogenotrophic denitrifying abilitiy. This is further
supported by differing behavior among these six Dechloromonas
ASVs. While ASV13899 and ASV9041 increased in relative abun-
dance only until 70–80 h, ASV15089 and ASV5383 contin-
ued, thereafter, when all nitrate had been reduced. Poten-
tially ASV13899 and ASV9041 are incomplete denitrifiers, while
ASV15089 and ASV5383 reduce all intermediates including
nitrite, NO and N2O as well. Generally, denitrification is a poly-
phyletic and ancient trait (Zumft 1997), so it is not unusual
that even closely related taxa differ greatly in their denitrifi-
cation characteristics (Liu et al. 2013) or in their genetic capa-
bility to denitrify (Jones et al. 2008; Graf, Jones and Hallin
2014). In the phylogenetic tree of Rhodocyclaceae, all 37 ASVs
assigned to Dechloromonas clustered within the Dechloromonas
subtree. The Dechloromonas subtree also includes the monospe-
cific genera Ferribacterium and Quatrionicoccus, which can also be
observed in other phylogenetic trees based on full 16S rRNA gene
sequences (Oren 2014). Considering this, some ASVs which were
assigned to the genus Dechloromonas by the used bioinformatic
pipeline, could belong to the genera Quatrionicoccus or Ferribac-
terium. Of the six ASVs which seem to perform hydrogenotrophic
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Figure 5. (A) Gene and (B) transcript abundance per mL sediment-groundwater suspension of the reductase genes napA and narG (NO3
− → NO2

−), nirS and nirK (NO2
−

→ NO), cnorB and qnorB (NO → N2O), as well as clade I and clade II nosZ (N2O → N2). The y-axes are square-root transformed, all data points are mean values of four
replicates and error bars are SDs. Gene or transcript copy numbers differed significantly (t1way) only in the hydrogen-treated microcosms. The according p-values are
stated. Timepoint 0 h represents the initial community independent from a treatment (n = 4).

denitrification, ASV7992 and ASV1396 clustered with Quatrion-
icoccus australiensis but none clustered with Ferribacterium lim-
neticum. An identification beyond the genus level within the
Dechloromonas subtree is however not feasible because the phy-
logenetic tree is only based on the 324 bp long amplicon
sequences. These findings illustrate the need to isolate and anal-
yse pure cultures of Dechloromonas and close relatives to eluci-
date the traits determining their hydrogenotrophic denitrifica-
tion ability.

Clearly, the observed nitrate reduction in the hydrogen-
treated microcosms was catalysed by microbiota because no
nitrate reduction occurred in the sterile microcosms. Alterna-
tive metabolic pathways, such as dissimilatory nitrate reduc-
tion to ammonium (DNRA), are unlikely as denitrification
may be favored over DNRA under carbon limitation and high
nitrate availability in bacterial communities (Kraft et al. 2014).
Also, throughout the experiment ammonium concentrations
remained below 0.024 mM in all analysed microcosms. The
increase in 16S rRNA gene copies in the hydrogen-treated micro-
cosms, primarily between 60 and 92 h, confirms that the com-
munity composition changes resulted from an average 3.8-fold
growth between 0 and 92 h rather than a partial decline due to
death.

The gene copy numbers of napA, nirS and clade I nosZ
increased significantly simultaneous from 50 h onwards. The

amplicon sequencing results of the microcosm experiment con-
firmed the observation of other studies (Zhang et al. 2009;
Karanasios et al. 2010) that hydrogenotrophic communities are
stable and consist only of a few taxa. Consequently, napA, nirS
and clade I nosZ are likely the pre-dominant denitrification
reductases of the Rhodocyclaceae dominated community that
increased in relative abundance in this study in parallel. Identi-
fication of the reductase genes in the genomes of three available
Dechloromonas species (Table S5, Supporting Information) sup-
ports the obtained qPCR results of the nitrate and nitrite reduc-
tase, as all three analysed genomes contain one napA but no
narG gene, and nirS but no nirK genes. While the nitric oxide
reductase qPCR results were inconclusive, the qPCR results of
nosZ indicate that clade I was the dominating nitrous oxide
reductase. However, all three Dechloromonas genomes contain
only clade II nosZ genes, thus we would have expected to see an
increase in clade II nosZ, which was only the case on the tran-
script level. To check whether the observed increase in clade
I nosZ can be attributed to another genus the available full
genome sequences of Azospira and Sulfuritalea were also anal-
ysed (Table S5, Supporting Information), but either they con-
tained clade II nosZ or no nosZ gene at all. Linking the qPCR
results of the denitrification reductases to specific ASVs appears
to be difficult as a direct proof of function and microbial identity
is only possible with a metagenomics or amplicon sequencing
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approach, which was beyond the scope of this study. Especially
in the case of clade I and clade II nosZ the difference in the ampli-
fication products of the two qPCR makes a comparison difficult.
The only published clade II nosZ qPCR amplifies a 690–720 bp
long amplification product with a resulting low efficiency (Jones
et al. 2013), while the clade I nosZ qPCR produces a 267 bp long
amplification product (Henry et al. 2004). According to the RT-
qPCR results, the expression of clade I nosZ began prior to the
expression of the other reductases. Generally, the nitrate reduc-
tase is regulated separately and is expressed initially, while the
other reductase genes share a common regulator in addition to
individual ones (Bothe, Ferguson and Newton 2007). The tem-
poral expression of the later differs between different species.
When Bergaust et al. (2010) measured the gene expression in
Paracoccus denitrificans every 2 h they found that the transcription
of the nosZ gene started even some hours before the expression
of nirS or norB. An early expression of nosZ gene is therefore not
unlikely. However, a higher temporal resolution in the sampling
timepoints would be required to detect a sequential expression.

The way each reductase type influences the phenotype is
not fully understood. However, recent studies indicate advan-
tageous attributes of napA, nirS and clade II nosZ type reduc-
tases, occurring in the detected dominant genera Dechloromonas
and Azospira, for autotrophic hydrogenotrophic denitrifiers. For
facultative bacteria switching from aerobic to anaerobic condi-
tions and from organotrophy to lithotrophy a potential advan-
tage of napA is its functional flexibility. Besides anaerobic respi-
ration NapA can also perform redox-energy dissipation which is
useful under sufficient carbon and oxygen conditions (Richard-
son et al. 2001). The multiple nirS gene copies detected in
the Dechloromonas genomes (Table S5, Supporting Information;
Wang et al. 2020), imply higher nitrite reduction rates due to
increased transcription and subsequent protein production. An
actual physiological advantage of clade II nosZ over clade I nosZ
has been determined by Yoon et al. (2016). They could show that
bacteria with known clade II nosZ had higher biomass yield and
higher N2O affinity compared to clade I nosZ. Additionally, clade
II nosZ contains the signal peptide for Sec protein translocation
into the periplasm while clade I nosZ contains the signal pep-
tide for Tat protein translocation which requires substantially
more energy (Lee, Tullman-Ercek and Georgiou 2006). The result-
ing higher metabolic efficiency of clade II NosZ reductases can
be considered as a competitive advantage, especially in olig-
otrophic habitats.

The significantly increased taxa in the hydrogen-treated
microcosms between 30 and 50 h, when the nitrate reduc-
tion rate was still low, receded once the second community
shift emerged. These taxa, including Rhodoferax belonging to
Burkholderiaceae, Prolixibacteraceae BSV13, Fluviicola and Geobacter,
are not known as hydrogenotrophic denitrifiers. Some of these
taxa increased in relative abundance, even though not signifi-
cant, in the nitrogen-treated microcosms, which also displayed
limited reduction of nitrate and steady increase in nitrite. Likely
these taxa were growing on residual DOC from the sample mate-
rial.

The initial bacterial community from the groundwater sedi-
ment suspension (0 h) was comparable to bacterial communities
in similar upper section aquifers. For example, in an aquifer in
France with high nitrate and oxygen concentrations in combi-
nation with low organic carbon (108 μM DOC; Ben Maamar et al.
2015) Burkholderiaceae was the dominating family and Rhodocyl-
caceae was also detected. Burkholderiaceae was also the family
with the highest relative abundance at the beginning of this

microcosm experiment. Notably, the taxa assigned to the fam-
ily Burkholderiaceae in this study, according to the SILVA database
release 132, were assigned to the families Comamonadaceae and
Oxalobacteraceae in the study by Ben Maamar et al. (2015).

In conclusion, the present study revealed two community
shifts. The first consisting of potential heterotrophic denitrifiers
feeding on residual DOC and the second consisting of typical
autotrophic hydrogenotrophic denitrifiers. Species of the genus
Dechloromonas, and possibly also of their close relatives Quatri-
onicoccus and Ferribacterium, prevailed in the hydrogenotrophic
denitrifier community and its members carry reductase genes,
which likely favor facultative anaerobic lifestyle as well as high
nitrite and N2O reduction. The later suggests the genetic poten-
tial for complete denitrification which is additionally supported
by the increased abundance of reductase genes involved in all
four denitrification steps over time. The observed species- or
even strain-level differences in the hydrogenotrophic denitrify-
ing capabilities require isolation and analysis of isolates of the
genera Dechloromonas, Quatrionicoccus, Ferribacterium as well as of
close relatives from the family Rhodocyclaceae such as Rhodocyclus
and Azospira.
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Table S1: Quality control statistics output from Qiime2 showing the loss of reads of each sample after filtering,  

denoising, merging of reads, and removal of chimeric reads. 

sample ID treatment duration input filtered denoised  merged non-chimeric 

CD1 initial sample 0 342273 241129 241129  175961 169441 

CD2 initial sample 0 184170 129027 129027  87049 85006 

CD3 initial sample 0 218855 152209 152209  108067 104226 

CD4 initial sample 0 345100 232293 232293  173254 166379 

CD5  UC 76 91206 63440 63440  41618 40008 

CD6  UC 76 111861 76584 76584  50548 48478 

CD7  UC 76 167153 119274 119274  84029 80599 

CD8  UC 76 124124 85695 85695  58105 55526 

CD9  UC 125 107612 75206 75206  49782 47713 

CD10  UC 125 107547 75047 75047  49390 47174 

CD11  UC 125 167561 117698 117698  81581 78001 

CD12  UC 125 126474 85880 85880  57136 55259 

CD13  N2 77 136535 99045 99045  68000 64734 

CD14  N2 77 125989 89229 89229  60076 57576 

CD15  N2 77 120256 83594 83594  56569 53714 

CD16  N2 77 99615 69140 69140  45347 43022 

CD17  N2 126 75494 52875 52875  33973 32051 

CD18  N2 126 119868 76682 76682  52751 48607 

CD19  N2 126 131357 93979 93979  65318 60861 

CD20  N2 126 106543 72656 72656  48902 45994 

CD21  H2 30 125159 91774 91774  63394 59697 

CD22  H2 30 182188 129646 129646  92330 87180 

CD23  H2 30 90108 63876 63876  43363 41066 

CD24  H2 30 63185 43729 43729  27470 25997 

CD29  H2 50 47835 33474 33474  20533 19484 

CD30  H2 50 48129 33330 33330  20399 19261 

CD31  H2 50 41300 29530 29530  18694 17515 

CD32  H2 50 59518 48123 48123  27610 25195 

CD33  H2 60 75765 55035 55035  36593 34120 

CD34  H2 60 83631 58121 58121  39495 37147 

CD35  H2 60 75806 53091 53091  34345 32415 
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sample ID treatment duration input filtered denoised  merged non-chimeric 

CD36  H2 60 62310 41684 41684  27410 25192 

CD37  H2 70 85190 60767 60767  42419 39171 

CD38  H2 70 54741 39737 39737  27548 25553 

CD39  H2 70 41521 30296 30296  20872 19346 

CD40  H2 70 43967 30796 30796  20479 18841 

CD41  H2 80 49534 36938 36938  25289 22300 

CD42  H2 80 69249 50222 50222  34074 29032 

CD43  H2 80 60952 43898 43898  29563 26578 

CD44  H2 80 77060 55624 55624  39206 35169 

CD45  H2 92 190133 134818 134818  99655 90006 

CD46  H2 92 116630 83399 83399  62430 56126 

CD47  H2 92 128948 93957 93957  70625 63458 

CD48  H2 92 103872 70165 70165  51262 46494 

CD57  H2 122 133263 98202 98202  71301 62218 

CD58  H2 122 106289 76726 76726  55759 50793 

CD59  H2 122 98548 71664 71664  53428 46225 

CD60  H2 122 113135 81022 81022  58647 52150 

CDNE library-prep control 736 470 470  457 410 

PCRneg1 library-prep control 693 473 473  362 362 

PCRneg2 library-prep control 536 327 327  325 303 

PCRneg3 library-prep control 8 0 0  0 0 
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Table S2: Known denitrification genes for the four steps of denitrification and their evolutionary relation (Bothe, et al. 2007). 

Reaction Name Abbreviations Relation 

NO
3

- → NO
2

- membrane-bound nitrate reductase narG separate evolution 

 periplasmic nitrate reductase napA 

NO
2

- → NO Cd1 nitrite reductase nirS separate evolution 

 Cu nitrite reductase nirK  

NO → N
2
O Bc-heme containing nitric oxide reductase cnorB,  common ancestor, different classes 

 b-heme containing nitric oxide reductase qnorB  

N
2
O → N

2
 clade I nitrous oxide reductase clade I nosZ  common ancestor, different classes 

 clade II nitrous oxide reductase clade II nosZ  
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Table S3: qPCR protocols, primers and the source organism of the gene used to generate the standard for each analysed reductase gene.  

(a = touchdown). 

Target gene Thermal profile & cycles Primer pair [µM] Source of standard 
16S rRNA (95°C-15 s/58°C-30 s/72°C-30 s) x40 FP 16S, RP 16S (Bach, et al. 2002) 0.2 Pseudomonas putida 

napA (95°C-30 s/60°C-30 s/72°C-30 s) x5
a  

(95°C-30 s/55°C-30 s/72°C-30 s) x40 
V17m, napA4r (Bru, et al. 2007) 0.4 Pseudomonas fluorescens 

narG (95°C-30 s/63°C-30 s/72°C-30 s) x5
a  

(95°C-30 s/58°C-30 s/72°C-30 s) x40 
narG-f, narG-r (Bru, et al. 2007) 0.2 Pseudomonas stutzeri 

nirS (95°C-45 s/57°C-45 s/72°C-45 s) x40 Cd3aF (Michotey, et al. 2000), 
R3cd (Throbäck, et al. 2004) 

0.2 Pseudomonas stutzeri 

nirK (95°C-30 s/63°C-30 s/72°C-30 s) x5
a  

(95°C-30 s/58°C-30 s/72°C-30 s) x40 
nirK876 (Braker, et al. 1998), 
nirK 5R (Henry, et al. 2004) 

0.2 Azospirillum irakense 

qnorB (95°C-15 s/60°C-30 s/72°C-30 s) x5
a  

(95°C-15 s/55°C-30 s/72°C-30 s) x40 
qnorB2F, qnorB5R (Braker and Tiedje 2003) 0.4 Sinorhizobium meliloti 

cnorB (95°C-15 s/60°C-30 s/72°C-30 s) x5
a 

(95°C-15 s/55°C-30 s/72°C-30 s) x40 
cnorB2F, cnorB6R (Braker and Tiedje 2003) 0.4 Pseudomonas putida 

clade I nosZ (95°C-15 s/65°C-30 s/72°C-30 s) x5
a  

(95°C-15 s/60°C-30 s/72°C-30 s) x40 
nosZ2F, nosZ2R (Henry, et al. 2004) 0.4 Pseudomonas fluorescens 

clade II nosZ (95°C-30 s/59°C-30 s/72°C-45 s) x5
a 

(95°C-30 s/54°C-30 s/72°C-45 s/80°C-30 s) x40 
nosZII-F, nosZII-R (Jones, et al. 2013) 1 Dechloromonas denitrificans 
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Table S4: Efficiencies the qPCR runs to quantify the target genes via qPCR and its transcripts via RT-qPCR. 

Target gene Efficiency [%] of qPCR Efficiency [%] of RT-qPCR 

16S rRNA 80.55 - 

napA 71.26 72.79 

narG 77.93 81.89 

nirS 99.37 92.82 

nirK 98.35 99.66 

qnorB 88.57 77.57 

cnorB 70.51 78.08 

nosZ clade I 

nosZ clade II 

89.51 

70.40 

94.17 

72.79 
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Table S5: Number of denitrification genes in complete genomes (downloaded from NCBI assembly) of the three genera Dechloromonas, Azospira, 

and Sulfuritalea to which ASVs were assigned to that increased significantly during the greatest period of nitrate reduction. The denitrification genes 

were detected with HMMER (Eddy 2011) using HMMs downloaded from FunGene (Fish, et al. 2013).  Only hmmsearch hits with the gene specific 

domain accession, verified on NCBI conserved domain search (Marchler-Bauer, et al. 2016), are stated. Because cnorB and qnorB share the same 

domain accession, the sequences of the hmmsearch hits were incorporated in a phylogenetic tree of norB sequences (AJ507329-AJ507380) (Braker 

and Tiedje 2003) to differentiate betwenn cnorB and qnorB genes. 

   Dechloromonas Azospira Sulfuritalea 

   GCA_000519045.1 CP000089.1 CP031842.1 CP003153.1 AP021844.1 AP012547.1 

gene KEGG domain accession agitata is5 aromatica RCB sp. HYN0024 oryzae sp 109 hydrogenivorans 

napA K02567 PRK13532 1 1 1 1 0 1 

narG K00370 TIGR01580/COG5013 0 0 0 0 0 0 

nirS K15864 

pfam02239/cl26549 & 

pfam13442/COG2010 2 3 2 3 3 3 

nirK K00368 cl31204 0 0 0 0 0 0 

qnorB K04561 

  

cl00275 

  

0 0 0 0 0 0 

cnorB 1 1 1 1 1 0 

clade I nosZ K00367 PRK02888 0 0 0 0 0 0 

calde II nosZ   TIGR04246 1 1 1 1 1 0 
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Figure S1: Rarefaction curves of (A) the hydrogen-treated samples and (B) the nitrogen-treated samples and untreated control. 
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Figure S1: Changes in the effective number of species (ENS) calculated by dividing 1 by the complement of the Simpson index. The calculation of 

the alpha diversity is based on the 16S rRNA gene amplicon sequencing data. (n=4).   
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Figure S3: Heatmap of the 40 most abundant ASVs in the hydrogen-treated microcosms belonging to the phyla Proteobacteria and Bacteroidetes. 

The families containing significantly increased ASVs over time (t1way) are framed and the respective ASVs are marked with an asterisk. The 

significantly increased unclassified ASVs can be assigned to the genera (i) Massilia and (ii) Azospira/Rhodocyclus according to nblast and 

phylogenetic trees (Figure S5). The shading is based on the mean relative abundance from four replicates. 
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Figure S4: Changes in the bacterial community structure on the phylum level. The stacked bars represent mean relative abundances of four replicates. 
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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

© 2022 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.,
Environmental Microbiology

12 C. Duffner et al.

105



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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Figure S1: Schematic overview of the targeted isolation of hydrogenotrophic denitrifiers from groundwater and sediment material obtained 
from a nitrate polluted oxic aquifer. (A) The first isolation (EI) included enrichment setups containing mineral medium inoculated with sediment 
(MM/SED) or groundwater (MM/GW), as well as solely groundwater (GW), and a mix of sediment and groundwater (SED/GW). The second 
isolation (EII) contained only GW and SED/GW enrichments. (B) Once the initial 75 mg L-1 nitrate had been reduced, (C) serial dilutions of the 
enrichments were plated onto MM or GW agar plates. For each enrichment set up one replicate was transferred to fresh MM or autoclaved 
GW and again serial dilutions were plated respectively once the nitrate had been reduced. Colonies (of various morphologies) were picked and 
conserved within a colony library. (D) The colonies were screened via full length 16S rRNA gene Sanger Sequencing and the taxonomy was 
provisionally assigned by nblast. Isolates belonging to the families Rhodocylaceae and Burkholderiaceae were further classified in their 
phylogenetic relationship by generating maximum-likelihood phylogenetic trees. Differing isolates were screened for their ability to reduce 
nitrate. Finally, a selection of 11 isolates, including potential hydrogenotrophic denitrifiers and some close relatives, were characterised for 
their denitrification genotype and phenotype. 
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Figure S2: Maximum-likelihood phylogenetic tree based on the full 16S rRNA gene sequences of obtained isolates, as well as 16S rRNA gene 
sequences of related taxa downloaded from the LTP SILVA database (Quast et al., 2012). The isolates included in the tree were tested for their 
ability to reduce nitrate with H2 as the sole electron donor. Isolates which were able to reduce at least 50 % of the initial nitrate within 5 days 
are marked in green. Of those a selection (marked with an asterisk) was further phenotypically and genotypically characterised. The isolates 
marked in orange with an asterisk were characterised alongside to elucidate genetic traits which hinder these close relatives to denitrify with 
H2. 
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Figure S4: Relative abundances of the families detected in the original sediment (SED) and groundwater (GW) samples (top), as well as in the 
anoxic enrichments with H2 atmosphere (bottom) of the isolations (A) EI and (B) EII based on 16S rRNA gene amplicon sequencing. Samples 
were taken before dilution plating. The relative abundances are the mean of n number of replicates, which are specified on the edges of the 
graphs. The percentage on the stacked bar plot segments of Rhodocyclaceae and Burkholderiaceae show the percentage of screened colonies 
belonging to the respective family according to 16S rRNA gene Sanger Sequencing. 

Figure S3: Rarefaction curves of the 
enrichments of (A) EI and (B) EII. 
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Figure S5: Boxplots showing the difference in (A) pH and (B) gas pressure at the endpoint measurement between the control incubations 
without inoculum, the hydrogenotrophic denitrifier (HD) incubations and the incubations of other isolates which did not perform 
hydrogenotrophic denitrification (non-HD). Pairwise comparison indicated that the HD incubations had a significantly higher pH and lower 
pressure compared to nonHOD and control incubations (lincon, both p = < 0.009). The control incubations also differed significantly from the 
nonHOD incubations, as their pressure was significantly higher (lincon, p = < 0.005). 
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Figure S6: (A) 16S rRNA gene-based and (B) whole genome sequence-based phylogenetic trees of the Rhodocyclaceae isolates and  related 
type strains generated by TyGS (Meier-Kolthoff & Göker, 2019) using default parameters. 
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Figure S7: Location of the denitrification genes (nar/nap, nir, nor, nos), denitrification regulatory genes (fixL/fixJ, ntcA, nnr, regB/regA, narX, 
narL, narQ, nirQ, norR, nsrR), Rubisco gene (cbbM), and hydrogenase genes (NiFe groups 1d, 1c, 2b, 2c, 3d) within the genomes of the sub-
selected hydrogenotrophic denitrifiers (A) F. limneticum (F76(HD)), (B) D. denitrificans (D110(HD)), and (C) H. taeniospiralis (H3(HD)). The gene 
neighbourhood is shown when the above-mentioned genes are in proximity. The light grey outer track shows the genes of the forward strand 
while the dark grey track shows the genes of the reverse strand. The G+C content across the genome is depicted in the innermost track. 
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Table S1: Quality control statistics output from Qiime2 for the amplicon sequencing of the enrichments and the original sediment and 

groundwater samples. It shows the loss of reads of each sample after filtering, denoising, merging of reads, and removal of chimeric reads. 
 

  

# of reads 

  
sample type input filtered denoised merged non-chimeric % left after denoising 

EI 

MM/GW enriched 170255 151212 151212 142455 134660 79.09 

MM/GW enriched 138705 123494 123494 118211 105240 75.87 

MM/SED enriched 137877 118198 118198 95530 87304 63.32 

MM/SED enriched 98845 74359 74359 53325 51494 52.10 

SED/GW enriched 134682 94998 94998 58979 56320 41.82 

SED/GW enriched 157371 134843 134843 106938 97031 61.66 

GW enriched 89561 80846 80846 77994 66018 73.71 

GW enriched 127088 114780 114780 109994 97635 76.82 

MM/GW(t) enriched 202571 172758 172758 155301 147651 72.89 

MM/SED(t) enriched 105045 91084 91084 80516 73017 69.51 

SED/GW(t) enriched 58098 52252 52252 48147 46547 80.12 

SED/GW(t) enriched 89771 81286 81286 77339 70710 78.77 

SED original 87330 75287 75287 50866 49049 56.17 

SED original 85283 74452 74452 52490 49344 57.86 

GW original 209333 176600 176600 116681 91042 43.49 

MM control 1480 1286 1286 1189 953 64.39 

MM control 9968 8728 8728 8585 6631 66.52 

NE control 41177 36030 36030 35142 27055 65.70 

PCR NTC control 287 216 216 177 177 61.67 

EII 

SED/GW enriched 108213 95561 89202 76481 72109 66.64 

SED/GW enriched 118032 105331 99278 87448 81326 68.9 

SED/GW enriched 95833 84749 79330 68774 64662 67.47 

SED/GW enriched 110182 98545 92980 81652 77580 70.41 

GW enriched 123390 112748 112009 109281 101247 82.05 

GW enriched 107896 94195 92730 87559 67360 62.43 

GW enriched 114244 103811 102881 99386 91130 79.77 

GW enriched 95434 86496 85745 82477 74390 77.95 

SED/GW(t) enriched 96464 86814 86004 83358 67142 69.6 

SED/GW(t) enriched 95072 85809 85530 84483 80467 84.64 

GW(t) enriched 133782 118672 117705 113039 89926 67.22 

GW(t) enriched 116211 102489 102052 99006 83886 72.18 

SED original 178713 155496 140567 102656 93877 52.53 

GW original 201093 180141 169979 147851 111421 55.41 

NE control 2135 1370 1327 1200 1159 54.29 

PCR NTC control 14827 13324 13256 12646 12265 82.72 
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Table S2: For each colony PCR one colony was added to the PCR reaction mixture and the PCR was run under the described conditions. 
Further, the amplified DNA was purified using the Nucleo-Spin Gel and PCR Clean-up Kit (Macherey-Nagel, Germany), and Sanger sequenced 
with the BigDye Terminator v3.1 sequencing chemistry on an ABI 3730 capillary sequencers (Thermo Fisher, USA). The sequencing 
chromatograms were manually checked, and the merged forward and reverse reads were taxonomically assigned by aligning the sequences 
against the rRNA/ITS databases of the nucleotide Basic Local Alignment Search Tool (nblast) (NCBI: https://blast.ncbi.nlm.nih.gov/Blast.cgi, 
version 2.10.0). Additionally, maximum-likelihood phylogenetic trees were generated with MEGA-X (Kumar et al., 2018) using the default 
settings to differentiate the phylogeny of the obtained isolates.  

PCR reaction mixture Cycling conditions  

1X PCR buffer 1x      94 °C    10 min.  

0.2 mM dNTPs 94 °C    1 min.  

1.5 mM MgCl2 30x   56 °C    1 min.  

2 mg/mL BSA 72 °C    1.5 min.  

0.2 µM 27f forward primer 1x      72 °C    5 min.  

0.2 µM 1492r reverse primer   

3 U Taq DNA polymerase   

1 colony   

50 µL total volume   
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Table S3: Percentage of reduced NO3
- within five days by 45 selected isolates growing in mineral medium with an anoxic H2/CO2 atmosphere. 

The 11 isolates selected for detailed phenotypic and genotypic analysis are marked in grey and an abbreviation is given. 

isolation  setup ID abbreviation 
family  
(GTDB Taxonomy) 

nblast hit 
% NO3 
reduced 

EI GW G6 D6(HD) Rhodocyclaceae Dechloromonas denitrificans 99.3 

EEII GW III 110 D110(HD) Rhodocyclaceae Dechloromonas denitrificans 99.2 

EEII GW III 77 F77(HD) Rhodocyclaceae Ferribacterium limneticum 99.2 

EEII GW III 76 F76(HD) Rhodocyclaceae Ferribacterium limneticum 88.3 

EI MM/SED LT3 H3(HD) Burkholderiaceae Hydrogenophaga taeniosoiralis 80.6 

EI MM/SED Y1.1  Burkholderiaceae Hydrogenophaga sp. T5-5DA-2 75.8 

EI MM/SED LT2 H2(HD) Burkholderiaceae Hydrogenophaga taeniosoiralis 74 

EI MM/GW H1.2  Burkholderiaceae Hydrogenophaga taeniosoiralis 72.5 

EEII GW(t) III 128 F128(HD) Rhodocyclaceae Ferribacterium limneticum 35.9 

EEII GW(t) III 132 F132(HD) Rhodocyclaceae Ferribacterium limneticum 35.3 

EEII GW III 85  Rhodocyclaceae Ferribacterium limneticum 26.7 

EEII GW III 97  Beijerinckiaceae Bosea lupini 19.3 

EI MM/GW B3.2  Pseudomonadaceae Pseudomonas veronii 19.3 

EEII GW III 106  Rhodocyclaceae Quatrionicoccus australiensis 17.4 

EEII GW III 92  Chromobacteriaceae Vogesella fluminis 14.9 

EEII GW III 79  Burkholderiaceae Acidovorax radicis 13.1 

EI MM/SED(t) A4 38  Burkholderiaceae Acidovorax defluvii 12.8 

EEII GW III 83  Burkholderiaceae Undibacterium arcticum 12.5 

EEII SED/GW III 30  Cellulomonadaceae Cellulomonas soli 10.6 

EEII SED III 45  Cellulomonadaceae Cellulomonas xylanilytica 10.6 

EI SED/GW A10.1  Burkholderiaceae Rhizobacter gummiphilus 9.8 

EI SED/GW(t) A4.29  Burkholderiaceae Variovorax paradoxus 8.9 

EEII GW III 57  Chromobacteriaceae Vogesella indigofera 8.8 

EI GW A4.47  Rhizobiaceae Rhizobium selenitreducens 8.3 

EEII SED/GW III 25  Burkholderiaceae Achromobacter spanius 8.2 

EEII SED/GW III 17  Flavobacteriaceae Flavobacterium fluminis 7.6 

EEII SED/GW III 14  Pseudomonadaceae Pseudomonas silesiensis 6.9 

EEII SED/GW(t) III 119  Rhodocyclaceae Propionivibrio militaris 6.9 

EI MM/SED A3.2  Pseudomonadaceae Pseudomonas lini 6.5 

EI SED/GW G1  Streptomycetaceae Streptomyces spororaveus 5.7 

EI MM/SED(t) C6.1  Burkholderiaceae Uncultured Comamonadaceae 5.5 

EEII SED/GW III 10  Burkholderiaceae Pseudoduganella violaceinigra 5.1 

EI SED/GW(t) I4.3  Rhizobiaceae Ensifer adhaerens strain NBRC 100388 4.6 

EI MM/SED(t) A4.35  Burkholderiaceae Rhodoferax antarcticus 4 

EI SED/GW A9.1  Flavobacteriaceae Flavobacterium collinsii 3.8 

EEII SED/GW III 37  Pseudomonadaceae Pseudomonas frederiksbergensis 3.2 

EI GW A4.52  Rhizobiaceae Agrobacterium rubi 2.2 

EI GW D10  Burkholderiaceae Acidovorax delafieldii 1.6 

EI MM/SED A4 17  Burkholderiaceae Aquabacterium commune 1.3 

EI SED/GW A4.12  Paenibacillaceae Paenibacillus alginolyticus 0.3 

EEII GW III 100 Q100 Rhodocyclaceae Quatrionicoccus australiensis 0.2 

EEII GW III 98 D98 Rhodocyclaceae Dechloromonas denitrificans 0 

EI MM/SED(t) A4.33  Burkholderiaceae Rhodoferax ferrireducens 0 

EI GW A4.45  Flavobacteriaceae Flavobacterium succinicans 0 

EI GW D9 Q9 Rhodocyclaceae Quatrionicoccus australiensis 0 
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Table S4: Enrichment setups from the first (EI) and second (EII) isolation. The serial dilutions of EI enrichments were plated onto mineral 
medium agar plates and the serial dilutions of EII enrichments were plated onto agar plates prepared from 1/10 mineral medium (10 % of the 
original salts, trace elements, and vitamins) and from filtered (0.2 µm) and autoclaved groundwater (GW*). The plates were all prepared with 
1.5 % (w/v) purified agar.  

enrichment set up replicates GW [ml] SED [ml] MM [ml] agar plates 

EI GW 2 80 - - 

MM 
SED/GW 2 85 15 - 

MM/GW 2 8 - 72 

MM/SED 2 - 8 72 

EII GW 4 100 - - GW*,  

1/10 MM SED/GW 4 85 15 - 

 

Table S5: SMRT® link software (PacBio, USA) assembly parameters and polished assembly results of the isolates sequenced with the PacBio 
single-molecule real-time technology. 

 SMRT Link assembly parameters Polished Assembly 

ID 
seed 

coverage application 
expected genome 

size [Mb] 
# of 

contigs 
max contig 
length [bp] 

mean 
coverage 

plasmid 
length [bp] 

F132(HD) 30 HGAP4 4.5 1 4215942 320  

F128(HD) 30 HGAP4 4.5 1 4215797 580  

F76(HD) 30 HGAP4 4.5 1 4419139 259  

F77(HD) 30 HGAP4 4.5 1 4150051 712  

D6(HD) 30 HGAP4 4.24 1 4580459 233  

D110(HD) 30 HGAP4 4.24 1 4619273 511  

H3(HD) 30 HGAP4 5.28 3 5275671 206 5700, 2750 

H2(HD) 30 HGAP4 5.28 1 5668326 311  

Q100 30 HGAP4 4.2 2 4168471 363 145710 

Q9 30 HGAP4 4.24 1 4171110 276  

D98 30 HGAP4 4.24 1 3457400 591  

 

Table S6: Number of circularized contigs determined with the Circlator software (Hunt et al., 2015) and the completeness, contamination, GC-
content, as well as the genome size calculated by the CheckM software (Parks et al., 2015) are stated.  

 Circlator CheckM 

ID circularized contigs Completeness [%] Contamination [%] GC-content Genome size [Mb] 

F132(HD) (1/1) 99.61 0.50 0.60 4.22 

F128(HD) (1/1) 99.61 0.50 0.60 4.22 

F76(HD) (1/1) 99.21 0.03 0.60 4.42 

F77(HD) (1/1) 98.74 0.34 0.60 4.15 

D6(HD) (1/1) 99.61 0.43 0.62 4.58 

D110(HD) (1/1) 99.84 0.36 0.62 4.62 

H3(HD) (1/3) 99.61 0.93 0.67 5.28 

H2(HD) (1/1) 99.61 0.56 0.65 5.67 

Q100 (2/2) 99.37 0.19 0.61 4.31 

Q9 (1/1) 99.84 0.19 0.61 4.17 

D98 (1/1) 99.84 0.05 0.59 3.46 
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Table S7: Preferred carbon medium and maximum OD600 reached during aerobic growth by the 11 selected isolates.  

ID preferred carbon medium 
max OD600 reached during 
aerobic growth 

F132(HD) R2A 0.219 

F128(HD) R2A 0.172 

F76(HD) R2A 0.14 

F77(HD) no aerobic growth in carbon medium 

D6(HD) R2A 0.216 

D110(HD) R2A 0.168 

H3(HD) 20 % TSB 1.554 

H2(HD) 20 % TSB 0.63 

Q100 R2A 0.449 

Q9 R2A 0.221 

D98 R2A 0.124 

 

Table S8: Closest known relatives of the 11 sequenced isolates determined with the Type Strain Genome Server (Meier-Kolthoff & Göker, 2019) 
based on the 16S rRNA gene (bold). The whole-genome sequence-based comparison shows the computed digital DNA-DNA-hybridization and 
G+C content difference among the 11 isolates and compared to whole-genome sequenced relatives. However, the taxonomy could not be 
determined based on the whole-genome sequence for neither of the sequenced isolates because all whole-genome sequenced relatives were 
too distant. 

16S rRNA gene-based Whole genome sequence-based 

Query 
strain 

Subject  
strain  

identity 
[%] 

Query 
strain 

Subject  
strain 

dDDH 
[%] 

CI [%] 
G+C content 

difference [%] 

F132(HD) 
F. limneticum 
(Y17060) 

98.95 F132(HD) 
D. hortensis  
DSM 15637 

32.1 (28.7 - 35.7) 1.57 

F132(HD) F128(HD) 100 F132(HD) F128(HD) 100 (100 - 100) 0 

F128(HD) 
F. limneticum 
(Y17060) 

98.95 F128(HD) 
D. hortensis  
DSM 15637 

32.1 (28.7 - 35.7) 1.57 

F76(HD) 
F. limneticum  
(Y17060) 

99.15 F76(HD) 
D. denitrificans  
ATCC BAA-841 

31.9 (28.6 - 35.5) 1.76 

F76(HD) F77(HD) 99.41 F76(HD) F77(HD) 60.8 (57.1 - 64.4) 0.2 

F77(HD) 
F. limneticum 
(Y17060) 

99.21 F77(HD) 
D. hortensis  
DSM 15637 

32.8 (29.4 - 36.4) 1.28 

D6(HD) 
D. denitrificans  
(AJ318917) 

97.77 D6(HD) 
D. denitrificans  
ATCC BAA-841 

34.7 (31.3 - 38.2) 0.02 

D6(HD) D110(HD) 100 D6(HD) D110(HD) 89.2 (85.9 - 91.9) 0.12 

D110(HD) 
D. denitrificans  
(AJ318917) 

97.77 D110(HD) 
D. denitrificans  
ATCC BAA-841 

34.7 (31.4 - 38.3) 0.1 

H3(HD) 
H. taeniospiralis  
(AF078768) 

99.67 H3(HD) 
H. taeniospiralis  
NBRC 102512 

71.6 (67.6 - 75.2) 0.12 

H2(HD) H3(HD) 99.01 H2(HD) H3(HD) 37.8 (34.4 - 41.3) 1.62 

H2(HD) 
H. taeniospiralis  
(AF078768) 

99.34 H2(HD) 
H. taeniospiralis  
NBRC 102512 

37.5 (34.2 - 41.0) 1.5 

Q100 
Q.  australiensis  
(AY007722) 

98.91 Q100 
D. denitrificans  
ATCC BAA-841 

34.8 (31.4 - 38.3) 0.28 

Q100 Q9 99.8 Q100 Q9 65.4 (61.6 - 69.0) 0.18 

Q9 
Q. australiensis  
(AY007722) 

99.12 Q9 
D. denitrificans  
ATCC BAA-841 

34.6 (31.2 - 38.2) 0.46 

D98 
D. denitrificans  
(AJ318917) 

98.62 D98 
D. denitrificans  
ATCC BAA-841 

31.6 (28.3 - 35.2) 3.04 

D98 F132 97.9 D98 Q9 30 (26.6 - 33.6) 2.58 
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Table S9: Pairwise comparison (lincon test) between the three isolates of each denitrification phenotype (DP) characteristic determined for 
the three kinetics experiments where significant differences occurred according to the one-way analysis of variance (Table S8). P-values < 0.05 
are considered significant (marked with an *). 

experiment DP characteristics isolate1   isolate2 CI (lower) CI (upper) p-value 

Autotrophic 
transition 

max. NO2 (% of initial NO3) 

D110(HD) vs. F76(HD) 4.96 33.78 0.0135* 

D110(HD) vs. H3(HD) -126.28 -35.23 0.0124* 

F76(HD) vs. H3(HD) -150.26 -49.99 0.0124* 

O2 [µM] --> NO 

D110(HD) vs. F76(HD) -3.54 4.90 0.5956 

D110(HD) vs. H3(HD) 3.20 12.39 0.0127* 

F76(HD) vs. H3(HD) 3.45 10.78 0.0127* 

 D110(HD) vs. F76(HD) -0.07 0.05 0.6473 

µanoxic D110(HD) vs. H3(HD) -0.00 0.12 0.0448 * 

 F76(HD) vs. H3(HD) 0.023 0.11 0.0155 * 

µanoxic/µoxic 

D110(HD) vs. F76(HD) -0.63 0.23 0.1678 

D110(HD) vs. H3(HD) 0.03 0.93 0.0343* 

F76(HD) vs. H3(HD) 0.34 1.02 0.0121* 

Heterotrophic 
transition 

max. NO2 (% of initial NO3) 

D110(HD) vs. F76(HD) 3.96 9.29 0.0023* 

D110(HD) vs. H3(HD) -30.05 -9.82 0.0049* 

F76(HD) vs. H3(HD) -36.46 -16.67 0.0045* 

max. NO [nM] 

D110(HD) vs. F76(HD) -11.99 8.53 0.5234 

D110(HD) vs. H3(HD) -17.27 -9.63 0.0004* 

F76(HD) vs. H3(HD) -21.38 -2.06 0.0212* 

max. N2O-N (% of initial NO3) 

D110(HD) vs. F76(HD) -4.19 2.09 0.3255 

D110(HD) vs. H3(HD) -35.58 -29.63 0.0000* 

F76(HD) vs. H3(HD) -34.07 -29.04 0.0000* 

 D110(HD) vs. F76(HD) -0.03 0.29 0.0389 * 

µanoxic D110(HD) vs. H3(HD) 0.05 0.43 0.0389 * 

 F76(HD) vs. H3(HD) 0.00 0.22 0.0389 * 

µanoxic/µoxic 

D110(HD) vs. F76(HD) 0.05 0.36 0.0264* 

D110(HD) vs. H3(HD) -0.04 0.69 0.0561 

F76(HD) vs. H3(HD) -0.20 0.44 0.2001 
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Table S10: One-way analysis of variance (t1way) of the denitrification phenotype characteristics between the three isolates (F76(HD), D110(HD), 
H3(HD)) during each kinetics experiment. The p-values were adjusted for each experiment with a Benjamini & Hochberg (‘BH’) correction. 
Adjusted p-values < 0.05 are considered significant (marked with an *). 

experiment parameters p-value p-value (adj.) 

Litho-autotrophic transition 

max. NO2 (% of initial NO3
-) 0.0034 0.0088 * 

max. NO [nM] 0.2103 0.2366 

max. N2O-N (% of initial NO3
-) 0.5330 0.5643 

O2 [µM] in liquid --> NO2
- 0.0013 0.0056 * 

O2 [µM] in liquid --> NO 0.0016 0.0056 * 

µoxic 0.7960 0.7960 

µanoxic 0.0066 0.0141 * 

µanoxic/µoxic 0.0019 0.0056 * 

Adapted litho-autotrophic 

max. NO2 (% of initial NO3) 0.0091 0.0169 * 

max. NO [nM] 0.1541 0.2003 

max. N2O-N (% of initial NO3) 0.5810 0.5810 

Organo-heterotrophic 
transition 

max. NO2 (% of initial NO3) 0.0006 0.0026 * 

max. NO [nM] 0.0003 0.0017 * 

max. N2O-N (% of initial NO3) 0.0000 0.0000 * 

O2 [µM] in liquid --> NO2
- 0.2081 0.2366 

O2 [µM] in liquid --> NO 0.0381 0.0550  

µoxic 0.1218 0.1687 

µanoxic 0.0094 0.0168 * 

µanoxic/µoxic 0.0126 0.0205 * 
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Table S11: One-way analysis of variance (t1way) of the denitrification phenotype (DP) characteristics between the Autotrophic transition and 
Adapted autotrophic, as well as the Autotrophic transition and Heterotrophic transition kinetics experiments for each characterised isolate. 
The p-values were adjusted for each experimental comparison with a Benjamini & Hochberg (‘BH’)  correction. Adjusted p-values < 0.05 are 
considered significant (marked with an *). 

experiment DP characteristics isolate p-value p-value (adj.) 

Litho-autotrophic transition  
vs. 

Adapted litho-autotrophic 

max. NO2 (% of initial NO3) 

F76(HD) 0.0778 0.2198 

D110(HD) 0.3390 0.3814 

H3(HD) 0.0856 0.2198 

max. NO [nM] 

F76(HD) 0.0185 0.1661 

D110(HD) 0.5908 0.5908 

H3(HD) 0.1017 0.2198 

max. N2O-N (% of initial NO3) 

F76(HD) 0.1376 0.2198 

D110(HD) 0.1910 0.2455 

H3(HD) 0.1465 0.2198 

Litho-autotrophic transition 
 vs. 

Organo-heterotrophic 
transition 

max. NO2 (% of initial NO3) 

F76(HD) 0.0315 0.0674 

D110(HD) 0.0446 0.0836 

H3(HD) 0.0096 0.0289* 

max. NO [nM] 

F76(HD) 0.0093 0.0289* 

D110(HD) 0.0001 0.0016* 

H3(HD) 0.6546 0.6546 

max. N2O-N (% of initial NO3) 

F76(HD) 0.1774 0.2390 

D110(HD) 0.1912 0.2390 

H3(HD) 0.3782 0.4364 

 F76(HD) nda  

O2 [µM] in liquid --> NO2
- D110(HD) 0.0024 0.0274 * 

 H3(HD) 0.1551 0.2230 

O2 [µM] --> NO 

F76(HD) 0.0074 0.0289* 

D110(HD) 0.0051 0.0289* 

H3(HD) 0.1686 0.2390 

 F76(HD) 0.0150 0.0346 * 

µoxic D110(HD) 0.0104 0.0343 * 

 H3(HD) 0.4501 0.4930 

 F76(HD) 0.0753 0.1236 

µanoxic D110(HD) 0.0137 0.0348 * 

 H3(HD) 0.1399 0.2145 

µanoxic/µoxic 

F76(HD) 0.0150 0.0374* 

D110(HD) 0.6322 0.6546 

H3(HD) 0.0652 0.1087 
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Table S12: Occurrence and copy number of genes involved in the regulation of denitrification which were annotated by prokka (Seemann, 
2014) in the isolates’ genomes. Hydrogenotrophic denitrifiers are marked with (HD). No clear pattern in denitrification regulatory genes 
differentiates the HD from the non-HD isolates. 

  
O2 responsive 

regulator 
global regulator redox sensing NO3

-/NO2
- sensing NO sensing 

ID fixL fixJ ntcA nnr regA regB narX narL narQ narP norR nsrR 

F132(HD) 3 - 1 1 1 1 1 - - - - 1 

F128(HD) 3 - 1 1 1 1 1 - - - - 1 

F76(HD) 2 - 2 1 1 1 1 1 - - - 1 

F77(HD) 2 - 2 1 1 1 1 - - - - 1 

D6(HD) 2 - 3 1 1 1 1 - - - - 1 

D110(HD) 3 - 3 1 1 1 1 - - - - 1 

H3(HD) 3 1 1 1 - - - - 1 - - 2 

H2(HD) 3 4 1 1 - - 1 1 2 - - 3 

Q100 4 - 2 1 2 1 1 1 - - - 1 

Q9 4 1 3 1 3 2 1 1 - - - 1 

D98 3 - 1 1 1 1 1 - - - - - 
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One sentence summary:  Isolation and characterisation, with a focus on intermediate accumulation during 
denitrification, of the complete hydrogenotrophic denitrifiers Ferribacterium limneticum, Dechloromonas 
denitrificans, and Hydrogenophaga taeniospiralis. 

Keywords: genome sequencing, denitrification phenotype, denitrification reductases, Rubisco, hydrogenases 

 

Detection and classification of denitrification reductase, hydrogenase, and Rubisco genes: 

 

Denitrification reductase genes including the respective gene-specific domain listed in table S2-1, verified by a 

search against the conserved domain database (Lu et al., 2020), were further considered. Also, clade I nosZ 

(domain accession PRK02888) could thereby be differentiated from clade II nosZ (domain accession TIGR04246). 

The norB annotated genes were differentiated by incorporating the annotated sequences in a maximum-

likelihood phylogenetic tree (MEGA-X, Kumar et al. (2018)) with classified cnorB and qnorB sequences (Genbank 

AJ507329-AJ507380) from Braker &  Tiedje (2003). The Rubisco genes were identified by Hidden Markov Model 

(HMM) search (HMMER 3.3, http://hmmer.org/) with the Pfam HMMs PF00016 (large subunit) and PF00101 

(small subunit). The hits were verified and classified (form IA, IC, II) by determining their position within a 

maximum-likelihood tree (MEGA-X, Kumar et al. (2018)) generated with the amino acid sequences of the HMM 

hits and the Rubisco partial sequences from Alfreider et al. (2012) (GenBank JF414941–JF415078). For the 

detection and classification of hydrogenase genes, the [NiFe]-, [FeFe]-, and [Fe]-hydrogenase sequences, 

including information on the hydrogenase group and subgroup, utilized by Greening et al. (2015), were 

downloaded from NCBI. An HMM for each metal-centre type hydrogenase was built with HMMER 3.3 and used 

to search hydrogenase genes in the genomes of the isolates. Furthermore, the downloaded hydrogenase 
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sequences were reduced in quantity to generate maximum-likelihood trees (MEGA-X, Kumar et al. (2018)) 

including the HMM search hits from the isolates genomes. The  gene sequences of the isolates which clustered 

with the known hydrogenase genes were seen as potential hydrogenases, and their position also indicated the 

group and subgroup they belong to. These results were verified by manual revision of the L1/L2 metal centre 

motifs specific to the respective hydrogenase group/subgroup shown in Table 2 of Greening et al. (2015). 

Table S2-1: KEGG numbers and domain accessions of the denitrification reductase genes. 
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gene KEGG domain accession (CDD) 

napA K02567 PRK13532 

narG K00370 TIGR01580 or COG5013 

nirS K15864 pfam02239 or cl26549 & pfam13442 or COG2010 

nirK K00368 TIGR02376 (superfamily cl31204) 

qnorB 
K04561 cl00275 

cnorB 

clade I nosZ  
K00367 

PRK02888 

clade II nosZ  TIGR04246 
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Bioremediation of polluted groundwater is one of the most difficult actions in
environmental science. Nonetheless, the clean-up of nitrate polluted groundwater may
become increasingly important as nitrate concentrations frequently exceed the EU
drinking water limit of 50 mg L−1, largely due to intensification of agriculture and food
production. Denitrifiers are natural catalysts that can reduce increasing nitrogen loading
of aquatic ecosystems. Porous aquifers with high nitrate loading are largely electron
donor limited and additionally, high dissolved oxygen concentrations are known to
reduce the efficiency of denitrification. Therefore, denitrification lag times (time prior
to commencement of microbial nitrate reduction) up to decades were determined for
such groundwater systems. The stimulation of autotrophic denitrifiers by the injection
of hydrogen into nitrate polluted regional groundwater systems may represent a
promising remediation strategy for such environments. However, besides high costs
other drawbacks, such as the transient or lasting accumulation of the cytotoxic
intermediate nitrite or the formation of the potent greenhouse gas nitrous oxide, have
been described. In this article, we detect causes of incomplete denitrification, which
include environmental factors and physiological characteristics of the underlying bacteria
and provide possible mitigation approaches.

Keywords: nitrate pollution, hydrogen-oxidizing denitrification, nitrite accumulation, bioremediation, abiotic
nitrite reduction

INTRODUCTION

Increased amounts of reactive nitrogen (Nr) and severe anthropogenic intervention in the global
nitrogen cycle induce climatic change, cause biodiversity losses, and pose direct and indirect risks to
human health (Fields, 2004; Galloway et al., 2008). In groundwater, the main Nr species is dissolved
nitrate (NO3

−) which leaches into the groundwater due to excessive use of chemical and organic
fertilizers as well as leaking sewage (Zhu et al., 2019; Wild et al., 2020). The resulting NO3

− pollution
of groundwater has been a severe global environmental problem since the 1970s (Rivett et al.,
2008). Because groundwater infiltrates into rivers, lakes, and subsequently into coastal areas these
ecosystems suffer from Nr-based eutrophication leading to toxic algal blooms and consequently
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anoxic “dead-zones” (Fields, 2004; Galloway et al., 2008) when
natural attenuation processes fall short. A prominent example for
coastal eutrophication is the Baltic Sea (Murray et al., 2019). The
effect of eutrophication on urban lakes is also severe, as total-
N and NO3

−-N are one of the primary factors determining the
algal community composition (Zhang et al., 2021). Additionally,
in many regions where groundwater is used as a drinking water
resource, NO3

− concentrations above the WHO recommended
maximum of 50 mg L−1 require costly ex situ methods of NO3

−

removal (Karanasios et al., 2010) or blending with less polluted
water to ensure drinking water quality.

Denitrification, includes four main redox reactions from
NO3

− (redox state + V), via nitrite (NO2
−), nitric oxide (NO),

and nitrous oxide (N2O) to atmospheric nitrogen (N2, redox state
0), each catalyzed by a different metalloenzyme (Bothe et al.,
2007). Since the first reduction step from NO3

− to NO2
− is also

performed in other metabolic pathways and gaseous N2O gas
can already leave the ecosystem, in a strict sense denitrification
includes only NO2

− and NO respiration (Zumft, 1997).
Nonetheless, because NO3

− remediation aims at safely removing
nitrogen from highly polluted aquatic systems, without releasing
the greenhouse gas N2O, in this work complete denitrification
signifies the reduction of NO3

− to N2. Only when the oxygen
(O2) concentration falls below ∼ 0.08–0.256 mg L−1 (Lycus
et al., 2017) denitrification becomes energetically favorable
and is initiated through precisely coordinated regulation. An
exception are aerobic denitrifiers which may utilize O2 and
NO3

− simultaneously as electron acceptors, likely favorable in
environments with fluctuating O2 concentrations and sufficient
reduced carbon (Ji et al., 2015). Denitrification is known to
occur in groundwater bodies (Korom, 1992). However, in some
aquifers, none, or only little microbial available electron donors
are present resulting in high dissolved O2 concentrations. Under
these conditions, the intrinsic capacity for denitrification is low,
whereby it will take years to decades (denitrification lag times)
until the O2 is depleted and biotic NO3

− reduction commences
(Wassenaar, 1995; Wild et al., 2018).

Creating conditions favoring denitrification and
supplementation with an electron donor presents a strategy
for small-scale in situ NO3

− remediation (Figure 1). Hydrogen
(H2) was proven to be a promising electron donor in multiple
NO3

− removal applications (Liessens et al., 1992; Chaplin et al.,
2009; Karanasios et al., 2010). The risk of bio-clogging in aquifers
due to H2 is lower compared to added dissolved carbon (Baveye
et al., 1998) because the growth of autotrophic hydrogenotrophic
denitrifiers is limited compared to heterotrophic denitrifiers
in aquatic systems (Ergas and Reuss, 2001). Also, no by-
products which would require further purification are formed
during the oxidation of H2 to water (Lee and Rittmann,
2002). The possibility of local off-grid H2 production using
wind or solar energy (Ulleberg et al., 2010; Onwe et al., 2020)
provides another advantage. Drinking water sources and critical
natural resources could be protected locally without building
up elaborate infrastructure for a cost-effective long-term
operation. Another way that allows for “clean” remediation
of numerous environmental contaminants in groundwater is
provided by bio-electrochemical systems which may supply

bacteria directly with electrons, as discussed in the review by
Cecconet et al. (2020).

Several studies have attempted to stimulate hydrogenotrophic
denitrification in closed systems (Haugen et al., 2002; Chaplin
et al., 2009; Kumar et al., 2018; Duffner et al., 2021), columns,
bioreactors (Liessens et al., 1992; Chang et al., 1999; Haugen
et al., 2002; Lee and Rittmann, 2002; Schnobrich et al., 2007)
as well as in situ (Chaplin et al., 2009). However, transient
NO2

− accumulation and/or incomplete denitrification has been
reported in most of the batch and flow-through experiments.
The H2 concentration was shown to be an influential factor
determining complete denitrification because several flow-
through experiments were able to reach an effluent NO3

−

concentration below 1 mg NO3
−-N/L and NO2

− concentration
below detection limit by increasing the H2 pressure (Haugen
et al., 2002; Lee and Rittmann, 2002; Schnobrich et al.,
2007). Other chemo-physical parameters which influence the
denitrification efficiency are pH (Li et al., 2017), carbon dioxide
(CO2) availability, NO3

− and O2 concentrations, as well as the
water flow velocity (Ergas and Reuss, 2001; Haugen et al., 2002).
The pH optimum of hydrogenotrophic denitrification is between
7.6 and 8.6 (Karanasios et al., 2010). Increased pH above 8.6
can inhibit the process (Lee and Rittmann, 2003) and generally
NO2

− accumulation increases with increasing pH (Lim et al.,
2018). On the other side at pH 6.5 or lower the maturation of
the nitrous oxide reductase is inhibited resulting in significant
N2O accumulation (Liu et al., 2014). H2 injection may strip CO2
from groundwater, altering the CO2 availability and as a result
also the pH. Thus, these parameters must be closely monitored.
Additionally, the composition of the denitrifier community may
determine whether denitrification is complete.

In the following sections, we will discuss the effects
of H2 application on groundwater limited by atmospheric
pressure and the influence of the hydrogenotrophic denitrifier
community composition on the outcome of NO3

− remediation.
These factors have been already discussed in literature as
major drivers of hydrogenotrophic denitrification. We discuss
their impact on NO3

− remediation in groundwater and how
they can be controlled to foster complete denitrification.
Additionally, we discuss combining the H2 amendment with the
injection of Fe(II)-containing nano-sized minerals that stimulate
abiotic NO2

− reduction to N2O and could thereby prevent
NO2

− accumulation.

FOSTERING COMPLETE
DENITRIFICATION – HYDROGEN
CONCENTRATION AS A MAJOR
TRIGGER

The dissolved H2 concentration in groundwater is the most
important factor determining hydrogenotrophic denitrification
efficiency at a neutral pH. Chang et al. (1999) observed that
at a dissolved H2 concentration below 0.1 mg L−1 the nitrate
reductase is inhibited while the nitrite reductase is inhibited
already below 0.2 mg L−1. As the nitrite reductase responds
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FIGURE 1 | Concept of local in situ NO3
- remediation. The addition of H2 into an aquifer through a remediation well generates an anoxic H2-rich zone (yellow) where

hydrogenotrophic denitrification is stimulated. Further downstream groundwater with NO3
- levels below the WHO recommended maximum of 50 mg L-1 could be

obtained. Complementation with Fe(II)-containing minerals (e.g., siderite FeCO3), injected in the anoxic, H2-rich zone, could foster complete denitrification by abiotic
reduction of the intermediate NO2

-.

even more sensitive to low dissolved H2 concentrations than the
nitrate reductase, NO2

− accumulation in groundwater because of
H2 limitation is likely. Optimal H2 concentrations for complete
nitrogen removal are between 0.4 and 0.8 mg L−1 H2 (Karanasios
et al., 2011). Successful hydrogenotrophic denitrification with
H2 concentration of 1.4 mg L−1, slightly below its maximum
solubility of 1.6 mg L−1 (20◦C, aqueous medium), have also been
described in literature (Karanasios et al., 2010).

The dissolved H2 concentration in closed bottles with a
headspace and a water phase can be determined easily as
it is homogenous and proportional to the partial pressure
of the headspace gas at a constant temperature according to
Henry’s law. However, in settings with a continuous water
flow, such as in bioreactors or in an aquifer, it is difficult to
determine the dissolved H2 concentrations. Most H2 is consumed
directly inside the biofilm that is growing on the H2 releasing
membrane and additionally local conditions change continuously
due to the groundwater flow (Haugen et al., 2002; Lee and
Rittmann, 2002). The required H2 gas supply pressure to achieve
locally sufficiently high dissolved hydrogen concentrations for
complete denitrification also differs depending on the NO3

−

and O2 concentrations, as well as the water flow velocity
(Haugen et al., 2002; Lee and Rittmann, 2002). Increasing the
H2 gas supply pressure was the determining factor in several
continuous flow reactor experiments to achieve complete NO3

−

and NO2
− reduction (Haugen et al., 2002; Lee and Rittmann,

2002; Schnobrich et al., 2007). To the best of our knowledge, in
the only in situ experiment on hydrogenotrophic denitrification
even an increase in the H2 lumen pressure from 1.68 atm to
2.36 atm could not resolve that only approximately half of the
NO3

− was reduced to NO2
−, but not further to N2O or N2

(Chaplin et al., 2009). As the lightest molecule, the diffusion
coefficient of H2 in water is large, making it more difficult
to obtain sufficiently high dissolved H2 concentration in situ

compared to a closed system such as a bioreactor. Its high
diffusion and the bacterial biofilm formation decrease the H2
mobility and its zone of influence needed for efficient NO3

−

removal. The denitrification activity is known to be largest in
a biofilm of medium thickness and decreases when the biofilm
further thickens (Chu and Wang, 2013). Thus, a large area of
gas exchange accommodating as many bacteria as possible would
be advantageous. A promising method to deliver gas over a
large surface area are hollow-fiber membranes, e.g., made of
gas-permeable silicon tubes (Ho et al., 2001).

In conclusion, it is important to determine the required local
dissolved H2 concentration at the membrane water interface
under consideration of the water flow velocity, as well as dissolved
O2 and NO3

− concentrations and the respective gas pressure
needed to achieve this. Considering these difficulties of achieving
sufficiently high dissolved H2 concentrations, initial in situ NO3

−

remediation trials should focus on aquifers with high NO3
−

pollution and innate low O2 concentrations so that only little H2
is utilized to react with the remaining O2.

FOSTERING COMPLETE
DENITRIFICATION – THE ROLE OF
GENOMIC AND PHENOTYPIC
PLASTICITY OF DENITRIFIERS

Disparity between the genetic potential and the observed
denitrification phenotypes, for example lacking N2O reduction
despite the presence of a nitrous oxide reductase gene
(nosZ), has been observed in several denitrifiers (Lycus
et al., 2017). One possible explanation thereof is, that a
functioning electron transfer coupled to proton translocation
during denitrification (Figure 2A) requires several other
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FIGURE 2 | (A) Scheme of a potential electron transport chain of hydrogenotrophic denitrifiers based on Bothe et al. (2007) and Matassa et al. (2015).
Hydrogenases, membrane-bound or soluble, transfer electrons to ubiquinone (not depicted) which delivers electrons within the cell membrane to the membrane
bound denitrification reductases NAR and NOR and to the cytochrome bc1 complex. The later delivers electrons via two other redox-active proteins to the
periplasmic denitrification reductases NAP, NIR, and NOS. (B) Phylogenetic tree of genera which include autotrophic bacteria detected in hydrogenotrophic
denitrifying systems (PB, Proteobacteria; Karanasios et al., 2010; Kumar et al., 2018; Wu et al., 2018).

proteins besides the reductases which ultimately influence the
phenotypic outcome. These proteins include electron carriers,
regulatory proteins, chaperonins, as well as proteins involved in
metal processing, which together manage the maturation and
finely coordinated regulation of the denitrification reductases
(Philippot, 2002; Bothe et al., 2007). The genes encoding these
proteins are arranged in gene clusters of which only few
are conserved in all or most bacterial and archaeal genomes
(Philippot, 2002). The disparities may have arisen due to
several evolutionary drivers including horizontal gene transfer,
convergent evolution of different structural types, as well as
gene duplication and loss (Jones et al., 2008). The prediction
of denitrification phenotypes based on genome sequences is in
many cases still impossible, likely because of the divergence of
gene cluster organization and the organization of those clusters in
the genome. Additionally, the denitrification reductases compete
for electrons from the electron transport chain (Albina et al.,
2019). Some denitrification reductases are known to be stronger
competitors (e.g., narG) than others (e.g., napA) (Gao et al.,
2020) and the competition may even be additionally influenced
by environmental factors such as pH (Albina et al., 2019).

Recent studies on heterotrophic pure cultures of denitrifiers
(Bergaust et al., 2011; Liu et al., 2013; Lycus et al., 2017;
Mania et al., 2020) revealed a vast phenotypic and genotypic
diversity when investigating the difference in denitrification
characteristics, termed “Denitrification Regulatory Phenotypes”
(DRP). The phenotypic differences were visible in the O2
concentration at the onset of denitrification, the performed
reduction steps, the electron flow rates to the individual
denitrification reductases and resulting intermediate
accumulation. Such differences were also observed in pure
cultures of hydrogenotrophic denitrifiers (Vasiliadou et al., 2006).
For example, while an Acinetobacter strain was accumulating
84.1% of the initial NO3

− as NO2
− with 1.37 mg L−1 dissolved

H2, strains belonging to the genera Acidovorax and Paracoccus
did not show any NO2

− accumulation (Vasiliadou et al., 2006).

Main taxa of the hydrogenotrophic denitrifier community,
such as Acidovorax, Paracoccus, Acinetobacter, Pseudomonas,
Paracoccus, Rhodocyclus, Hydrogenophaga, Sulfuritalea, and
Dechloromonas, are well known from literature (Karanasios et al.,
2010; Wu et al., 2018; Duffner et al., 2021) (Figure 2B). However,
the results on DRPs show that phylogeny does not help to detect
efficient hydrogenotrophic denitrifiers. Thus, the microbiological
analysis must go beyond phylogeny and rather decipher the
denitrification characteristics of hydrogenotrophic denitrifiers
to identify intermediate accumulation and required parameters
under which the former can be prevented. These required
parameters include the previously stated such as minimal
dissolved H2 concentration, maximum O2 concentration,
dissolved CO2 availability, as well as the influence of biofilm
formation and flow velocity. Once this data is available
on widespread and efficient hydrogenotrophic denitrifiers,
simple community analyses of site-specific hydrogenotrophic
enrichment cultures could help to assess whether the native
bacteria are able to perform complete denitrification and which
conditions these bacteria require.

Generally, environmental conditions such as electron
donor/electron acceptor interaction, which is highly affected
by transversal dispersion in groundwater (Rolle et al., 2009),
and dissolved carbon availability (Kraft et al., 2014) shape
the bacterial community composition and the dominating
metabolic pathways. In phylogenetically diverse microbial
communities shifts in environmental conditions can change
metabolic activities, while individual taxa do not have a notable
influence. This is also true for denitrifying communities which
have been described for example in bulk soil, where the
degree of functional redundancy is high (Regan et al., 2017).
Conversely, in less diverse bacterial communities, such as
hydrogenotrophic denitrifiers (Karanasios et al., 2010; Duffner
et al., 2021), the genotypic and phenotypic characteristics of
individual taxa influence the dominating metabolic pathway
more significantly, which makes the investigation of pure
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cultures even more relevant to understand hydrogenotrophic
denitrification.

FOSTERING COMPLETE
DENITRIFICATION – COMBINING BIOTIC
DENITRIFICATION WITH IRON-BASED
ABIOTIC NITRITE REDUCTION

Microbial catalyzed reduction of oxidized nitrogen species is
not the only environmental process of NO3

− remediation.
Abiotic reduction of NO2

− by iron Fe(II), termed chemo-
denitrification, is also known to occur under environmentally
relevant conditions (Jones et al., 2015; Buchwald et al., 2016;
Grabb et al., 2017). The reduction of NO2

− is catalyzed
mainly by Fe(II) located on mineral surfaces while aqueous
Fe(II) reacts much slower (Buchwald et al., 2016). Among
the reactive Fe(II)-containing minerals are siderite (FeCO3(s))
(Rakshit et al., 2008), magnetite (Fe3O4) (Dhakal et al., 2013;
Margalef-Marti et al., 2020), pyrite (FeS2), pyrrhotite (Fe(1−x)S),
and biotite (Margalef-Marti et al., 2020). Fe(II)-containing
minerals react rapidly with NO2

− and the reaction may be
much faster than abiotic NO3

− reduction (Dhakal et al., 2013).
This preference for NO2

− over NO3
− reduction makes Fe(II)-

containing minerals a beneficial additive to counteract the
accumulation of NO2

−. Supplementation with Fe(II)-containing
minerals alongside H2 injection thus presents a possible method
to foster complete denitrification by sustaining NO2

− and
NO reduction and leaving more dissolved H2 to microbial
denitrification.

An important factor contributing to the reactivity may be
the mineral size of Fe(II)-containing minerals. Nano-sized but
not macro-sized magnetite lead to complete NO3

− reduction
to N2 in an experiment by Margalef-Marti et al. (2020) due
to greater surface area and Fe(II) availability. Additionally,
nano-sized minerals have a wider range of distribution when
injected into an aquifer. However, in order to prevent the
exergonic oxidation of Fe(II) with dissolved O2 the nano-colloids
should be injected directly with the H2 into the anaerobic
plume in situ.

While reducing NO2
− accumulation, the addition of Fe(II)-

containing minerals may increase accumulation of the gaseous
intermediates NO and N2O, which was demonstrated by
isotope measurements and the calculated isotopic offsets
between NO2

− and N2O. These showed that much of the
NO2

− consumed was not directly accounted for as N2O
and likely accumulated as NO (Jones et al., 2015; Margalef-
Marti et al., 2020). The complementation with H2 injection to
stimulate hydrogenotrophic denitrifiers is therefore necessary
and the effect of Fe(II)-containing minerals on the physiological
characteristics of the underlying bacteria must also be examined.
In this regard, Fe(II)-containing minerals may also be used as
electron donors by numerous autotrophic denitrifiers (Otero
et al., 2009; Jones et al., 2015; Hernández-del Amo et al.,
2018; Margalef-Marti et al., 2020). As a result the abiotic

reduction of NO2
− with Fe(II) may occur alongside microbial

denitrification, the two processes are even interconnected
(Melton et al., 2014) and may catalyze NO3

− remediation.
In the study of Margalef-Marti et al. (2020) magnetite nano-
particles alone rapidly reduced NO2

− to N2O but the addition
of a microbial inoculum stimulated complete reduction to
N2. Lithoautotrophic NO3

−-dependent pyrite oxidation has
been detected as the predominant denitrification process in a
carbon-limited aquifer (Schwientek et al., 2008; Otero et al.,
2009), thus the responsible bacteria are likely widespread. Even
though NO3

−-dependent Fe(II) oxidation is an energetically
favorable metabolism at neutral pH, most NO3

− reducing
Fe(II)-oxidizing bacteria require an additional electron donor
or organic carbon for growth (Weber et al., 2006; Melton
et al., 2014). These findings indicate that apart from the abiotic
reduction, introducing a second electron donor to stimulate
denitrification potentially increases the bacterial diversity making
the enriched denitrifying community likely more resilient
(Girvan et al., 2005).

Even though the injection of nano-sized particles to
contaminated sites is already applied in some countries,
concerns remain, including unknown long-term effects,
transformation and ecotoxicity (Crane and Scott, 2012). For
example, adverse effects of nano-sized iron on the biomass
and activity of soil microbial communities under stress have
been determined (Anza et al., 2019). Additionally, nano-
sized particles or reaction products may react rapidly with
sediment leading to clogging of the reactive zone and forcing
the groundwater to bypass (Strutz et al., 2016). Therefore,
before such nano-sized particles can be applied in situ,
their long-term behavior in the investigated aquifer type
must be determined.

SUMMARY AND OUTLOOK

Fostering complete hydrogenotrophic denitrification in situ can
only be achieved by combining multiple approaches. First,
it is important to determine and estimate a set of aquifer
parameters in a NO3

− polluted groundwater to decide whether
NO3

− remediation by H2 injection is feasible under the
given hydrogeological conditions. These parameters include
pH, organic and inorganic carbon contents, dissolved O2
concentrations and NO3

− concentrations, the groundwater
flow velocity, potential biofilm formation, and the transversal
dispersion. For example, when treating groundwater, pH shifts
below 6.5 or above 8 may lead to an accumulation of
NO2

− and make the NO3
− polluted aquifer unsuitable for

bioremediation. Therefore, clean-up strategies of NO3
− polluted

aquifers may only be sustainable in groundwater with sufficient
inorganic carbon which is able to buffer pH changes. Second,
hydrogen-enhanced denitrification requires an effective H2
transfer into the aquifer which must be adapted considering
the previously stated parameters to ensure locally sufficiently
high H2 concentrations. Third, the denitrification phenotypes
of dominant hydrogenotrophic denitrifiers must be understood
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in depth. Hence the native bacterial community in the aquifer
can be screened for complete hydrogenotrophic denitrifiers
with little intermediate accumulation by amplicon sequencing
approaches. Thus, one can determine whether the community
is beneficial for complete denitrification or whether bacterial
augmentation is necessary. Since these bacteria are generally
low abundant in oxic groundwater, it is advised to enrich
hydrogenotrophic denitrifiers under selective conditions
before the screening.

Being a sequential process, it is difficult to avoid transient
NO2

− accumulation during denitrification completely,
especially in situ. When almost all dissolved O2 is reduced
in groundwater an amendment with Fe(II)-containing
minerals could thus aid the denitrifiers if periods of NO2

−

accumulation occur and could potentially diversify the
denitrifying community by providing an additional electron
donor. Our analysis shows that remediation strategies of
NO3

− polluted groundwater may be feasible in inorganic rich
shallow groundwater systems that are characterized by low O2
concentrations, low organic carbon concentrations, but high
NO3

− concentrations.
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