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Summary 

Rice represents a major food source for billions of people worldwide. Traditional water-

logged rice cultivation induces reducing conditions under which natural, toxic arsenic 

can accumulate in rice grains causing health issues for humankind. Under nitrogen (N) 

fertilization, microbial denitrification causes the formation of nitrite as intermediate and 

dinitrogen gas or nitrous oxide (N2O), a potent greenhouse gas, as final reaction 

products. Iron(II) can react abiotically with nitrite during the process of 

chemodenitrification, leading to N2O production. During both biotic iron(II) oxidation 

and chemodenitrification, iron(III) minerals form, which serve as highly reactive 

sorption templates for nutrients or contaminants, such as arsenic. The application of 

less or no N-fertilizer in waterlogged rice cultivation will shift redox conditions towards 

iron(III) reduction ultimately remobilizing arsenic.  

In the framework of this dissertation, we identified conditions under which we have 

lowest arsenic mobilization and greenhouse gas emissions (i.e., N2O and methane) to 

minimize health- and climate-related risks. In a microcosm study with paddy soil from 

Vercelli, Italy, that was carried out over 129 days, we applied nitrate fertilizer at different 

concentrations and timepoints. We found that arsenic was rapidly scavenged by 

iron(III) minerals after fertilizer application, yet, also rapidly mobilized after nitrate 

depletion. Only the highest rate of nitrogen application resulted in sustained, long-term 

retention of arsenic on iron minerals. At the same time, N2O emissions were similarly 

high irrespective of fertilizer concentrations added. This illustrates that timing and 

frequency of fertilizer application is crucial for controlling arsenic mobility and N2O 

emissions not only under lab settings, but also likely under more natural conditions. 

Under N fertilization, iron(III) mineral formation was caused by iron(II)-oxidizing 

microorganisms, such as Gallionellaceae that were more abundant under nitrate 

fertilization compared to non-fertilization.  

By cultivation techniques, we were able to enrich a first lithoautotrophic nitrate-

reducing, iron(II)-oxidizing culture from a paddy soil 3 called <culture HP= 3 which is 

dominated by Gallionellaceae. We quantified the extent of nitrate reduction, iron(II) 

oxidation and identified N2O as the main product during denitrification. By combining 



 

 

II 

 

experimental data with environmental systems analysis, we were able to quantify that 

99.5% of the produced N2O was biologically derived and that enzymatic iron(II) 

oxidation accounted for 99.8% of the total iron(II) oxidation. Further, we were able to 

show that labile, bioavailable organic carbon sources (i.e., acetate) tremendously 

impacted the microbial community composition shifting the enrichment culture towards 

more mixotrophic or heterotrophic denitrifiers (Dechloromonas sp., Acidovorax sp., 

Zoogloea sp., and Parvibaculum sp.).  

This study systematically investigated the dynamics of arsenic mobility and N2O 

emissions under diverse nitrate fertilization regimes in rice paddy soils. By enriching 

microbial key players responsible for nitrate-dependent iron(II) oxidation in paddy soils, 

we provided insights into important microbial processes. Our findings underscore the 

significance of biotically derived N2O emissions, emphasizing that these emissions 

cannot be overlooked in lab microcosm experiments, in microbial cultures and likely 

also in rice paddy soils. Through an interdisciplinary framework that integrated field 

sampling, laboratory experiments, molecular biology techniques, and numerical 

reaction modeling, we elucidated the intricate interplay of biotic and abiotic reactions, 

microbiome composition, and their collective impact on arsenic mobility and 

greenhouse gas dynamics in nitrate-fertilized paddy soils.  
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Zusammenfassung 

Reis ist eine essentielle Nahrungsquelle für Milliarden von Menschen weltweit. Der 

traditionelle Anbau von Reis unter wassergesättigten Bedingungen schafft 

reduzierende Verhältnisse, die eine Anreicherung von toxischem, natürlich 

vorkommenden Arsen in den Reiskörnern begünstigen. Dies hat negative 

Auswirkungen auf die menschliche Gesundheit zur Folge. Die Stickstoffdüngung in 

Reisanbausystemen fördert mikrobiologische Denitrifikationsprozesse, bei denen Nitrit 

als Zwischenprodukt und molekularer Stickstoff (N2) oder Lachgas (N2O), ein 

klimawirksames Treibhausgas, als Endprodukte entstehen. Reduziertes Eisen 

(Eisen(II)) kann mit Nitrit während der Chemodenitrifikation abiotisch reagieren, wobei 

N2O gebildet wird. Gleichzeitig können sich bei der biotischen Eisen(II) Oxidation und 

der Chemodenitrifikation Eisen(III) Minerale bilden, die als hochreaktive 

Sorptionsoberflächen für Nähr- und Schadstoffe, einschließlich Arsen, agieren. Ein 

Verzicht auf oder die Reduktion von Stickstoffdünger unter wassergesättigten 

Bedingungen kann die Redoxverhältnisse hin zur Eisen(III) Reduktion verschieben. 

Die Reduktion von Eisen(III) Mineralen führt zur Remobilisierung von zuvor 

gebundenem Arsen. In der vorliegenden Dissertation wurden systematisch die 

Bedingungen untersucht, unter denen die Mobilisierung von Arsen und die Emissionen 

von Treibhausgasen (N2O und Methan) minimiert werden können, um sowohl 

Gesundheits- als auch Klimarisiken im Reisanbau zu reduzieren.  

In einer 129-tägigen Mikrokosmenstudie mit Reisfeldböden aus Vercelli, Italien, wurde 

Nitratdünger in unterschiedlichen Konzentrationen und Zeitabständen hinzugegeben. 

Unsere Ergebnisse zeigen, dass Nitrat als Düngemittel zunächst eine rasche 

Immobilisierung von Arsen durch die Bildung von Eisen(III) Mineralen bewirkte. 

Nachdem das zugegebene Nitrat vollständig verbraucht war, wurde das Arsen jedoch 

schnell remobilisiert. Lediglich die höchste Stickstoffkonzentration führte zu einer 

langfristigen Arsenbindung an Eisenminerale. Gleichzeitig waren die N2O Emissionen 

unabhängig von der Nitratkonzentration ähnlich hoch, was verdeutlicht, dass sowohl 

der Zeitpunkt als auch die Häufigkeit der Düngerausbringung entscheidende Faktoren 

für die Steuerung der Arsenmobilität und der Treibhausgasemissionen sind. Diese 

Ergebnisse sind wahrscheinlich nicht nur unter Laborbedingungen gültig, sondern 
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auch unter natürlichen Bedingungen im Feld. Die Stickstoffdüngung führte zur Bildung 

von Eisen(III) Mineralen durch Eisen(II)-oxidierende Mikroorganismen, wie 

beispielsweise Gallionellaceae, die unter Stickstoffdüngung in höherer Abundanz im 

Vergleich zu nicht gedüngtem Boden vorhanden waren. 

Durch Kultivierungstechniken konnten wir in einem weiteren Projekt eine erste 

lithoautotrophe nitratreduzierende, Eisen(II)-oxidierende Kultur aus einem Reisboden 

- genannt „culture HP< - anreichern, die von Gallionellaceae dominiert wird. Wir 

quantifizierten die Nitratreduktion und Eisen(II) Oxidation und identifizierten N2O als 

Hauptprodukt der Denitrifikation. Durch die Kombination von experimentellen Daten 

mit prozessbasierter numerischer Modellierung konnten wir zeigen, dass 99,5% des 

produzierten N2O biotischen Ursprungs waren und, dass die enzymatische Eisen(II) 

Oxidation zu 99,8% dominierte. Darüber hinaus zeigten unsere Experimente, dass die 

Zugabe von bioverfügbarem organischem Kohlenstoff (z.B. Acetat) die 

Zusammensetzung der mikrobiellen Gemeinschaft stark beeinflusste, indem 

mixotrophe und heterotrophe denitrifizierende Mikroorganismen wie Dechloromonas 

sp., Acidovorax sp., Zoogloea sp. und Parvibaculum sp. in der Kultur stärker 

angereichert wurden. 

Zusammenfassend wurden in dieser Dissertation die komplexe Dynamik der Mobilität 

von Arsen und der N2O Emissionen unter verschiedenen Bedingungen der 

Nitratdüngung in Reisfeldböden systematisch untersucht. Durch die Anreicherung und 

Charakterisierung mikrobieller Schlüsselakteure, die für die nitratabhängige Eisen(II) 

Oxidation verantwortlich sind, wurden wesentliche Einblicke in mikrobielle Prozesse 

und deren geochemische Auswirkungen gewonnen. Die Ergebnisse unterstreichen die 

Bedeutung biotisch abgeleiteter N2O Emissionen und verdeutlichen, dass diese in 

Mikrokosmenexperimenten, in mikrobiellen Kulturen und wahrscheinlich auch in 

Feldstudien nicht vernachlässigt werden dürfen. Der interdisziplinäre Ansatz, der 

Feldproben, Laborexperimente, molekularbiologische Analysen und numerische 

Reaktionsmodelle integriert, ermöglicht ein fundiertes Verständnis der 

Wechselwirkungen zwischen biotischen und abiotischen Reaktionen, der mikrobiellen 

Gemeinschaft und deren kollektiver Wirkung auf die Arsenmobilität und die 

Treibhausgasdynamik in nitratgedüngten Reisfeldern.  
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1. Introduction 

The global population continues to rise, with projections estimating nearly 10 billion 

people by 2050, and much of this growth occurring in developing countries.1,2 Many 

developing countries are undergoing rapid economic growth, often accompanied by an 

increase in consumption and demand of resources.3,4 This presents some major 

challenges, particularly in relation to climate change and global food demand.5 

Economic growth is frequently linked to higher greenhouse gas emissions, driven by 

industrialization, transportation, and energy generation.6 Additionally, deforestation - 

often carried out to expand urban or agricultural areas - releases significant amounts 

of greenhouse gases and reduces the Earth´s capacity to scavenge greenhouse gases 

from the atmosphere.7  

However, meeting the expected 30362% rise in global food demand by 2050 will 

require the expansion of agricultural land.8 This increase is not only driven by 

population growth, but also by shifting dietary preferences. However, agricultural yields 

are stagnating in many regions due to soil degradation, water scarcity, and climate-

related challenges.9311 Climate change and agriculture are intricately linked: for 

instance, climate change exacerbates water shortages, threatening food production, 

while agriculture's high water demand intensifies this issue.12  

Moreover, the widespread use of chemical fertilizers introduces excess nutrients like 

nitrate into groundwater, degrading water quality and soil health. Ultimately, it is 

humans who bear the consequences of the impacts of both climate change and 

unsustainable agricultural practices. In response to these challenges, the United 

Nations established the Sustainable Development Goals (SDGs) in 2015.13 SDG 2 

(zero hunger), 3 (good health, and well-being), 6 (clean water, and sanitation), and 12 

(responsible consumption, and production) are directly affected by the dynamic 

interplay between climate change and agriculture. Scientific research is crucial in 

addressing these issues and in the future, it is essential to strengthen the connection 

between science and policy to ensure that research is effectively translated into 

meaningful action.  
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This PhD thesis provides research that aims to answer fundamental research 

questions related to agriculture and climate change, which can be in future the basis 

for more applied research that will be beneficial for understanding urgent 

environmental issues.   
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1.1 Socio- and Environmental Relevance of Nitrogen-Fertilized Paddy 

Soils 

In 2021, wheat, rice, and maize accounted for over 90% of the total cereal production, 

with cereals making up 32% of the total crop production.14 Rice is a versatile crop that 

grows in different regions (delta regions to highlands) under different management 

strategies on paddy soils. Worldwide, 75% of rice is grown on lowland, irrigated fields 

that are harvested one, two, or three times per year depending on the region.15 About 

90% of the rice is grown in Asia, with China (27%), India (25%), and Bangladesh (7%) 

accounting for the majority of the global rice production.14 Rice provides the staple food 

for 3.5 billion people on earth, which is more than half of the world´s current 

population.15 However, it is the main calorie uptake for the poor and undernourished 

people that have no access to more nutritious food. Problematically, increased levels 

of arsenic are often found in rice grains. Arsenic is a toxic metalloid, which has acute 

and chronic toxicity effects if encountering poisoning due to high uptake of arsenic.16 

Arsenic is either of geogenic origin or additionally supplied and accumulated via 

arsenic-contaminated irrigation water.17 Its mobility and bioavailability are greatly 

influenced by iron redox cycling and sequestration by Fe(III) (oxyhydr)oxide minerals, 

that are also naturally abundant in paddy soils.18 However, under reducing conditions 

due to waterlogging, the reductive dissolution of iron(III) minerals releases bound 

arsenic.19,20 High concentrations of arsenic in the paddy soils was shown to limit rice 

yields,21 also under future climatic conditions (elevated temperature and atmospheric 

CO2).22 Rice yields are normally highest under waterlogged, irrigated conditions, due 

to suppression of weed growth.23 It is estimated that rice yields need to increase by 1.2 

to 1.5% if expansion of land area is excluded.15 In comparison, currently, rice yields 

are only increasing by around 0.8%.24 Climate change poses another challenge on rice 

yields due to increasing arsenic mobility in the paddy soil, as it was shown under future 

climatic conditions.22 In the past, rice yields increased worldwide from 1.86 to 4.66 t 

ha-1 between 1961 and 2019 due to the first green revolution.25 The green revolution 

is characterized by an intensified use of chemical fertilizers (nitrogen-based) and by 

high-yielding rice varieties that respond better to chemical fertilizers especially in 

developing countries.26 This reliance on chemical nitrogen (N)-based fertilizers that is 
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ongoing until today, ultimately leads to a loss in soil fertility, water pollution, and 

increased nitrous oxide (N2O) emissions. N2O is a climate active greenhouse gas, 

which has 273-times the global warming potential to carbon dioxide over 100 years.27 

N2O emissions are often positively correlated with the use of N-based fertilizers. A 

fertilizer effect on N2O emissions was shown by Guenet et al. (2021)28, where it 

becomes visually apparent that particularly areas in South, and Southeast Asia (main 

rice producing areas) are greatly affected by fertilizer effects (Figure 1.1).  

Figure 1.1. World map of the fertilizer effect on nitrous oxide emissions (modified after Guenet 

et al. (2021)28). Green colors represent little effects and dark red colors represent strong effects.  

Paddy fields are also contributing to methane (CH4) emission, accounting for around 

48% of total cropland methane emissions,29 even though rice paddies only incorporate 

9% of the total cropland area.30 Studies have shown a negative correlation between 

N2O emissions and CH4 emissions from paddy fields due to trade-offs in 

biogeochemical processes.31 However, both, N2O and CH4 emissions outweigh the 

greenhouse gas mitigation potential of paddy soils to sequester organic carbon under 

waterlogged conditions.30 
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Due to the above-mentioned challenges, research has focused on paddy management 

strategies that should balance effects on rice yield and on greenhouse gas emissions. 

Zhao et al. (2019)32 investigated the effects of different management strategies on 

changes of area-scaled global warming potentials, and on yield-scaled global warming 

potentials (GWP). New rice varieties, biochar, or herbicide applications were found to 

be promising in decreasing the yield-scaled GWP and simultaneously increasing rice 

yields (Figure 1.2). The use of N fertilizer, however, was also found to decrease the 

yield-scaled GWP and had the most positive effects on the rice yield.  

 

Figure 1.2. Yield-scaled global warming potential and changes in rice yield for different 

management strategies for rice cultivation (based on Zhao et al. (2019)32). 

Studies focusing on nitrogen fertilization in paddy soils have either focused on arsenic 

mobility or on N2O emission from paddy soils. Generally, nitrogen fertilization leads to 

an immobilization of arsenic and to an increase in N2O emission, while limiting methane 

emissions.31,33339 To the best of our knowledge, only two studies investigated the 

effects of nitrogen fertilizer on both parameters simultaneously. Wang et al. (2023)40 

used nitrate and ammonia/nitrate fertilizer and observed that arsenic immobilization 

was greater under nitrate fertilization, but N2O production was less in ammonia/nitrate 

fertilizer treatments. In a follow up study by Wang et al. (2024)41, a combination of 

birnessite and nitrate fertilizer has proven to be most successful in immobilizing arsenic 

and limiting N2O emissions over 8 days of incubation. In general, those experiments 
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were supplemented with arsenite and acetate and were only run over a short time (10 

days). Thus, it remains open how arsenic and N2O dynamics evolve under more 

natural conditions and over longer time periods that are more representative regarding 

rice cultivation periods. Also, the effect of different fertilizer concentrations and 

repeated addition of fertilizer on arsenic mobility and N2O production remains to be 

investigated.  

In the following, biogeochemical processes involved in the iron and nitrogen cycle are 

discussed in detailed, in addition to other biogeochemical processes at play.  
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1.2 Biogeochemical Processes in Paddy Soils 

A range of biogeochemical processes occur in waterlogged, nitrogen-fertilized paddy 

soils. Waterlogging results in a rapid consumption of oxygen in the upper centimeters 

of the paddy soil. This leads to reducing, anoxic conditions in the paddy soil, which 

favors anaerobic microorganisms that utilize alternative electron donors such as nitrate 

(NO3
-), sulfate, or iron(III) (Fe(III)).42 Due to its reducing conditions, paddy soils are 

naturally rich in reduced compounds such as arsenite (As(III)), or iron(II) (Fe(II)).  

Iron is ubiquitously abundant in paddy soils and is considered as the most redox-active 

metal in the earth´s crust.43 In the environment, iron is present as dissolved ions or as 

iron-bearing minerals. Many iron(III) minerals are good adsorbents for negatively 

charged ions due to their high zero point of charge resulting in positively charged 

mineral surfaces at neutral pH.44 These sorption mechanisms highly influence the 

mobility and bioavailability of nutrients or toxic metals, but also the fate of iron(III) 

(oxyhydr)oxides in the environment itself.45  

In the paddy soil, iron is involved in various biotic and abiotic processes. Typically, rice 

plants are planted on the paddy soil and roots penetrate into the anoxic part of the soil. 

In a process called radial oxygen loss, rice roots exert oxygen into the surrounding 

area as a protective mechanism to prevent the plant from iron toxicity.46348 Released 

oxygen can abiotically react with iron(II) to form a so called iron plaque around the rice 

roots. Microaerophilic iron(II) oxidation (Figure 1.3) also contributes substantially to the 

formation of iron plaque,49 which prevents not only the uptake of iron into the rice plant 

but also of toxic substances, such as arsenic.50 In the reduced, anoxic part of the paddy 

soil, iron(III) can be reduced, which results in CO2 emissions due to organic matter 

decomposition and to the formation of solid-phase iron(II) or high concentrations of 

dissolved iron(II). The reductive dissolution of iron(III) minerals thereby has 

tremendous impacts on contaminant mobility, such as arsenic, that is being released 

during iron(III) reduction. This, together with arsenate reduction under anaerobic 

conditions are the main drivers for mobilizing arsenic in paddy soils.  
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Figure 1.3. Schematic representation of the iron redox cycle. Relevant processes that are 

discussed more in detail in the text are displayed in black text. Other, less relevant processes 

that are included for completeness are highlighted in light grey. Black dots represent organic 

carbon, nutrients, or contaminants, other shapes represent different iron(II) or iron(III) minerals. 

Created with BioRender.com.  

The iron redox cycle is closely intertwined with other elemental cycles, particularly 

carbon and nitrogen. On the reductive site, iron(III) reduction can be coupled to the 

oxidation of methane, which may originate from methanogenesis in deeper soil layers 

or ammonium (NH4
+). Conversely, on the oxidative side iron(II) oxidation is often 

coupled to nitrate reduction (Figure 1.3), a process recognized as the dominant 

microbial pathway for iron(II) oxidation in paddy soils51. This interconnection highlights 

the importance of the nitrogen cycle, which plays a pivotal role in paddy soils. The 

following section further elaborates on the nitrogen cycle and its broader implications 

in these environments.  
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The nitrogen cycle is highly influenced by the addition of nitrogen fertilizer onto the 

paddy soil. For example, the fate of urea in paddy soils follows a well-defined pathway 

(Figure 1.4). After urea is applied, it undergoes hydrolysis, converting into NH4⁺ with 

some potential loss of ammonia (NH3) to the atmosphere through volatilization. The 

remaining NH3 dissolves in water where it further reacts to form NH4
+, which becomes 

available for subsequent microbial processes. During nitrification in the oxic part of the 

paddy soil, NH4
+ is converted to nitrite (NO2

-) and finally to NO3
-.  

 

Figure 1.4. Overview of major biogeochemical processes in nitrogen-fertilized, waterlogged 

paddy soils. Biogeochemical cycles (N, Fe, C, As) are highlighted in different colors, 

acknowledging the fact that some elemental cycles (e.g., sulfur, manganese, etc.), and processes 

are left out (e.g., fermentation, etc.). Created with BioRender.com.  

In the anoxic part of the paddy soil, nitrate can be converted to nitrite and further to 

ammonium during dissimilatory nitrate reduction to ammonium (DNRA). In another 

process, called anaerobic ammonium oxidation (Anammox), ammonium and nitrite can 

be converted to dinitrogen gas (N2). Ammonium oxidation can furthermore be coupled 

to iron(III) reduction in a process called Fe-ammox, leading to nitrite, nitrate, or N2 as 

the final N-product depending on the prevailing pH.52 During denitrification, NO3
- can 

be further reduced to other N-species, resulting in N2O or N2 as gaseous intermediates 
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or end products.53 The reactive N-species during denitrification can abiotically react 

with iron(II) during chemodenitrification. Biotically, the reduction of nitrate can be 

coupled to the oxidation of organic carbon or to the oxidation of inorganic compounds, 

such as As(III) or iron(II) during denitrification. It was shown that different parameters 

like pH, sulfide concentrations, type, and complexity of electron donors together with 

the ratio of organic carbon to N influences the likelihood of denitrification or DNRA.54 

Typically, denitrification is the favored process for nitrate removal under lower organic 

carbon to N ratios.55  
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1.3 Microbial Key Players Involved in Iron and Nitrogen Cycling versus 

Abiotic Reactions in Paddy Soils 

Soil is a hotspot for microbial life and provides a habitat for billions of microorganisms. 

A spatio-temporal variability of microbial abundance and community structure was 

observed in a paddy soil over the rice growing season, with numbers as high as ~1.7 

x109 and 3x109 cells per g soil in the bulk and rhizosphere soil, respectively.56 The 

diversity of the paddy soil microbiome is crucial for maintaining ecosystem functions 

and services and for mediating biogeochemical processes.57 In the following, microbial 

key players involved in the iron and nitrogen cycle are presented.  

Iron(III) reduction has been considered an important process in paddy soils right after 

the first cultivation and isolation of iron(III)-reducing microorganisms.58,59 Shewanella 

sp. and Geobacter sp. are two of the most prominent genera of iron(III) reducers that 

couple the oxidation of organic carbon (e.g., lactate, acetate), or hydrogen to the 

reduction of iron(III).60 The reduction of iron(III) or nitrate can also be coupled to the 

oxidation of methane by archaea, more specifically ANME-2a61 and ANME-2d (e.g., 

8Candidatus Methanoperedens9).62  

Ratering and Schnell (2001)51 postulated that the metabolic capacity for nitrate 

reduction coupled to iron(II) oxidation (NRFeOx) is widespread in paddy soils. 

Denitrifying microorganisms can be classified as (i) heterotrophs, which require an 

organic carbon substrate for energy generation, (ii) mixotrophs, which can use both 

organic carbon and inorganic compounds, or (iii) lithoautotrophs, which only use 

inorganic compounds such as hydrogen, reduced sulfur compounds, arsenite, or 

iron(II).63 Heterotrophic or mixotrophic nitrate-reducing, iron(II)-oxidizing 

microorganisms have been enriched or isolated from paddy soils before. Ferrigenium 

kumadai An22, a known microaerophilic iron(II)-oxidizer, has been isolated from a 

paddy soil64 and microorganisms of the genus Dechloromonas, Azospira, Zoogloea, or 

Pseudomonas have been enriched in paddy soils after iron(II), nitrate, and organic 

carbon addition (e.g., lactate, acetate).65369 However, lithoautotrophic microorganisms 

have not been isolated or enriched in the past from paddy soil.   
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Different lithoautotrophic NRFeOx enrichment cultures exist (named KS, BP, AG), 

originating from sediment or a pyrite-rich aquifer.70372 Various N-intermediates can be 

formed during microbial nitrate reduction. It was long thought that these 

lithoautotrophic cultures perform complete denitrification leading to dinitrogen gas as 

the final product, however, it was shown that culture AG and KS produce significant 

amounts of N2O,70,73 following eq. 1. 2 ýþ32 + 8 �ÿ2+ + 19 �2þ →  ý2þ + 8 �ÿ(þ�)3 + 14 �+ eq. 1 

Meta9omics have shown that the 8Candidatus ferrigenium9 in culture KS, BP, and AG 

have the genetic potential to perform only certain steps of denitrification (NO3
-, NO2

-, 

NO, N2O, and N2), without the potential to reduce N2O to N2, but feature genes for 

iron(II) oxidation.74 Besides enzymatic iron(II) oxidation, nitrite or other reactive 

intermediates (i.e., nitric oxide) can also abiotically react with iron(II) (eq. 2).  

 ýþ22 + 2 �ÿ2+ + 4.5 �2þ →  0.5 ý2þ + 2�ÿ(þ�)3 + 3 �+ eq. 2 

In the literature, N2O emissions that were observed in the environment were often 

attributed to abiotic processes, however, recent results point towards a significant 

enzymatic contribution to N2O emissions by nitrate-reducing, iron(II)-oxidizing 

microorganisms. However, experimentally it remains difficult to disentangle these 

processes and other methods, such as isotope fractionation and numerical modelling 

has to be applied.75380 In addition, it remains scarcely documented how different growth 

conditions, such as the ratio of electron donor (e.g., iron(II)) and electron acceptor (e.g., 

nitrate) or the type of electron donor (iron(II), or organic carbon) influence the 

intermediates during denitrification and the microbial community composition in such 

enrichment cultures.  
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2. Objectives of This Study 

The above-mentioned processes highlight that iron, nitrogen, and arsenic can interact 

in various ways. In this thesis, we focused on certain processes that we considered to 

be most relevant in affecting arsenic mobility and N2O emissions in paddy soils.  

We hypothesize that (i) the addition of nitrate will prevent reductive dissolution of 

iron(III) minerals and with it the release of bound arsenic and the reduction of arsenate, 

thus, the mobilization of arsenic. In addition, (ii) enzymatic and abiotic iron(II) oxidation 

via nitrate-reducing, iron(II)-oxidizing microorganism and chemodenitrification, 

respectively, will lead to the formation of iron(III) minerals that can scavenge and thus, 

immobilize arsenic. On the other hand, (iii) enzymatic nitrate reduction and 

chemodenitrification will result in higher N2O production, while simultaneously lowering 

CH4 emissions from paddy soils. Ultimately, we hypothesize that (iv) by balancing the 

addition of nitrate to paddy soils we would find conditions under which arsenic 

mobilization and total greenhouse gas emissions are lowest. Thus, we investigated the 

effects of nitrogen fertilizer addition on N2O emissions and the mobility of arsenic in a 

range of experimental approaches to answer the following research questions, which 

are outlined below.  

Previous studies have investigated individual effects of N fertilizer addition on either 

arsenic mobility20,22,23 or greenhouse gas emissions (i.e., N2O, and CH4)24326 in paddy 

soils. Optimized fertilizer application methods (timing, or matching crop demand) or 

split applications have been suggested in the past to decrease N2O emissions.81 Yet, 

the effects on arsenic mobility remain unresolved. Thus, in the first project addressed 

in Grimm et al. (2024a)82, we wanted to determine the effects of different quantities 

and frequencies of N fertilizer application (as potassium nitrate) in paddy soils on 

• the extent of nitrate reduction coupled to iron(II) oxidation,  

• iron mineral formation and transformation, 

• greenhouse gas formation (CO2, CH4, and N2O) and emission,  

• the mobilization of arsenic from iron minerals into the porewater,  

• microbiome composition and activity.  
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In the second project, published in Grimm et al. (2024b)83, we aimed to investigate 

the important role of lithoautotrophic nitrate-reducing, iron(II)-oxidizing microorganisms 

for arsenic mobility and greenhouse gas emissions in paddy soils. Thus, the objectives 

were to 

• obtain a model culture of lithoautotrophic nitrate-reducing, iron(II)-oxidizing 

microorganisms from a paddy soil,  

• identify microbial key players for NRFeOx using 16S rRNA gene amplicon 

sequencing,  

• determine the extent of nitrate reduction, iron(II) oxidation, and N2O production, 

and 

• compare growth conditions influencing the performance of the enrichment 

culture. 

In the third project, which is currently in preparation for publication (Grimm et al. (in 

prep.)84), we cultivated the novel lithoautotrophic enrichment culture HP under 

autotrophic, mixotrophic, and heterotrophic conditions to  

• identify and quantify shifts in the microbial community composition in the 

presence of iron(II) and/or nitrate, and/or acetate,  

• determine differences in extent and rates of nitrate reduction and iron(II) 

oxidation,  

• quantify main products during denitrification, i.e., nitrite and N2O, and  

• estimate the contribution of abiotic and biotic processes to iron(II) oxidation and 

N2O production by applying kinetic modelling.  

Ultimately, the results from Grimm et al. (in prep.)84 will help us to understand how 

organic carbon affects the adaptability of autotrophic NRFeOx cultures and NRFeOx-

mediated iron and nitrogen cycling, which can be translated to ecosystems where 

organic matter is prevalent (e.g., paddy soils). 
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3. Discussion and Outlook 

The addition of nitrogen fertilizer in paddy soils and its effects on either arsenic mobility, 

nitrous oxide, or methane emissions has been intensively studied in the past.31,333

36,39,85 Previous studies have focused on microcosm or pot experiments and used 

different types of fertilizer and paddy soils. However, studies have often added 

unrealistic amounts of nitrogen fertilizer,41 arsenic,40 or acetate68 to their experiments, 

which poorly reflects environmental conditions. Additionally, the effects of nitrogen 

fertilizer on both arsenic mobility and nitrous oxide emissions remains scarcely 

described. Therefore, in this PhD study, we aimed to simulate different nitrogen 

fertilizer regimes in microcosm experiments to conclude on the mobility of arsenic, on 

nitrous oxide emissions, and total greenhouse gas emissions at the same time and to 

identify the microbial key players involved in nitrate reduction coupled to iron(II) 

oxidation in paddy soils (Figure 3.5, left).  

 

Figure 3.5. Overview of methodological approaches applied during this PhD thesis. Created with 

BioRender.com. 
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By cultivation techniques, we successfully enriched microbial key players involved in 

nitrate reduction coupled to iron(II) oxidation (Figure 3.5, middle), enabling us to study 

this metabolic process more in detail (e.g., changing growth conditions to determine 

effects on N2O production). By applying numerical modelling, we were able to quantify 

contributions of abiotic and biotic processes on iron(II) oxidation and N2O production 

(Figure 3.5, right). These results broaden our understanding of the factors influencing 

arsenic mobility, N2O production, key microbial community members, and their 

interactions, as well as the relative contributions of abiotic and biotic processes to 

nitrate-dependent iron(II) oxidation. 

The main outcomes of this PhD study and remaining open questions are discussed in 

the following.  
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3.1 Biogeochemical Processes under Nitrate Fertilization in Paddy 

Soils 

In Grimm et al. (2024a)82, we added different amounts of nitrate fertilizer at different 

timepoints to a paddy soil incubated in a microcosm setup over 129 days. We followed 

dissolved N-species, iron species, and arsenic species, extracted solid-phase iron 

minerals, and associated total arsenic, quantified greenhouse gas emissions (CO2, 

CH4, and N2O), and identified the microbial community at certain timepoints. We found 

that the addition of nitrate fertilizer stimulates the oxidation of dissolved and solid-

phase iron(II) (Figure 3.6). By this, most of the arsenic was immobilized (28 µg L-1, 

within 3 days) from the porewater and bound to iron mineral phases as proven by solid-

phase extractions. Nevertheless, complete nitrate consumption occurred rapidly 

(minimum: within 6 days), which was followed by microbial iron(III) reduction. The 

reductive dissolution of iron(III) minerals not only led to an increase in dissolved iron(II), 

but also to the formation of secondary iron(II) minerals of different crystallinity as shown 

by sequential chemical extractions. Arsenic was immobilized only on short-term and 

readily mobilized as soon as nitrate was depleted. Only when maintaining constant 

nitrate concentrations in the paddy soil porewater was arsenic retained on iron minerals 

(under high N fertilization treatment).  

 

Figure 3.6. Overview of findings in Grimm et al. (2024a)82. Created with BioRender.com. 
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Regarding greenhouse gas emissions, nitrate fertilization led to increased N2O 

emissions, irrespective of fertilizer concentration and lower CH4 emissions, especially 

when supplied in higher concentrations (medium/high N treatment). We found similar 

N2O emissions even when supplying nitrate in 2.5-times lower concentrations due to 

short-term peak emissions of N2O. This observation occurred after supplying nitrate a 

second time to the paddy soil. Microbial community analysis at a time of greatest 

differences (day 37) between N fertilized treatment and the control revealed distinct 

community compositions. Gallionellaceae, Comomonadaceae, and Rhodospirillales 

were more abundant under nitrate fertilization indicating their key role in nitrate 

reduction and iron(II) oxidation.  

The results from Grimm et al. (2024a)82 suggest that arsenic mobility and N2O 

emission can only be minimized if nitrate is supplied in very high concentrations 

compared to lower nitrate applications. Yet, this does not reflect economically 

practices, thus, further strategies to minimize N2O and arsenic mobility need to be 

deployed. Alternate wetting, and drying (AWD) has been shown to maintain yield, 

reduce methane emissions from paddy soils, and arsenic concentrations in the 

porewater, ultimately limiting As uptake into the rice grain.86 On the other side, the 

combination of AWD and nitrogen fertilization might even enhance N2O emission due 

to combined denitrification and nitrification (under aerobic conditions).87 Studies have 

not focused yet on the combined effects of AWD and N fertilizer on As mobility and 

greenhouse gas emissions. Thus, experiments could be performed that address the 

following research questions:  

1) How does combined AWD and N fertilization affect N2O and CH4 emissions?  

2) Can combined AWD and N fertilization even increase the immobilization of 

arsenic?  

3) Does the combined application of AWD and N fertilization provide the best 

management practice to improve yield without compromises in GHG emissions 

or arsenic mobility?  
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Another determining factor influencing N2O emissions and arsenic mobility is the 

dominance of denitrification or dissimilatory nitrate reduction to ammonia 

(DNRA).34,40,88 The type of fertilizer or the ratio of C to N in a paddy soil can determine 

the likelihood of DNRA or denitrification.89 For a better understanding of the impact of 

DNRA and denitrification on arsenic mobility and N2O emissions, the following open 

research questions need to be addressed:  

1) Which soil and geochemical parameters support DNRA or denitrification in 

paddy soils under N fertilization? 

2) In which way do different fertilizers and different paddy soils influence the 

likelihood of DNRA or denitrification? 

3) Can we identify a fingerprint geochemical parameter or microbial indicator (e.g., 

community composition) that can uniformly be applied to paddy soils to predict 

which dominant process takes place?  

To answer the open questions and identify the dominant nitrogen pathways in various 

paddy soils, experiments can be conducted using a wide range of global paddy soils 

supplemented with 15N-labelled fertilizer. By determining concentrations of 15NO3
-, 

15NO2
-, and 15NH4

+, we can gain insights into the prevailing pathways. Coupling these 

findings with geochemical and microbial community analyses, and employing statistical 

methods such as multiple regression, or principal component analysis, will help identify 

key structural fingerprints (e.g., C/N ratio thresholds) that predict the dominance of 

DNRA or denitrification.  

Different types of fertilizer can be tested time effectively with an elegant tool, named 

MicroResp® assay, detecting CO2 emissions from soil under standard operation. 

Modifying the traditional usage of the MicroResp® assay allows us to follow changes 

in microbial community composition, iron mineralogy, and arsenic mobility (see 

exemplary setup in Figure 3.7). Previous tests with the MicroResp® assay performed 

in the framework of this PhD work (during the B.Sc. thesis of Sarah Keldenich) proved 

promising by showing large differences between the type of nitrogen fertilizer (urea, 

ammonium nitrate, and nitrate), and between paddy soils (China, Italy). This work could 

be expanded in future by testing also slow release fertilizer, deep placement of urea or 

other combination of fertilizers with or without additives (e.g., straw, biochar, etc.).  
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Figure 3.7. Schematic of a potential setup, and sampling procedure using the MicroResp® assay. 

Different treatments are labelled on the deep-well plate (NF: control with no fertilizer, U: urea, AN: 

ammonium nitrate, PN: potassium nitrate), and can be replaced by other fertilizers. Different fertilizer 

concentrations are highlighted in different color intensities, and indicated in small letters (l: low, m: 

medium, h: high). Created with BioRender.com by Sarah Keldenich. 
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3.2 Pinpointing Microbial Key Players under Nitrate Fertilization in 

Paddy Soils 

During the microcosm experiment described in Grimm et al. (2024a)82, we performed 

a variety of molecular biology analyses. By quantifying gene, and transcript 16S rRNA 

copy numbers, we were able to not only conclude on the abundance, but also on the 

activity of the whole microbial community at different timepoints. We only found 

significant differences in 16S rRNA copy numbers on a transcript level on day 37, 

indicating that nitrogen fertilizer positively affected microbial activity. We further 

quantified different functional and marker genes that are involved in the iron, nitrogen, 

and arsenic cycle, however, we could not find conclusive differences between the 

treatments. In a next step, we could further improve the interpretation of these results 

by calculating, i.e., transcript-to-gene ratios that have proven to be a valuable tool in 

other studies.90,91 The transcript-to-gene ratio is suggested to be a more accurate 

measure for transcriptional activity than absolute abundances. A key challenge in 

comparing the activity of specific functional genes across different treatments is the 

variability in the absolute abundance of these genes. Therefore, conducting 

comparisons on a relative basis may provide insights, which microorganisms actively 

contribute to certain processes or if nitrogen fertilization alters gene regulation. 

Ultimately, this would enable us to conclude on microbial nitrogen utilization pathways 

across treatments (e.g., DNRA, denitrification, see section 5.1).  

Through 16S rRNA gene amplicon sequencing, we identified which microorganisms 

became more abundant over time under nitrate fertilization, as described in Grimm et 

al. (2024a)82. Notably, Gallionellaceae showed increased abundance under nitrate 

fertilization, and were successfully enriched from paddy soil, as described in Grimm 

et al. (2024b)83. A systematic comparison of described isolates, or species in 

enrichment cultures from the literature, alongside an evaluation of their metabolic 

functionality, would provide valuable insights into their role in nitrate-dependent iron(II) 

oxidation in the environment. In Grimm et al. (2024b)83, we conducted a maximum-

likelihood analysis of Gallionellaceae species identified in paddy soils, revealing close 

phylogenetic relationships. However, since these analyses were based on short-read 

16S rRNA gene sequences, further comparison using long-read 16S rRNA gene 
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sequencing is necessary to confirm these findings and provide a more comprehensive 

understanding. 

Furthermore, applying a similar experimental approach as in Grimm et al. (2024a)82 

to various types, or origins of paddy soils, and different varieties of N-based fertilizer 

would enhance our understanding of microbial key players. The following open 

questions could be addressed in an additional experiment: 

1) How do different fertilizer types (e.g., urea, ammonia-based, nitrate-based, mix 

of ammonia and nitrate, slow release fertilizer, etc.) affect the microbial 

community composition of paddy soils?  

2) Do different paddy soils (different parent material, different origin, different 

management practices) react differently to N fertilizer input? 

3) Can we derive a microbial fingerprint for different N fertilizers or different paddy 

soils?  

To answer these open research questions, experiments could be conducted in glass 

vials that are filled with paddy soil, left open to the atmosphere, and incubated under 

waterlogged conditions over several weeks. Samples for 16S rRNA gene amplicon 

sequencing can be taken at the beginning and at the end of the incubation to compare 

changes in microbial community composition. By comparing different paddy soils and 

different N fertilizers, we would aim to identify unique microbial community 

compositions for either different N fertilizer types or different paddy soils that could be 

uniformly transferred to other paddy soils or fertilizers.  

In Grimm et al. (2024a)82, we attributed nitrate reduction to the oxidation of iron(II). In 

later times during the incubation we also observed CH4 emissions at least from the 

control and the low N fertilized paddy soil. CH4 is produced during methanogenesis in 

deeper soil layers under waterlogged conditions. However, there are also microbial 

processes limiting CH4 emissions, such as CH4 oxidation coupled to the reduction of 

nitrate or iron(III). Luo et al.(2021)92 emphasized that both processes are relevant for 

CH4 oxidation in paddy soils. CH4 oxidation coupled to iron(III) reduction is a process 

that was first described in 2006 happening in marine sediments93 and was also found 

in arsenic-contaminated aquifers in Asia, where it significantly contributed to limiting 
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CH4 emission and increasing arsenic mobility due to the reductive dissolution of iron(III) 

minerals and the subsequent release of bound arsenic.94 CH4 oxidation coupled to 

nitrate reduction has been studied in the past decades and has been shown to limit 

CH4 emission from N fertilized paddy soils.95 In Grimm et al. (2024a)82 we found that 

8Candidatus Methanoperedens9 were more abundant in N fertilized setups and 

Vaksmaa et al. (2017)96 successfully enriched 8Candidatus Methanoperedens9 from an 

Italian paddy soil. To investigate the role of methane oxidation in more detail, functional 

genes involved in methane oxidation (e.g., mcrA, pmoA), could be analyzed in DNA 

extracts of the experiment described in Grimm et al. (2024a)82. Additionally, to study 

the interplay between CH4 oxidation coupled to nitrate or iron(III) reduction, enrichment 

cultures could be set up similar to Grimm et al. (2024b)83. Here, paddy soil would be 

incubated with CH4 and nitrate (culture 1) and with CH4 and iron(III) (culture 2), to 

obtain an enrichment culture or even a single strain by isolation techniques, which can 

be further studied in detail.  
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3.3 Enrichment Cultures: A Tool for Unraveling Microbial Interactions in 

Paddy Soils  

Microorganisms typically exist within complex microbial communities, interacting with 

a diverse range of other community members.97 Therefore, isolation sometimes proofs 

to be difficult for certain microorganisms, e.g., lithoautotrophic nitrate-reducing, iron(II)-

oxidizing microorganisms. So far, autotrophic NRFeOx has only been unequivocally 

shown in enrichment cultures (culture KS, BP, AG).71,72,98 These cultures share a 

common origin in organic-poor environments (such as sediment and aquifer), which is 

reasonable since these microorganisms do not rely on organic carbon for survival. 

Generally, autotrophic microorganisms are considered to be better adapted to thrive 

under redox fluctuations where substrate availability may be scarce99 and could inhabit 

ecological niches with low organic carbon in paddy soils that are considered as rather 

organic-rich environments.100 To date, it has remained unclear whether this 

metabolism also occurs in paddy soils. The successful enrichment of a lithoautotrophic 

NRFeOx culture from a paddy soil in China (Huilongpu Town, Hunan Province), as 

described in Grimm et al. (2024b)83, strongly suggests that this metabolism likely plays 

a significant role in iron(II) oxidation, and nitrate reduction in paddy soils and may also 

influence other elemental cycles such as carbon and arsenic.  

The novel lithoautotrophic nitrate-reducing, iron(II)-oxidizing culture HP is dominated 

by Gallionella sp., and a unique microbial flanking community. The culture reduces 

nitrate, and iron(II) within 4 days, resulting in a ratio of nitratereduced to iron(II)oxidized of 

0.2-0.3. Nitrite is only occasionally detected and does not accumulate in culture HP. 

We further identified N2O as the main product during denitrification. During the majority 

of transfers, N2O was not the sole product of denitrification, thus nitric oxide or 

dinitrogen gas (both could technically not be detected by the experimental setup) are 

also produced. Because nitric oxide is toxic, we hypothesize that the microbial flanking 

community further reduced N2O to N2, while being fed with organic carbon 

autotrophically produced by Gallionella sp. (Figure 3.8).  
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Figure 3.8. Overview of proposed nitrate transformation and iron(II) oxidation in culture HP, with 

Gallionella sp. being responsible for nitrate reduction till N2O and the flanking community for further N2O 

reduction. Created with BioRender.com. 

In Grimm et al. (in prep.)84, we quantified that 99.5% of the total N2O in culture HP is 

biotically-derived, with the rest being of abiotic nature. The numerical reaction model 

also revealed that iron(II) oxidation in the lithoautotrophic culture HP is to 99.8% 

biotically driven. Under mixotrophic conditions (supplemented with acetate), the 

maximum contribution of chemodenitrification can reach up to 44%, but enzymatic 

processes accounted for 98.6% of the cumulative iron(II) oxidation and N2O 

production.  

By changing the growth conditions of culture HP in Grimm et al. (in prep.)84, we were 

able to identify key players during autotrophic NRFeOx, mixototrophic, and 

heterotrophic NRFeOx that are potentially involved in different steps of denitrification. 

Gallionella sp. and Dechloromonas sp. were most abundant irrespective of their growth 

conditions. However, acetate addition influenced the flanking community boosting 

Acidovorax sp., Zoogloea sp., and Parvibaculum sp., highlighting their role in 

mixotrophic or heterotrophic nitrate reduction in culture HP. Further, we state that 

culture HP and its microbial community reacts sensitively towards changes in 

cultivation conditions, yet, the products of denitrification are similar between different 

conditions (except heterotrophic conditions: nitrite instead of N2O).  
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In Grimm et al. (2024b)83, culture HP was exposed to 100 µM arsenite in an 

experiment, which slowed down nitrate reduction and iron(II) oxidation. Additional 16S 

rRNA gene amplicon sequencing, not included in the manuscript published in Applied 

and Environmental Microbiology, revealed that Macrococcus caseolyticus was 

abundant (12%) in the first transfer at day 0 when nitrate, iron(II), and arsenite were 

supplied. This species was never observed in culture HP before, thus, it indicates its 

potential role in arsenite oxidation and nitrate reduction, however no supporting 

information is provided in the literature. Future studies should expose culture HP to 

more environmentally relevant concentrations of arsenite or arsenate to explore its 

potential for arsenic immobilization. Additionally, microbial enrichments could be 

designed to target microorganisms performing nitrate reduction coupled to arsenite 

oxidation, allowing for the investigation of competition between nitrate-dependent 

iron(II) oxidation and arsenite oxidation in paddy soils.  

The fact that lithoautotrophic nitrate reduction coupled to iron(II) oxidation has been 

only unequivocally proven in enrichment cultures (culture KS; AG; BP, HP (enriched 

during this PhD thesis)), points towards the need of interspecies connections to 

perform iron(II) oxidation and nitrate reduction. It is speculated that heterotrophic 

community members rely on organic carbon from autotrophic community members. In 

an experiment, where culture HP was cultivated without any electron donor, 16S rRNA 

gene copy numbers increased and small amounts of nitrate were reduced, which was 

attributed to internally stored carbon or electrons in Grimm et al. (2024b)83. Follow up 

16S rRNA gene amplicon sequencing that is not included in the published manuscript 

revealed that Gallionella sp. and Noviherbaspirillum sp. decreased in relative 

abundances (by 52% and 5%, respectively) and Dechloromonas sp., Acidovorax sp., 

Azospira sp., and Ramlibacter sp. increased in relative abundances (by 25%, 20%, 

5%, and 3% respectively) over 7 days of incubation. This raises the question if those 

are the community members that are internally cross-fed by lithoautotrophic members, 

such as Gallionella sp. when grown under standard autotrophic conditions and 

highlights the need for follow up studies, such as metabolomics (e.g., in collaboration 

with Daniel Petras, University of California).  
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Some more open questions ought to be investigated regarding the lithoautotrophic 

NRFeOx culture HP. Surprisingly, the culture HP and other lithoautotrophic cultures 

such as culture KS, BP, and AG lead to N2O emissions instead of showing complete 

nitrate reduction to N2. In literature, it has been shown that biochar can enhance 

complete nitrate reduction by increasing the abundance and activity of nosZ, a 

bacterial functional gene involved in the reduction of N2O to N2.101 Further, Sharma et 

al. (2022)102 found that 10 to 300 nM of copper successfully enhanced the reduction of 

N2O to N2, due to the copper requirement of nitrous oxide reductase. Another factor 

that might influence denitrification rates or N2O production is the pulsing frequency of, 

for example, nitrate fertilizer, which has been shown to affect denitrification in 

wetlands103 and suggested as important through modeling for naphthalene-degrading 

cultures.104 Therefore, experiments should be conducted to optimize the denitrification 

process and promote complete reduction of nitrogen species, ensuring full 

denitrification. The following research question should be answered in further 

experiments:  

1) Can supplements, such as biochar or copper improve the denitrification process 

and lead to N2 as the final or main product instead of N2O?  

2) Are low pulse-additions of the electron donor (i.e., iron(II)) or acceptor (nitrate) 

more successful in leading to complete denitrification rather than one-time high 

additions? 

In the environment, iron(II) can be dissolved, adsorbed, complexed, and is often found 

in solid phases, such as in clays or iron(II) minerals.1053107 Therefore, microorganisms 

likely possess the ability to oxidize solid-phase iron(II). However, this capability has 

only been demonstrated for cultures KS, capable of oxidizing various iron(II) 

minerals108,109 and for culture AG, capable of oxidizing pyrite.110 Future studies should 

systematically investigate the ability of various autotrophic NRFeOx cultures to oxidize 

different solid iron(II) phases, including both biogenic and abiogenic forms of minerals 

such as magnetite, siderite, and vivianite. 

In literature, it was also shown that secondary iron(II) minerals are present as iron 

plaque at the rice roots.111 Further, Gallionellaceae spp. are found in paddy soils and 

are often associated with the rice roots, thus, exposed to oxygen inputs.112 Based on 
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the results in Grimm et al. (2024a)82, we hypothesized that Gallionellaceae spp. could 

be in close proximity to rice roots and could switch their metabolism from 

microaerophilic iron(II) oxidation to nitrate-dependent iron(II) oxidation. Previously, 

cultivation in gradient tubes under microoxic conditions has not been successful for 

culture AG, BP, or HP. To further investigate the role of oxygen, additional experiments 

could be performed targeting the following research questions:  

1) Can the lithoautotrophic culture HP and also other cultures such as KS, BP, or 

AG tolerate oxygen? If yes, where is the concentration threshold? 

2) Can the cultures also switch back to nitrate-reducing, iron(II)-oxidizing 

conditions after being exposed to oxygen?  

For this experiment, oxygen consumption could be followed with sensor foils (Presens, 

Germany) and nitrate, and iron(II) with standard techniques. The microbial community 

abundance, and activity can be followed by gene and transcript 16S rRNA, 

respectively. This would allow to conclude on the metabolic potential to switch between 

microaerophilic and nitrate-dependent iron(II) oxidation.  

In Grimm et al. (2024b)83 and Grimm et al. (in prep.)84, the electron donor iron(II) 

was exchanged or other electron donors were supplied to the lithoautotrophic NRFeOx 

culture HP. We were able to show that native soil-extractable OC (10 mg L-1) and 

arsenite (100 µM) could not be used as the sole electron donor for nitrate reduction. 

When soil-extractable OC or arsenite were supplied in addition to iron(II), the microbial 

performance was not affected in the case of OC or almost completely suppressed, 

especially with consecutive transfers under the given growth conditions, in the case of 

arsenic. It remains open:  

1) If other electron donors such as hydrogen, sulfide, methane, or organic 

compounds like short-chain fatty acids (originating from fermenting bacteria), 

root-derived OC (by rice plants), etc. can be used by the culture HP? 

2) If N2O production differs depending on the electron donor?  

3) How the microbial community composition is affected and changing when 

different electron donors are supplied?  
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Related work to this PhD thesis (Master thesis of Hayley Green) found out that culture 

HP is also capable to utilize glucose. The main focus was set on rice root exudates, 

however, the addition of natural root exudates collected from a rice plants did not lead 

to differences in geochemical performance, likely due to insufficient amounts supplied 

to culture HP. In a follow up experiment by the Master student, three common root 

exudates (pyruvic acid, sucrose, and serine, based on targeted GC-MS analysis from 

the natural root exudates) were added individually and in unison to culture HP. The 

addition of pyruvic acid and sucrose resulted in increased rates of iron oxidation, nitrate 

reduction, and N2O production compared to the cultivation under standard, autotrophic 

conditions. The results on alteration in organic carbon content, cell growth, microbial 

community composition, and N2O production are still being analyzed. 

To date, lithoautotrophic NRFeOx cultures exist in laboratory settings but have never 

been exposed to more environmental settings. Introducing culture HP to paddy soils 

could provide insights into the biogeochemical interactions within the paddy soil and 

offer insights into nitrate removal, iron dynamics, and potential strategies for reducing 

greenhouse gas emissions, and remediating contaminants. Following research 

questions could be addressed in a follow up experiment:  

1) Does the addition of culture HP to paddy soil lead to enhanced dissolved and 

solid-phase iron(II) oxidation, and consequently arsenic immobilization?  

2) Does the addition of culture HP to paddy soil lead to higher N2O emissions or 

will formed N2O be further reduced by the native soil microbial community?  

3) How does redox cycling affect the culture HP and does it have long term effects 

on fertilized paddy soil?  

A previous experiment within the framework of this PhD (project seminar of Paula 

Gscheidel) has shown that the addition of culture HP to the native paddy soil has little 

effects if only supplied with nitrate. Thus, iron(II) should be supplemented in addition 

to nitrate and the inoculation of culture HP as cell suspension (concentrated cell 

culture) might be more promising. Alternatively, if experiments with modified conditions 

also do not show significant differences between native soil and culture HP-inoculated 

paddy soil, culture HP could be added to a rice plant grown in rhizotrons with a Gelrite-

stabilized Hoagland solution (similar to Maisch et al. (2019)49). By knowing rates of 
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microaerophilic iron(II) oxidation and abiotic iron(II) oxidation from literature,49,113 rates 

of nitrate-dependent iron(II) oxidation by culture HP could be quantified. Following this 

approach, the importance of NRFeOx in comparison with abiotic and microaerophilic 

iron(II) oxidation in close proximity to rice roots could be elaborated. To visualize the 

microbial community members in culture HP and their spatial distribution in the 

rhizotrons, fluorescence in-situ hybridization (FISH) probes designed for individual 

members of the community can be used. This approach would provide valuable 

insights into the local distribution of microorganisms involved in nitrate-dependent 

iron(II) oxidation in the environment. Additionally, metagenomic analysis of culture HP 

is necessary (and ongoing, in collaboration with Dr. Cristina Escudero) to obtain the 

complete genome, which will further enhance our understanding of the functional 

potential of the microbial community. 
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3.4 Unraveling Complexity: The Critical Role of Rice Plants in Paddy 

Soil Experiments 

In this PhD thesis, we gained a mechanistic understanding of complex biogeochemical 

processes by simplifying the paddy soil system. As a consequence, we neglected 

plant-specific processes that could influence NRFeOx and thus arsenic mobility and 

N2O production.  

To address this issue, several different experimental approaches could be used that 

are outlined in the following. In soil cores (Figure 3.9), rhizonsamplers could be inserted 

as artificial roots (after Keiluweit et al. (2015)114 or Sokol and Bradford (2019)115) to 

introduce oxygen and/or model root exudates (e.g. mix of amino acids, glucose, 

mannose, galactose, malic acids, citric acid, etc.) into the soil, to generate rhizosphere-

like conditions. By this, the impact of either oxygen or root exudates (or both, if 

combined) on iron mineral (trans-)formation, arsenic (im-)mobilization, and N2O 

emissions between rhizosphere and bulk soil will be identified. Furthermore, this soil 

core setup will allow us to identify vertical gradients within the paddy soil by applying 

microelectrode measurements and porewater sampling (via rhizonsampler) at different 

depths.  

 

Figure 3.9. Schematics of future experiments in soil cores that aim to simulate and account for plant-

specific processes and its impact on nitrate-dependent iron(II) oxidation and ultimately, arsenic mobility, 

and N2O production.  
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In a follow-up experiment, plant pots could be used to reflect more natural paddy soil 

conditions and to include plant-induced processes. Here, rice plants can be grown over 

one cultivation period until harvest to identify crucial growth stages for arsenic 

mobilization and N2O emissions (Figure 3.10). At the end or ideally at different growth 

stages, paddy soil and porewater samples will be taken and analyzed. Gas emission 

will be regularly followed to conclude on N2O production and CH4 emissions. After 

harvesting rice plants, arsenic will be determined in tissue and grains to estimate the 

health risk. In paddy soils, synchrotron-based XAS experiments on the As and Fe K-

edge in combination with geochemical, mineralogical, and molecular biology analyses 

can be used to a) identify present and forming iron mineral phases, b) associated 

arsenic species and shifts in arsenic binding environment, and c) linked to microbial 

processes to mechanistically understand differences in the mobilization process of 

arsenic before, during, and after N fertilization (Figure 3.10). 

 

 

Figure 3.10. Experimental design of rice plant-based fertilization experiments linking greenhouse gas 

emissions (1) to biogeochemical (2, 3) and mineralogical analysis (4) to conclude on effects of nitrogen 

fertilization on arsenic mobility and greenhouse gas emissions (5). Created with BioRender.com. 
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3.5 A Balancing Act: How Can We Simultaneously Reduce Nitrous 

Oxide Emissions and Arsenic Mobility in Paddy Soils?  

Within this PhD thesis, we gained valuable insights into the dynamics of arsenic and 

N2O after nitrogen fertilization and the role of microorganisms. Based on the results, 

we hypothesize that autotrophic NRFeOx can occur in paddy soils, with Gallionella sp. 

being the microbial key players (Figure 3.11). However, Dechloromonas sp., 

Acidovorax sp. and Zoogloea sp. were found to play a great role in mixotrophic 

denitrification and thus, could play an important role in the paddy soil where organic 

carbon is available. In all of these processes iron(III) minerals are formed that can 

potentially scavenge arsenic from the paddy soil porewater and limit the uptake in rice 

plants.  

 

Figure 3.11. Schematic overview of ecological niches of different microorganisms relevant for nitrate 

reduction or iron(II) oxidation. Different microorganisms are highlighted in different colors and black dots 

represent organic carbon compounds. Iron minerals and their impact on arsenic scavenging are 

representatively shown for autotrophic denitrification.  
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In the case of iron(II) limitation or high availability of organic carbon, heterotrophic 

denitrifying bacteria, such as Parvibaculum sp. could be highly relevant for nitrate 

reduction in paddy soils (Figure 3.11). From the microcosm study in Grimm et al. 

(2024a)82 we further conclude that microorganisms of the order Rhodospirillales could 

be relevant for N2O reduction, however, unknown key players ought to be enriched or 

isolated. And last, Methanoperedens could also play an important role for nitrate 

reduction by coupling nitrate reduction and methane oxidation in paddy soils (Figure 

3.11).  

The findings in this PhD thesis have expanded our understanding of the effects of 

nitrogen fertilizer on arsenic mobility and N2O production when applied at varying 

concentrations and times to paddy soil. We identified key microbial players involved in 

NRFeOx and successfully enriched these organisms in a culture that was further 

characterized (extent of nitrate reduction, iron(II) oxidation, N2O production, microbial 

community composition, different growth conditions, etc.). Through numerical 

modeling, we quantified the contributions of abiotic and enzymatic processes 

influencing iron(II) oxidation and N2O production under different growth conditions. 

With the presented results, we were not yet successful to simultaneously minimize N2O 

production and arsenic mobility. We hypothesize that the interplay of microbial species, 

supplements such as biochar or root exudates, fertilizer type, quantity, and frequency, 

and the paddy soil influence this pressing issue. Several questions ought to be 

investigated, as NRFeOx and its impact on arsenic and N2O production are highly soil-

specific. A comprehensive understanding can only be achieved through the integration 

of diverse techniques including laboratory and field experiments, molecular biology 

approaches, and numerical modeling. This multidisciplinary approach is essential for 

predicting abiotic and biotic processes in the environment, which is crucial for 

assessing potential risks to human and environmental health. The results from the 

experiments and numerical modelling conducted in the framework of this PhD thesis, 

together with the results of the illustrated future experiments can be further used to 

feed a numerical reaction model that can ultimately answer the question, how we can 

simultaneously minimize N2O emissions and arsenic mobilization in paddy soils.  
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Appendix 

The work presented in this thesis resulted in two published journal articles and one 

manuscript that was in preparation for publication when the thesis was submitted in 

December 2024. The first paper, Grimm et al. (2024a)82 was published in Heliyon on 

August 1st, 2024 and the second paper Grimm et al. (2025b)83 was published in Applied 

an Environmental Microbiology on December 6th, 2024. The respective articles together 

with the unpublished Manuscript Grimm et al. (in prep.)84 and the corresponding 

supporting-information documents are presented in this appendix and listed in the 

following.  
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Grimm et al. (2024a). Arsenic immobilization and greenhouse gas emission 

depend on quantity and frequency of nitrogen fertilization in paddy soil 
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Grimm et al. (2024b). Nitrous oxide is the main product during nitrate 

reduction by a novel lithoautotrophic iron(II)-oxidizing culture from an 

organic-rich paddy soil 
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Abstract  

Lithoautotrophic nitrate-reducing, iron(II)-oxidizing (NRFeOx) cultures have been shown 

to react sensitively to organ carbon additions by changing their microbial community 

composition towards mixotrophic or heterotrophic denitrifiers, thereby changing 

intermediates and products during denitrification. It remains unknown how organic carbon 

affects nitrous oxide emissions and chemodenitrification of lithoautotrophic NRFeOx 

cultures in general and the microbial community composition of the lithoautotrophic culture 

HP. Therefore, we cultivated it under autotrophic (iron, nitrate), mixotrophic (iron, nitrate, 

acetate) and heterotrophic (nitrate, acetate) conditions over three consecutive transfers 

(each 7 days). 16S rRNA gene amplicon sequencing revealed that Gallionella sp. and 

Dechloromonas sp. were most abundant irrespective of their growth conditions. However, 

acetate addition influences the flanking community boosting Acidovorax sp., Zoogloea sp., 

and Parvibaculum sp., highlighting their role in mixotrophic or heterotrophic nitrate 

reduction in culture HP. The extent of nitrate was highest under mixotrophic and 

heterotrophic conditions, however most Fe(II) was oxidized under autotrophic conditions. 

Nitrous oxide emissions were lower under mixotrophic conditions compared to autotrophic 

conditions (69% and 100%, respectively). Under heterotrophic conditions, nitrate was 

reduced until nitrite only. By a process-based reaction model, we quantified that biotic 

processes accounted for 99.75% and 98.56% of the total oxidized Fe(II) and 99.51% and 

98.55% of the total produced N2O under autotrophic and mixotrophic conditions, 

respectively. Our results demonstrate that organic carbon significantly influences 

microbial population dynamics and N2O emissions, while having minimal impact on 

enzymatic processes and chemodenitrification in the lithoautotrophic NRFeOx culture HP.  
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Graphical abstract 

 

Introduction 

Biogeochemical cycling of iron (Fe) is important for many environmental processes, such 

as organic carbon (OC) preservation, greenhouse gas emissions and the mobility of toxic 

metalloids in soils and groundwater, such as arsenic.1,2 Microorganisms that harvest 

energy from iron redox transformations can couple various elemental cycles, i.e., Fe and 

nitrogen (N). Nitrate-reducing, iron(II)-oxidizing microorganisms can effectively be used 

for bioremediation335 and removal of nitrate from e.g., groundwater.6,7 Microorganisms 

that perform nitrate reduction coupled to iron(II) oxidation (NRFeOx) can be classified as 

autotrophs, mixotrophs, or chemodenitrifiers.8 Autotrophic nitrate-reducing, iron(II)-

oxidizing microorganisms do not require any organic carbon, but fix CO2 for biomass build-

up. Mixotrophic nitrate-reducing, iron(II)-oxidizing microorganisms reduce nitrate and 

oxidize Fe(II), however, they require an organic carbon co-substrate. Chemodenitrifiers 

are metabolically capable to reduce nitrate by the oxidation of organic carbon and 

indirectly oxidize Fe(II) by reactive N-intermediates such as nitrite (NO2
-), a process called 

chemodenitrification and occurring under heterotrophic conditions. Chemodenitrifiers and 

mixotrophic strains have been isolated from various environments9313, but autotrophic 
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NRFeOx has only been unequivocally shown for Gallionellaceae in microbial enrichment 

cultures that originate from freshwater sediments (culture KS, BP)14,15, an aquifer (culture 

AG)6 and a paddy soil (culture HP).16 Even though the environmental origin of these 

cultures is diverse, they are performing only partial denitrification, with nitrous oxide (N2O) 

as the main product. Because N2O is a very potent greenhouse gas,17,18 it is important to 

understand which factors influence its production (e.g., organic carbon availability). 

Previously, it was believed that N2O could serve as an indicator to differentiate between 

abiotic and biotic Fe(II) oxidation.19 However, recent findings indicate that N2O is the 

primary product during Fe(II)-driven denitrification in enrichment cultures KS,20 AG,6 and 

HP.16 It remains challenging to disentangle abiotic and biotic processes for NRFeOx. 

Isotopic analysis of N2O along with the identification of formed Fe(III) minerals have been 

conducted to distinguish abiotic and biotically-derived N2O.21,22 Further, kinetic modelling 

was applied to disentangle abiotic and biotic Fe(II) oxidation in mixotrophic NRFeOx 

strains23326, and was combined with dual N-O isotope analysis to also conclude on 

abiotic/biotic contributions of N2O by Acidovorax sp. strain BoFeN1.27 Until now, abiotic 

Fe(II) oxidation was generally omitted in studies about lithoautotrophic NRFeOx 

cultures14,15,20,28,29, however, it remains open if the absence of nitrite is sufficiently 

supporting this assumption. This underlines the need for further investigation into the role 

of abiotic processes in autotrophic NRFeOx cultures, where interactions between 

chemical species are important28,30 and peaks of nitrite have been observed (up to 0.23 

mM in culture KS31, <0.1 mM in culture AG32, up to 0.16 mM in culture HP.16  

Previous studies have shown that the microbial community composition reacts sensitively 

to changes in cultivation conditions. Tominski et al. (2018)29 and Huang et al. (2021)15 
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supplemented acetate to culture KS and BP, respectively, and observed that the microbial 

community shifted from Gallionellaceae to Bradyrhizobium (culture KS) or Rhodoferax 

(culture BP)15 being most abundant in the cultures. However, it remains unknown how the 

microbial community of culture HP reacts to organic carbon input and generally, if nitrous 

oxide production is affected by the addition of organic carbon. By modifying the cultivation 

conditions, the role of individual community members of the flanking community in 

autotrophic NRFeOx cultures can be identified and compared to environmental conditions.  

In this study, we cultivated the novel enrichment culture HP under autotrophic, mixotrophic 

and heterotrophic conditions to i) identify and quantify shifts in the microbial community 

composition in the presence of Fe(II) and/or nitrate and/or acetate (representative for 

organic carbon) , ii) determine differences in extent and rates of nitrate reduction and 

Fe(II) oxidation, iii) quantify main products during denitrification, i.e., nitrite and nitrous 

oxide, and iv) estimate the contribution of abiotic and biotic processes to iron(II) oxidation 

and nitrous oxide production by analyzing the experimental data with a kinetic model 

under different cultivation conditions. Ultimately, the results will help us to understand how 

organic carbon affects the adaptability of autotrophic NRFeOx cultures and NRFeOx-

mediated iron and nitrogen cycling, which can be translated to ecosystems like paddy 

soils where organic matter is prevalent.  
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Materials & Methods 

Field site and sampling 

Paddy soil samples were collected in September 2020 from a rice paddy field in 

Huilongpu, Hunan province, China (28°12′16″ N, 112°26′32″ E). Soil was sampled from 

the upper 20 cm and stored at 4°C in the dark until further processing. Details of further 

characterization and soil properties can be found in Grimm et al. (2024).16  

Microbial enrichment 

Microbial enrichment for autotrophic nitrate-reducing, iron(II)-oxidizing microorganisms 

have been described in detail in Grimm et al. (2024).16 Briefly, 1 g of fresh paddy soil was 

mixed under sterile conditions with 9 mL of anoxic modified low phosphate medium, 

containing 1 mM NO3
- and 2 mM Fe(II) and a 10-5 dilution series was prepared.33 The most 

positive dilution was always transferred as soon as color change appeared. After 10 

transfers, the culture was transferred into 25 mL serum bottles for further cultivation.  

Experimental setup and sampling 

Growth media were prepared by filling 25 mL of modified low phosphate medium 

(composition see Grimm et al. (2024)16) in 50 mL serum bottles using the Widdle flask. 

Serum bottles were supplemented with 1 mM nitrate, 2 mM Fe(II) (autotrophic), 1 mM 

nitrate, 2 mM Fe(II), 0.2 mM acetate (mixotrophic) and 1 mM nitrate, 0.2 mM acetate 

(heterotrophic) to set up different growth conditions. The supplements were always added 

minimum one day in advance, due to precipitation of Fe(II) phosphate minerals (i.e. 

vivianite) at the glass wall.16,34 To start the first transfer, 10% (vol:vol) of a pre-culture that 

was grown autotrophically was inoculated to the serum bottles in triplicates and incubated 
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for 7 days. For the second and third transfer, 10% (vol:vol) inoculum of the previous 

transfer was transferred to fresh growth media.  

Geochemical analyses 

To determine iron speciation in the sample, 100 µL of sample was fixed in 400 µL of 1 M 

HCl/40 mM sulfamic acid and determined using a modified ferrozine assay for nitrite 

containing samples 35,36. Briefly, 20 µL of sample are mixed with 80 µL of 1 M HCl or with 

80 µL of hydroxylamine hydrochloride followed by incubation for 30 min to quantify iron(II) 

and iron(tot), respectively. Afterwards, 100 µL of ferrozine solution are added, well mixed 

and incubated for 5 min prior to spectrophotometric detection at 562 nm (Thermo 

Scientific™ Multiskan™ Go Microplate Spectrophotometer). Ferrozine measurements 

were conducted in technical triplicates.  

To determine nitrogen species, 200 µL of sample were diluted in 800 µL of MQ water for 

nitrate and nitrite and 50 µL of sample were diluted in 950 µL of MQ water for ammonium 

prior to analysis by segmented flow analysis (AutoAnalyzer3, SEAL Analytical, Germany). 

High Performance Liquid Chromatography (HPLC, LC-20 AT liquid chromatograph, 

Shimadzu, Japan) was used to analyze acetate in mixotrophic, heterotrophic and abiotic 

control treatments with standards ranging from 0.1 to 1 mM. Prior to analysis, 200 μL 

supernatant of the centrifuged slurry sample were pipetted into HPLC vials with small 

glass inlets. For analysis, the sample was injected into a mobile phase stream (5 mM 

H2SO4) and passed a stationary phase (Aminex HPX-87HION exclusion column from 

BioRad). Temperature was maintained at 40°C using a CTO-10 AS VP column oven. 

Acetate was identified at a specific retention time by a photo array detector (RID-20A 
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refractive index detector, Shimadzu, Japan) due to changes in light absorption and 

appeared as a peak on the chromatogram.  

Gas measurements 

Gas measurement and calculation of produced N2O was performed as described in 

Grimm et al. (2024).16 Briefly, 0.6 mL of headspace was withdrawn before liquid sampling 

and injected into helium-flushed headspace vials (total volume 12 mL). N2O was 

measured on the front pulsed discharge detector of a custom-built gas chromatograph 

(TRACE 1310, Thermo Fisher Scientific, USA). Calibration of N2O was performed 

between 0.05 and 380 ppm and dissolved N2O was accounted for using the Henry´s 

constant.  

Microbial community analysis 

For DNA extraction, 2 mL of sample were taken from the NRFeOx culture and centrifuged 

(20,238 g, 5 min). The supernatant was discarded and the pellet was immediately frozen 

and stored at -20°C. The Power Soil® DNA Kit (Qiagen, Germany) was used for DNA 

extraction, DNA was eluted in 50 µl DNase-free water and stored at -20°C until analysis. 

Quantitative polymerase chain reaction (qPCR) was used to determine bacterial 16S 

rRNA genes using primers 515F and 806R.37 Samples were analyzed in technical 

triplicates on a C1000 Touch thermal cycler (CFX96TM real time system) using 

SybrGreen® Supermix (50% per reaction, Bio-Rad Laboratories GmbH, Munich, 

Germany). A 7-fold standard dilution series (plasmid vectors containing a cloned 16S 

rRNA gene fragment from Thiomonas sp., pCR2.1®, Invitrogen, Darmstadt, Germany) 

was included on each qPCR assay in addition to one negative control (DNase-free water). 

Standard concentrations were quantified using Qubit (Life Technologies, Carlsbad, CA, 
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USA). Finally, data analysis was performed using the Bio-Rad CFX Maestro 1.1, software, 

version 4.1 (Bio-Rad, 2017). For 16S rRNA gene amplicon sequencing, the 16S rRNA 

gene was amplified by polymerase chain reaction using the iProof HF Master Mix (50% 

per reaction, Bio-Rad Laboratories GmbH, Munich, Germany), dimethylsulfoxide (DMSO, 

2% per reaction, Carl Roth) and primers 515F and 806R (0.2 µM per reaction)37, targeting 

the V4 region. Due to low DNA concentrations, the PCR products were purified using the 

Wizard® SV gel and PCR clean-up system (Promega, USA), with a modified final volume 

of 30 µL instead of 50 µL. Detailed information on the primers, primer sequences and 

thermal program used for qPCR and PCR is provided in Table A1.  

Library preparation steps (Nextera, Illumina) and 250 bp paired-end sequencing with 

MiSeq (Illumina, San Diego, CA, USA) using v2 chemistry were performed by the Institute 

for Medical Microbiology and Hygiene (MGM) of the University of Tübingen. 9,910,078 

read pairs were obtained for 54 samples (47,518 to 530,641 read pairs per sample) in two 

sequencing runs. Data processing, including quality control, reconstruction of sequences 

and taxonomic annotation was done using nf-core/ampliseq v2.11.0 of the nf-core 

collection of workflows38,39. nf-core/ampliseq was executed with Nextflow v24.04.440 and 

singularity v3.8.741. Primers were trimmed, and untrimmed sequences were discarded (6-

92% per sample, average 23%) with Cutadapt version 4.642. Adapter and primer-free 

sequences were processed pooled with DADA2 v1.30.043 to eliminate PhiX 

contamination, trim reads (before median quality drops below 35; forward reads were 

trimmed at 95 bp and reverse reads at 200 bp), discard reads with >2 expected errors, 

correct errors, merge read pairs, and remove polymerase chain reaction (PCR) chimeras. 

Ultimately, 1,006 amplicon sequencing variants (ASVs) were obtained across all samples. 
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Taxonomic classification was performed with DADA2 and the SILVA v138.1 database44. 

Using QIIME2 version 2023.7.0,45 488 ASVs with 5,699 to 331,813 counts (total 6,773,280 

counts) that were not classified as mitochondria or chloroplasts (deemed off-targets), 

occurred in at least two samples (less likely spurious sequences), and were between 240 

and 270 bp in length (>95% of ASVs were expected to be between 250 and 256bp long)39 

were selected as final result. 

Cell-mineral interactions 

Samples for scanning electron microscopy (SEM) were fixed in 2.5% glutaraldehyde over 

night at 4°C by adding 100 μL of a 25% glutaraldehyde solution to 900 μL of centrifuged 

cell suspension in growth medium. After fixation, the samples were centrifuged (1 min, 

20,238 g) to concentrate the cells, and 900 μL of supernatant were removed, and replaced 

with MQ water to wash out the glutaraldehyde. This washing step was repeated twice. 

Afterwards, 50 μL of sample were placed onto a poly-L-lysine coated cover glass slide 

(coated with 0.01% poly-L-lysine solution (PLANO, Wetzlar, item 18026)) in a 12-well 

plate, and left for 30 minutes to settle. In the following, the samples were dehydrated using 

a graded ethanol series (25%, 50%, 75%, 95% for 15 min each, followed by 100% ethanol 

twice for 30 min). The samples were then immersed in hexamethyldisilazane (HMDS). 

First, they were incubated in a 1:1 ratio of 100% ethanol and HMDS (30 min), followed by 

a second step in 100% HMDS (30 min). Finally, the HMDS was replaced by 250 µL of 

fresh HMDS and the lid of the well-plate was placed slightly ajar, allowing the HMDS to 

evaporate slowly over night. The dry cover glass slides were mounted on aluminum stubs 

using carbon tape (PLANO, Wetzlar, items G301 & G3347) and coated with 8 nm platinum 

using a BAL-TEC SCD 005 sputter coater. SEM imaging was performed at a Crossbeam 
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550L FIB-SEM (Zeiss, Oberkochen, Germany), operating with an acceleration voltage of 

2.0 kV, using the SESI detector and a working distance of 5 mm.  

Development of the chemical reaction model 

Based on the geochemical and molecular biology results, a process-based numerical 

model was developed to derive rates of nitrate reduction, Fe(II) oxidation, and to 

determine the contribution of abiotic and biotic Fe(II) oxidation and N2O production under 

autotrophic and mixotrophic growth conditions of the autotrophic NRFeOx culture HP from 

the available experimental data. For this, autotrophic denitrification was considered as a 

two-step process separated into the reduction of nitrate to nitrite (Eq. 1) and nitrite to 

nitrous oxide (Eq. 2).  2 ýþ32 + 8 �ÿ2+ + 19 �2þ →  ý2þ + 8 �ÿ(þ�)3 + 14 �+ Eq. 1 ýþ22 + 2 �ÿ2+ + 4.5 �2þ →  0.5 ý2þ + 2�ÿ(þ�)3 + 3 �+ Eq. 2 

Based on previous results by Grimm et al. (2024)16, ferrihydrite was assumed as the 

formed Fe(III) mineral during Fe(II) oxidation and N2O instead of dinitrogen gas (N2) was 

considered to be the product during denitrification. Because Fe(II) can also abiotically 

react with nitrite, chemodenitrification (equivalent to Eq. 2) was also considered in the 

biogeochemical model. Under mixotrophic conditions, in addition to autotrophic 

processes, nitrate reduction to nitrite coupled to the oxidation of acetate was also 

considered (Eq. 3). This assumption is based on observations under heterotrophic growth 

conditions, where nitrite was the main product during denitrification.  4 ýþ32 + þ�3þþþ2 + �+  →  4 ýþ22 + þþ2 + �þþ32 + �2þ Eq. 3 
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Based on these chemical reactions, two model alternatives were developed (Figure 1). 

The first model structure represents processes under autotrophic conditions, where 

biological reduction of nitrate to nitrite and nitrite to nitrous oxide, together with 

chemodenitrification is considered (Eq. 1 & 2). The second model structure was developed 

for mixotrophic conditions, where nitrate is reduced solely by acetate (Eq. 3), in addition 

to enzymatic and abiotic nitrite reduction (Eq. 2).  

 

Figure 12. Conceptual figure showing nitrate reduction as a simplified two-step process 

(nitrate to nitrite and nitrite to nitrous oxide). Model alternative 1 (black+orange lines) 

considers biotic and abiotic processes relevant for nitrate-dependent iron(II) oxidation. 

Model alternative 2 (black+blue lines) represents processes considered for mixotrophic 

conditions. Solid lines regardless of color resemble biotic processes, dashed lines 

resemble abiotic processes (i.e., chemodenitrification). Detailed systems of the two 

underlying ordinary differential equations are given in the SI. 
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Dual-substrate Monod kinetics was considered for Eq. 1, 2, and 3, resulting in the following 

rate equations for biotic reactions. 

�ÿþý�_Āÿ�_1 = �ÿþý�_Āÿ�_1�ÿ�� ( þ��(��)���(��) + þ��(��)) ∙ ( þýþ3−�ýþ3− + þýþ3−) Eq. 4  

�/�ý���_Āÿ�_1 = �/�ý���_Āÿ�_1�ÿ�� ( þÿā�ýÿý��ÿā�ýÿý� + þÿā�ýÿý�) ∙ ( þýþ3−�ýþ3− + þýþ3−) Eq. 5 

�ÿþý�_Āÿ�_2 = �ÿþý�_Āÿ�_2�ÿ�� ( þ��(��)���(��) + þ��(��)) ∙ ( þýþ2−�ýþ2− + þýþ2−) Eq. 6 

where rauto_bio_1max , rauto_bio_2max  and rhetero_bio_1max  (s-1) are the maximum specific rate constants 

for each step of enzymatic denitrification, Y a biomass yield coefficient (cells mol-1  

Fe(II)-1), CFeII, CNO3− and CNO2− (mol L-1) represent the substrate concentrations and KFeII, KNO3− and KNO2− (mol L-1) the Monod half-saturation constants of dissolved Fe(II), NO3
- and 

NO2
-.  

Chemodenitrification was described as a second-order rate law, based on Jamieson et al. 

(2019)24 (eq. 7).  

�ÿĀÿ� = �ÿĀÿ� ∙ þ��(��) ∙ þýþ2− Eq. 7  

with �ÿĀÿ� (mol L-1 s-1) as the rate constant, þ��(��) and CNO2− (mol L-1) as substrate 

concentrations.  

Based on the reaction rate expressions, the biogeochemical model was formalized into 

two systems of governing ordinary differential equations that represent autotrophic (Eq. 8 

to 13) vs. mixotrophic (Eq. 14 to 20) growth conditions. Even though biomass was only 

quantified at the beginning and end of each transfer, biomass was considered explicitly in 

the model equations (Eq. 8 to 20). 
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dBdt = ý1�ÿ� þýþ3−�ýþ3− + þýþ3− ∙ þ��(��)���(��) + þ��(��) + ý2�ÿ� þýþ2−�ýþ2− + þýþ2−∙ þ��(��)���(��) + þ��(��) 
Eq. 8  

dFe(II)dt = 22 ý �ÿþý�_Āÿ�_1 2 2 ý �ÿþý�_Āÿ�_2 2 2 �ÿĀÿ� Eq. 9 dFe(III)dt = 2 ý �ÿþý�_Āÿ�_1 + 2 ý �ÿþý�_Āÿ�_2 + 2 �ÿĀÿ� Eq. 10 dýþ32dt = 2ý �ÿþý�_Āÿ�_1 Eq. 11 dýþ22dt = B �ÿþý�_Āÿ�_1 2 ý �ÿþý�_Āÿ�_2 2 �ÿĀÿ� Eq. 12 dN2þdt = 0.5 B �ÿþý�_Āÿ�_2 + 0.5 �ÿĀÿ� Eq. 13 dBdt = (ý2�ÿ� þýþ2−�ýþ2− + þýþ2− ∙ þ��(��)���(��) + þ��(��))+ (ý3�ÿ� þýþ3−�ýþ3− + þýþ3− ∙ þÿā�ýÿý��ÿā�ýÿý� + þÿā�ýÿý�) 

Eq. 14 

dFe(II)dt = 22 ý �ÿþý�_Āÿ�_2 2 2 �ÿĀÿ� Eq. 15 dFe(III)dt = 2 ý �ÿþý�_Āÿ�_2 + 2 �ÿĀÿ� Eq. 16 dýþ32dt = 24 ý �/�ý��� Eq. 17 dýþ22dt = 4 ý �/�ý��� 2 ý �ÿþý�_Āÿ�_2 2 �ÿĀÿ� Eq. 18 dN2þdt = 0.5 B �ÿþý�_Āÿ�_2 + 0.5 �ÿĀÿ� Eq. 19 d�ýÿý�ýÿdt = 2 ý �/�ý��� Eq. 20 

with w being the specific growth rate constant in d-1, B as biomass in cells L-1, �ÿþý�_Āÿ�_1, �ÿþý�_Āÿ�_2, and �/�ý���_Āÿ�_1 in mmol cells-1 d-1 and �ÿĀÿ� in mmol L-1 d-1. 
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Relative contributions (%) of biotic and abiotic Fe(II) oxidation (Eq. 21, 22) and N2O 

production (Eq. 23, 24) under autotrophic conditions were calculated according to 

previous studies.23 For mixotrophic conditions, the biotic reaction to N2O under autotrophic 

conditions (as reflected in �ÿþý�_Āÿ�_1) was neglected (Eq. 21-24).  

Biotic Fe(II) Āþ�þ�ý�Āÿ = 2B rauto_bio_1 + 2B rauto_bio_22B rauto_bio_1 + 2B rauto_bio_2 + 2 rabio Eq. 21 

Abiotic Fe(II) Āþ�þ�ý�Āÿ = 2 rabio2B rauto_bio_1 + 2B rauto_bio_2 + 2 rabio Eq. 22 

Biotic ý2þ ā�Āþþýý�Āÿ = 0.5B rauto_bio_20.5B rauto_bio_2 + 0.5rabio Eq. 23 

Abiotic ý2þ ā�Āþþýý�Āÿ = 0.5 rabio0.5B rauto_bio_2 + 0.5rabio Eq. 24 

 

The systems of ordinary differential equations were numerically solved with MATLAB 

(2024b, Prerelease Update 1) using the in-built solver ode15s. The parameters in the 

process-based models (Table 1) were calibrated by fitting the model equations (Eq. 8 to 

13 or 14 to 20) to the obtained experimental data. Fitting was performed using MATLAB9s 

surrogate optimization function to minimize the deviation (sum of squared errors) between 

model simulations and experimental data. Lower and upper boundaries were set for all 

parameters before the calibration procedure. Normalized root-mean-square error 

(NRMSE) was used as indicator to estimate the goodness-of-fit of the models.  

Model assumptions 

To model the different biotic and abiotic processes, certain simplifications and 

assumptions have been made. We considered autotrophic denitrification as a two-step 

process with first nitrate to nitrite and secondly nitrite to nitrous oxide. Acetate oxidation 
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coupled to nitrate reduction leads solely to nitrite, which is based on observations under 

heterotrophic conditions. In the mixotrophic model, we assumed that nitrate reduction to 

nitrite was driven solely by heterotrophs. This decision was based on reaction 

stoichiometry from the experimental data and comparable extent of nitrate reduction under 

heterotrophic and mixotrophic conditions. We experienced unstable modelling results 

when also considering autotrophic nitrate reduction, further supporting this assumption. 

The chemodenitrification rate constant was calibrated within a set range of 0 to 0.3 L 

mmol-1 d-1. 

For calculating biomass based on 16S rRNA gene copy numbers per mL, the number of 

16S copies was estimated based on the microbial community composition, thus we 

assumed that the initial microbial community remained constant over time. 

The initial, bioavailable fraction of Fe(II) on day 0 was calibrated in the model due to 

difficulties in determining the exact Fe(II) concentrations in bicarbonate systems due to 

precipitation of Fe(II) on the glass wall.  

Nordhoff et al. (2017)28 suggested that nitrate-reducing, iron(II)-oxidizing microorganisms 

can prevent cell encrustation due to enzymatic Fe(II) oxidation. In contrast, indirect Fe(II) 

oxidation, i.e. during chemodenitrification leads to cell encrustation as microorganisms 

lack prevention mechanisms to avoid encrustation. The mixotrophic strain BoFeN1 

excretes EPS to prevent cell encrustation46 and other studies found out that encrustation 

is generally lower if less iron(II) is supplied to culture KS.20,28 Scanning electron 

microscopy showed no evidence for cell encrustation by iron(III) minerals under 

autotrophic conditions, thus, we did not include an inhibition term in the process-based 
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reaction model. Under mixotrophic conditions, SEM imaging revealed that cells showed 

different degrees of encrustation, even though, an inhibition term in the model did not 

improve the model fit. Thus, it was appropriate in this case to assume that cells showing 

encrustation in the SEM either lost their mechanism to prevent encrustation due to death 

or starvation (SEM imaging after seven days of inoculation) or did not play a relevant role 

in ongoing processes. 

Statistical analysis 

To test for significant differences between abundances of genera at different timepoints, 

a non-parametric Wilcoxon signed-rank test for paired samples using the Benjamini-

Hochberg p-adjustment method was applied using R (4.3.3) and its interface RStudio 

(2023.12.1+402). For differences in 16S rRNA gene copy numbers per mL at day 0 and 

day 7, a pairwise comparisons using the Wilcoxon signed rank exact test was applied.  
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Results 

Acetate shifts the microbial community composition in culture HP  

We exposed the lithoautotrophic NRFeOx culture HP to different growth conditions, i.e. 

autotrophic (nitrate+Fe(II)), mixotrophic (nitrate+Fe(II)+acetate), and heterotrophic 

(nitrate+acetate) conditions over three consecutive transfers. We found that total 

abundances of 16S copies were different between the growth conditions and generally 

increased from start of the experiment to after 7 days. Microbial 16S rRNA gene copy 

numbers per mL increased to the smallest extent under mixotrophic conditions (114-fold, 

log2FC of 6.8) from 8.7±5.4x103 to 1.0x106±1.1x105 (Table A2). Under autotrophic 

conditions, microbial 16S rRNA gene copy numbers per mL increased from 2.5±1.8x103 

to 4.3±5.0x105, corresponding to a log2 fold change of 7.5 (175-fold change, Table A2). 

The increase in microbial 16S rRNA gene copy numbers was greatest under heterotrophic 

conditions with a log2 fold change of 8.2 (~290-fold, 2.0±2.0x104 to 5.8±4.1x106, Table 

A2). By combining results from qPCR with 16S rRNA gene sequencing, we calculated 

16S copies per microbial community member (Figure 2a). On day 0, Gallionella sp. was 

only most abundant under autotrophic (4.0x±4.7x104) conditions, closely followed by 

Dechloromonas sp. (2.3±2.6x104). Under mixotrophic and heterotrophic conditions, 

Dechloromonas sp. accounted for the greatest absolute abundance (1.0x105±8.7x104 and 

3.7±4.1x105, respectively) and Gallionella sp. was less abundant (6.8±4.1x104 and 

6.0±7.9x104, respectively), yet with higher absolute abundances than under autotrophic 

conditions. In the course of incubation, all microbial community members were increasing 

in abundance (Figure 2b), with Dechloromonas sp. increasing by a log2 fold change of 

~6.6 (autotrophic, mixotrophic) and 8.7 (heterotrophic) and Gallionella sp. by a log2 fold 

change of 4.6 to 4.9 similarly under all growth conditions (Figure 2b).  
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Figure 13. (a) Absolute abundances of different microbial community members in culture 

HP at day 0 and day 7 under different growth conditions (autotrophic, A; mixotrophic, M; 

heterotrophic, H). Inner panels zoom in on day 0 or day 7 (for autotrophic and 

mixotrophic). (b) Log fold changes of absolute abundance from day 0 till day 7 for the 

different microbial community members of culture HP for the three different growth 

conditions (autotrophic, mixotrophic, heterotrophic). Bars represent the average of eight 

(autotrophic) or nine (mixotrophic and heterotrophic) replicates and the error bar is 

showing the standard deviation (a) or the standard mean error (b). 

The flanking community was dominated by Noviherbaspirillum sp. and Acidovorax sp. in 

all growth conditions, yet, the flanking community members increased to a different extent. 
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Acidovorax ASV-1 increased less under autotrophic (log2FC of 5.3) than mixotrophic 

(log2FC of 7.4) or heterotrophic (log2FC of 8.1) conditions. This trend was similar for most 

of the flanking community members (Figure 2b). The log2 fold change was significantly 

different between growth conditions (Table A3a, non-parametric Kruskal-Wallis test) for 

Zoogloea sp. (p=0.03) and Parvibaculum sp. (p=0.01). The log2 fold change of Zoogloea 

sp. was significantly higher under heterotrophic than under autotrophic conditions (log2FC 

of 2.8 and 7.9, respectively, adjusted p=0.04, non-parametric Wilcoxon sign-rank sum 

test, Table A3b). The log2 fold change of Parvibaculum sp. was also significantly higher in 

heterotrophic conditions (log2FC 8.2) compared to mixotrophic (log2FC 5.9, adjusted 

p=0.04, non-parametric Wilcoxon sign-rank sum test, Table A3b) or autotrophic conditions 

(log2FC 4.1, adjusted p=0.02, non-parametric Wilcoxon sign-rank sum test, Table A3b).  

The lack of carbon: Geochemical performance of culture HP under lithoautotrophic 

conditions 

Under lithoautotrophic growth conditions (1 mM nitrate, 2 mM Fe(II), 10% v:v bacterial 

inoculum), 0.4±0.1 mM nitrate was reduced within 4 days and at the same time, 1.0±0.2 

mM iron(II) were oxidized (Figure 3a). The kinetic model estimated rate constants of 0.7 

and 8.5 mM for nitrate and iron(II), respectively (Table 1). Considering iron(II) that 

precipitated at the glass wall at the end of the experiment as described in Grimm et al. 

(2024)16, we calculated that the ratio of nitratereduced to iron(II)oxidized was 0.25±0.07 on 

average. Nitrite reached a maximum of 0.1±0.1 mM on day 1 and was completely reduced 

on day 4 (Figure 3a), with estimated rate constants of 0.03 mM and 0.05 L mmol-1 d-1 for 

enzymatic nitrite reduction and chemodenitrification, respectively (Table 1). Ultimately, 

N2O was produced (0.2±0.1 mM, Figure 3a) and accounted for 100% of the total reduced 

NO3
--N in all transfers. Ammonium concentrations in the autotrophic biotic treatment were 
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stable over time (range of 5.0 to 5.1 mM, Figure A1). In the abiotic control, ammonium, 

nitrate, iron(II), and acetate were also constant over time and nitrite and nitrous oxide were 

not detected (Figure A2b).  

By scanning electron microscopy, we visualized cell-mineral interactions at the end of 

transfer 3 (Figure A3a) and found two distinct mineral structures under autotrophic 

conditions. The first was characterized by nanometer-scale and the other by nanometer- 

to micrometer-scale botryoidal-like particles (Figure A3a). Rod-shaped cells (~1-2 µm) 

were in close association with both types of mineral particles and were always found to 

be free of encrustation with Fe(III) minerals. 

 

Figure 14. Geochemical results of the nitrate-reducing, iron(II)-oxidizing culture HP under 

(a) autotrophic and (b) mixotrophic growth conditions. Symbols represent measured data 
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points and solid lines represent modelling results. Average and standard deviation of three 

consecutive transfers is shown of eight (autotrophic) or nine (mixotrophic) replicates. Ac: 

acetate. 

Feeding carbon: Geochemical performance of culture HP under mixotrophic and 

heterotrophic conditions  

Under mixotrophic conditions, we supplied acetate to culture HP (1 mM nitrate, 2 mM 

iron(II), 0.2 mM acetate) and observed that 0.2±0.0 mM of acetate was quickly oxidized 

within one day (estimated rate constant of 0.27 mM, Table 1, Figure 3b). The extent of 

nitrate reduction (0.7±0.1 mM) was greater than under autotrophic conditions, but less 

Fe(II) was oxidized (0.8±0.8 mM) over time (Figure 3b). Fitting the kinetic model to the 

experimental data resulted in estimated rate constants for nitrate reduction (0.5 mM) and 

iron(II) oxidation (1.0 mM) being lower than under autotrophic conditions (Table 1). For 

iron(II) oxidation, we observed high variations between replicates and transfers. The ratio 

of nitratereduced to Fe(II)oxidized was at 0.46±0.28, however, iron(II) was not the sole electron 

donor for nitrate reduction under mixotrophic conditions. Under mixotrophic conditions, 

nitrite concentrations also reached its maximum on day 1 (0.3±0.1 mM, Figure 3b), 

accounting for 64% of the reduced NO3
--N. Afterwards, nitrite gradually decreased, 

however, 0.1 mM nitrite still remained after 4 days. The production of N2O constantly 

increased over time, reaching around 0.2±0.2 mM of total N2O after 4 days (Figure 3b). 

However, N2O made up a smaller part of the total reduced NO3
--N under mixotrophic 

(69±31% of reduced NO3
--N) compared to autotrophic conditions. Scanning electron 

microscopy showed the same mineral particles as under autotrophic conditions, however, 

rod-shaped cells (~1-2 µm) seemed more bulbous (Figure A3b). Cells were also tightly 
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associated with mineral particles, yet, showed various degrees of encrustation by mineral 

particles (Figure A3b). 

Table 1. Calibrated model parameters under autotrophic and mixotrophic conditions for 

culture HP.  

Model parameter Autotrophic Mixotrophic 

Monod half-saturation constant ���(��) (mM) 8.54 1.00 
Monod half-saturation constant �ýþ3− (mM) 0.71 0.48 
Monod half-saturation constant �ýþ2− (mM) 0.03 0.76 

Monod half-saturation constant �ÿā�ýÿý� (mM) - 0.27 

Chemodenitrification rate �ÿĀÿ� (L mmol-1 d-1) 0.05 0.07 

Yield coefficient ���(��) (cells mmol-1 oxidized Fe(II)-1) 5.33x108 9.95x108 

Yield coefficient �ÿā�ýÿý� (cells mmol-1 oxidized acetate-1) - 1.50x109 

 Specific growth rate ý1 (d-1) 22.68 - 

Specific growth rate ý2 (d-1) 51.98 1.59 

Specific growth rate ý3 (d-1) - 20.55 

Maximum specific rate constant rauto_bio_1max  (d-1) 99.97 - 

Maximum specific rate constant rauto_bio_2max  (d-1) 100.00 51.85 

Maximum specific rate constant rhetero_bio_1max  (d-1) - 20.00 
Normalized root mean square error (%) 32.83 53.31 

 

Under heterotrophic conditions, acetate was also completely consumed within one day 

(0.2±0.0 mM) and the extent of nitrate reduction (0.6±0.3 mM) was similar to mixotrophic 

conditions (Figure A2a). Nitrite concentrations were increasing and also reaching its peak 

on day 1 (0.5±0.2 mM, Figure A2a), accounting for around 90% of the reduced NO3
--N. In 

contrast to autotrophic and mixotrophic conditions, nitrite stayed similarly high till the end 

of incubation under heterotrophic conditions (Figure A2a). However, variations between 

biological replicates were high. No considerable N2O production was observed under 

heterotrophic conditions in contrast to mixotrophic or autotrophic conditions (Figure A2a).  
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Determining abiotic and biotic processes under different growth conditions 

A kinetic model was applied to quantify the contributions of biotic (enzymatic) and abiotic 

(chemodenitrification) processes on iron(II) oxidation and N2O production over time. The 

rates �ÿþý�_Āÿ�_1, �ÿþý�_Āÿ�_2, and �ÿĀÿ�were assumed to contribute to iron(II) oxidation under 

autotrophic conditions and rates �ÿþý�_Āÿ�_2 and �ÿĀÿ� were taken into account for iron(II) 

oxidation under mixotrophic conditions and N2O production in general. Under autotrophic 

conditions, nitrate reduction till nitrite was more dominant (76.1%) with nitrite reduction till 

N2O becoming dominant after roughly 1 day with 51.2% (Figure 4a). The relative share 

between these two processes remained stable afterwards. We further found that the 

relative contribution of chemodenitrification to iron(II) oxidation was higher under 

mixotrophic than autotrophic conditions (maximum of 44.0 and 2.2% on day 0, 

respectively, Figure 4a,b), yet, in both cases, the abiotic contribution to the overall iron(II) 

oxidation decreased continuously afterwards. The cumulative iron(II) oxidation revealed 

minor differences between growth conditions with enzymatic processes accounting for 

99.8 and 98.6% under autotrophic and mixotrophic conditions, respectively. We further 

found that abiotic processes were more important for N2O production compared to iron(II) 

oxidation under autotrophic conditions with a maximum contribution of 9.3% (day 0). 

Under mixotrophic conditions, the relative contribution for N2O production was similar to 

iron(II) oxidation due to the same underlying rates. Here, a maximum of 44.0% was 

attributed to abiotic processes (day 0). Considering cumulative N2O production, biotic 

processes accounted for almost all of the N2O with minor differences between autotrophic 

(99.5%) and mixotrophic (98.6%) conditions.  
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Figure 15. Relative contribution of abiotic and biotic processes to Fe(II) oxidation (a, b) 

and N2O production (c, d) under autotrophic (left) and mixotrophic (right) growth conditions 

in the nitrate-reducing, iron(II)-oxidizing culture HP. Abiotic: chemodenitrification; biotic 1: 

enzymatic nitrate reduction till nitrite; biotic 2: enzymatic nitrite reduction till nitrous oxide.  
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Discussion 

Identifying key microbial players under different growth conditions 

By cultivating culture HP under varying growth conditions and simulating the input of 

organic carbon relevant to environmental settings, we observed that specific microbial 

community members increased in dominance with the addition of organic carbon (here: 

acetate). Dechloromonas sp. increased most in abundance under heterotrophic 

conditions, but also over time in the mixotrophic and autotrophic setup. Dechloromonas 

sp. has been studied intensively as a perchlorate reducer, but was also proposed as a 

nitrate reducer capable of iron(II) oxidation, yet, only in the presence of acetate and not 

capable of autotrophic growth.8,12 This highlights its potential role in mixotrophic NRFeOx 

in culture HP. Because of its high abundance also under autotrophic conditions, we 

propose that Dechloromonas sp. is likely internally fed by organic carbon produced by 

autotrophic members (e.g., Gallionella sp.). Acidovorax sp. also increased over time, with 

some species performing mixotrophic NRFeOx, such as BoFeN1,9 A. delafieldii strain 

2AN,11 or A. ebreus strain TPSY.47 However, two Acidovorax ASV´s were identified to be 

important in culture HP, thus, meta´omics are needed in future to identify their individual 

metabolic potential. Another microbial community member that was increasing in 

abundance when acetate was supplied was Zoogloea sp., which was found in paddy soils 

to become also enriched after nitrate and lactate addition.48 Further, Parvibaculum sp. has 

increased in abundance under heterotrophic conditions, even to a greater extent than 

under mixotrophic conditions. In literature, Parvibaculum sp. has been described as a 

heterotrophic nitrate reducer, without evidence to be involved in iron(II) oxidation.49 

Interestingly, the proposed autotrophic NRFeOx member of culture HP, Gallionella sp., 

increased to a similar extent under autotrophic, mixotrophic, and heterotrophic conditions, 
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which is in accordance to previous observations in culture KS.28 However, relative 

abundances of Gallionella sp. were highest under autotrophic conditions (48% in the 

beginning and 31% after 7 days). In general, acetate shifted the microbial community 

towards mixotrophic or heterotrophic denitrifiers, yet, it was not dominated by only one 

genus or species. In comparison, culture KS or BP were dominated by Bradyrhizobium 

spp. (up to 83%)29 or Rhodoferax sp. (84 to 94%),15 when cultivated under heterotrophic 

conditions, whereas Dechloromonas sp. accounted for 78% on average on day 7 in culture 

HP when cultivated with nitrate and acetate only. Tominski et al (2018)29 observed a lag 

phase of 6 days until acetate oxidation, whereas culture HP oxidized all the supplied 

acetate already within one day. In summary, we conclude that the diversity of the microbial 

community was preserved, pointing towards a relatively stable community composition 

even under different substrate availability. It ought to be investigated if culture HP is able 

to grow back on autotrophic conditions after being exposed to acetate or other organic 

carbon sources.  

Extent of nitrate reduction, iron(II) oxidation, and intermediates during 

denitrification depends on growth conditions 

Acetate addition influenced the metabolic activity of culture HP. The extent of nitrate 

reduction was greater under mixotrophic and heterotrophic conditions compared to 

autotrophic conditions, as acetate served as an additional electron donor for nitrate 

reduction. Based on reaction stoichiometry, 0.4 and 1.2 mM nitrate could be reduced with 

either only 2 mM Fe(II) or in addition with 0.2 mM acetate, yet, we observed less nitrate 

reduction than theoretically possible under mixotrophic conditions, which led us to the 

assumption that the first step of denitrification (nitrate till nitrite) was solely controlled by 

acetate and not by iron(II). A lower rate constant, yet a higher extent of nitrate reduction 
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as observed under mixotrophic conditions indicates the presence of a more efficient 

electron donor (here: acetate instead of Fe(II)) that enhances the overall reduction of 

nitrate despite slower kinetics.50  

The addition of acetate led to relatively less N2O production, even though absolute 

production was similar. In other lithoautotrophic NRFeOx cultures, N2O production has not 

been monitored after changing growth conditions, thus it remains open if the addition of 

organic carbon influences intermediates or products during denitrification in other 

NRFeOx cultures. Nitrite was found to accumulate under mixotrophic and heterotrophic 

conditions suggesting that if electron donors (such as acetate) are limited, microbial nitrite 

reduction could be hindered, thereby increasing the role of chemodenitrification. Nitrite 

concentrations were also found to be higher and to accumulate under heterotrophic 

conditions when supplying acetate to culture BP, 15 but no nitrite was detected in culture 

KS after acetate addition.29 Growing culture HP without iron(II) (heterotrophic conditions), 

N2O was not detected and nitrate reduction almost completely stopped at nitrite as 

indicated by the N mass balance. Translating this to environmental conditions, 

heterotrophic microorganisms would provide large amounts of nitrite that could potentially 

react with Fe(II) abiotically. However, in a follow up experiment, we observed that nitrite 

was further reduced under heterotrophic conditions after acetate was supplied a second 

time (data not shown), indicating that the amount of electron donor/electron acceptor 

seems to be governing the intermediates during denitrification. It ought to be investigated 

if culture HP can also use other short-chain fatty acids or rice root exudates from rice 

plants that often contain bioavailable C substances in addition to N-rich compounds, such 

as amino acids.51  
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Our results have broader implications for wastewater treatment, especially when 

managing low-C/N ratio wastewater where heterotrophic denitrifiers are commonly used 

but require substantial organic carbon. Although mixotrophic microorganisms have been 

employed in such systems to achieve comparable performance, their long-term efficacy 

is hindered by encrustation with iron(III) minerals.52354 In contrast, autotrophic 

microorganisms capable of nitrate reduction coupled with iron(II) oxidation could offer a 

more sustainable alternative, as they do not depend on organic carbon and possess 

enzymatic mechanisms that prevent mineral encrustation. This study suggests that adding 

organic carbon to the autotrophic NRFeOx culture HP does not significantly alter its 

microbial community composition or promote dominance by any single species, as in 

previous findings for other NRFeOx cultures.15,29 This stability highlights culture HP as a 

promising candidate for the autotrophic remediation of nitrate-rich water sources, 

including industrial wastewater and groundwater. 

The role of abiotic and biotic processes under autotrophic and mixotrophic growth 

conditions 

The recent observation that lithoautotrophic NRFeOx enrichment cultures, such as HP, 

KS, and AG, lead to significant amounts of N2O during nitrate reduction raises the question 

on the contribution of abiotic and biotic processes. For a long time, biotic nitrate reduction 

was primarily considered to produce N2 as its end product, however, up to 100% can end 

up as N2O in such cultures.16 N2O production in the environment is often thought to be of 

abiotic nature, thus, disentangling these processes in microbial enrichment cultures is 

crucial to understand the underlying processes. Besides isotope fractionation 

experiments,55 numerical reaction modelling can provide insights into the contribution of 

abiotic and biotic processes. Jamieson et al. (2018)24 and Liu et al. (2019)23 applied 
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numerical modelling for mixotrophic NRFeOx strains (e.g., BoFeN1, strain 2002) and 

found that abiotic Fe(II) oxidation played a more important role than biotic Fe(II) oxidation. 

However, the contribution of abiotic and biotic processes is different between microbial 

strains. Our results demonstrate that the autotrophic NRFeOx culture HP predominantly 

performs enzymatic Fe(II) oxidation. Even when the initially autotrophic culture is 

cultivated under mixotrophic conditions with added acetate, enzymatic Fe(II) oxidation 

remains the primary pathway for Fe(III) mineral formation. 

Chemodenitrification rates are crucial for calculating the contribution of abiotic and biotic 

processes in NRFeOx cultures.Abiotic second-order rate constants derived in our study 

were similar under autotrophic and mixotrophic conditions (0.05 and 0.07 L mmol-1 d-1, 

respectively). In literature, abiotic second-order rate constants are higher (0.23, 0.09 L 

mol-1 d-1)23,26 or lower (0.021 L mol-1 d-1)24. Differences in chemodenitrification rates could 

be due to differences in EPS secretion, different growth media, substrate concentration or 

differences in iron(II) phases and should be representative for similar growth conditions.  

Under autotrophic conditions, no accumulation of nitrite could be observed nor simulated 

with the process-based reaction model. Comparing the rates influencing nitrite production 

(�ÿþý�_Āÿ�_1) and consumption (�ÿþý�_Āÿ�_2, �ÿĀÿ�) reveals that the rates balance each other 

out, resulting in a net nitrite concentration of zero (Figure A4). In our experiments, nitrite 

could be detected, yet in only two out of three transfers, which highlights the high variation 

of nitrite due to its reactivity. Previously, the absence of nitrite in experiments led to the 

conclusion that abiotic processes play a secondary role, however, our results underline 

that nitrite is also involved in abiotic processes even without measurable concentrations. 
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Our results further show that nitrite-driven chemodenitrification can contribute 0.2% to the 

cumulative Fe(II) oxidation under autotrophic conditions. 
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Conclusion  

By exposing the autotrophic NRFeOx culture HP to acetate we were able to identify by 

only applying short-read 16S rRNA gene amplicon sequencing analysis microbial 

community members that are potentially involved in mixotrophic or heterotrophic NRFeOx. 

By a continuous sampling over three consecutive transfer we were able to conclude that 

the microbial community adapted quickly to the different growth conditions, but also that 

the diversity of the microbial community remained stabled over time. Samples for 16S 

rRNA gene analysis were only taken at the beginning and end of each transfer, however, 

other studies showed that the relative abundances of individual community members 

slightly varied over time.56 To account for this, a continuous sampling for 16S rRNA gene 

copy numbers and 16S rRNA gene amplicon sequencing over time would be needed in 

follow up studies.  

The analysis of N2O, a very potent greenhouse gas, allowed us to estimate climate-related 

impacts from culture HP. By adding acetate, we found that less N2O-N was produced 

based on the total reduced NO3
--N, however, more nitrite was observed as intermediate 

N-product during nitrate reduction. Therefore, the produced nitrite could further undergo 

chemodenitrification once exposed to Fe(II) leading to similar N2O emissions than under 

autotrophic conditions.  

The process-based numerical reaction model allowed us to quantify abiotic Fe(II) 

oxidation and N2O emissions in culture HP and provides the basis to also apply the model 

to other autotrophic NRFeOx cultures, such as KS, BP, or AG.14,15,32 We found that even 

in the absence of nitrite, chemodenitrification can contribute up to 2 and 9 % to Fe(II) 

oxidation and N2O production, respectively. By adding acetate, we found that even though 
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the overall (cumulative) contribution of chemodenitrification is similar to autotrophic 

conditions, chemodenitrification can account for up to 44% of the Fe(II) oxidation or N2O 

production. Thus, we conclude that the absence of nitrite is not sufficiently indicative for 

the absence of chemodenitrification, however, abiotic processes likely play a minor role.  

Even though certain simplifications in the process-based reaction model needed to be 

made, it provides a useful tool for estimating and quantifying different processes in 

NRFeOx cultures at play. This is especially crucial in mixed cultures, where the interplay 

of specific microbial community members remains a challenge that needs to be addressed 

in further research.   
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Appendix: Methods 

For calculating total cell numbers based on 16S rRNA gene copy numbers obtained by 

qPCR, we estimated the average 16S copies per microbial community member via the 

ribosomal RNA database (rrnDB, accessed on October 7th, 2024). Whenever information 

was missing on species or genus level, the average 16S copies of the next higher 

taxonomic level was searched for. For the category <others=, the average 16S copies of 

bacteria were used. We estimated the following 16S copies relevant in culture HP under 

different growth conditions on day 0: Gallionella sp., 3; Dechloromonas sp., 4; 

Noviherbaspirillum sp., 3; Azospira sp., 2; Ramlibacter sp., 2; Acidovorax sp., 3.6; 

Parvibaculum sp., 1; Defluviimonas sp., 3.1; Geothrix sp., 2; Zooglea sp., 3.1; Others, 5.4. 
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Appendix: Tables 

Table A 1. Information related to qPCR and PCR analysis for 16S rRNA gene copy numbers and amplicon sequencing, respectively. 

Target 
gene 

Standard Primer Primer sequence         
(5' → 3') 

Primer 
concentration 

Thermal 
program 

References 

      

        nM     

16S rRNA 
gene for 
qPCR 

Thiomonas 
sp. 

515F GTGCCAGCMGCCGC
GGTAA 

250 95°C -5'; 
(95°C - 10''; 
60°C - 15'') x 

40; 95°C - 
30''; 60-95°C 

- 5'' 

Caporaso et al. 
(2011)1 

806R GGACTACHVGGGTWT
CTAAT 

250 

16S rRNA 
gene for 
amplicon 

sequencing 

Thiomonas 
sp. 

515F TCGTCGGCAGCGTCA
GATGTGTATAAGAGA

CAGGTGYCAGCMGCC
GCGGTA 

250 94°C - 3'; 
(94°C - 30''; 
55°C - 30'') 
x35; 72°C - 

8''; 4°C 

Caporaso et al. 
(2011)1 

806R GTCTCGTGGGCTCGG
AGATGTGTATAAGAGA
CAGGGACTACNVGGG

TWTCTAAT 

250 
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Table A 2. 16S rRNA gene numbers per mL under different growth conditions on day 0 and day 7. A pairwise comparisons using the Wilcoxon signed 

rank exact test was applied to identify significant differences between day 0 and day 7.  

  Day 0 Day 7 Log2FC n W FDR (adjusted p-value) Effect size 

  16S rRNA gene copy no. mL-1           

Autotroph 2.47×103 ± 1.82×103 4.32×105 ± 4.95×105 7.45 8 -1.15 0.0078 0.67 

Mixotroph 8.72×103 ± 5.41×103 9.96×105 ± 1.14×106 6.84 9 -1.15 0.0039 0.68 

Heterotroph 1.99×104 ± 2.00×104 5.80×106 ± 4.10×106 8.19 9 -1.15 0.0039 0.68 
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Table A 3. Results of a) Kruskal-Wallis test and b) Wilcoxon rank-sum test with Benjamini-Hochberg-adjusted p-values (FDR, false discovery rate) to 

identify differences in log2 fold change of different treatments in Zoogloea sp. or Parvibaculum sp.. No significant differences were found for other 

microbial community members of culture HP.  

a) Kruskal-Wallis test.   

Comparison ꭓ2 df p-value 

Treatment vs. Zoogloea 7.28 2 0.0263 

Treatment vs. Parvibaculum 9.09 2 0.0106 

 

b) Wilcoxon rank-sum test, Benjamini-Hochberg adjusted p-values (FDR).    
Parameter Comparison log2FC n W FDR (adjusted p-value) Effect size 

Zoogloea Auto vs. Hetero 2.77 vs. 7.88 8 (Auto), 9 (Hetero) -2.06 0.039 0.50 

Parvibaculum Auto vs. Hetero 4.15 vs. 8.17 9 (Auto), 9 (Hetero) -2.39 0.017 0.58 

  Mixo vs. Hetero 5.88 vs. 8.17 9 -2.09 0.037 0.49 
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Appendix: Figures 

  

Figure A 1. Ammonium concentrations of culture HP, grown under autotrophic (1 mM nitrate, 2 mM 

iron(II)), mixotrophic (1 mM nitrate, 2 mM iron(II), 0.2 mM acetate), and heterotrophic (1 mM nitrate, 0.2 

mM acetate) conditions, over three consecutive transfers (0 to 4 days). Biotic treatments were inoculated 

with 10% (v:v) of a microbial pre-culture. The control represents abiotic conditions without a microbial 

inoculum. Average and standard deviation is shown of three replicates. Note that during transfer 3, the 

average and range of two replicates is shown under autotrophic conditions.  



Appendix 

194 

 

 

Figure A 2. (a) Heterotrophic and (b) abiotic conditions in the nitrate-reducing, iron(II)-oxidizing culture 

HP. Ac stands for acetate and the mean±standard deviation is shown for three consecutive transfers 

of nine replicates. In (b), nitrite and nitrous oxide concentrations are constantly zero and thus, symbols 

are overlapping.  

 

 

Figure A 3. Scanning electron microscopy of culture HP after 7 days of cultivation under (a) autotrophic 

and (b) mixotrophic conditions.  



Appendix 

195 

 

 

Figure A 4. Rates that are involved in of nitrate reduction and Fe(II) oxidation under autotrophic 

conditions for culture HP, considering biotic processes 3 nitrate till nitrite (r_auto_bio_1) and nitrite till 

nitrous oxide (r_auto_bio_2) 3 and one abiotic process 3 chemodenitrification (r_abio).  
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