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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 (N20), a potent greenhouse gas, as final reaction
products. Iron(ll) can react abiotically with nitrite during the process of
chemodenitrification, leading to N2O production. During both biotic iron(ll) oxidation
and chemodenitrification, iron(lll) 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(lll) 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(lll) 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 N20
emissions not only under lab settings, but also likely under more natural conditions.
Under N fertilization, iron(lll) mineral formation was caused by iron(ll)-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(ll)-oxidizing culture from a paddy soil — called “culture HP” — which is
dominated by Gallionellaceae. We quantified the extent of nitrate reduction, iron(ll)
oxidation and identified N2O as the main product during denitrification. By combining



experimental data with environmental systems analysis, we were able to quantify that
99.5% of the produced N20 was biologically derived and that enzymatic iron(ll)
oxidation accounted for 99.8% of the total iron(ll) 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 N20
emissions under diverse nitrate fertilization regimes in rice paddy soils. By enriching
microbial key players responsible for nitrate-dependent iron(ll) oxidation in paddy soils,
we provided insights into important microbial processes. Our findings underscore the
significance of biotically derived N20O 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.



Zusammenfassung

Reis ist eine essentielle Nahrungsquelle fir Milliarden von Menschen weltweit. Der
traditionelle Anbau von Reis unter wassergesattigten Bedingungen schafft
reduzierende Verhaltnisse, die eine Anreicherung von toxischem, natirlich
vorkommenden Arsen in den ReiskOGrnern beglnstigen. Dies hat negative
Auswirkungen auf die menschliche Gesundheit zur Folge. Die Stickstoffdlingung in
Reisanbausystemen férdert mikrobiologische Denitrifikationsprozesse, bei denen Nitrit
als Zwischenprodukt und molekularer Stickstoff (N2) oder Lachgas (N20), ein
klimawirksames Treibhausgas, als Endprodukte entstehen. Reduziertes Eisen
(Eisen(Il)) kann mit Nitrit wahrend der Chemodenitrifikation abiotisch reagieren, wobei
N20 gebildet wird. Gleichzeitig kbnnen sich bei der biotischen Eisen(ll) Oxidation und
der Chemodenitrifikation Eisen(lll) Minerale bilden, die als hochreaktive
Sorptionsoberflachen fir Nahr- und Schadstoffe, einschlieBlich Arsen, agieren. Ein
Verzicht auf oder die Reduktion von Stickstoffdliinger unter wassergesattigten
Bedingungen kann die Redoxverhaltnisse hin zur Eisen(lll) Reduktion verschieben.
Die Reduktion von Eisen(lll) Mineralen fihrt 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 kdénnen, um sowohl

Gesundheits- als auch Klimarisiken im Reisanbau zu reduzieren.

In einer 129-tagigen Mikrokosmenstudie mit Reisfeldbdden aus Vercelli, ltalien, wurde
Nitratdlinger in unterschiedlichen Konzentrationen und Zeitabstanden hinzugegeben.
Unsere Ergebnisse zeigen, dass Nitrat als Dingemittel zundchst eine rasche
Immobilisierung von Arsen durch die Bildung von Eisen(lll) Mineralen bewirkte.
Nachdem das zugegebene Nitrat vollstandig verbraucht war, wurde das Arsen jedoch
schnell remobilisiert. Lediglich die hdéchste Stickstoffkonzentration flhrte zu einer
langfristigen Arsenbindung an Eisenminerale. Gleichzeitig waren die N2O Emissionen
unabhangig von der Nitratkonzentration &hnlich hoch, was verdeutlicht, dass sowohl
der Zeitpunkt als auch die Haufigkeit der Dingerausbringung entscheidende Faktoren
fir die Steuerung der Arsenmobilitdt und der Treibhausgasemissionen sind. Diese
Ergebnisse sind wahrscheinlich nicht nur unter Laborbedingungen gtiltig, sondern



auch unter natiirlichen Bedingungen im Feld. Die Stickstoffdliingung fiihrte zur Bildung
von Eisen(lll) Mineralen durch Eisen(ll)-oxidierende Mikroorganismen, wie
beispielsweise Gallionellaceae, die unter Stickstoffdiingung in héherer Abundanz im
Vergleich zu nicht gediingtem Boden vorhanden waren.

Durch Kultivierungstechniken konnten wir in einem weiteren Projekt eine erste
lithoautotrophe nitratreduzierende, Eisen(ll)-oxidierende Kultur aus einem Reisboden
- genannt ,culture HP“ - anreichern, die von Gallionellaceae dominiert wird. Wir
quantifizierten die Nitratreduktion und Eisen(ll) 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 N20 biotischen Ursprungs waren und, dass die enzymatische Eisen(ll)
Oxidation zu 99,8% dominierte. Dartiber hinaus zeigten unsere Experimente, dass die
Zugabe von Dbioverflgbarem 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 starker

angereichert wurden.

Zusammenfassend wurden in dieser Dissertation die komplexe Dynamik der Mobilitat
von Arsen und der N20 Emissionen unter verschiedenen Bedingungen der
Nitratdiingung in Reisfeldbdden systematisch untersucht. Durch die Anreicherung und
Charakterisierung mikrobieller Schliisselakteure, die fir die nitratabhangige Eisen(ll)
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 vernachlassigt werden dirfen. Der interdisziplinare Ansatz, der
Feldproben, Laborexperimente, molekularbiologische Analysen und numerische
Reaktionsmodelle integriert, ermdglicht ein fundiertes Verstandnis der
Wechselwirkungen zwischen biotischen und abiotischen Reaktionen, der mikrobiellen
Gemeinschaft und deren kollektiver Wirkung auf die Arsenmobilitadt und die
Treibhausgasdynamik in nitratgedliingten Reisfeldern.
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1. Introduction

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.'? Many
developing countries are undergoing rapid economic growth, often accompanied by an
increase in consumption and demand of resources.®* This presents some major
challenges, particularly in relation to climate change and global food demand.®
Economic growth is frequently linked to higher greenhouse gas emissions, driven by
industrialization, transportation, and energy generation.® 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.’

However, meeting the expected 30-62% rise in global food demand by 2050 will
require the expansion of agricultural land.®2 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.®'" 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.'?

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 2015.1% 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.'* 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.'® 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.'# Rice provides the staple food
for 3.5 billion people on earth, which is more than half of the world’s current
population.' 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.®
Arsenic is either of geogenic origin or additionally supplied and accumulated via
arsenic-contaminated irrigation water."” Its mobility and bioavailability are greatly
influenced by iron redox cycling and sequestration by Fe(lll) (oxyhydr)oxide minerals,
that are also naturally abundant in paddy soils.'® However, under reducing conditions
due to waterlogging, the reductive dissolution of iron(lll) minerals releases bound
arsenic.’2% High concentrations of arsenic in the paddy soils was shown to limit rice
yields,?! also under future climatic conditions (elevated temperature and atmospheric
CO2).?2 Rice yields are normally highest under waterlogged, irrigated conditions, due
to suppression of weed growth.?? It is estimated that rice yields need to increase by 1.2
to 1.5% if expansion of land area is excluded.'® 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.?? In the past, rice yields increased worldwide from 1.86 to 4.66 t
ha™' between 1961 and 2019 due to the first green revolution.?® 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.?® 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 (N20) emissions. N20 is a climate active greenhouse gas,
which has 273-times the global warming potential to carbon dioxide over 100 years.?’
N20O 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)2, 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).
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Figure 1.1. World map of the fertilizer effect on nitrous oxide emissions (modified after Guenet

et al. (2021)2®). 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,?® even though rice paddies only incorporate
9% of the total cropland area.3® Studies have shown a negative correlation between
N20 emissions and CHs emissions from paddy fields due to trade-offs in
biogeochemical processes.®' 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)%? 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.
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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.3:33-3% To the best of our knowledge, only two studies investigated the
effects of nitrogen fertilizer on both parameters simultaneously. Wang et al. (2023)4°
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)*', 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(lll) (Fe(lll)).#2 Due to its reducing conditions, paddy soils are

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

Iron is ubiquitously abundant in paddy soils and is considered as the most redox-active
metal in the earth’s crust.*® In the environment, iron is present as dissolved ions or as
iron-bearing minerals. Many iron(lll) 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.** These sorption mechanisms highly influence the
mobility and bioavailability of nutrients or toxic metals, but also the fate of iron(lll)

(oxyhydr)oxides in the environment itself.4®

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.46-4® Released
oxygen can abiotically react with iron(ll) to form a so called iron plaque around the rice
roots. Microaerophilic iron(ll) oxidation (Figure 1.3) also contributes substantially to the
formation of iron plaque,*® which prevents not only the uptake of iron into the rice plant
but also of toxic substances, such as arsenic.%? In the reduced, anoxic part of the paddy
soil, iron(lll) can be reduced, which results in CO2 emissions due to organic matter
decomposition and to the formation of solid-phase iron(ll) or high concentrations of
dissolved iron(ll). The reductive dissolution of iron(lll) minerals thereby has
tremendous impacts on contaminant mobility, such as arsenic, that is being released
during iron(lll) 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(ll) or iron(lll) 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(lll) 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(ll) oxidation is often
coupled to nitrate reduction (Figure 1.3), a process recognized as the dominant
microbial pathway for iron(ll) oxidation in paddy soils®'. 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.



1. Introduction

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 (NHs) to the atmosphere through volatilization. The
remaining NHs 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 NOs'.
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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 (Nz). Ammonium oxidation can furthermore be coupled
to iron(lll) reduction in a process called Fe-ammox, leading to nitrite, nitrate, or N2 as
the final N-product depending on the prevailing pH.%2 During denitrification, NOs can
be further reduced to other N-species, resulting in N2O or N2 as gaseous intermediates



1. Introduction

or end products.5® The reactive N-species during denitrification can abiotically react
with iron(ll) 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(lll) or iron(ll) 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.5%*
Typically, denitrification is the favored process for nitrate removal under lower organic

carbon to N ratios.>®
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1. Introduction

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
x10% and 3x10° cells per g soil in the bulk and rhizosphere soil, respectively.?® The
diversity of the paddy soil microbiome is crucial for maintaining ecosystem functions
and services and for mediating biogeochemical processes.%’ In the following, microbial

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

Iron(lll) reduction has been considered an important process in paddy soils right after
the first cultivation and isolation of iron(lll)-reducing microorganisms.585 Shewanella
sp. and Geobacter sp. are two of the most prominent genera of iron(lll) reducers that
couple the oxidation of organic carbon (e.g., lactate, acetate), or hydrogen to the
reduction of iron(l11).8% The reduction of iron(lll) or nitrate can also be coupled to the
oxidation of methane by archaea, more specifically ANME-2a%" and ANME-2d (e.g.,
‘Candidatus Methanoperedens’).6?

Ratering and Schnell (2001)%" postulated that the metabolic capacity for nitrate
reduction coupled to iron(ll) 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(l1).63  Heterotrophic or  mixotrophic  nitrate-reducing, iron(ll)-oxidizing
microorganisms have been enriched or isolated from paddy soils before. Ferrigenium
kumadai An22, a known microaerophilic iron(ll)-oxidizer, has been isolated from a
paddy soil® and microorganisms of the genus Dechloromonas, Azospira, Zoogloea, or
Pseudomonas have been enriched in paddy soils after iron(ll), nitrate, and organic
carbon addition (e.g., lactate, acetate).®5-%° However, lithoautotrophic microorganisms
have not been isolated or enriched in the past from paddy soil.

11



1. Introduction

Different lithoautotrophic NRFeOx enrichment cultures exist (named KS, BP, AG),
originating from sediment or a pyrite-rich aquifer.”®-"2 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 N20,7%73 following eq. 1.
2NO; +8Fe?*" +19H,0 » N,0 + 8Fe(OH); + 14 H* eq. 1

Meta’omics have shown that the ‘Candidatus ferrigenium’ in culture KS, BP, and AG
have the genetic potential to perform only certain steps of denitrification (NOs, NOz,
NO, N20, and N2z), without the potential to reduce N20 to N2, but feature genes for
iron(ll) oxidation.”* Besides enzymatic iron(ll) oxidation, nitrite or other reactive

intermediates (i.e., nitric oxide) can also abiotically react with iron(ll) (eq. 2).
NO; + 2 Fe?* +45H,0 —» 0.5N,0 + 2Fe(OH); + 3 H* 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 N20 emissions by nitrate-reducing, iron(ll)-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.”>8% In addition, it remains scarcely documented how different growth
conditions, such as the ratio of electron donor (e.g., iron(ll)) and electron acceptor (e.g.,
nitrate) or the type of electron donor (iron(ll), 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(l1l) 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(ll) oxidation
via nitrate-reducing, iron(ll)-oxidizing microorganism and chemodenitrification,
respectively, will lead to the formation of iron(Ill) 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 N20O 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 mobility2%-2223 or greenhouse gas emissions (i.e., N20O, and CH4)?#-26 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.®! Yet,
the effects on arsenic mobility remain unresolved. Thus, in the first project addressed
in Grimm et al. (2024a)%?, we wanted to determine the effects of different quantities
and frequencies of N fertilizer application (as potassium nitrate) in paddy soils on

e the extent of nitrate reduction coupled to iron(ll) oxidation,

e iron mineral formation and transformation,

e greenhouse gas formation (CO2, CH4, and N20) and emission,
e the mobilization of arsenic from iron minerals into the porewater,

e microbiome composition and activity.

13
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In the second project, published in Grimm et al. (2024b)23, we aimed to investigate

the important role of lithoautotrophic nitrate-reducing, iron(Il)-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(ll)-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(ll) oxidation, and N20 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.)®¥), 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(ll) and/or nitrate, and/or acetate,

determine differences in extent and rates of nitrate reduction and iron(ll)
oxidation,

quantify main products during denitrification, i.e., nitrite and N20O, and

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

N20 production by applying kinetic modelling.

Ultimately, the results from Grimm et al. (in prep.)®* 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.®'-33-
36,3985 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,*' arsenic,*® or acetate® 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(ll)
oxidation in paddy soils (Figure 3.5, left).

Microcosm experiments Cultivation techniques Numerical modelling
Paddy soil from Italy Paddy soil from China Biotic/abiotic iron(ll)
Addition of N fertilizer - Autotrophic nitrate- oxidation and nitrous
quantity/frequency reducing, iron(ll) oxidizer oxide production in novel
Long-time incubation culture HP
C 9 1001 N '
Nitrogen species N|trog_en
. species Conceptual model
Iron species

Iron species
Greenhouse
gases Nitrous oxide biotic %
ikl Microbial - o
community community Experimental abiotic %
Arsenic At
species

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(ll) oxidation (Figure 3.5, middle), enabling us to study
this metabolic process more in detail (e.g., changing growth conditions to determine
effects on N20 production). By applying numerical modelling, we were able to quantify
contributions of abiotic and biotic processes on iron(ll) 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(ll) 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)%2, 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 (COz,
CHs4, and N20), 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(ll) (Figure 3.6). By this, most of the arsenic was immobilized (28 pg L™,
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(lll) reduction. The
reductive dissolution of iron(lll) minerals not only led to an increase in dissolved iron(ll),
but also to the formation of secondary iron(ll) 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).

Nitrate fertilized paddy soil Nitrate depleted paddy soil
As - : AS(V)EQ As Fe(ll)
- Fe(lll) ASaq Fe(Il) : mlﬁgra)ls
Feqy AS ~ minerals minerals )
Fe(I)4

minerals
As

As  Fe(lDag  Fe(lll) As asill Fo(ll) ASa Fe(lll)

AS Fe(il) ‘ minerals . minerals
minerals : minerals

Soil porewater Soil porewater m

158-fold higher 69% higher Asqq 7.5-fold higher
N.O emissions CHsemissions

Figure 3.6. Overview of findings in Grimm et al. (2024a)8. Created with BioRender.com.
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Regarding greenhouse gas emissions, nitrate fertilization led to increased N20
emissions, irrespective of fertilizer concentration and lower CH4 emissions, especially
when supplied in higher concentrations (medium/high N treatment). We found similar
N20 emissions even when supplying nitrate in 2.5-times lower concentrations due to
short-term peak emissions of N20. 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(ll) oxidation.

The results from Grimm et al. (2024a)%° suggest that arsenic mobility and N20
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.8 On the other side, the
combination of AWD and nitrogen fertilization might even enhance N20O emission due
to combined denitrification and nitrification (under aerobic conditions).®” 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).3440.88 The type of fertilizer or the ratio of C to N in a paddy soil can determine
the likelihood of DNRA or denitrification.8 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 SN-labelled fertilizer. By determining concentrations of ®*NOsz",
SNO2, and >NHa4*, 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 COz2 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 (I: 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)%2, 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.®®%! 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)®2. Notably, Gallionellaceae showed increased abundance under nitrate
fertilization, and were successfully enriched from paddy soil, as described in Grimm
et al. (2024b)3. 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(ll)
oxidation in the environment. In Grimm et al. (2024b)23, 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)®?
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)%2, we attributed nitrate reduction to the oxidation of iron(ll). In
later times during the incubation we also observed CH4 emissions at least from the
control and the low N fertilized paddy soil. CHa4 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(lll). Luo et al.(2021)% emphasized that both processes are relevant for
CHa4 oxidation in paddy soils. CH4 oxidation coupled to iron(lll) reduction is a process
that was first described in 2006 happening in marine sediments® 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(lll)
minerals and the subsequent release of bound arsenic.®* CHs 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.% In Grimm et al. (2024a)8? we found that
‘Candidatus Methanoperedens’ were more abundant in N fertilized setups and
Vaksmaa et al. (2017)% successfully enriched ‘Candidatus Methanoperedens’ 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)%2. Additionally, to study
the interplay between CHa4 oxidation coupled to nitrate or iron(lll) reduction, enrichment
cultures could be set up similar to Grimm et al. (2024b)8. Here, paddy soil would be
incubated with CH4 and nitrate (culture 1) and with CH4 and iron(lll) (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.®” Therefore, isolation sometimes proofs
to be difficult for certain microorganisms, e.g., lithoautotrophic nitrate-reducing, iron(ll)-
oxidizing microorganisms. So far, autotrophic NRFeOx has only been unequivocally
shown in enrichment cultures (culture KS, BP, AG).”"72% 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 scarce® and could inhabit
ecological niches with low organic carbon in paddy soils that are considered as rather
organic-rich environments.’® 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(ll) 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(ll)-oxidizing culture HP is dominated
by Gallionella sp., and a unique microbial flanking community. The culture reduces
nitrate, and iron(ll) within 4 days, resulting in a ratio of nitratereduced t0 iron(ll)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 N20 to Nz, 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(ll) 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.)®, 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(ll) 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(ll) oxidation and N20
production.

By changing the growth conditions of culture HP in Grimm et al. (in prep.)?*, 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 N20).
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In Grimm et al. (2024b)%3, culture HP was exposed to 100 pM arsenite in an
experiment, which slowed down nitrate reduction and iron(ll) 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(ll), 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(Il) oxidation and arsenite oxidation in paddy soils.

The fact that lithoautotrophic nitrate reduction coupled to iron(ll) 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(ll) 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)23. 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.,
AZzospira 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 Nz. 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 N20O to N2.1%" Further, Sharma et
al. (2022)'%2 found that 10 to 300 nM of copper successfully enhanced the reduction of
N20 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
wetlands'® and suggested as important through modeling for naphthalene-degrading
cultures.®* 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 N2z as the final or main product instead of N2O?

2) Are low pulse-additions of the electron donor (i.e., iron(ll)) or acceptor (nitrate)
more successful in leading to complete denitrification rather than one-time high
additions?

In the environment, iron(ll) can be dissolved, adsorbed, complexed, and is often found
in solid phases, such as in clays or iron(ll) minerals.'%5-197 Therefore, microorganisms
likely possess the ability to oxidize solid-phase iron(ll). However, this capability has
only been demonstrated for cultures KS, capable of oxidizing various iron(ll)
minerals'98.199 and for culture AG, capable of oxidizing pyrite.'"® Future studies should
systematically investigate the ability of various autotrophic NRFeOx cultures to oxidize
different solid iron(ll) phases, including both biogenic and abiogenic forms of minerals
such as magnetite, siderite, and vivianite.

In literature, it was also shown that secondary iron(ll) minerals are present as iron
plague at the rice roots.''" Further, Gallionellaceae spp. are found in paddy soils and
are often associated with the rice roots, thus, exposed to oxygen inputs.''? Based on
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the results in Grimm et al. (2024a)%?, we hypothesized that Gallionellaceae spp. could
be in close proximity to rice roots and could switch their metabolism from
microaerophilic iron(ll) oxidation to nitrate-dependent iron(ll) 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(ll)-oxidizing

conditions after being exposed to oxygen?

For this experiment, oxygen consumption could be followed with sensor foils (Presens,
Germany) and nitrate, and iron(ll) 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(ll) oxidation.

In Grimm et al. (2024b)8 and Grimm et al. (in prep.)®4, the electron donor iron(ll)
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") and
arsenite (100 uM) could not be used as the sole electron donor for nitrate reduction.
When soil-extractable OC or arsenite were supplied in addition to iron(ll), 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 N20O production compared to the cultivation under standard, autotrophic
conditions. The results on alteration in organic carbon content, cell growth, microbial
community composition, and N20 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(ll) oxidation, and consequently arsenic immobilization?

2) Does the addition of culture HP to paddy soil lead to higher N2O emissions or
will formed N20 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(ll) 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)#%). By knowing rates of
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microaerophilic iron(ll) oxidation and abiotic iron(Il) oxidation from literature,*%''3 rates
of nitrate-dependent iron(ll) oxidation by culture HP could be quantified. Following this
approach, the importance of NRFeOx in comparison with abiotic and microaerophilic
iron(ll) 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(ll) 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
N20 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)''* or Sokol and Bradford (2019)''%) 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 N20
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.
Input of:
-root exudaiesl Microsensor
-oxygen profiles of
-oxygen
-iron(11)
Solid-phase

extractions

Greenhouse gas
emissions

Porewater
chemistry

Microbial
community

[ N-fertilized | | N-depleted |

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(ll) oxidation and ultimately, arsenic mobility,

and N20 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 N20 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 CHs4 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).

Setup
-Low (35 mg N ke'! dry weight soil'!), 1) Quantlﬁcatlop ufglrepnhousc gases
hich (200 N ke d ight soil! , _ -Rates and cumulative emissions of CO,, CH, and
high (200 mg N kg dry weight soil"") Rhizosphere soil & Fe plaque 5
N fertilization + control 2 2P -
-Plant pots in four replicates ilizati i ilizati oreyvater analysis
p 1 P Low N fertilization | High N fertilization Dissolved Fe, NOy-, NO,., NH,'
R X -Dissolved As & As speciation
= - -Basic parameters (pH, redox, DOC)
% (AN 3) Biogeochemical soil analysis
N \ -Basic characterization (pH, C/N, CEC)
\x -Sequential Fe and As extraction
As(I1I) -Microbial community analyses
@
4) Mineralogical bulk analysis
-Basic characterization (XRD, SEM)
Bulk soil -Fe mineral (trans-)formation
-Mossbauer
Low N fertilization | High N fertilization e K-edge EXAFS (BL 7-3)
AN ‘ -As speciation & binding environment
2N i -As K-edge XANES & EXAFS
I\ @ ; 2 @ (BL 11-2)
@ Y 5) Interpretation and synthesis
g A -Effects of N fertilizer on As binding
As(1IT) environment on Fe minerals and effects on
greenhouse gas emissions
@ As(Ill)-oxidizing microorganisms @7 NOj;-reducing, Fe(II)-oxidizing microorganisms
@ As(V)-reducing microorganisms @ N,0-producing microorganisms
@ Fe(Ill)-reducing microorganisms Extent of N,O emissions

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
N20 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(lll) minerals are formed that can
potentially scavenge arsenic from the paddy soil porewater and limit the uptake in rice

plants.

Gallionellaceae
Dechloromonas
Acidovorax! Zoogloea
Parvibaculum
Methanoperedens
Unknown/Rhodospirillales

LS j'r\ 4| D e e T e
ks ZA\ -
il Chemodenitrification/ Pa/BUNEeR '
Microaerophilic f denitrification
iron(ll) oxidation 1 ¢

Heterotrophic
denitrification

Methane oxidation

Mixotrophic ;
denitrification
[ ) N:O reduction

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

reduction or iron(ll) 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(ll) 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 N20O 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(ll) oxidation, N2O production, microbial
community composition, different growth conditions, etc.). Through numerical
modeling, we quantified the contributions of abiotic and enzymatic processes
influencing iron(ll) oxidation and N20 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 N20 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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ARTICLEINFO ABSTRACT

Keywords: Nitrogen (N) fertilization in paddy soils decreases arsenic mobility and methane emissions.
Nitrate "@““?"“ However, it is unknown how quantity and frequency of N fertilization affects the interlinked
Iron(lT) oxidation redox reactions of iron(I1)-driven denitrification, iron mineral (trans-)formation with subsequent
Ferrous iron e ae o s : 5 = o B A
T s o tiia arsenic (im-)mobilization, methane and nitrous oxide emissions, and how this links to micro-
Méttiszie biome composition. Thus, we incubated paddy soil from Vercelli, Italy, over 129 days and applied

nitrate fertilizer at different concentrations (control: 0, low: ~35, medium: ~100, high: ~200 mg
N kg'1 s0il ) once at the beginning and after 49 days. In the high N treatment, nitrate reduction
was coupled to oxidation of dissolved and solid-phase iron(II), while naturally occurring arsenic
was retained on iron minerals due to suppression of reductive iron(IIl) mineral dissolution. In
the low N treatment, 40 pg L™ of arsenic was mobilized into solution after nitrate depletion,
with 69 % being immobilized after a second nitrate application. In the non-fertilized control,
concentrations of dissolved arsenic were as high as 76 pg L7}, driven by mobilization of 36 % of
the initial mineral-bound arsenic. Generally, N fertilization led to 1.5-fold higher total GHG
emissions (sum of COz, CH4 and N»O as COy equivalents), 158-fold higher N0, and 7.5-fold
lower CH4 emissions compared to non-fertilization. On day 37, Gallionellaceae, Comamonada-
ceae and Rhodospirillales were more abundant in the high N treatment compared to the non-
fertilized control, indicating their potential role as key players in nitrate reduction coupled to
iron(II) oxidation. The findings underscore the dual effect of N fertilization, immobilizing arsenic
in the short-term (low/medium N) or long-term (high N), while simultaneously increasing N2O
and lowering CH4 emissions. This highlights the significance of both the quantity and frequency
of N fertilizer application in paddy soils.
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1. Introduction

Increases in global rice production are needed to meet the future food demand arising from a growing and developing population
without simultaneously increasing harmful impacts on the climate [1]. Thus, paddy soil management strategies should balance rice
yield and greenhouse gas emissions [2,3]. Paddy soils account for only 9 % of the total cropland area [4], but contribute 48 % to total
cropland greenhouse gas emissions due to high methane (CH4) emissions (global warming potential over 100 years: 27) [5,6].
Inorganic nitrogen (N) fertilizer application was found to decrease the global warming potential by 4.2 % per unit rice yield as it
mitigates CH4 emissions and increases rice yield [2]. Such benefits could be enhanced by using slow release fertilizer or optimized
timing of N fertilizer addition [2]. However, in waterlogged, anoxic paddy soils, N fertilization stimulates denitrification accompanied
by increased emissions of nitrous oxide (N2O) (global warming potential over 100 years: 273) [6]. Nitrate reduction is mostly limited
by the amount, bioavailability, and energy yield of electron donors [7-9]. In addition to organic carbon as electron donor for nitrate
reduction under anoxic conditions, iron(II) (Fe(II)), which is generated at high concentrations by microbial iron(III) (Fe(III)) reduction,
can serve as an electron donor for nitrate-reducing, Fe(II)-oxidizing microorganisms (autotrophic denitrification) [10]. Together with
the abiotic oxidation of Fe(II) by reactive N species via chemodenitrification, both processes contribute to the emission of N2O as well
as to the formation of Fe(II) minerals [11]. Fe(Ill) minerals can serve as adsorption matrix for nutrients or contaminants, such as
arsenic [12,13].

Arsenic is ubiquitously and naturally present in paddy soils and often found in groundwater used for irrigation. Thus, it is
considered as the most important contaminant in paddy soils [14]. Its mobility and bioavailability are greatly influenced by Fe redox
cycling and sequestration by Fe(III) (oxyhydr)oxide minerals [15]. Owing to waterlogged, anoxic conditions, arsenic is released during
reductive Fe(IIT) mineral dissolution [16,17] and is reduced to its more toxic and mobile species arsenite [18]. Besides posing risks for
humans by dietary uptake, accumulation of arsenic in rice plants also negatively affects plant growth and inhibits grain filling, ulti-
mately reducing grain yield [19]. Arsenic mobility and toxicity is expected to be greatly influenced by the application of N fertilizers to
paddy soils due to microbial nitrate reduction coupled to Fe(Il) oxidation or chemodenitrification. These processes lead to the for-
mation of Fe(III) minerals and provide adsorption sites for arsenic, reducing its mobility. The fate of arsenic can also be influenced by
nitrate reduction coupled to arsenite oxidation, suppression of reductive dissolution of arsenic-bearing Fe(IIl) minerals by providing
nitrate as a more favorable electron acceptor [20] or by the type of N fertilizer. Wang et al. (2023) [21] compared nitrate and
ammonia-nitrate fertilizers in anoxic paddy soil microcosms and found less As immobilization for ammonia-nitrate fertilizers due to
the presence of Feammox (ammonium-stimulated Fe(IIl) mineral reduction).

Even though the individual effects of N fertilizer addition on either arsenic mobility [20,22,23] or greenhouse gas emissions (i.e.,
N>O and CH4) [24-26] have been studied in paddy soils before, the effects of different quantities and frequencies of N fertilizer
application on (1) nitrate reduction coupled to Fe(II) oxidation and on greenhouse gas formation and emission, (2) on Fe mineral
formation and transformation, subsequently (3) on the mobility of arsenic, and (4) the link to microbiome composition and activity
remain unresolved in paddy soils. Acknowledging the fact that mainly urea or ammonia-based fertilizers are applied to paddy fields,
we supplied nitrate as a fertilizer to directly couple nitrate reduction to iron(II) oxidation by excluding confounding effects of
ammonification and nitrification processes. This allows for a mechanistic understanding of the interplay between the N, Fe, As, and C
cycles. In the following, N fertilization refers to fertilization with nitrate.

2. Materials & methods
2.1. Soil sampling and characterization

Paddy soil samples were collected in October 2020 in Vercelli, Italy, located in the Po river plain of Piedmont. The sampled paddy
field is located on the Cascina Boraso research farm (45°19'26.0" N 8°22'24.6" E) at the international rice research institute (CREA-CI).
It is intensively managed with LUNA-CL, a Long A grain rice cultivar (Clearfield®) under waterlogged conditions. Fertilizers are
applied in excess in the region of Piedmont [27]. In 2020, a total of 279 kg N ha~! (~105 mg N kg ! soil ) were applied as urea at
pre-sowing (24 %), as 1st (24 %) and 2nd (52 %) top dressing. Paddy soil samples were taken with a shovel after removal of the plant
layer from the upper 20 c¢cm and stored at 4 °C in the dark until further processing. Soil characterization comprised analyses of soil
texture, bulk density, water content, pH, cation exchange capacity, total elemental content, total organic carbon and total N content,
water-extractable organic carbon and inorganic N species and sequentially extractable Fe and arsenic (1 M sodium acetate, 0.5 M HCI,
6 M HCI) (Supporting methods S1, Table SI 1).

2.2. Incubation experiment

2.2.1. Setup and pre-incubation

For microcosm experiments, serum bottles (245 mL total volume) were washed with 1 M HCI (10 min), rinsed three times with
deionized water and sterilized at 180 °C for 4.5 h. Fresh paddy soil (25 + 0.05 g) was weighed into each serum bottle (in total 15
bottles) under sterile conditions and degassed with N (for our experiments, no arsenic was added; only the naturally occurring arsenic
content was considered). Sub-samples were taken in triplicates during filling of serum bottles and dried at 70 °C for 72 h to determine
the soil moisture content. Artificial irrigation water (200 mL, Table SI 2) was added under N atmosphere to each serum bottle and
microcosms were pre-incubated without any addition of N fertilizer for 18 days at 25 °C in the dark to acclimate the paddy soil, to
deplete soil-borne nitrate, and to build up dissolved Fe(II) (Fig. SI 1). To prevent accumulation of produced gases in the microcosms,
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the headspace was continuously flushed through a sterile 0.22 pm filter (polyethersulfone membrane, Carl Roth GmbH + Co. KG,
Germany) with pre-moistened N3 gas to minimize evaporation and water loss (Fig. 51 1). Three serum bottles were sampled during the
course of the pre-incubation, while the others were not disturbed.

2.2.2. Fertilization and re-fertilization

After 18 days of pre-incubation, microcosms were subjected to different N fertilization regimes in triplicates (control: no N
addition, low: ~35 mg N kg™ ! soil !, medium: ~100 mg N kg soil !, high: ~200 mg N kg ! soil"}) by the addition of potassium
nitrate (KNO3, quality level: MQ300, Merck KGaA, Germany) and incubated under the same conditions as described earlier (Table SI
3). After 49 days of incubation, all microcosms were re-fertilized with KNOs3. Levels and timing of N fertilization reflect common
practices in paddy soil management simulating single events of N fertilizer addition and total N fertilizer concentrations [28].

2.2.3. Sampling

The microcosms were sampled for greenhouse gas emissions (COz, N2O, CHy), aqueous geochemistry (N species, Fe species, arsenic
species, dissolved organic carbon (DOC), pH), mineralogy (sequential chemical extractions), and microbial community analyses
(Fig. ST 2). For gas sampling, the gas flow was stopped and 2-5 mL of headspace was collected in the beginning (t0) and after a 0.5-3 h
period (t1). This was repeated two times. The gas samples were injected into helium-flushed exetainer® vials (12 mL, Labco Limited,
United Kingdom). Sample volume and incubation time was adjusted within the course of the experiment to account for changes
in headspace volume. For geochemical analyses, 2 mL of soil slurry were sampled under N, atmosphere and centrifuged (5 min,
13,400 rpm). The supernatant was diluted in anoxic 1 M HCl/40 mM sulfamic acid (to prevent oxidation of Fe(II) by nitrite) [29] for Fe
and arsenic species analysis and in anoxic MQ water for N species analysis. The soil pellet was dried under anoxic conditions and used
for sequential chemical extractions as described below. At several timepoints, samples were taken for pH, DOC, and microbial com-
munity analyses.

2.2.4. Sequential extraction

To quantify different Fe mineral phases and the associated arsenic, dried soil pellets were extracted using 0.5 M HCI, targeting
poorly crystalline Fe(IIl) (oxyhydr)oxides and 6 M HCl to determine crystalline Fe minerals [30-32]. In contrast to the general soil
characterization, a sodium acetate extraction was not performed, however, adsorbed Fe, Fe in amorphous sulfides and carbonates (as
targeted by sodium acetate extraction), and associated arsenic were also extracted by 0.5 M HCL. Therefore, the 0.5 M HCl extraction
used in the experiment is comparable to the sum of sodium acetate extractable and 0.5 M HCI extractable Fe and arsenic of the soil
characterization. First, 2 mL of 0.5 M HCl/40 mM sulfamic acid were added to the dried soil pellet, the sample was well mixed and
extracted under anoxic conditions for 2 h in the dark at room temperature. Sulfamic acid was added to eliminate the abiotic reaction of
nitrite with Fe(II) during acidification [29]. Afterwards, the sample was centrifuged (5 min, 13,400 rpm), the supernatant diluted in
1 M HC, and transferred and stored anoxically in the dark at 5 “C. Subsequently, 2 mL of 6 M HCl was added to the soil pellet and
extracted anoxically for 24 h in the dark at room temperature. Finally, the sample was centrifuged (5 min, 13,400 rpm), the super-
natant diluted in 1 M HCI, transferred and stored anoxically in the dark at 5 °C.

2.3. Geochemical analyses

Nitrate (NO3), nitrite (NO3), and ammonium (NHJ) were analyzed in the supernatant of the sampled and centrifuged soil slurry by
a segmented flow analyzer (AutoAnalyzer3, SEAL Analytical, Germany), equipped with a dialysis membrane for Fe removal to prevent
side reactions during analysis.

Total Fe and Fe(II) were determined in the supernatant of the sampled soil slurry and after sequential extractions using the ferrozine
assay [33], following a revised protocol for nitrite-containing samples [29]. Samples were analyzed in triplicates at 562 nm on a
spectrophotometer (Thermo Scientifie™ Multiskan™ Go Microplate Spectrophotometer).

Samples for total arsenic after sequential extractions were analyzed by ICP-MS (Agilent 7900, USA) in argon with a helium flow of
1-3 mL min ! (Table SI 4), The Agilent internal standard mix (product #5188-6525, 100 + 5 %) and the Agilent Environmental
Calibration Set (product #5183-4688) were used. Arsenic speciation in the supernatant was analyzed by ICP-MS/MS (Agilent 8900) as
AsO™ (m/z91) using oxygen as reaction cell gas. Arsenic species were separated in a high-pressure liquid chromatograph (Agilent 1260
Infinity II) equipped with a PRP-X100 column (Hamilton, 20 mM NH4H2POg, flow rate 1 mL min 1. Quantification was done via
calibration with commercial standards for arsenite and arsenate (Honeywell Fluka™, USA) and quality was verified by recovery of
certified reference material (TMDA 54.6, Environment Canada 100 + 6 %). Arsenite and arsenate concentrations made up 94.8 +23.9 %
of the total arsenic concentrations, methylated arsenic species (monomethylarsonic acid and dimethylarsinic acid) were not detected
and thiolated arsenic species could not be analyzed due to sample acidification (Table SI 5).

The pH was measured in the soil slurry using a benchtop pH meter (SG2, Mettler-Toledo GmbH, Germany) equipped with a pH
electrode (InLab Easy DIN, Mettler-Toledo GmbH, Germany). DOC from the sampled, centrifuged soil slurry was analyzed by com-
bustion at 750 °C (Elemental analyzer, multi N/C 21008, Analytik Jena GmbH, Germany).

2.4. Greenhouse gas analysis

Gas samples were analyzed on a TraceGC1300 (ThermoFisher Scientific, modified by S + HA analytics), in which the sample is split
into two different column configurations each connected to a pulsed discharge detector (first configuration: 30 m long, 0.53 mm ID
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TGBondQ column and 30 m long, 0.53 mm ID Molsieve column; second configuration: 30 m long, 0.53 mm ID TGBondQ column and a
30 m long 0.25 mm ID TGBondQ+ column (all ThermoFisher Scientific)) (Table SI 6). Gas emission rates were determined by per-
forming linear regression analysis between gas concentrations and incubation times at three specific time points. The initial time point,
t0, was calculated as the average of two initial gas measurements. The second time point, t1, corresponded to the end of the first
incubation period. The third time point, t2, was derived by summing the end point measurements of both incubation periods. Cu-
mulative emissions were then caleculated from individual gas fluxes and the time intervals between measurements [34].

2.5. DNA- and RNA-based microbial community analysis

Soil samples were frozen in liquid N» and stored at —80 “C prior to extraction. Total RNA and DNA were co-extracted from soil
samples using a phenol-chloroform extraction protocol [35]. Quality and quantity of extracted DNA and RNA were determined using
NanoDrop (NanoDrop 1000, Thermo Scientific, Waltham, MA, USA), gel electrophoresis (8 out of 78 samples randomly selected), and
Qubit (Life Technologies, Carlsbad, CA, USA), respectively. DNA was digested using the TURBO DNA-free™ Kit to obtain pure RNA
samples with subsequent reverse transcription using SuperScript™ III Reverse Transcriptase to obtain complementary DNA (cDNA).
Quantitative PCR for DNA and cDNA was performed for bacterial 165 rRNA genes and different marker and functional genes using
SybrGreen® Supermix (5 pL per gPCR reaction, Bio-Rad Laboratories GmbH, Munich, Germany) in addition to dimethylsulfoxide
(DMSO, 0.5 pL per gPCR reaction, Carl Roth) on the C1000 Touch thermal cycler (CFX96TM real time system). For 16S rRNA gene
amplicon sequencing, the 16S rRNA gene was amplified using primers 515f (GTGYCAGCMGCCGCGGTAA) [36] and 806r (GGAC-
TACNVGGGTWTCTAAT) [37] targeting the V4 region. Sequencing data was analyzed using the nf-core/ampliseq pipeline (v2.3.1),
which encompasses all necessary analysis steps and software. The pipeline is publicly available [38,39], and was executed with
Nextflow (v21.10.3) [40] and Singularity (v3.8.7) [41]. Details of quantitative PCR analysis and Illumina sequencing can be found in
the Supporting methods 2 and Table 51 7.

2.6. Data analysis

A non-parametric Kruskal-Wallis test was applied using R (4.3.3) and its interface RStudio (2023.12.1 + 402) to estimate differ-
ences in total GWP, CO4, CH4 and N2O emissions between treatments. A one-way analysis of variance (ANOVA) combined with a post-
hoc test (Tukey test) was applied to identify differences in microbial community composition between soil treatments.

3. Results and discussion
3.1. Nitrogen fertilization stimulates nitrate reduction coupled to iron(Il) oxidation

After pre-incubation of the paddy soil microcosms for 18 days, all initial soil-borne nitrate was depleted and dissolved Fe(II) was
generated (Fig. SI 3 a, b). After applying nitrate at low, medium, and high N concentrations at the beginning of the incubation, 2.6 +
0.1,8.0 + 0.2 and 15.6 + 0.1 mg N L~ ! were completely consumed (<0.2 mg N L") within 10, 16 and 37 days, respectively (Fig. 1a).
In the second fertilization period (49-129 days), dissolved nitrate concentrations were generally higher compared to the first fertil-
ization period (0-49 days) and declined within 6, 22 and 80 days (after the second fertilization at day 49) to below 0.1 mg NL in the
low, medium and high N treatment, respectively (Fig. la). In the non-fertilized control, dissolved nitrate concentrations stayed
constantly below 0.2 + 0.2 mg L~ ! over the 129 days of incubation (Fig. 1a). We applied a pseudo-first-order kinetic model to the N
fertilized treatments (Supporting methods §3, Table SI 8) and observed that at least the low and medium N treatment adhere to this
model. The half-lives for nitrate reduction were higher in the medium N (0-16 days: t;,2 = 2.98 days, 49-71 days: t,2» = 2.91 days)
compared to the low N treatment (0-10 days: t;,» = 1.73 days, 49-55 days: t; o = 0.92 days). A lower half-life time in the second
fertilization period observed in the low N treatment likely indicates differences in for example Fe(IT) concentrations and availability or
microbial composition and activity compared to the first fertilization period. However, nitrate reduction in the high N treatment did
not visually follow a pseudo-first-order kinetic model, indicating that nitrate is not the sole rate-determining factor at higher N
application rates. This suggests that other factors, such as Fe(I) concentrations, organic carbon availability, or specific microbial
activities, significantly influence the nitrate reduction process. These factors may interact in complex ways, leading to non-linear
kinetics that a simple first-order model cannot capture.

Dissolved Fe(Il) concentrations decreased simultaneously with nitrate concentrations. Within the first fertilization period, the
greatest decrease in dissolved Fe(Il) concentrations was observed in the medium N treatment (6.9 + 0.8 mg L7L, between days
0 and 13) and in the high N treatment (7.9 + 0.8 mg L%, between days 0 and 30) and to a smaller extent in the low N treatment
(1.8 + 0.3 mg LY, 0-6 days) (Fig. 1b). In the second fertilization period, the decrease in dissolved Fe(IT) was higher in the low and
medium N treatment, but lower for the high N treatment compared to the first fertilization period, due to generally low con-
centrations of dissolved Fe(II) in the high N treatment (Fig. 1b). In the non-fertilized control, dissolved Fe(II) concentrations
increased to a maximum of 33.6 + 5.5 mg L™' on day 85 and stayed relatively constant until the end of incubation (Fig. 1b).
Generally, dissolved Fe(II) concentrations increased in all fertilized treatments as soon as nitrate was depleted, indicating mi-
crobial Fe(III) reduction. In the first fertilization period, dissolved Fe(II) concentrations increased to a similar extent in the low
(12.1 + 0 mg L', 6-49 days) and medium (13.4 + 0.4 mg L™, 13-49 days) N treatment and to a lower extent in the high N
treatment (3.9 + 1 mg L’l, 30-49 days) (Fig. 1b). In the second fertilization period, the increase in dissolved Fe(II) concen-
trations after nitrate consumption was similar for the low and medium N treatment, but only minor for the high N treatment
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Fig. 1. Dissolved nitrate concentrations in mg N L' (a), dissolved Fe(II) concentrations in mg L' (b), Fe(I)/Fe(tot) ratio in % in poorly crys-
talline Fe mineral phases (0.5 M HCI extraction) (c) and Fe(II)/Fe(tot) ratio in % in crystalline Fe mineral phases (6 M HCI extraction) (d) for three
different levels of nitrogen fertilizer applications and a non-fertilized control (control: white circles, low N: triangles, medium N: diamonds, high
N: squares) over 129 days of incubation. Mean =+ standard deviation is shown for biological triplicates and the mean =+ range for the low N
treatment in the second fertilization for biclogical duplicates. The white background illustrates the first (0-49 days) and the grey background the
second (49-129 days) nitrate fertilization period. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

(0.8 + 0.1 mg L%, 85-125 days).

To capture Fe mineral dynamics, sequential extractions of the paddy soil were performed. In the poorly crystalline Fe mineral
fraction, the Fe(I)/Fe(tot) ratio increased from 8.7 + 1.8 % to 28.4 + 4.5 % within 18 days of pre-incubation (Fig. SI 4). In the first
fertilization period, the Fe(Il)/Fe(tot) ratios generally decreased in the poorly crystalline Fe mineral fraction for all fertilized treat-
ments, to the greatest extent for the high N treatment from 19.2 + 3.2 to 11.2 + 0.6 % (Fig. 1¢). Increasing Fe(II)/Fe(tot) ratios were
observed after nitrate depletion, resulting in Fe(II)/Fe(tot) ratios of 72.7 + 2.1 % (low N), 48.2 + 22.9 % (medium N) and 17.5 + 1.5 %
(high N) at the end of the first fertilization period (49 days). In the second fertilization period, Fe(II)/Fe(tot) ratios first decreased,
followed by an increase again after nitrate consumption leading to high Fe(II)/Fe(tot) ratios in the low (90.1 + 1.4 %) and medium N
treatment (78 + 14.4 %) at the end of incubation (129 days). Increasing Fe(II)/Fe(tot) ratios point towards new, highly reactive, and
bioavailable Fe(I) minerals formed by Fe(III) reduction. For the high N treatment, Fe(II)/Fe(tot) ratios stayed relatively constant at
13-17 % throughout the second fertilization period, which is likely caused by the lack of bioavailable Fe(II) minerals, as they had
already been oxidized during the first phase of fertilization and were not recycled by Fe(Ill) reduction as in the other fertilized
treatments. Fe(II)/Fe(tot) ratios in the poorly crystalline Fe mineral fraction of the non-fertilized control increased continuously from
22.8 + 3.4 % to 90.5 + 13.9 % over the 129 days of incubation (Fig. 1c). In the crystalline Fe mineral fraction, Fe(II)/Fe(tot) ratios
stayed constant at ~35 % over 18 days of pre-incubation (Fig. SI 4). Within the first and second fertilization period, Fe(II)/Fe(tot)
ratios in the crystalline mineral fraction were less prone to large changes compared to the poorly crystalline Fe mineral fraction
(Fig. 1d). Yet, the ratio slowly increased constantly for the non-fertilized control (34.8 + 4.3 % to 43.2 =+ 8.6 %) as well as for the low
(34.9 + 3.6 % to 41.9 + 9.3) and medium (34.2 + 1.5 % to 40.5 + 13 %) N treatment within 129 days of incubation, generating more
crystalline Fe(II) minerals in the long-term. The constant level of Fe(II)/Fe(tot) ratios in the crystalline Fe mineral fraction might be
attributed to less bioavailable Fe minerals, such as magnetite, Fe(II)-bearing silicates or sulfides [32], that are stable even under redox
fluctuations [42,43]. In contrast to the medium and low N treatment, the Fe(I)/Fe(tot) ratio remained relatively stable for the high N
treatment at 32-33 %.
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Overall, nitrate fertilization led to a microbial coupling of nitrate reduction to Fe(II) oxidation [20,44-47], evidenced by the
simultaneous decrease of nitrate and dissolved Fe(II) concentrations, as well as the decrease of the Fe(II)/Fe(tot) ratios in the poorly
crystalline Fe mineral fraction after applying nitrate fertilizer. Based on the concentrations of dissolved nitrate and Fe(II), we
calculated that the oxidation of dissolved Fe(II) was responsible for a maximum of 5.6 % of reduced nitrate (Table SI 9). The remainder
was most likely caused by solid-phase Fe(I) pools, accounting for the larger proportion of Fe(II). Due to soil heterogeneity and the
resulting variations in the total Fe and Fe(II) concentrations, calculations based on absolute values of oxidized solid-phase Fe(II) are not
applicable. The decrease in Fe(Il)/Fe(tot) ratio was likely caused by the oxidation of dissolved Fe(II), leading to the formation of Fe(IIl)
minerals, and by the oxidation of solid-phase Fe(II) minerals coupled to nitrate reduction. The oxidation of solid-phase Fe(II) minerals
(e.g., siderite, pyrite, green rust, reduced goethite, biotite) by nitrate-reducing, Fe(II)-oxidizers was also observed in other studies
before [48-51]. Fe(Il) was likely the major electron donor responsible for nitrate reduction as no other potential electron donor (e.g.,
organic carbon [52], ammonium [53], CHy4 [54], etc.) showed a clear relationship with nitrate concentrations (Fig. SI 5, 6, 7). Even
though heterotrophic and autotrophic Fe(Il)-driven denitrification can co-occur in paddy soils, we suggest that autotrophic Fe
(II)-driven denitrification is the dominant process in our study, which is supported by decreasing dissolved Fe(II) concentrations,
0.5 M HCI extractable Fe(II)/Fe(tot) ratio, nitrate concentrations, and the lack of bioavailable fatty acids (representative samples
analyzed by HPLC). Our data shows that as long as nitrate was present in solution, microbial Fe(II) mineral reduction was inhibited as
nitrate is the thermodynamically more favorable electron acceptor relative to Fe(IlI) minerals [11,55,56]. Only after nitrate was
completely consumed, Fe(III) reduction dominated and resulted in increasing dissolved Fe(II) concentrations and increasing Fe(I[)/Fe
(tot) ratios in the poorly crystalline Fe mineral fraction. Poorly crystalline Fe minerals were identified to be highly susceptible to redox
changes induced by the application of N fertilizer, highlighting that crystallinity and bioavailability of Fe minerals impact the extent of
Fe(Il) oxidation.

3.2. Arsenic immobilization by iron minerals formed by nitrogen fertilization

We analyzed naturally occurring arsenic in the paddy soil to evaluate changes in arsenic mobility over the course of incubation.
Total dissolved arsenic concentrations (calculated as the sum of arsenite and arsenate) stayed constantly low in the high N treatment
between 0.4 + 0.1 and 6 + 3.7 pg L ! over the 129 days of incubation (Fig. 2a). In the low and medium N treatment, total dissolved
arsenic concentrations started to increase in both fertilization periods after nitrate was completely consumed. Dissolved arsenic
concentrations reached 40.6 + 3.1 pg L ! (low N) and 26.5 + 7.7 pg L ! (medium N) at the end of the first fertilization period
(after 49 days) and decreased by 27.8 + 3.3 pg L~! (low N) and by 21.1 + 7.7 pug L~! (medium N) within 3 days after the second N
fertilizer application. At the end of incubation after 129 days, dissolved arsenic concentrations were lower in the medium N
treatment (16 + 7.4 pg L 1) compared to the low N treatment (67 + 12.5 pg L 1), Total dissolved arsenic concentrations increased
continuously in the non-fertilized control from 3.8 + 0.5 pg L ! to 62.6 + 8.9 pg L ! over the 129 days of incubation.

Arsenite initially constituted approximately 15-30 % of the total dissolved arsenic (70-85 % arsenate) and was removed
completely from solution within 1 or 2 days after firstly applying N fertilizer (Fig. SI 8 a-d, Fig. SI 2). Even though absolute arsenate
concentrations also decreased, arsenate accounted for 100 % of the remaining dissolved arsenic. After 10, 16 and 37 days, dissolved
arsenite and arsenate concentrations started to increase in the low, medium and high N treatment, respectively, which correlated with
the time of nitrate depletion. At the end of incubation (129 days), arsenite made up 48-67 % of total dissolved arsenic in the N fertilized
treatments (33-52 % arsenate), with the highest proportion of arsenite observed in the high N treatment. After the second fertilizer
application, the proportion of arsenite did not decline to the same extent as observed 1 or 2 days after the first fertilizer application.
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Fig. 2. Dissolved arsenic concentrations in yg L™* (a), and difference in arsenic content associated with Fe mineral phases between day 0 and 129 in
mg kg ! DW-soil (b) in paddy soil with three different levels of nitrogen fertilizer applications (low, medium, high) compared to the non-fertilized
control over 129 days of incubation. Mean -+ standard deviation is shown for biological triplicates and the mean + range for the low N treatment in
the second fertilization for biological duplicates. The white background in (a) illustrates the first (0-49 days), and the grey background the second
(49-129 days) nitrate fertilization period.
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The non-fertilized control showed a gradual increase of dissolved arsenite and arsenate, with arsenite accounting for 30-40 % within
the 129 days of incubation.

To investigate the role of Fe mineral phases for the mobility of arsenic, total arsenic concentrations associated with the poorly
crystalline and crystalline Fe mineral phases were quantified (Fig. 2b). Over the 129 days of incubation, arsenic was lost for all
treatments from the poorly crystalline Fe mineral phases in comparison to initial mineral-bound arsenic contents. The decline in
bound arsenic was the greatest for the non-fertilized control (0.5 + 0.1 mg kg~ DW-soil™}), low (0.4 = 0.1 mg kg~' DW-soil ) and
medium N treatment (0.4 = 0.1 mg kg ™! DW-soil %). The least arsenic was lost from poorly crystalline Fe minerals in the high N
treatment (0.2 4 0.1 mg kg ' DW-soil 1), The loss of arsenic from the crystalline Fe mineral fraction was about 2-fold greater for the
non-fertilized control (0.7 + 0.4 mg kg_l DW-soil™ 1), low (1.1 + 0.1 mg kg_l DW-soil 1) and medium (0.7 + 0.8 mg kg_1 DW-soil 1)
N treatment in comparison to the loss from the poorly crystalline phase. The high N treatment even exhibited an increase of
0.3 + 0.7 mg kg ! DW-soil ! in arsenic content in the crystalline Fe mineral phase.

These results illustrate that arsenic mobility is tightly linked to the fate of Fe minerals, and thus, susceptible to Fe redox changes
[57]. When nitrate reduction coupled to Fe(II) oxidation dominates after N fertilizer application, dissolved arsenic can be scavenged
within only a few days and retained on Fe mineral phases, even though only for a short time under low and medium N fertilizer
applications. Liu et al. (2022) [20] observed that the retention of arsenic by Fe minerals is only of short-term duration (1-3 days) when
applying KNOj as fertilizer. In contrast, the high N treatment successfully retained arsenic on Fe mineral phases limiting mobilization
also over long term (129 days). When no nitrogen fertilizer was applied, 36 % of the total arsenic was mobilized from Fe mineral phases
to the solution, which co-occurred with Fe(IIl) reduction. Even though the poorly crystalline Fe mineral phase was influenced to a
greater extent by nitrogen fertilization, more arsenic was released from the crystalline Fe mineral phase. This might be due to the larger
pool of Fe minerals in the crystalline fraction compared to the poorly crystalline fraction and generally higher amounts of arsenic being
asssociated with the crystalline Fe mineral phase (Table SI 1).

Other mechanisms affecting arsenic mobility include nitrate reduction coupled to arsenite oxidation, which could be occurring
under N fertilization [58]. This likely caused the strong decrease of the arsenite share on the total dissolved arsenic pool after N
fertilization, pointing towards a greater removal of arsenite, especially in the first fertilization period. Dissolved arsenate concen-
trations decreased due to the preferential adsorption of arsenate to the newly formed Fe(III) (oxyhydr)oxides under given pH’s (Fig. SI
10) [13,59]. In the second fertilization phase, a less pronounced oxidation effect of arsenite may be associated with generally elevated
concentrations of both arsenite and arsenate, or it could be influenced by potential toxicity effects, thereby impeding microbial
processes. As the binding of As to Fe(IIl) (oxyhydr)oxides is dependent on various parameters, such as mineral identity, properties, and
structure, or pH, additional analysis would be required to elucidate the binding environment of As and Fe more in detail [59,60].

In summary, N fertilization successfully removed arsenite from solution and immobilized arsenic by adsorption onto newly formed
Fe(III) minerals, even though the extent and efficiency depends on the amount of N fertilizer added. Reductive dissolution of Fe(III)
minerals was responsible for arsenic mobilization, especially of arsenite, mainly from the crystalline mineral phase. However, redox
cycling or type of binding of arsenic species also likely play a role for the mobilization of arsenic [61].

3.3. Greenhouse gas emissions depend on nitrogen fertilizer concentrations

To evaluate climate-related effects of N fertilizer application, CO,, CH4, and NO emissions were quantified over the course of
incubation as CO; equivalents [6]. Total greenhouse gas emissions were similar for the low, medium and high N treatment
(5.2 + 0.2, 4.6 + 0.4, 5.0 + 0.1 g CO; eq. kg DW-soil ' 125 days ', respectively) and higher than the non-fertilized control
(3.2 + 0.1 g €Oy eq. kg ' DW-soil ! 125 days 1) (Fig. 3), although not significantly (p = 0.06, non-parametric Kruskal-Wallis
test, Table SI 10).

The contributions of the individual greenhouse gases to the total emissions varied between the different treatments. CO2 emissions
were significantly different between the treatments (p = 0.04, non-parametric Kruskal-Wallis test, Table SI 10) and accounted for the
largest proportion of total greenhouse gas emissions in the non-fertilized control (70.5 + 3.4 %) compared to the N fertilized treat-
ments (low: 50.1 £ 2.5 %, medium: 56 + 6.3 %, high: 47.1 + 1.6 %) (Fig. SI 11). CH4 emissions were significantly different between
treatments (p = 0.02, non-parametric Kruskal-Wallis test, Table SI 10) and only observed for the non-fertilized control and low N
treatment, contributing 29 + 4.7 % and 7.2 + 0.5 % to the total greenhouse gas emissions, respectively (Fig. SI 12). CH4 emissions
were absent in the medium and high N treatment, even after nitrate was depleted. N2O emissions were also significantly different
between treatments (p = 0.03, non-parametric Kruskal-Wallis test, Table SI 10) and mainly observed for the fertilized treatments as
long as nitrate was present in the soil (Fig. S113), without great differences between the amount of nitrate fertilizer added. In total, N,O
made up for 42.8 + 4.1 % (low N), 44.0 + 8.1 % (medium N) and 52.9 + 3.1 % (high N) of the total greenhouse gas emissions. In
contrast, only 0.5 4 0.5 % were emitted as N,O in the non-fertilized control (Fig. SI 13). However, it has to be noted that only gaseous
N3O concentrations are considered and might be underestimated as we left microcosms undisturbed before gas sampling.

N>O and CH4 emissions showed an inverse relationship, supporting prior studies that N fertilization suppresses methanogenesis
[62,63]. In the control treatment, CH,4 emissions occurred after around 50 days of incubation. The timing likely represents conditions
in the soil favoring methanogenesis, meaning that the soil was depleted in other, more favorable electron acceptors, i.e. nitrate, Fe(III),
and sulfate. Due to the absence of nitrate, NO emissions were generally low. In contrast, NoO was produced when nitrate was applied
to the paddy soil, due to nitrate reduction coupled to Fe(II) or As(IIl) oxidation and other labile organic carbon sources or abiotic
processes, i.e. chemodenitrification. CH4 emissions were suppressed under N fertilization likely due to thermodynamic constraints
(nitrate reduction being more favorable over methanogenesis), yet, nitrate reduction coupled to methane oxidation could have also
limited CH4 emissions [64]. It was estimated that methane oxidation coupled to nitrate reduction could offset 10-20 % of the global
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Fig. 3. Total greenhouse gas emissions in g CO, eq. kg"'I DW-soil ! 125 days" from CO, (dark blue), CH,4 (blue), N»O (light blue) emissions for the
three different levels of nitrogen fertilizer application (low, medium, and high N) compared to the non-fertilized control. CO; equivalents of CH, and
N>O emissions were calculated by multiplication with the factors 27 and 273, respectively, which represent the global warming potential over 100
years [6]. Asterisks (*) represent significant differences (p < 0.05) of total CO,, CH4 and N,O emissions between treatments. Mean £ standard
deviation is shown for biological triplicates taking the mean + range for the low N treatment in the second fertilization for biological duplicates into
account. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

CH4 emissions [65]. Vaksmaa et al. (2016) [66] showed that this process is contributing substantially to methane oxidation in an
Italian paddy soil, from where our paddy soil also originates from. Together with relative abundances (based on 16S rRNA gene
amplicon sequencing) of Candidatus Methanoperedens that are significantly higher (Welch t-test, p = 0.005, df = 2.93, t= -7.63,95 %
confidence interval = —0.31;-0.13) in the high N treatment (0.57 + 0.04 %) compared to the control (0.35 + 0.02 %) on day 37,
methane oxidation coupled to nitrate reduction might have also limited CH4 emissions in the N fertilized treatments in our study.

In general, N fertilization led to 1.5-fold greater total greenhouse gas emissions compared to the non-fertilized control, mainly due
to overall greater N»O emission. However, the extent of emissions was independent of the concentration of N fertilizer added, which
might be due to the limited supply or bioavailability of electron donors [67] or in general the abundance and metabolic activity of the
microorganisms present. When comparing different levels of N fertilization, we conclude that lower application quantities, but higher
frequencies could even enhance total greenhouse gas emission (e.g., low compared to high N treatment), especially due to short-term
peak emissions of NoO [68].

3.4. Change in microbial community composition by nitrogen fertilization

In order to identify impacts of N fertilization on the microbiome, we quantified microbial community abundance, activity and
composition. The 16S rRNA gene and transeript copy numbers generally varied between different timepoints during the incubation
(Fig. SI 14, 15). The greatest differences between treatments were found on day 37 between the non-fertilized control and the high N
treatment, when the greatest differences in geochemistry (i.e., dissolved Fe(Il) and arsenic, solid-phase Fe) could also be observed. 165
rRNA transcript copy numbers were significantly lower for the non-fertilized control compared to the high N treatment on day 37 (p =
0.0167, Table SI 11, ANOVA). Abundances of functional and marker genes seemed to be similar to the general trends of 165 rRNA gene
copy numbers. No significant differences in the abundances were found between the different N treatments on day 0, 16, 37, 49 or 129
for the marker and functional genes narG, nosZ, aioA, arrA and Geobacter spp. (Fig. ST16 to 21). However, copies of genes involved in Fe
or N cycling were generally higher for the medium and high N treatment compared to the low N treatment and the control on day 37,
especially for narG, nosZ and Geobacter spp. Feng et al. (2023) [69] reported a higher abundance of the arsenite oxidase gene aioA in N
fertilized paddy soils, yet, the similarity in aioA abundances between the non-fertilized control and N fertilized treatments suggests a
minor role of microbial arsenite oxidation in our study. Stable trends in functional and marker genes suggest that the microbial
community is resilient to nitrate fertilization, likely due to its composition being established over years of nitrogen fertilization.
However, 165 rRNA gene amplicon sequencing on day 37 revealed differences in the microbial community composition on the phylum
level between the non-fertilized control and the high N treatment (Fig. 4). The relative 16S rRNA gene sequence abundance of Ver-
rucomicrobiota was significantly higher for the non-fertilized control (5.5 & 0.5 %) compared to the high N treatment (4.5 & 0.3 %)
(p = 0.044, Table SI 11, one-way ANOVA), whereas Proteobacteria were present in greater relative abundance in the high N treatment
(18.6 + 0.1 %) compared to the non-fertilized control (14.1 + 0.8 %) (p = 1.5-10’6, Table SI 11, one-way ANOVA). At the family level,
Pedosphaeraceae belonging to Verrucomicrobiota were enriched in the non-fertilized control and have been found to be involved in the
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Fig. 4. Relative 165 rRNA gene sequence abundance in % on phylum level for the non-fertilized control and high N treatment on day 37. “Others”
represent phyla with abundances below 3 % on average. Significant differences between non-fertilized control and high N treatment are indicated
with a and b (Verrucomicrobiota: p = 0.044, Proteobacteria: p = 1.5:10 8, one-way ANOVA). Mean -+ standard deviation is shown for biological
triplicates.

CHy4-, N- and Fe-cycle (Fig. SI 22) [70]. They were also found in arsenic-contaminated soils, potentially involved in toxic metal
resistance [71]. Moreover, Pedosphaeraceae likely play a role in methane oxidation, which could be coupled to Fe(III) reduction [72],
impacting arsenic mobility and greenhouse gas emissions. Ratering and Schnell [44] revealed a widespread metabolic potential for
nitrate reduction coupled to iron(Il) oxidation among Proteobacteria in paddy soils. The families Gallionellaceae, Comamonadaceae and
the order Rhodospirillales belonging to the Proteobacteria were enriched in the high N treatment on day 37 (Fig. SI 23). Gallionellaceae
are typical microaerophilic Fe(Il)-oxidizing microorganisms [73], yet some members are related to lithoautotrophic nitrate-reducing,
Fe(ID-oxidizing microorganisms that have been successfully enriched in microbial cultures [74-78]. In paddy soils, members of the
family Gallionellaceae were identified as potential key players for microbial nitrate reduction coupled to Fe(ll) oxidation [79,80].
Comamonadaceae were found to be important decomposers in paddy soils [81] and are typically involved in the N-cycle mainly
performing denitrification, which could potentially be linked to arsenite or Fe(I) oxidation [82-84]. Rhodospirillales are considered to
play a role in N»O reduction [85]. These results highlight that N fertilization changes the microbial community and favors N-cycling
microorganisms.

3.5. Implications of nitrogen fertilization in paddy soils for arsenic mobility and greenhouse gas emissions

Our results showed that nitrate reduction coupled to Fe(II) oxidation was stimulated by the addition of N fertilizer to the paddy soil.
This (1) led to the formation of Fe(IIl) minerals immobilizing a maximum of 28 pg L T of dissolved arsenic and (2) prevented the
reductive dissolution of Fe(III) minerals and the simultaneous release of arsenic from Fe mineral phases into solution, which was most
successful under the highest N fertilizer application. The formation of Fe(IlI) (oxyhydr)oxides was likely more important for arsenic
immobilization than As(III) oxidation. This is supported by increasing Fe(III) levels, decreasing As(III) levels, a higher abundance of Fe
(IN)-oxidizers, and the lack of a significant increase in aioA gene abundance in the high N treatment. Although such high concentrations
may not be directly applied to paddy soils as the common drinking water limit (50 mg L") [86] for nitrate would be mostly exceeded,
our data shows that constant nitrate concentrations, which could also be achieved by other methods such as applying slow release N
fertilizer or different fertilization frequencies and quantities, could suppress Fe(III) reduction and prevent the mobilization of arsenic
and limit methane emissions by suppression of methanogenesis. Whether the same mechanisms hold true if other common fertilizers,
e.g., urea, ammonia, are applied to different paddy fields has to be investigated.

Minimizing arsenic concentrations in the porewater, in the rice plant and in the rice grain might become even more important in the
future to counteract decreases in rice yield [19]. As it was shown that arsenic sequestration by Fe plague or minerals is dependent on
the growth stage of the rice plant, which is also critical for arsenic uptake by rice plants [57], our results could provide guidance for
practical application. We showed that arsenic immobilization can occur quickly within just a few days and even long-term over 129
days, when KNO3 was applied at higher concentrations. Thus, the frequency and amount of N fertilizer application becomes more
important in future rice cultivation as it has a great potential in minimizing arsenic concentrations. Furthermore, the cultivation of
microbial key players, such as Gallionellaceae, from paddy soils would enable us to study nitrate reduction coupled to Fe(II) oxidation
in more detail with the goal to identify parameters that control rates of Fe(II) oxidation and nitrate reduction, and as a consequence,
N0 emissions and arsenic mobility.

In summary, our results showed that the highest N fertilizer application rate was most effective in retaining arsenic on Fe mineral
phases and preventing the mobilization into solution, without increasing total greenhouse gas emissions compared to lower fertilizer
application rates. These findings have enhanced our insight into how N fertilizer application influences the interconnected processes of
the microbial Fe, N, and As cycles in paddy soils.
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Supplementary methods

Method S1: Soil characterization

Basic soil properties were analyzed in triplicates on soil samples after removal of plant
debris and larger gravel. If not stated otherwise, analyses were performed at room
temperature. For soil texture analysis, a soil dispersion was prepared by adding 25 mL
of sodium pyrophosphate to 30 g of unsieved, fresh soil. After 30 min of stirring, the
soil dispersion was filled up to a volume of 1000 mL and analyzed with a PARIO Soil
Particle Analyzer (Meter Group, Germany)." After analysis, the soil was sieved (2 mm,
630 pym, 200 pm and 63 ym) to determine the sand and the fine fraction. Total loss of
soil sample after sieving was below 5%. To determine the particle density, 20 g of dry
soil was weighed into capillary pycnometer, filled up with deionized water and stepwise
degassed before weight determination.? Bulk density was determined with a 100 cm?
metal cylinder after drying fresh field soil at 105°C for 72 h.* Water contents from field
fresh soil samples was determined by drying at 105°C for 72 h. Soil pH was determined
by adding 10 mL of 0.01 M CaClz to 2 g of field fresh soil samples (5:1, solution:soil)
and measuring after 2 h and 24 h using a benchtop pH meter (SG2, Mettler-Toledo
GmbH, Germany) equipped with a pH electrode (InLab Easy DIN, Mettler-Toledo
GmbH, Germany).* The cation exchange capacity of the paddy soil was quantified in
centrifuged samples after a 0.1 M BaCl: extraction (4 h, end-to-end shaker, 200 rpm),
using 1.4 g of fresh soil (equivalent to ~1g of dry soil) and 25 mL of extraction solution,
by microwave plasma atomic emission spectroscopy (4200 MP-AES, Agilent
technologies, United States).5 X-ray fluorescence (XRF) was used to determine total
elemental contents of the dried paddy soil. To do so, glass beads were prepared by
mixing 0.2333 g of dried and mortared sample with 3.9666 g of Fluxana FX-X65

(lithiumtetraborate:lithiummetaborate 66%:34%) and melted in a platinum crucible
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using a Spetec Roto-Melt 2,0 yP at 0.45 for 6 min. Afterwards, the sample was poured
into a platinum mold and loaded into a S8 Tiger (Bruker) prior to analysis. Total element
concentrations were quantified using the calibration package GeoQuant (Bruker). The
loss on ignition (LOI) was calculated as the percental weight difference between the
dried (105°C for 24 h) and annealed sample powder (3000°C for 3 h) and is 6.06 wt%.
The LOI and the total XRF sums add up to 99.93 wt%. Total soil carbon and nitrogen
contents were analyzed for dry and mortared paddy soil samples by dry combustion
(soliTOC cube, Elementar Analysensysteme GmbH, Germany). Water-extractable
organic carbon and nitrogen species were determined in 0.45 um filtered samples after
extraction of 1 g dry weight soil with 5 mL of MQ (24 h, overhead shaker) by an
elemental analyzer (multi N/C, 2100S, Analytik Jena GmbH) and segmented flow
analysis (CFA, AutoAnalyzer 3, SEAL Analytical, Germany), respectively. To evaluate
the presence of different Fe mineral phases and associated arsenic, sequential
extractions were performed under anoxic conditions (rolling shaker or water bath). 1.3
g of fresh soil samples (equivalent to 1 g of dry soil) were extracted for 24 h with 10
mL of 1 M sodium acetate (pH 5, adjusted with acetic acid) targeting adsorbed Fe(ll)
and Fe in amorphous sulfide minerals (referred to as adsorbed Fe).87 It is known that
sodium acetate also extracts carbonates,? yet this is considered to play a minor role
due to low total inorganic carbon contents and low pH (Table Sl 1). This was followed
by a 2 h extraction with 10 mL of 0.5 M HCI, extracting poorly crystalline Fe minerals
and reduced Fe(ll) minerals such as FeCOs and FeS (referred to as poorly crystalline
Fe).? Lastly, samples were extracted for 24 h at 70°C with 10 mL of 6 M HCI for
extraction of more crystalline Fe mineral phases and poorly reactive sheet silicate Fe

or FeS species (referred to as crystalline Fe).™®
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Method S2: Microbial community analysis

Quantitative PCR (qPCR) was performed in technical triplicates for DNA and cDNA for
bacterial 16S rRNA genes and for the Geobacter spp. marker gene. Due to low starting
quantities of cDNA, only DNA analysis was performed for the functional genes narG,
nosZ, aioA and arrA. A 7-fold standard dilution series was included in each gPCR
assay. Data analysis was performed using the Bio-Rad CFX Maestro 1.1, software,
version 4.1 (Bio-Rad, 2017). The qPCR primer sequences, gene-specific plasmid
standards (pCR2.1®, Invitrogen, Darmstadt, Germany) and details of the thermal
programs are given in Table S| 7. For 16S rRNA gene amplicon sequencing, Library
preparation steps (Nextera, lllumina) and 250 bp paired-end sequencing with MiSeq
(Illumina, San Diego, CA, USA) using v2 chemistry were performed by Microsynth AG
(Balgach, Switzerland). Between 126,043 and 193,506 read pairs were obtained for
each of the 6 samples (in total 930,001 read pairs). For data analysis, primers were
trimmed, and untrimmed sequences were discarded (<6% per sample) with Cutadapt
version 3.4."" Adapter and primer-free sequences were processed with DADA2 v1.22.0
to eliminate PhiX contamination, trim reads (before median quality drops below 35;
forward reads were trimmed at 181 bp and reverse reads at 167 bp), correct errors,
merge read pairs, and remove polymerase chain reaction (PCR) chimeras; ultimately,
6,891 amplicon sequencing variants (ASVs) were obtained across all samples.'?
Taxonomic classification was performed with DADA2 and the SILVA v138 database.'®
Intermediate results were imported into QIIME2 version 2021.8.0.'* 208 ASVs
classified as chloroplasts or mitochondria were removed, totaling <2% (average 0.86%)
relative abundance per sample, and retaining 6,683 ASVs across all samples. Alpha
rarefaction curves were produced with the QIIME2 diversity alpha-rarefaction plugin,

which indicated that the richness of the samples had been fully observed.
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Method S3: Pseudo-first-order kinetic model

Pseudo-first-order rate constants k for nitrate reduction were derived using eq. 1,

In (&) = —kt (1)

Co

with ci: concentration of NO3™ in mM at time t in days, co: initial concentrations of NO3-

in mM, k: rate constant in day'. The madel for pseudo-first-order kinetics was fitted to
the experimental data with y = In (Z—‘), x = t, where the slope corresponds to —k,
0

fixing the y-intercept at 0. Half-life times were calculated using eq. 2,

In (2)
L = nk (2)

with ti;2: half-life time in days and k: rate constant in day™".
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Supplementary tables

Table SI 1 | Characterization of basic soil properties of paddy soil collected from
Vercelli, Italy.

Vercelli, Italy

Coordinates 45°19'26" N,
8°22'25"E

Parent material River alluvium

Paddy management rice

N Fertilizer - Urea [kg N ha! year] 279

Sampling depth [cm] 0-20

Soil texture

Sand 2399 + 217

Silt [%] 58.00 £ 2.00

Clay 17:33 & 321

CEC [cmol kg] 545 + 0.04

pHcaciz 494 + 0.05

Water content [%] 2388 + 0.95

ToC 139 = 010

TIC [%] 0.05 £+ 0.00

TN 012 + 0.00

Adsorbed Fe* 067 + 007

Poorly crystalline Fe* P 223 + 018

Crystalline Fe* [g kg™ 18.03 + 3.58

Total extractable Fe* 2093 + 3.58

Adsorbed Fe-As* 390 + 0.55

Poorly crystalline Fe-As* ; 0.63 + 0.03

Crystalline Fe-As* (mg kg™] 446 + 0092

Total extractable Fe-As* 899 + 107

Na° 16.039

Mg® 17.212

Al° 72.351

Si° 302.73

P° 0.55

s° 0.48

K° 16.03

Ca° 17.27

Ti® [g kg 5.36

Ve 0.07

Cr° 0.23

Mn® 0.49

Fe® 33.29

Ni° 0.24

Zn° 0.05

Zr° 0.16

Ba° 0.04

Average and standard deviation are represented by triplicate measurements

*Obtained by sequentially extracting paddy soil samples with 1 M Na-acetate (adsorbed),
0.5 M HCI (poorly crystalline) and 6 M HCI (crystalline)

°Obtained by XRF analysis
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Table Sl 2 | Composition of artificial irrigation water used for microcosm incubation.

Artificial groundwater composition

pH 6.2
electrical conductivity pS cm™’ 550
CaClz 1.75
NaCl mmol L1 0.44
MgClz 0.82
KCI 0.08

Table Sl 3 | Volume of KNO3 stock solution added to N fertilized microcosms.

1st fertilization 2nd fertilization
Treatment  KNO; stock Volume added Volume added

mg N L’ mL mL
Control 0 0 0
Low 777.81 0.83 0.86
Medium 2290.98 0.8 0.84
High 4610.98 0.8 0.83

Table Sl 4 | Overview of ICP-MS parameters for total arsenic analysis from sequential
extractions resembling Fe-bound arsenic.

Element Calibration Detection Quality Quality Quality Instrument
range limit control 1 control 2 control 3
ppb

Agilent

Arsenic 0-500 0.04 176 +0.24 240+ 020 4722 +2.55 7900
Agilent

0.47 227+05 66.75 + 16.01 7900
8
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Table Sl & | Recovery of total arsenic by comparing the sum of arsenite and arsenate
obtained from arsenic speciation analysis with data from total arsenic analysis for
representative samples.

Days Treatment Replicate Arsenite  Arsenate Total As (sum of species) Total As (measured) Recovery

pg L’ pglL’ pglL’ pg L' %
71 Control 2 27.03 26.99 54.02 54.94 98.33
71 Control 3 29.76 28.32 58.08 63.95 90.81
71 Low 3 31.42 2558 57.00 59.65 95.54
85 Control 1 30.72 46.76 77.48 79.61 97.32
85 Control 2 39.81 4314 82.95 92.60 89.57
85 Control 3 37.13 30.22 67.35 77.53 86.88
125 Control 1 30.11 3153 61.64 64.53 9552
125 Control 2 3517 44.75 79.92 81.08 98.56
125 Control 3 31.06 27.65 58.71 58.63 100.14
125 Low 1 27.62 21.60 49.22 53.08 9272
125 Low 3 38.62 30.53 69.15 72.92 94.83
129 Control 1 21.80 31.19 52.99 52.34 101.24
129 Control 2 26.70 37.28 63.98 67.37 94.98
129 Control 3 28.09 4257 70.67 82.54 85.61
129 Low 1 27.78 26.67 54.46 51.76 105.22
120 Low 3 36.09 4344 79.52 81.72 97.31

Recovery on average by 94.78+23.91%.

Table Sl 6 | Calibration parameters of greenhouse gases CO, N2O and CHa.

Gas Calibration Slope Intercept R? Detection Quantification
range limit limit
ppm ppm ppm

CO2 0-200 34.98 -14.93 0.9985 -0.13 1.25

N20 0-3.5 26.18 0.01 0.9916 0.01 0.01

CH4 0-2 26.87 -0.50 0.9902 0.08 0.29
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Table SI 7 | Standards, primers and thermal profiles used in gPCR assays for different
target genes.

Target Primer sequence Primer Thermal
gene Standard Primer (5'->3") concentration program References
(nM)
Bacterial Thiomonas 515F TCGTCGGCAGC 250 95°C - 3'; 12
16S rRNA sp. GTCAGATGTGT (95°C - 10"
gene AT 55°C - 30") x
AAGAGACAGGT 40; 95°C - 30",
GY 60-95°C - 5"
CAGCMGCCGCG
GTA
806R GTCTCGTGGGC 250
TCGGAGATGTG
T
ATAAGAGACAG
GG
ACTACNVGGGT
WTCTAAT
Geobacter- Geobacter Geo577F GCGTGTAGGCG 250 95°C - 3'; modified
aceae 165 sp. GTTTSTTAA (95°C - 30", after Stults
rRNA gene 55°C - 20"; et al.'®
72°C - 30" x
Geo822R  TACCCGCRACA 250 ‘é% gg,g 5 g
CCTAGTACT i °
narG Pseudo- narG-F TCGCCSATYCC 250 95°C - 3 22
monas GGCSATGTC (95°C - 10";
aeruginosa 62°C - 20") x
40; 95°C - 2
narG-R  GAGTTGTACCA 250 e 0~8
GTCRGCSGAYT
CSG
nosZ Ensifer nosZ2F  CGCRACGGCAA 250 95°C - 3'; 18
meliloti SAAGGTSMSSG (95°C - 15"
1021 T 60°C - 25") x
40; 95°C - 2
nosz2R  CAKRTGCAKSG 250 BpEsEal
CRTGGCAGAA
aioA clone aioA-1F TGCATCGTSGG 500 95°C - 3"; L
Red_G05 BTGYGGNTA (95°C - 30"
As SF 60°C - 30") x
40; 95°C - 2
aioA-1R  ACSACGCABTC 500 B
YTTGTCSGG
arrA clone arrA-F GGYSTGGGGC 500 95°C - 3" 0
Red_A06 WSCGAYCC (95°C - 30"
As SF 62°C - 40") x
40;95°C- 2,
amA-R  GGMASCCASTY 500 Se-g
GTGGGMCTT

10
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Table SI 8 | Rate constants and coefficient of determination of pseudo-first-order
reaction kinetics for nitrate reduction in low, medium and high N treatment.

Fertilization Rate constant half-life
Treatment period Time k time R?
days days™ days

Low 1st 0-10 0.40 1.73 0.9507
2nd 49-55 0.75 0.92 0.9877

Medium 1st 0-16 0.23 2.98 0.8567
2nd 49-71 0.24 2.9 0.9095

High 1st 0-37 0.08 8.54 0.8171
2nd 49-129 0.05 12.96 0.8158

Table SI 9 | Proportion of reduced nitrate by oxidized dissolved iron(ll) based on
theoretical stoichiometry ratio of 1:5 (nitratered.:iron(ll)ox) during autotrophic nitrate
reduction coupled to iron(ll) oxidation for the low, medium and high N treatment during
the 1st and 2nd fertilization period. Reduced nitrate and oxidized Fe(ll) was calculated
as the difference between day 49 and 0 and between day 49 and 129 for the first and
second fertilization period, respectively.

Fertilization Treatment Dissolved Dissolved Contribution of dissolved
nitrate e Fe(ll)ox. Fe(ll)ox. to nitratered.
mM mM %
Low 0.17 + 0.01 0.03 + 0.01 362 = 174
1st period medium 0.53 = 0.02 012 + 0.02 461 = 075
High 0.97 + 0.09 0.14 + 0.01 295 + 039
Low 045 = 0.02 012 + 0.01 555 = 057
2nd period medium 118 + 015 025 t+ 0.02 416 + 068
High 258 + 0.05 0.06 + 0.02 048 =+ 0.13

Table Sl 10 | Results of a Kruskal Wallis test to identify differences in total global
warming potential (GWP), CO2, CH4 and N20 emissions between treatments. The p-

value indicates significant differences among treatments at the 0.05 significance level.

Comparison x? df p-value
Treatment vs total
GWP 7.35 3 0.06158
Treatment vs CO: 8.32 3 0.03987
Treatment vs CHa 9.73 3 0.02101
Treatment vs N2O 8.8 3 0.03203

11
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Table Sl 11 | Results of the ANOVA (a) and the post-hoc test (Tukey test) (b) across
different treatments. The p-value indicates significant differences among treatments
at the 0.05 significance level.

a) ANOVA
Comparison Sumiof Degrees of Maan F-value p-value
squares Freedom square
(8S) (DF) (MS)
Treatment vs
Proteobacteria 54.52 5 10.905 44.13 2.58*107
Treatment vs
Verrucomicrobiota 2.701 5 0.5402 4.257 0.0185
Treatment vs
16S rRNA
transcript 658.5 3 219.51 11.07 0.0032
b) Tukey Test
Parameter Group Timepoint p-value
Proteobacteria Colr_lit.rol b day 37 1.5*10°
igh
Verrucomicrobiota Co'r_liti;or: vs day 37 0.0444
16S rRNA Control vs
transcript number High detgo? Qegier
12
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Supplementary figures

Gas distributor

Gas sampling

> Gas moistioning

Nitrate fertilizer

18.5 g DW-soil -

Soil slurry

200 mL artificial irrigation water

Figure Sl 1 | Overview of experimental setup of microcosm experiment.

Glovebox, anoxic . . i
Dissolved nitrogen species
Dissolved iron species
Dissolved arsenic species

| 2} 6M HCI (24h, anoxic, dark)

[

L Water content (RT, anoxic)

== Sequential extraction:
il \ \ ‘ 1) 0.5M HCl (2h, anoxic, dark)

Microbial analysis
(frozen at -80°C)

H g— -, —
' .. | Lﬂ__r v \ - Dissolved organic carbon
pH

Lab bench, oxic

Figure SI 2 | Sampling overview, starting with a soil slurry sample taken in the glovebox

for dissolved nitrogen species, Fe, arsenic and for water content. The dried soil was

further sequentially extracted by 0.5 M HCI (2 h) and 6 M HCI (24 h). At selected

timepoints a soil slurry sample was taken for pH, dissolved organic carbon and

microbial analysis.
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Figure SI 3 | Dissolved nitrate, nitrite and ammonium concentration in mg N L' (a) and

dissolved Fe(ll) in mg L' (b) during pre-incubation. Mean # standard deviation is shown

for biological triplicates.
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Figure Sl 4 | Poorly crystalline and crystalline Fe(ll)/Fe(tot) ratio in % during pre-

incubation. Mean + combined standard deviation from Fe(ll) and Fe(tot) analysis is

shown for biological triplicates.
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Figure S| 5 | Dissolved ammonium concentrations in mg N L' during the 129 days of
incubation for the non-fertilized control and the N fertilized treatments (low N, medium
N, high N). Mean + standard deviation is shown for biological triplicates and the mean
* range for the low N treatment in the second fertilization for biological duplicates. The

white background illustrates the first (0-49 days) and the grey background the second

(49-129 days) nitrate fertilization period.
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Figure Sl 6 | Dissolved organic carbon in mg C L™ during the 129 days of incubation
for the non-fertilized control and the N fertilized treatments (low N, medium N, high N).
Mean + standard deviation is shown for biological triplicates and the mean + range for
the low N treatment in the second fertilization for biological duplicates. The white
background illustrates the first (0-49 days) and the grey background the second (49-
129 days) nitrate fertilization period. No measurement for dissolved organic carbon

was possible on day 129 for the medium N treatment.
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Figure SI 7 | Rates of CH4-C emissions in yg kg™' DW-soil”! d-' during the 129 days of
incubation for the non-fertilized control and the N fertilized treatments (low N, medium
N, high N). Mean + standard deviation is shown for biological triplicates and the mean
* range for the low N treatment in the second fertilization for biological duplicates. The
white background illustrates the first (0-49 days) and the grey background the second

(49-129 days) nitrate fertilization period.
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Figure Sl 8 | Dissolved arsenite (dark) and arsenate (bright) percentages during the
129 days of incubation for the non-fertilized control (a), low N (b), medium N (c) and
high N (d) fertilizer treatment. Mean * standard deviation is shown for biological
triplicates and the mean + range for the low N treatment in the second fertilization for

biological duplicates.
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Figure Sl 9 | Dissolved arsenite (a) and arsenate (b) concentrations in pug L' during
the 129 days of incubation for the non-fertilized control and the N fertilized treatments
(low N, medium N, high N). Mean * standard deviation is shown for biological triplicates
and the mean % range for the low N treatment in the second fertilization for biological
duplicates. The white background illustrates the first (0-49 days) and the grey

background the second (49-129 days) nitrate fertilization period.
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Figure SI 10 | pH of the soil slurry during the 129 days of incubation for the non-fertilized
control and the N fertilized treatments (low N, medium N, high N). Mean + standard
deviation is shown for biological triplicates and the mean * range for the low N
treatment in the second fertilization for biological duplicates. The white background
illustrates the first (0-49 days) and the grey background the second (49-129 days)
nitrate fertilization period. No measurement for pH was possible on day 129 for the

medium N treatment. Note that the y-axis spans pH values from 4 to 7.
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Figure SI 11 | Cumulative CQ2-C in ug kg™' DW-soil'' 125 days™ during the 129 days
of incubation for the non-fertilized control and the N fertilized treatments (low N,
medium N, high N). Mean £ standard deviation is shown for biological triplicates and
the mean * range for the low N treatment in the second fertilization for biological
duplicates. The white background illustrates the first (0-49 days) and the grey

background the second (49-129 days) nitrate fertilization period.
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Figure Sl 12 | Cumulative CH4-C in pg kg™ DW-soil'! 125 days™ during the 129 days
of incubation for the non-fertilized control and the N fertilized treatments (low N,
medium N, high N). Mean £ standard deviation is shown for biological triplicates and
the mean * range for the low N treatment in the second fertilization for biological
duplicates. The white background illustrates the first (0-49 days) and the grey

background the second (49-129 days) nitrate fertilization period.
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Figure SI 13 | Cumulative N2O-N in ug kg™' DW-soil'' 125 days™ during the 129 days
of incubation for the non-fertilized control and the N fertilized treatments (low N,
medium N, high N). Mean + standard deviation is shown for biological triplicates and
the mean * range for the low N treatment in the second fertilization for biological
duplicates. The white background illustrates the first (0-49 days) and the grey

background the second (49-129 days) nitrate fertilization period.
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Figure SI 14 | 165 rRNA gene copy numbers (10°) in g' DW-soil" at different
timepoints during the 129 days of incubation for the non-fertilized control and the N
fertilized treatments (low N, medium N, high N). Mean + standard deviation is shown
for biological triplicates and the mean * range for the low N treatment in the second
fertilization for biological duplicates. The white background illustrates the first (0, 16,

37 days) and the grey background the second (49, 129 days) nitrate fertilization period.
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Figure SI 15 | 16S rRNA transcript copy numbers (107) in g DW-soil" at different
timepoints during the 129 days of incubation for the non-fertilized control and the N
fertilized treatments (low N, medium N, high N). Mean + standard deviation is shown
for biological triplicates and the mean #* range for the low N treatment in the second
fertilization for biological duplicates. Small letters indicate significant differences on day
37 between treatments (p<0.05, one-way ANOVA). The white background illustrates
the first (0, 16, 37 days) and the grey background the second (49, 129 days) nitrate

fertilization period.
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Figure Sl 16 | Quantifying the potential for nitrate reduction with narG gene copy
numbers (10%) in g' DW-soil"" responsible for nitrate reduction at different timepoints
during the 129 days of incubation for the non-fertilized control and the N fertilized
treatments (low N, medium N, high N). The white background illustrates the first (0, 16,

37 days) and the grey background the second (49, 129 days) nitrate fertilization period.
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Figure Sl 17 | Quantifying the potential for nitrous oxide reduction with nosZ gene copy
numbers (107) in g'' DW-soil"' at different timepoints during the 129 days of incubation
for the non-fertilized control and the N fertilized treatments (low N, medium N, high N).
The white background illustrates the first (0, 16, 37 days) and the grey background the

second (49, 129 days) nitrate fertilization period.
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Figure S| 18 | Fe(lll)-reducing bacterial numbers approximated by Geobacter spp.
specific 16S rRNA gene copy numbers (107) in g”! DW-soil" at different timepoints
during the 129 days of incubation for the non-fertilized control and the N fertilized
treatments (low N, medium N, high N). The white background illustrates the first (0, 16,

37 days) and the grey background the second (49, 129 days) nitrate fertilization period.
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Figure Sl 19 | Fe(lll)-reducing bacterial activity approximated by Geobacter spp.
specific 16S rRNA transcript numbers (108) in g' DW-soil'! at different timepoints
during the 129 days of incubation for the non-fertilized control and the N fertilized
treatments (low N, medium N, high N). The white background illustrates the first (0, 16,

37 days) and the grey background the second (49, 129 days) nitrate fertilization period.
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Figure SI 20 | Potential for arsenite oxidation quantified by aioA gene copy numbers
(10%) in g"' DW-soil™' at different timepoints during the 129 days of incubation for the
non-fertilized control and the N fertilized treatments (low N, medium N, high N). The
white background illustrates the first (0, 16, 37 days) and the grey background the

second (49, 129 days) nitrate fertilization period.
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Figure SI 21 | Potential for arsenate reduction quantified by arrA gene copy numbers
(10%) in g"' DW-soil™' at different timepoints during the 129 days of incubation for the
non-fertilized control and the N fertilized treatments (low N, medium N, high N). The
white background illustrates the first (0, 16, 37 days) and the grey background the

second (49, 129 days) nitrate fertilization period.
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Figure SI 22 | Relative 16S rRNA gene sequence abundance in % on family level of
the phyla Verrucomicrobiota for the control and high N treatment on day 37. “Others”

represent families with abundances below 0.5% on average.
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Figure Sl 23 | Relative 16S rRNA gene sequence abundance in % on family level of
the phyla Proteobacteria for the control and high N treatment on day 37. “Others”

represent families with abundances below 0.5% on average.
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ABSTRACT Microbial nitrate reduction coupled to iron(ll) oxidation (NRFeOx) occurs in
paddy soils due to high levels of dissolved iron(ll) and regular application of nitrogen
fertilizer. However, to date, there is no lithoautotrophic NRFeOx isolate or enrichment
culture available from this soil environment. Thus, resulting impacts on greenhouse
gas emissions during nitrate reduction (i.e., nitrous oxide [N,O]) and on toxic metal-
loid (i.e,, arsenic) mobility can hardly be investigated. We enriched a lithoautotrophic
NRFeOx culture, culture HP (Huilongpu paddy, named after its origin), from a paddy
soil (Huilongpu Town, China), which was dominated by Gallionella (71%). The culture
reduced 0.45 to 0.63 mM nitrate and oxidized 1.76 to 2.31 mM iron(ll) within 4 days
leading to N0 as the main N-product (62%-88% N>O-N of total reduced NO3 -N). Nitrite
was present as an intermediate at a maximum of 0.16 + 0.1 mM. Cells were associated
with, but mostly not encrusted by, poorly crystalline iron(lll) minerals (ferrihydrite).
Culture HP performed best below an iron(ll) threshold of 2.5-3.5 mM and in a pH range
of 6.50-7.05. In the presence of 100 pM arsenite, only 0%-18% of iron(ll) was oxidized.
Due to low iron(ll) oxidation, arsenite was not immobilized. However, the proportion of
N,O-N of total reduced NO3-N decreased from 77% to 30%. Our results indicate that
lithoautotrophic NRFeOx occurs even in organic-rich paddy soils, resulting in denitrifica-
tion and subsequent N;O emissions. The obtained novel enrichment culture allows us to
study the impact of lithoautotrophic NRFeOx on arsenic mobility and N,O emissions in
paddy soils.

IMPORTANCE Paddy soils are naturally rich in iron(ll) and regularly experience nitrogen
inputs due to fertilization. Nitrogen fertilization increases nitrous oxide emissions as it is
an intermediate product during nitrate reduction. Microorganisms can live using nitrate
and iron(ll) as electron acceptor and donor, respectively, but mostly require an organic
co-substrate. By contrast, microorganisms that only rely on nitrate, iron(ll), and CO; could
inhabit carbon-limited ecological niches. So far, no isolate or consortium of lithoautotro-  ggitor arpita Bose, Washingten University in 5t
phic iron(ll)-oxidizing, nitrate-reducing microorganisms has been obtained from paddy Louls, St. Louis, Missouri, USA

soil. Here, we describe a lithoautotrophic enrichment culture, dominated by a typical . conespondence o Andreas Kappler,
iron(ll)-oxidizer (Gallionelia), that oxidized iron(ll) and reduced nitrate to nitrous oxide, andreas kappler@uni-tuebingen de.
negatively impacting greenhouse gas dynamics. High arsenic concentrations were toxic
to the culture but decreased the proportion of nitrous oxide of the total reduced nitrate.
Qur results suggest that autotrophic nitrate reduction coupled with iron(ll) oxidation is a

relevant, previously overlooked process in paddy soils. Received 27 June 2024
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N itrogen (N) fertilization is a common practice in agriculture, for example, in
rice cultivation worldwide. Typically, N is applied in excess to paddy soils (as
urea, ammonium-, or nitrate-based fertilizer), which results in poor nitrate (NO3)
use efficiencies and leaching of nitrate into groundwater (1-3). Nitrogen fertilization
also influences the microbial processes in the paddy soil by providing a favorable
electron acceptor under anoxic conditions that prevail under waterlogged conditions.
Under anoxic conditions, nitrate can be removed microbially during dissimilatory
nitrate reduction to ammonium (DNRA) or by denitrification. Denitrifying microorgan-
isms are classified as (i) heterotrophs, which require an organic carbon substrate for
energy generation, (ii) mixotrophs, which can use both organic carbon and inorganic
compounds, and (i) lithoautotrophs, which only use inorganic compounds such as
hydrogen, reduced sulfur compounds, arsenite, or iron(ll} (4). It was shown that different
parameters such as pH, sulfide concentrations, type, and complexity of electron donors
together with the ratio of organic carbon (OC) to N influence the likelihood of denitrifica-
tion or DNRA (5). Typically, denitrification is the favored process for nitrate removal under
lower OC/N ratios (6). In paddy soils, concentrations of dissolved or solid-phase iron(ll)
are naturally high due to anoxic conditions stimulating iron(lll) reduction. Thus, nitrate
reduction coupled with iron(ll) oxidation (NRFeOx) is considered to play an important
role in paddy soils (7).

Nitrate reduction is thermodynamically favored over sulfate reduction, iron(lll)
reduction, and methanogenesis, thereby limiting methane emissions and suppressing
the reductive dissolution of iron(lll) minerals. Given the high scavenging potential
of toxic metalloids, like arsenic, by the iron(lll) minerals formed by microbial iron(li)
oxidation (8), NRFeOx can also limit the mobility of arsenic. Arsenic-contaminated
groundwater is often used for paddy field irrigation (9, 10), thus, introducing arsenic
to the soil and potentially resulting in accumulation within rice plants and grains (11).
Arsenic is mainly present in its inorganic forms, arsenate and arsenite, with the latter
being more toxic and mobile (12). However, iron(lll) (oxyhydr)oxides that form during
iron(ll) oxidation have been shown to successfully sequester arsenate and arsenite
during iron(ll) oxidation (13), which play a key role in arsenic mobility. Depending on
the speciation and concentration, arsenic can also pose toxic effects on microorganisms,
including nitrate-reducing, iron(l)-oxidizing microorganisms (8).

Several studies have isolated or enriched heterotrophic or mixotrophic nitrate-reduc-
ing, iron(ll)-oxidizing microorganisms from paddy soils and followed changes in the
microbial community composition and diversity after the addition of nitrate, iron(ll),
or organic carbon (e.g., lactate, acetate) (14-17). Ratering and Schnell (7) postulated
that the metabolic capacity for NRFeOx is widespread in paddy soils; however, lithoau-
totrophic microorganisms have not been isolated or enriched in the past from paddy
soil. In these rather organic-rich environments (18), such microorganisms could inhabit
ecological niches with low organic carbon and are generally considered to be better
adapted to thrive under redox fluctuations where substrate availability may be scarce
(19).

Three enrichment cultures have been described so far that unequivocally perform
lithoautotrophic NRFeOx, originating from ditch sediments (i.e.,, culture KS, culture BP)
and a limestone aquifer (i.e., culture AG) (20-22). Gallionellaceae sp. are dominant in
all three cultures and share many common features such as genes encoding for iron(ll)
oxidation (e.g., cyc2), denitrification (e.g., narGHI, nirk/S, norBC), and carbon fixation
(rbel). The Gallionellaceae sp. in these three mixed cultures, however, are only capable
of partial denitrification until NO or N0, relying on a flanking community with other
species such as Rhodanobacter sp. or Bradyrhizobium sp. for further nitrogen species
removal (20, 23-25). Yet, 43%-96% and ~41% of the reduced nitrate accumulates as N;O
in culture KS (26) and AG (21), respectively.

To investigate the important role of lithoautotrophic nitrate-reducing, iron(ll)-oxidiz-
ing microorganisms for arsenic mobility and greenhouse gas emissions in paddy soils, we
aimed to (i) obtain a model culture of lithoautotrophic nitrate-reducing, iron(ll)-oxidizing
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microorganisms from paddy soil, (i) identify microbial key players for NRFeOx using 165
rRNA gene amplicon sequencing, (iii) determine the extent of nitrate reduction, iron(ll)
oxidation, and N,O production, and (iv) compare growth conditions influencing the
performance of the enrichment culture. Our novel enrichment culture offers a unique
opportunity to further study NRFeOx in paddy soils, thereby enhancing our understand-
ing of their impact on biogeochemical cycling, arsenic mobility, and climate change.

RESULTS AND DISCUSSION

Microbial community composition of the lithoautotrophic nitrate-reducing,
iron(ll)-oxidizing enrichment culture

Lithoautotrophic nitrate-reducing, iron(ll)-oxidizing microorganisms were enriched (Fig.
1a) by adding 1 g of paddy soil (Huilongpu Town, Hunan province, China) to 9 mL
growth media containing 2 mM iron(ll) and 1 mM nitrate (composition see Table S1).
After observation of iron(ll) oxidation and iron(lll) mineral formation, indicated by a visual
change from transparent to orange, 1 mL of the culture was transferred to 9 mL of
fresh media. After 11 transfers under purely lithoautotrophic conditions by supplying
2 mM iron(ll) as electron source and 1 mM nitrate as an electron acceptor, the microbial
community composition of the NRFeOx culture was characterized by 165 rRNA gene
amplicon sequencing (Fig. 1a). Two amplicon sequence variants (ASVs) classified as
Gallionella (74.1£0.2%) dominated the microbial community of the successfully enriched
NRFeOx culture HP (Huilongpu paddy, named after the origin of the soil, Fig. 1b).
Members of Gallionella belong to the family Gallionellaceae of the order Burkholder-
iales. The more abundant Gallionella was present at 71.4% + 0.3% and the other one
at 2.7% £ 0.01% sharing 99.6% sequence identity (Fig. 51). Attempts to isolate the
Gallionella species from the obtained NRFeOx culture involved different liquid or solid
growth media (Table S2) with no success. The Gallionella did not grow under microoxic
conditions in gradient tubes following the approach of Emerson and Floyd (27) (Table
S2). In the native paddy soil, Gallionella accounted for 0.3% of the total microbial
community (Table 53) and shared 94.4% sequence identity with the more abundant
Gallionella in culture HP (Fig. S1).
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FIG 1 (a) Schematic of the enrichment and (b) microbial community composition at genus level of the lithoautotrophic

nitrate-reducing, iron(ll)-oxidizing enrichment culture HP from paddy soil. "Others” represent taxa with abundances below

0.5%. Error bars indicate the deviation from the mean of duplicate samples analyzed by 165 rRNA gene amplicon sequencing.
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In the three other known lithoautotrophic NRFeOx enrichment cultures (20-22),
Gallionellaceae were also found to be the dominant family. Abundances of Gallionella-
ceae are similarly high in culture KS (96%), BP (71%-78%) and AG (49%) (20, 21, 23),
compared to the novel enrichment culture HP described here. Previously, members of
the family Gallionellaceae were characterized as autotrophic, neutrophilic, and microaer-
ophilic iron(ll)-oxidizers (28-30). However, “Candidatus Ferrigenium straubiae” sp.nov.,
“Candidatus Ferrigenium bremense” sp.nov., and “Candidatus Ferrigenium altingense”
sp.nov. (in cultures KS, BP, and AG, respectively) perform, in tandem with their associated
flanking communities, partial denitrification coupled to iron(ll) oxidation and carbon
fixation and are, thus, considered lithoautotrophic nitrate-reducing, iron(ll)-oxidizing
microorganisms. The enrichment culture in this study is most similar to culture AG based
on the geochemical growth conditions (culture AG: 2 mM nitrate, 2 mM iron(ll), this
culture: T mM nitrate, 2 mM iron(ll)). Maximum likelihood analysis revealed that the
most dominant Gallionella species in culture HP was most similar to “Ca. ferrigenium
altingense” sp. nov. from culture AG (Fig. S1), sharing 100% sequence identity (251 bp
overlap). Even though the comparison of sequence similarities on species levels based
on short-read 165 rRNA gene sequence analysis needs to be taken with caution, this
similarity indicates that the potential for lithoautotrophic NRFeOx likely exists in many
environments and with the appropriate culture conditions, microorganisms possessing
this metabolic capability can be enriched and studied. Meta'omics revealed that “Ca.
ferrigenium altingense” sp. nov. possesses genes for iron(ll) oxidation, carbon fixation,
and almost all genes involved in denitrification except for nosZ (25), which gives rise to
the assumption that the Gallionella in culture HP has a similar metabolic potential.

The second most abundant ASV (4.5% + 1.6%) in our lithoautotrophic NRFeOx culture
HP belongs to the order Burkholderiales but was affiliated with the family Oxalobactera-
ceae and the genus Noviherbaspirillum (Fig. 1b). Noviherbaspirillum was also found in the
flanking community of culture BP (9%-15%) (20). Meta’'omics revealed that Noviherbas-
pirilfum in culture BP has the potential to perform iron(ll) oxidation, carbon fixation, and
complete denitrification, likely playing an important role in NRFeOx.

Almost equally abundant like the Noviherbaspirilium in culture HP was Ramlibacter
(4.1% =+ 1.8%), belonging to the family of Comamonadaceae of the order Burkholderiales
(Fig. 1b). Ramlibacter sp. in culture BP is considered to be involved in iron(ll) oxidation
and denitrification (norB and nosZ genes) (20). Other flanking community members in
culture HP showed relative abundances at or below 3% and comprised members of
the family Rhodocyclaceae (Azospira, 3.0% + 0.7% and Dechloromonas, 2.1% + 0.7%),
which account for 0.14% of the native paddy soil microbial community (Table S$3),
Comamonadaceae (Curvibacter, 2.2% =+ 0.5% and 1 ASV with unclassified genus, 2.0%
+ 0.1%), making up 1.14% of the native paddy soil microbial community (Table $3),
Parvibaculaceae (Parvibaculum, 2.7% = 0.3%), Rhodobacteraceae (Defluviimonas, 2.8% %
0.0%), and Holophagaceae (Geothrix, 1.7% =+ 0.2%), accounting for 0.2% of the native
paddy soil microbial community (Table S3; Fig. 1b). In culture KS, BP, or AG, Azospira
was not present in the flanking community and was likely specific to culture HP and
potentially to NRFeOx communities in paddy soils in general. The addition of iron(ll),
nitrate, and organic carbon (e.g., lactate or acetate) to paddy soils was shown to enrich
Azospira in several studies (16, 17), suggesting that it might play an important role in
hetero- or mixotrophic denitrification. Other flanking community members present in
culture HP (Fig. 1b) (e.g., Dechloromonas, Curvibacter, and Geothrix) were also suggested
before to be involved in Fe- and/or N-cycling (31-36).

Nitrate removal and iron(ll) oxidation under autotrophic growth conditions

Nitrate reduction and iron(ll) oxidation were monitored in detail over three consecutive
transfers each lasting 7 days. In biotic treatments, 0.53 + 0.12 mM, 0.45 + 0.03 mM, and
0.64 + 0.13 mM nitrate was reduced and 1.06 + 0.24 mM, 1,05 £ 0.31 mM, and 1.24 +
0.09 mM of iron(ll) was oxidized within 7 days of incubation during transfer 1, 2, and 3,
respectively (Fig. 2; Table S4). Because iron(ll) precipitated on the inside surface of the
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glass serum bottles after the addition of FeCl,, measured iron(ll) concentrations were
lower than the theoretical 2 mM. Iron that was precipitated and could not be accounted
for during the experiment was retrieved after the experiment by adding 1 M HCI (37).
The ratio of iron(ll) to iron(tot) decreased from 87.3% + 28.7% to 1.6% * 0.2% in transfer
1, from 88.3% + 37.2% to 2.4% + 0.4% in transfer 2, and from 90.9% + 10.3% to 2.8% +
0.2% in transfer 3. In culture AG, approximately 90% of the total iron(ll) was oxidized (21),
whereas 16%-26% iron(ll) remained in culture KS (38) and 20% in culture BP (24), which
were cultivated at higher iron(ll) concentrations. 165 rRNA gene copy numbers increased,
although not significantly (P = 0.12, Table S5, non-parametric Wilcoxon signed-rank test),
from 3.4 x 10° £ 1.6x10° mL' to 4.3 x 10° + 25x10° mL ™' and from 6.2 x 10% + 2.0x10°
mL™" to 1.2 x 10° + 6.3 x 10° mL™' from day 0 till day 7 during transfers 2 and 3,
respectively.

To investigate intermediate and final N-products during denitrification, aqueous
nitrite concentrations and nitrous oxide emissions were quantified. Aqueous nitrite
concentrations were generally low in biotic treatments, reaching a maximum of 0.08
+0.16 mM (day 3), 0.02 + 0.02 mM (day 1), and 0.16 £ 0.1 mM (day 2) during transfers 1, 2,
and 3, respectively (Fig. S2a). N;O production was determined by measuring gaseous
concentrations and calculating dissolved concentrations based on Henry's constant
which revealed that 72.3% + 19.4%, 88.5% * 4.6%, and 62.4% + 16.0% of the total
reduced NO3 -N accumulated as N,O-N at the end (7 days) of transfers 1, 2, and 3,
respectively (Table S4). Thus, N3O is the main product during lithoautotrophic NRFeOx
in this culture. N2O also accumulated over time in culture KS and AG and represented
43%-96% (26) and ~41% (21) of the total reduced nitrate, respectively.

For calculations of the nitratejaduced to iron(ll)oxidized ratio, the retrieved iron was
considered and summed up with the final iron(tot) concentrations to obtain the true
total iron concentrations. Considering that 90% of the total iron was present as iron(ll)
(with about 10% iron(lll) stemming from the inoculum), we calculated that ratios of

T T2 T3 <> Fe(ll) biotic
2.0 <> Fe(ll) abiotic
@ Nitrate biotic

o
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FIG 2 Total iron(ll) (diamond) and nitrate (circle) concentrations over three consecutive transfers, each
lasting over 7 days, of the lithoautotrophic nitrate-reducing, iron(ll)-oxidizing enrichment culture HP
from paddy soil. T1, T2, and T3 are visually separated by vertical lines and gray color and stand for
transfer 1 (days 0-7), transfer 2 (days 7-14), and transfer 3 (days 14-21), respectively. Biotic treatments
are represented as colored symbols and abiotic treatments are in white. Note that due to dilution by
the microbial inoculum (10%, 2.5 mL), iron(ll) concentrations were slightly lower in the biotic setups

compared to abiotic setups. Mean + standard deviation is shown of four replicates.
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nitratereduced t0 iron(loxidized Were 0.23 + 0.05, 0.23 + 0.03, and 0.37 + 0.08 in transfers
1,2, and 3, respectively (Table S4). The higher ratio in transfer 3 was due to more reduced
nitrate and less oxidized iron(ll); however, the reason for this remains unidentified. Yet,
the ratio in transfers 1 and 2 is close to the theoretical stoichiometry of 0.25, when
assuming nitrate reduction to nitrous oxide (equation 1).

2NO3 +8Fe?* +19H,0 — N,O + 8 Fe(OH); + 14 H* Eq. (1)

However, the ratio of nitratejeqyced to iron(ll) oxidized should probably be slightly lower
(ca. 0.21) considering that ~15% of the electrons from iron(ll) oxidation are needed for
carbon fixation (39) (equation 2).

4Fe’* +CO,+ 11 H,0 — 4 Fe(OH), + CH,0 +8 HY Eq. (2)

One explanation for a higher measured ratio than the theoretical ratio could
be internally stored electrons or carbon leading to a greater nitrate reduction than
theoretically possible under autotrophic conditions. Experiments without the addition of
iron(ll) showed a reduction of 0.05 + 0.12 mM nitrate (Fig. S3). Considering this in the
calculation of the nitrate,educed to iron(ll)oyidized ratio, we achieved a ratio of 0.21, 0.20,
and 0.34 for transfers 1, 2, and 3, respectively.

Without the addition of iron(ll), 165 rRNA gene copy numbers increased from 2.5 x
10° £ 1.1 x 10* mL™" (day 0) to 1.5 x 10° £ 1.5 x 10° mL™" (day 7) (log2FC = 5.93, P = 0.25,
Table S5, non-parametric Wilcoxon signed-rank test). The increase was similarly high as
under standard conditions (log2FC = 6.65, 1.3 X 10% £ 9.5x10° mL™" [day 0] to 1.3 x 10°
7.0 x 10° mL™" [day 7], Table $6). Similar trends have been observed for the enrichment
culture AG (21). When no iron(ll) is supplied to the culture, biomass build-up could result
from internally stored electrons or heterotrophic community members might be fueled
by internally stored carbon. However, this underlines that 165 rRNA gene copy numbers
alone have to be taken with caution when studying lithoautotrophic NRFeOx enrichment
cultures or other cultures as well.

In abiotic treatments where no cells were added, nitrate concentrations stayed
constant throughout the three transfers at around 1 mM (Fig. 2a). Iron(ll) concentrations
in the abiotic setups, however, decreased slowly within the 7 days of incubation (Fig.
2a). The decrease was strongest in the first transfer (1.82 + 0.06 mM to 1.46 + 0.23 mM)
and less pronounced in the second and third transfers. This results from the precipitation
of iron(ll) minerals on the glass wall (37). The iron(ll)/iron(tot) ratios stayed constant in
the abiotic controls at 94.5% to 100%. Ammonium concentrations stemming from the
growth media were constant throughout the three transfers at roughly 6 mM in biotic
and abiotic treatments (Fig. S2b). The constant concentrations imply a minor role of
DNRA or ammonium oxidation coupled to iron(lll) reduction (Feammox).

Following the approach of Jakus et al. (21), 2 mM of iron(ll) was re-spiked to culture
HP after 7 days when all the initial iron(ll) had been oxidized and nitrate had been
reduced, to rule out that the lithoautotrophic NRFeOx enrichment culture HP grows
on residual OC stemming from the MQ water. After re-spiking, iron(ll) concentrations
reached 1.71 £ 0.19 mM in the biotic treatments (Fig. 54). One day after the re-spike,
162 + 0.19 mM of iren(ll) was oxidized, corresponding to 95% of the re-spiked iron(ll),
and 0.38 £ 0.13 mM nitrate was reduced (less than 0.1 mM remaining nitrate) (Table 54).
This corresponds to a molar ratio of nitrate,eguced to iron(ll)gxidized of 0.23 + 0.08 (Table
S4). Because precipitation of iron(ll)-phosphate minerals at the glass wall did not occur
in such a short timeframe, retrieved iron was not considered for the re-spike experiment.
Due to very low nitrite concentrations, chemodenitrification likely plays a minor role, and
iron(ll) oxidation is assumed to be biotically catalyzed. 165 rRNA gene copy numbers
were similar between day 0 and 7 days after the spike (day 0: 2.2 x 10° + 1.4 x 10° mL™,
day 7:13x 10° + 6.1 x 10°mL ", P=0.12, Table S5, non-parametric Wilcoxon signed-rank
test). A 10 mM re-spike of iron(ll) in culture KS also did not lead to a significant increase
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in cell number (38); however, a two-time spike of 2 mM iron(ll) in culture AG led to an
increase in cell numbers (21). In summary, the fast oxidation of iron(ll) after the re-spike
underlines that culture HP performs lithocautotrophic NRFeOx.

Continuous cultivation under lithoautotrophic conditions (ca. 20 transfers within 1
year) and different experimental setups and microbial and geochemical analyses confirm
that the novel NRFeOx enrichment culture HP from a paddy soil simultaneously reduces
nitrate and oxidizes iron(ll) in the absence of any organic carbon source. The simultane-
ous increase in cell numbers over time (log2FC of 6.76 and 7.64 in transfers 2 and 3,
respectively) as a measure for growth and the continuous, stable cultivation since 3 years
(>60 transfers) under autotrophic conditions verifies that at least three out of four criteria
are being met to prove true lithoautotrophic behavior (28). The fixation of labeled CO;
into biomass remains to be investigated. To the best of our knowledge, this is the first
lithoautotrophic NRFeOx culture enriched from a soil environment, representing a rather
organic-rich environment compared to the ditch sediment or aquifer material from
which the lithoautotrophic NRFeOX cultures KS, AG, and BP have been enriched (20-22).
Meta'omic analysis are needed in the future to determine the metabolic potential of
culture HP and identify community members involved in iron(ll) oxidation and certain
steps of denitrification.

Cell-mineral interactions

Microbial nitrate reduction coupled with iron(ll) oxidation in the novel enrichment
culture HP led to the formation of iron(lll) (oxyhydr)oxide minerals. *’Fe-specific
Moessbauer spectroscopy analysis identified a poorly crystalline iron(lll) mineral phase
(iron(lll) oxyhydroxides) after 7 days of incubation (transfer 3) with hyperfine parameters
similar to that of ferrihydrite (Table S7; Fig. S5).

Scanning electron microscopy (SEM) images revealed two dominant mineral
structures, that is, mineral aggregates composed of either nanometer-scale particles
(Fig. 3a) or nanometer- to micrometer-scale botryoidal-like particles (Fig. 3b). Energy
dispersive spectroscopy analysis detected Fe, P, and O from these minerals (Fig. 56).
Rod-shaped cells were closely associated with the newly formed iron(lll) minerals (Fig.
3a). Only a few cells appeared encrusted by iron(lll) minerals (Fig. 3b), whereas others
were not encrusted or not in direct contact with iron(lll) minerals (Fig. 3c). Light and
fluorescence microscopy with LIVE/DEAD stain supported a close association of cells and
iron(lll) oxyhydroxides (Fig. 3d).

Autotrophic iron(ll)-oxidizing microorganisms, i.e. nitrate-reducing, iron(ll)-
oxidizing microorganisms have been suggested to prevent cell encrustation during
the precipitation of iron{lll) minerals by excretion of iron{lll)-complexing ligands,
extracellular polymeric substances, modification of the cell surface charge or
acidification of the microenvironment around the cell (40-43). In this study, SEM,
fluorescence, and transmission light microscopy verified that most of the cells were
free of encrustation irrespective of whether they were associated with the minerals
or not. Only a few cells were partially or fully encrusted, which could resemble
flanking community members that lack a prevention mechanism or dead cells that
lost their ability to prevent encrustation (44, 45). However, Huang et al. (26)
observed different degrees of encrustation in culture KS under varying nitrate-to-iron
ratios with the degree of encrustation being lower when supplementing less iron.
Yet, they did not find differences in mineral identity between different nitrate-to-iron
ratios. The type of formed mineral was found to depend on growth conditions (46,
47) or metabolic processes (i.e., heterotroph vs. mixotroph vs. autotroph). Under
heterotrophic or mixotrophic conditions, it was shown that abiotic iron(ll) oxidation
by nitrite (chemodenitrification) leads to the formation of goethite rather than poorly
crystalline iron(lll) (oxyhydrjoxides such as ferrihydrite (48-50). In the present study,
the presence of a poorly crystalline iron(llll mineral phase (i.e, ferrihydrite) as
identified by Moessbauer analysis and the low concentrations of nitrite point toward
a minor role of chemodenitrification in this lithoautotrophic NRFeOx culture HP.
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FIG 3 Scanning electron micrographs of the lithoautotrophic nitrate-reducing, iron(ll)-oxidizing enrichment culture HP after 7

days (transfer 3) showing cell-mineral interactions of encrusted, mineral-associated (a), non-encrusted, mineral-associated (b),

and non-encrusted (c) cells. Arrows point to cells. Overlay light micrograph of fluorescence and transmission light microscopic

pictures (d). Cells were stained with the LIVE/DEAD stain (green, alive; red, dead).

Metabolic performance of the lithoautotrophic nitrate-reducing, iron(ll)-
oxidizing enrichment culture under various iron(ll) concentrations and pH
levels

In paddy soils, concentrations of dissolved iron(ll) can vary greatly due to changes in
redox conditions (51). Thus, we investigated the performance of the lithoautotrophic
NRFeOx enrichment culture HP in the presence of different iron(ll) concentrations. When
providing 1, 2, and 3 mM iron(ll), 0.74 + 0.27, 1.71 + 0.03, and 1.88 + 0.9 mM iron(ll) was
oxidized within 7 days, respectively (Fig. 4a; Table S4). With increasing iron(ll) concentra-
tions, a lower extent of iron(ll) oxidation was observed (4 mM iron(ll): 0.45 + 0.29 mM,
5 mM iron(ll): 0.29 £ 0.35 mM) (Fig. 4a; Table 54). At the same time, the extent of nitrate
reduction was greatest for the 2 mM and 3 mM iron(ll) setup, with 0.46 + 0.16 and 0.41
+ 0.21 mM nitrate being reduced, respectively (Fig. 57a; Table S4). The extent of nitrate
reduction was lower at iron(ll) concentrations of 1 mM (0.12 £ 0.07 mM), 4 mM (0.12
+ 0.08 mM), or 5 mM (0.08 = 0.04 mM) (Fig. 57a; Table 54). The ratio of nitratejeduced
to iron(ll)oxidized ranged between 0.16 and 0.29 (Table S4), being lowest in the 1T mM
iron(ll) treatment and highest in the 5 mM iron(ll) treatment. These results highlight that
our NRFeOx culture performs best when 2 mM iron(ll) is supplied with relatively less
nitrate being reduced and iron(ll) being oxidized the higher or lower the concentration
of iron(ll) is. It also emphasizes that iron(ll) concentrations can be crucial for the success
of enriching or isolating lithoautotrophic nitrate-reducing, iron(ll)-oxidizing microorgan-
isms from different environments, likely due to toxicity effects of high concentrations
of iron(ll) (52). However, other enrichment cultures are likely less susceptible to higher
iron(ll) concentrations, especially culture KS and BP, that are routinely cultivated with
10 mM of iren(ll). Culture AG grew slower with 3 mM of iron(ll), but still oxidized almost
all iron(ll) (21). Yet, it still remains open where the upper and lower limit of iron(ll) for
microbial growth, nitrate reduction, and iron(ll) oxidation of the other lithoautotrophic
enrichment cultures is set,

Fluctuations in pH are also typically common in paddy soil due to flooding and
drainage (53, 54); thus, we wanted to explore the pH range for enzymatic iron(ll)
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oxidation by this enrichment culture. We found that the enrichment culture HP oxidized
iron(ll) from a pH of 6.50 to 7.05 without major differences in the extent but with
differences in lag phases of iron(ll) oxidation (Fig. 4b) or reduced nitrate (Fig. S7b). It
has to be noted that the recovered initial iron(ll) concentrations were slightly higher at
lower pH values due to a larger extent of precipitation of iron(ll) (at the glass wall) at
higher pH values (55), which was also observed in the abiotic controls. Changes in pH
between the beginning and the end of the experiment were minor (<0.1 pH unit, Table
58). Reduced nitrate ranged between 0.28 and 0.4 mM and oxidized iron(ll) between 1.13
and 1.66 mM (Table S4). However, in all treatments, around 100% of iron(ll) was oxidized.
The ratio of nitratereduced t0 iron(lexidized ranged between 0.22 and 0.25 (Table 54) and
was well in line with the expected ratio of 0.25 or 0.21 when also considering biomass
buildup. At a pH of 6.80, iron(ll) oxidation and nitrate reduction were retarded by 1 day;
however, at an even lower pH (pH 6.50), the culture HP behaved similarly to higher
pH values. Different pH values could affect the contribution of chemodenitrification to
iron(ll) oxidation as shown by Zhu-Barker et al. (56). However, since nitrite was generally
low and only observed for one treatment (pH 6.80) at day 1 (0.01 mM), we consider
the contribution of chemodenitrification to iron(ll) oxidation at all tested pH values as
neglectable. Assuming a pH development during the rice growing season as modeled
by Ding et al. (53) for paddy soils with an initial pH >6.5 (Table S9), where the pH
slightly drops after flooding, stabilizes at pH 7 after around 30 days, and increases with
decreasing moisture content, our results suggest that lithcautotrophic NRFeOx could
occur throughout the rice-growing season. This indicates that the metabolic activity of
these microorganisms is potentially sustained under the varying pH conditions typical of
paddy soils.

Metabolic performance of the lithoautotrophic nitrate-reducing, iron(ll)-oxi-
dizing enrichment culture after arsenite addition

In paddy soils, waterlogged conditions are responsible for a reducing environment
where the highly toxic and mobile arsenite is the dominant arsenic species in the
porewater (57-60). In studies using bacterial cultures or isolates and in paddy soil
microcosm studies, similar arsenite concentrations or even higher concentrations
[5,000 uM arsenate (61) and 500 pM arsenite (62)] were used and shown to not affect
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FIG 4 Total iron(ll) concentrations for the lithoautotrophic nitrate-reducing, iron(ll)-oxidizing enrichment culture HP from a
paddy soil set up (a) with different iron(ll) concentrations and (b) at different pH values over 7 days. Treatments in (a) were
supplemented with 1 mM nitrate and different iron{ll) concentrations, shown as circles with darker colors representing
higher iron(ll) concentrations. The control (white circles) represents abiotic conditions with 5 mM iron(ll) and 1 mM nitrate.
Treatments in (b) display different pH values as squares with darker colors representing higher pH values using 2 mM iron(ll)
and 1 mM nitrate. The controls represent abiotic conditions at pH 6.50 (white) and pH 7.05 (gray) using 2 mM iron(ll) and 1 mM
nitrate. Note that due to dilution by the microbial inoculum (10%, 2.5 mL), iron(ll) concentrations were slightly lower in the

biotic setups compared to abiotic setups. Mean + standard deviation is shown of three replicates.
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the metabolic capacity of the microorganisms (8, 61, 63-65). Thus, to allow comparison
between previous studies on mixotrophic nitrate-reducing and phototrophic iron(l)-oxi-
dizers (8), we supplemented 100 pM arsenite to culture HP, which allows us to better
understand the limits and responses of the microbial community to arsenite toxicity,
which would otherwise be more subtle or undetectable at lower concentrations.

We found that 13%-25% of nitrate was reduced when 100 pM arsenite was supple-
mented compared to 90%-98% without the presence of arsenite (Fig. S8a; Table S4). At
the same time, 17.8% iron(ll) was oxidized in the first transfer in the presence of arsenite
and 0%-0.8% in transfers 2 and 3, which is lower compared to the setup without arsenite
(62.5%-83.7% oxidized iron(ll), Fig. 58b; Table S4). This points toward a toxic effect of
arsenite on the lithoautotrophic NRFeOx enrichment culture HP. However, it remains
open if the whole community in the culture or only specific community members
were affected. Other iron(ll)-oxidizing microorganisms, such as the mixotrophic strain
BoFeNT1, the lithoautotrophic culture KS, or phototrophic iron(ll)-oxidizer Rhodobacter
ferrooxidans strain SW2 were capable of thriving with a longer lag phase at the presence
of 100 pM arsenite and even immobilized arsenite (initially: 50 pM arsenite) by newly
formed iron(lll) minerals (8). Thus, it remains to be investigated if arsenite still exerts
toxicity effects under lower concentrations and if it can be successfully immobilized by
iron(ll) minerals formed during NRFeOx. Even though environmental concentrations of
arsenite in the paddy soil are usually lower (58), our results suggest that the contribution
of lithoautotrophic nitrate-reducing, iron(ll)-oxidizing microorganisms in immobilizing
arsenite in paddy soils might be lowered if initial concentrations of arsenite are as
high as 100 uM, especially if the native microbial community is not adapted to high
concentrations of arsenic in the paddy soil (here: 5 mg of 6 M HCl-extractable arsenic per
kg soil, considerably low).

Variability of nitrous oxide production under different growth conditions

The percentages of N2O-N of the total reduced NO3™-N of different experimental setups
were compared to identify differences in the extent of N;O production (Fig. 5; Table $10).
We found that N»O production was significantly different between treatments (P < 0.01,
Table S10a, non-parametric Kruskal-Wallis test). However, it was similar in treatments
with different ratios of nitrate to iron(ll) or different pH values. Under standard conditions
(ratic N:Fe = 1:2, pH 6.95-7, n = 15), we calculated that on average 88.8% + 26.6% of the
reduced nitrate was converted to N»O; however, values ranged from 50% to 110% N>O-N
of the total reduced NO3™-N. Due to low concentrations of nitrite, we postulate that N;O
emissions are biologically derived and that chemodenitrification plays a minor role in
the lithoautotrophic NRFeOx culture HP. Previously, N>O emissions in paddy soils have
been attributed partly to chemodenitrification (66). Wang et al. (67) calculated, based on
chemodenitrification rates from mixotrophic NRFeOx cultures, that chemodenitrification
accounted for 6.8% to 67.6% of the total N>O emissions in two different paddy soils
and postulated that the organic carbon content and iron(ll) concentrations (determining
the likelihood of DNRA or denitrification) are important for the contribution of chemo-
denitrification. However, our results suggest that lithoautotrophic NRFeOx leads almost
exclusively ta N5O emissions. Thus, it remains open if biologically derived N2O was
previously underestimated in paddy soils. To better estimate the contribution of abiotic
and biotic processes, the analysis of characteristic *N and 'O fractionation patterns
for chemodenitrification could be used (68) or kinetic modeling approaches similar to
Jamieson et al. (69) and Liu et al. (50), including lithoautotrophic NRFeOx cultures, could
be applied to disentangle the processes.

Growing culture HP under different pH values decreased the percentage of N;O-N of
the total reduced NO3™-N only slightly to 85.3% + 17.4% (pH 6.80, n = 3), 82% + 9.7% (pH
7.05, n = 3) and 80% + 17.6% (pH 6.50, n = 3). Thus, a potential inhibition of the nosZ
gene due to lower pH values (70) can be excluded. Supplying culture HP with less nitrate
(0.5 mM instead of 1 mM), which means that the electron acceptor is not in excess,
also lowered the percentage of NoO-N of the total reduced NO3™-N to 76.8% + 29.1%

Month XXXX Volume0 Issue0

110

Applied and Environmental Microbiology

10.1128/aem.01262-24 10

Downloaded from https://journals.asm.org/journal/aem on 08 December 2024 by 193.197.148.126.



Appendix

Full-Length Text

Applied and Environmental Microbiology

Z. | a a b ab a a
o ]
g 100
o 4
8
S 75 A
O ~
Qe 1
s
§ 50 -
B 4
Z 25
%
3 |
0 A
ratio ratio ratio pH pH pH
1:2 0.5:2 0.5:2 + 6.5 6.8 7.05
As(Ill)

FIG 5 Relative N;O-N of total reduced NO3™-N of different experimental setups (different colors) of the lithoautotrophic

nitrate-reducing, iron(I)-oxidizing enrichment culture HP from a paddy soil included different ratios of nitrate to iron(ll),

arsenite addition, and different pH values at standard conditions (nitrate to iron ratio of 1:2). Significant d

ifferences between

treatments are indicated in small letters (significance level: P < 0.05, Table §10). Bars show the mean of replicates (ratio 1:2: n
=15, ratio 0.5:2: n = 9, ratio 0.5:2 + As(lll): n =9, pH 6.5: n = 3, pH 6.8: n = 3, pH 7.05: n = 3) and the error bars represent the

standard deviation.

(ratioc N:Fe = 0.5:2, pH 6.95-7, n = 9). In culture KS, N>O emissions were also found to
depend on the ratio of nitrate to iron, with lower NO under nitrate (electron acceptor)
limitation (26). However, we only found a significant difference (P < 0.05, Table S10b,
non-parametric Wilcoxon rank-sum test) when supplying 100 pM arsenite to culture HP,
which lowered the percentage of N;O-N of the total reduced NO3™N to 29.9% + 25.5%
(n = 9). With consecutive transfers of the culture on only nitrate and arsenite, less nitrate
was reduced and mainly nitrite was the product of denitrification (Fig. S8c).

Implications for nitrate reduction coupled to iron(ll) oxidation in paddy soils

In paddy soils, several studies have emphasized the importance of iron(ll)-oxidizing
microorganisms, especially of Gallionellaceae (71-75). Watanabe et al. (73) estimated
that Gallionella-related iron(ll)-oxidizers contribute 4.6% to iron(ll) oxidation in paddy
soils, mainly due to microaerophilic iron(ll) oxidation. Ferrigenium kumadai An22, a
known microaerophilic iron(ll)-oxidizer, has been isolated from paddy soil (76) and
microorganisms of the order Dechloromonas, Azospira, Zeogloea, or Pseudomonas have
been enriched in paddy soils after iron(ll), nitrate, and organic carbon addition (14-17).
However, to our knowledge, no study has focused before on lithoautotrophic NRFeOx
in paddy soils, despite its important role in other environments (28, 39). The successful
enrichment of a lithoautotrophic nitrate-reducing, iron(ll)-oxidizing culture highlights
that this metabolism was previously overlooked, yet is potential of relevance in paddy
soils. We suggest that paddy soils provide an ideal environment for lithoautotrophic
nitrate-reducing, iron(ll)-oxidizing microorganisms that could inhabit ecological niches
formed due to fluctuating redox conditions creating microenvironments influenced
by nitrogen fertilization and naturally rich in iron(ll) and CO; (end product of organic
matter decomposition). Gallionellaceae could be in close associations with roots, where
oxygen concentrations vary depending on the growth stage of the plant (77), ena-
bling it to switch from microaerophilic iron(ll) oxidation to lithoautotrophic NRFeOx.
(29) showed that Gallionella from a paddy soil rhizosphere possess cyc2 for iron(ll)
oxidation, nirK for nitrite reductase, and rbcl for carbon fixation, giving rise to the
assumption that Gallionella could perform lithoautotrophic NRFeOx, at least in interde-
pendence with other microorganisms similar to culture BP and KS (20, 24). Whether

Month XXXX Volume0 Issue0

111

10.1128/aem.01262-24 11

Downloaded from https://journals.asm.org/journal/aem on 08 December 2024 by 193.197.148.126.



Appendix

Full-Length Text

this metabolic flexibility occurs in the environment remains to be investigated. Based
on our results, Gallionella would require other microorganisms that are capable of N,O
reduction. However, Gallionella and other lithoautotrophic nitrate-reducing, iron(ll)-oxi-
dizing microorganisms take up and sequester CO3, thereby reducing the CO; concentra-
tion in the atmosphere (30), and in this way, could provide organic carbon for closely
associated heterotrophic microorganisms, especially in times when organic carbon is
limited. Further studies on lithoautotrophic NRFeOx in paddy soils, that is, with this novel
culture HP, should focus on the metabolic potential of the dominant Gallionella and of
the flanking community by meta‘omics analysis.

The successful enrichment of lithoautotrophic nitrate-reducing, iron(ll)-oxidizing
microorganisms from paddy soil addresses several unresolved research questions.
Specifically, it allows us to investigate the culture’s capability to oxidize solid-phase
iron(ll), a process observed in other NRFeOx cultures or isolates (78-80). This could
be particularly relevant in paddy soils rich in bioavailable and redox-sensitive iron(ll)
minerals (75, 81). In addition, it enables the study of the effects of other electron
donors such as Hy, sulfide, methane, or organic compounds, like short-chain fatty acids
(originating from fermenting bacteria), soil-derived OC (dissolved OC in porewater),
or root-derived OC (by rice plants) on N;O emissions and the microbial community
compasition. Ultimately, this novel lithoautotrophic NRFeOx enrichment culture HP
provides a valuable basis for studying these processes in organic-rich environments.

MATERIALS AND METHODS
Field site, soil sampling, and soil characterization

Paddy soil samples were collected in September 2020 from a rice paddy field in
Huilongpu Town, Hunan province, China (28°1216” N, 112°26'32" E). The paddy soil
is cultivated in a rice-rice cropping rotation and fertilized with 330 kg N ha' year™' using
urea. Soil was sampled from the upper 20 cm and stored at 4°C in the dark until further
processing. After the removal of plant debris and larger gravel, basic soil properties were
analyzed in triplicates, comprising analyses of soil texture, water content, pH, cation
exchange capacity, total elemental content, total organic carbon and total N content,
water-extractable organic carbon and inorganic N-species, and sequentially extractable
iron and arsenic (1 M sodium acetate, 0.5 M HCl, and 6 M HCl). Detailed information is
reported in the Appendix (Soil characterization, Table S9). Briefly, the paddy soil contains
around 14 mg kg™' and 5 mg kg™’ extractable iron and arsenic, respectively, and has a
TOC content of 3.5%.

Microbial enrichment

Microbial enrichments for lithoautotrophic nitrate-reducing, iron(ll)-oxidizing microor-
ganisms were set up in April 2021 by weighing 1 g of fresh paddy soil under sterile
conditions into a sterile and anoxic Hungate tube. While continuously flushing the tube
with N2:CO; (90:10), 9 mL of anoxic, sterile modified low phosphate media (composition
Table S1) supplemented with 1 mM nitrate (as KNO3) and 2 mM iron(ll) (as FeCly) was
added and the tube was closed with a butyl stopper. By this, the electron donor, that
is, nitrate, was present in excess (nitrate to iron ratio of 1:2). Afterwards, the Hungate
tube was well mixed and a 10~ dilution series into subsequent tubes was prepared by
always transferring 1 mL into 9 mL of fresh growth media (82). The most positive dilution
(based on color change from transparent to orange, indicating iron(ll) oxidation) was
always transferred into new Hungate tubes in a 107° dilution series as soon as color
change appeared. This procedure was carried out over 11 transfers after which culture
HP (Huilongpu paddy, named after the origin of the soil) was transferred into 25 mL
serum bottles for further cultivation containing the same growth media and the same
concentrations of iron(ll) and nitrate, The culture HP was continuously transferred every
2-3 weeks and incubated at 25°C in the dark over roughly 10 months until culture HP
was characterized.
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Experimental setups

After 11 transfers, the extent of nitrate reduction, iron(ll) oxidation, and nitrous oxide
production were followed over three consecutive transfers in four replicates (experimen-
tal setup illustrated in Fig. 59). For this, growth media was supplemented with 1T mM
nitrate (as KNO3) and 2 mM iron(ll) (as FeCly) and 10% (vol/vol) of culture HP of the
previous transfer was inoculated (transfer 1). After 7 days, culture HP was transferred into
fresh media, which was repeated two times (transfers 2 and 3). The supplements were
always added a minimum of 1 day in advance, due to precipitation of iron(ll)-phosphate
minerals (i.e,, vivianite) with phosphate stemming from the growth media (26).

To verify that culture HP is not using the traces of OC present in the MQ water, the
NRFeOx culture was spiked with 2 mM iron(ll) after one transfer (7 days) because any
residual OC stemming from the water should be used up during the first transfer already
(experimental setup illustrated in Fig. S10a). To account for nitrate reduction and cell
growth due to usage of internally stored OC, culture HP was transferred onto growth
media supplemented with only T mM nitrate (as KNO3) (experimental setup illustrated in
Fig. S10b).

For experiments testing arsenite toxicity effects and potential usage as an electron
donor, 100 pM As(l1l) (as NaAsO;) was supplemented to culture HP (experimental setup
illustrated in Fig. S11). Here, the media was supplemented with 0.5 mM nitrate and 2 mM
iron(ll), lowering the ratio of nitrate to iron from 1:2 to 0.5:2.

To test optimum growth conditions of the NRFeOx culture, culture HP was incubated
at standard conditions (growth media, 1 mM nitrate, 2 mM iron(ll), pH 7) at different
iron(ll) concentrations (1, 2, 3, 4, and 5 mM iron(ll); experimental setup illustrated in Fig.
$12) and at different pH values (6.5, 6.8, 6.95, and 7.05) (experimental setup illustrated in
Fig. 513).

Geochemical analyses

To determine iron redox speciation, 100 pL of a sample was fixed in 400 pL of a mixture
of 1 M HCI/40 mM sulfamic acid and quantified using a modified ferrozine assay for
nitrite-containing samples (83, 84). Briefly, 20 pL of the sample is mixed with 80 pL of 1
M HCl or with 80 pL of hydroxylamine hydrochloride followed by incubation for 30 min
to quantify iron(ll) and iron(tot), respectively. Afterwards, 100 L of ferrozine solution
is 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 pL of the sample was diluted in 800 L of MQ
water for nitrate and nitrite and 50 pL of the sample was diluted in 950 L of MQ water
for ammonium prior to analysis by a segmented flow analyzer (AutoAnalyzer3, SEAL
Analytical, Germany), which is equipped with a dialysis membrane for removal of iron to
prevent side reactions during analysis.

The pH was measured in the culture suspension using a benchtop pH meter
(SG2, Mettler-Toledo GmbH, Germany) equipped with a pH electrode (InLab Easy DIN,
Mettler-Toledo GmbH, Germany).

Gas measurements

For gas measurements, 0.6 mL of headspace (total headspace volume between 25
and 30.4 mL) was withdrawn before liquid sampling and injected into helium-flushed
headspace vials (total volume 12 mL). For the pH range experiment, nitrogen-flushed
headspace vials were used. N;O was quantified with a custom-built gas chromatograph
(TRACEGC 1300, ThermoFisher Scientific, modified by S + HA analytics) on a pulsed
discharge detector. The sample was split into two columns, one for N;O with the
following configurations: 30 m long, 0.53 mm ID TGBondQ column; 30 m long 0.25 mm
ID TGBondQ+ column (ThermoFisher Scientific). Calibration was performed between 1
and 200 ppm N3O, with helium or nitrogen background, depending on the experiment.
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Since samples were only taken from the headspace, dissolved N;O concentrations were
calculated using the Henry constant (41.12 atm M), thus accounting for equilibrium
partitioning between liquid and gaseous phases. For calculating the amount of N>O-N
stemming from reduced NO3-N, both the gaseous (measured) and dissolved (calculated)
N>O concentrations were considered.

16S rRNA gene quantification, amplicon sequencing, and evolutionary
analysis

After 11 transfers under lithoautotrophic conditions, two Hungate Tubes of culture
HP were selected for analysis of the microbial community composition by 165 rRNA
amplicon sequencing. For DNA extraction, 2 mL of sample was taken from culture
HP 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 was used for
DNA extraction following standard procedures provided by the manufacturer (Qiagen,
Germany). DNA was eluted in 50 pL DNase-free water and stored at —20°C. Quantitative
polymerase chain reaction (qPCR) was performed for bacterial 165 rRNA genes using
primers 341F (85) and 797R (86) in technical triplicates using SybrGreen Supermix
(5 UL per gPCR reaction, Bio-Rad Laboratories GmbH, Munich, Germany) on a C1000
Touch thermal cycler (CFX96TM real-time system). As standards, plasmid vectors (pCR2.1,
Invitrogen, Darmstadt, Germany) containing a cloned 165 rRNA gene fragment from
Thiomonas sp. were used. A sevenfold standard dilution series and a negative control
(RNase-free water) were included in each gqPCR assay. Standard concentrations were
quantified using Qubit (Life Technologies, Carlsbad, CA, USA). Finally, data analysis was
performed using the Bio-Rad CFX Maestro 1.1, software, version 4.1 (Bio-Rad, 2017). For
165 rRNA gene amplicon sequencing, the 165 rRNA gene was amplified using primers
515F and 806R (87) targeting the V4 region. Detailed information on the primers, primer
sequence, and thermal program used for gPCR and polymerase chain reaction (PCR)
is listed in Table S11. Library preparation steps (Nextera, lllumina) and 250 bp paired-
end sequencing with MiSeq (lllumina, San Diego, CA, USA) using v2 chemistry were
performed by Microsynth AG (Balgach, Switzerland). 95,453 and 97,902 read pairs were
obtained for two samples. Sequencing data were analyzed with nf-core/ampliseq v2.3.1,
which includes all analysis steps and software and is publicly available (88, 89), with
Nextflow v21.10.3 (90) and singularity v3.8.7 (91). Primers were trimmed, and untrimmed
sequences were discarded (4% per sample) with Cutadapt version 3.4 (92). Adapter
and primer-free sequences were processed with DADA2 v1.22.0 (93) to eliminate PhiX
contamination, trim reads (before median quality drops below 35; forward reads were
trimmed at 181 bp and reverse reads at 167 bp), correct errors, merge read pairs,
and remove PCR chimeras; ultimately, 34 ASVs were obtained across both samples
and 18 ASVs representing >99.9% abundance were found in both samples. Taxonomic
classification was performed with DADA2 and the SILVA v138 database (94).

The evolutionary history was inferred using the Maximum Likelihood method and
the Tamura-Nei model (95). The tree with the highest log likelihood (—462.61) is shown
in Fig. S1. The percentage of trees in which the associated taxa clustered together
is shown next to the branches. Initial tree(s) for the heuristic search were obtained
automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise
distances estimated using the Tamura-Nei model and then selecting the topology with
superior log likelihood value. The tree is drawn to scale, with branch lengths measured
in the number of substitutions per site. This analysis involved 13 nucleotide sequences.
All positions containing gaps and missing data were eliminated (complete deletion
option). The final data set contained a total of 251 positions. Evolutionary analyses were
conducted in MEGA X (96).

Cell-mineral interaction analysis by fluorescence and electron microscopy

Cell-mineral interactions were visually characterized after mixing 1 pL of stain (LIVE/
DEAD Baclight Bacterial Viability and Counting Kit, molecular probes, ThermoFisher
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Scientific, Waltham, MA, USA) and 6 pL of culture sample using combined fluorescence
and transmission light microscopy (Leica DM5500 B microscope, Leica HCX PL S-APO
40%/0.75 objective, Leica DFC360 FX camera, Leica Microsystems LAS AF software).
Additional samples were prepared for scanning electron microscopy (Zeiss Crossbeam
550L Focused lon Beam SEM). For this, 1.11 mL of 25% electron microscopy-grade
glutaraldehyde was added to sealable tubes containing 10 mL of culture HP. Samples
were incubated overnight at 5°C to allow for therough fixation. To rinse cells of any
unreacted glutaraldehyde after incubation, samples were centrifuged (5 min, 7,000 g)
to form a bacterial pellet. The supernatant was removed and 1 mL of DI water was
added to each tube. The tubes were vortexed, to evenly distribute the cells in solution,
and incubated at room temperature (ca. 21°C) for 15 min. After incubation, the tubes
were re-centrifuged (1 min, 7,000 g) and the supernatant was removed. This procedure
was repeated using 25%, 50%, and 75% ethanol to dehydrate the sample (i.e,, replace
water with an organic solvent for drying). A 25 pL aliquots of sample was pipetted
onto separate poly-L-lysine coated glass slides, which were placed at the bottom of
a well-plate. A lid was placed on top of the well-plate to prevent evaporation and
the samples were incubated for 30 min allowing cells and minerals to settle onto the
poly-L-lysine. A 1 mL volume of 100% ethanol was added to the well to completely
submerse the glass slide, which was incubated for an additional 15 min with the
lid on. After incubation, the ethanol was removed and replaced with “fresh” 100%
ethanol with a 15-min incubation. This procedure was repeated a third time using
100% ethanol, once with 250 pL of 100% ethanol and 250 pL of hexamethyldisilazane
(HMDS, Sigma-Aldrich, St. Louis, MO, USA) and finally with 100% HMDS. The lid of the
well-plate was placed slightly ajar, allowing the HMDS to evaporate overnight. Once
dry, the glass slides were attached to an aluminum stub using carbon adhesive tabs.
The prepared samples were coated with a 10-nm-thick deposition of gold to prevent
charging during analysis. Micrographs were taken in secondary electron (SE) mode using
the SEM operating with an acceleration voltage of 2.0 kV. To identify the elemental
composition of mineral precipitates, spot analysis of energy dispersive spectroscopy
(EDS) was obtained from representative samples using an Oxford Instruments EDS
detector and the SEM operating at 20 kV. Spectral data were analyzed using AZtec.

Mineral analysis

For Moessbauer spectroscopy analysis, 10 mL of suspension was filtered anoxically
(0.45 pum, Millipore) after the third transfer from a randemly selected bottle. The filter was
sealed between two layers of Kapton tape and stored under anoxic conditions at —20°C
until analysis. Samples were inserted into a closed-cycle exchange gas cryostat (Janis
cryogenics) under a helium gas flow to minimize air exposure. Transmission spectra
were collected at 77 K and 5 K using a constant acceleration drive system (WissEL) in
transmission mode with a *’Co/Rh source. All spectra were calibrated against a 7 pm
thick o-*"Fe foil that was measured at 295 K. Recoil (University of Ottawa) and the Voigt
Based Fitting (VBF) routine (97) was applied for sample analysis. The half-width at half
maximum was constrained to 0.134 mm s™' during fitting.

Data analysis

A non-parametric Wilcoxon signed-rank test for paired samples, with the Benjamini-
Hochberg P-adjustment method, was applied using R (4.3.3) and its interface RStudio
(2023.12.1+402) to identify differences in 165 rRNA gene copy numbers between day 0
and day 7. A non-parametric Kruskal-Wallis test combined with a Wilcoxon rank-sum test,
with the Benjamini-Hochberg P-adjustment method, was applied to estimate differences
in N>O production between treatments.
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Appendix: Soil characterization

Basic soil properties were analyzed in triplicates on soil samples after removal of plant
debris and larger gravel. For soil texture analysis, a soil dispersion was prepared by
adding 25 mL of sodium pyrophosphate to 30 g of non-sieved, fresh soil. After 30 min of
stirring, the soil dispersion was filled up to a volume of 1000 mL and analyzed with a
PARIO Soil Particle Analyzer (Meter Group, Germany) (1). After analysis, the soil was
sieved (2 mm, 630 pym, 200 pm and 63 um) to determine the sand and the fine fraction.
Total loss of soil sample after sieving was below 5%. To determine the particle density,
20 g of dry soil was weighed into capillary pycnometer, filled up with deionized water and
stepwise degassed before weight determination (2). Water content was determined by
drying paddy soil at 105°C for 72 h. Soil pH was determined by adding 2.5 mL MQ water
to 1 g of soil sample (2.5:1, solution:scil) and measuring after 2 h and 24 h using a
benchtop pH meter (SG2, Mettler-Toledo GmbH, Germany) equipped with a pH electrode
(InLab Easy DIN, Mettler-Toledo GmbH, Germany) (3).The cation exchange capacity of
the paddy soil was quantified with a 0.1 M BaClz extraction (4 h) by microwave plasma
atomic emission spectroscopy (4200 MP-AES, Agilent technologies, United States) (4).
X-ray fluorescence was used to determine total elemental content of the paddy soil. Glass
beads were prepared by mixing 0.2333 g of dried and mortared sample with 3.9666 g of
Fluxana FX-X65 (lithium tetraborate:lithium metaborate 66%:34%) and melted in a
platinum crucible using a Spetec Roto-Melt 2,0 pyP at 0.45 for 6 min. Afterwards, the
sample was poured into a platinum mold and loaded into a S8 Tiger (Bruker) prior to
analysis. Total element concentrations were quantified using the calibration package
GeoQuant (Bruker). The loss on ignition (LOI) was calculated as the percental weight

difference between the dried (105°C for 24 h) and annealed sample powder (3000°C for
2

122



Appendix

3 h) and is 6.06 wt%. The LOI and the total XRF sums add up to 99.93 wt%. Total soil
carbon and nitrogen contents were analyzed for dry and mortared paddy soil samples by
dry combustion (soliTOC cube, Elementar Analysensysteme GmbH, Germany). Water-
extractable organic carbon and nitrogen species were determined after extraction of 1 g
dry weight soil with 5 mL of MQ by an elemental analyzer (multi N/C, 2100S, Analytik Jena
GmbH) and segmented flow analysis (CFA, AutoAnalyzer 3, SEAL Analytical, Germany),
respectively. To evaluate the presence of different iron mineral phases and associated
arsenic, sequential extractions were performed under anoxic conditions. Soil samples
were extracted for 24 h with 1 M sodium acetate (pH 5, adjusted with acetic acid) targeting
adsorbed iron(ll) and iron in amorphous sulfide minerals (referred to as adsorbed Fe) (5,
6). It is known that sodium acetate also extracts carbonates (7), yet this is considered to
play a minor role due to low total inorganic carbon contents and low pH (Table A9). This
was followed by 2 h extraction with 0.5 M HCI, extracting poorly crystalline iron minerals
and reduced iron(ll) minerals such as FeCOz and FeS (referred to as poorly crystalline
Fe) (8). Lastly, samples were extracted for 24 h with 6 M HCI for extraction of more
crystalline iron mineral phases and poorly reactive sheet silicate iron or FeS species

(referred to as crystalline Fe) (9).
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Appendix; Tables

Table A1. Composition of growth media for lithoautotrophic nitrate-reducing, iron(ll)-oxidizing

microorganisms.

Chemical Concentration Molar mass Concentration Reference
mg L g mol! mM
KH2PO4 0.14 136.09 1.03
NaCl 0.20 58.44 3.42
NH4CI 0.30 53.49 5.61
MgSO; - 7 H20 0.50 246.47 2.03
CaCly - 2 H,O 0.10 147.01 0.68
NaHCOs3 1.85 84.01 22.02
Trace elements
SL10 1.00 (10)
7 vitamine solution 1.00 (11)
Selenite/tungstate 0.10 (12)
solution
4
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Table A2. Attempts to isolate the relevant nitrate-reducing, iron(ll)-oxidizing strain in the NRFeOx culture.

Isolation attempts Condition Description Success
Backtransfer to liquid growth
Growth media with nitrate+acetate anoxic medium containing no
nitrate+iron(ll)
oxic Picking of single colonies with no
repetitive streaking on LB
LB plates plates, backtransfer to liquid
growth medium containing
microoxic nitrate+iron(ll) no
picking of single colonies with
Plates with growth media with AHGKE repetitive streaking on LB plates, Ho
nitrate+iron(ll) backtransfer to liquid growth
media containing nitrate-+iron(Il)
Gradient tubes microoxic no

Table A3. Relative 18S rRNA gene sequence abundance in native paddy soil from which lithoautotrophic

NRFeOx culture was enriched.

Taxa Relative abundance
%
Gallionella 0.30
Comamonadaceae 1.46
Rhodocyclaceae 0.14
Holophagaceae 0.20
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Table A4. Extent and stoichiometric ratio of reduced nitrate and oxidized iron(ll), percentage of N20-N of total reduced NOs-N and start and end 16S

rRNA gene copy numbers for different experiments. ‘T* stands for transfer.

Ratio NzO-N of total
Nitrate reduced Iron(ll) oxidized* nitraterca.;iron(ll}ox.  reduced NO3-N
mM mM %
T 0.53+0.12 2291016 0.23 £ 0.05 72.29+19.38
Main experiment T2 0.45:£0.03 1.95:020 0.23 £0.03 88.4644.61
T3 0.64+0.13 1.72£0.14 0.37 £0.08 62.38416.00
Spike 0.38+0.13 162+019 023 +0.08
No Fe(ll) addition 0.05+0.12 0
0.10+0.05 051017 020+012 39.78+19.92

Standard+As(lll), T1

Arsenite 0.15£0.07 0.15£0.18 1.02£1.34 24.3046.79
Standard+As(lll), T2

0.06+0.03 0221025 0.28 £0.34 25.66+14.36
Standard+As(lll), T3
1mM 0.12+0.07 074027 0.16 £ 0.11
2mM 0.46+0.16 171003 0.27 £0.10
Fe(ll} concentrations 3mM 0.41+0.21 1.88+0.90 0.22+0.15
4 mM 0.12+0.08 0.45%0.29 0.27 £0.25
5mM 0.08+0.04 0.29+0.35 0.29+0.38
pH 7.05 0.32+0.03 141+0.05 0.23 £0.02 82.02+9.65
o pH6.95 0.28+0.06 113014 0.25 £ 0.06 103.16+7.29
pH6.8 0.40+0.02 1.66+0.01 0.24 £ 0.01 85.32+17.36
pHB.5 0.34+0.04 1.56+0.09 0.22 £ 0.03 80.04+17.55

*considers retrieved iron and initially 90% iron(ll) present
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Table A5. 165 rRNA gene copy numbers as a measure for microbial growth at the beginning and end of a transfer or experiment. Log2FC displays the
log 2-fold change of 16S rRNA gene copy numbers between day 0 and day 7. The results of a non-parametric Wilcoxon signed-rank test for paired

samples, with the Benjamini-Hochberg p-adjustment method (FDR: false discovery rate), are summarized. ‘T’ stands for transfer.

Start (day 0) End (day 7) Log2FC n w FDR Effect size
(adjusted
p-value)
16S rRNA gene copy no. mL"
N e T2 3.98x10° £1,58%10° 431%10° £ 2.46%10° 6.76 4 115 042 0.54
T3 6.15%10°+2.02%10° 1.23%10° +6.2810° 7.64 4 115 0412 0.54
spike 2.20x10°+ 1.40%108 1.20%10° £6.00%10° 0.77 4 115 0412 0.54
no Fe(ll) addition 2.4910%+1.05%10¢ 1.62%108 +1.45%10° 593 3 115 025 047
StandarasAsll. g 27x10°41 412100 5.68%10°+1.44x10° 3.18 3 -115 025 047
Arsenite

StandardtAsll. 6 74x10°28.00x10° £.03%104£3.58%10° 258 3 115 025 047
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8  Table A6. 16S rRNA gene copy numbers at day 0 (start) and day 7 (end) in different treatments. 1 mM

9 nitrate, 2 mM Fe(ll) reflect standard conditions and 1 mM nitrate setups the absence of an electron donor.

Day 16S rRNA gene copy no. mL"!
1 mM nitrate, 2 mM Fe(ll) 1 mM nitrate
0 1.32E+04 + 9.48E+03 2.49E+04 + 1.05E+04
7 1.33E+06 + 6.95E+05 1.52E+06 + 1.45E+06

10

11 Table A7. Moessbauer spectra hyperfine parameters for the mineral phase produced by the lithoautotrophic

12 NRFeOx culture after 7 days of incubation (transfer 3).

Temperature Phase |ron mineral CS AEq £ Bt Pop x2
phase
K mm s mm s’ mm s’ T %
77 Db Fe(lll) 0.48 0.84 100 065
5 Sxt1 Fe(lll), Fh 0.52 -0.05 42,03 571 076
Sxt2 Fe(lll), Fh 0.34 0.04 3459 429

Db: doublet, Sxt: sextet, Iron mineral phase - Fe(lll): ferric Fe, Fh: ferrihydrite, CS: center shift, AEq:

quadrupole splitting, £: quadrupole shift, B hyperfine field, Pop: relative abundance, x2: goodness of
fit.

13 Table A8. pH values at day O (start) and day 7 (end) in different treatments during the pH range experiment.

Treatment pH value
Day 0 Day 7
pH 7.05 7.06 = 0.01 7.07 = 0.00
pH 6.95 6.95 + 0.01 6.97 = 0.01
pH 6.8 6.82 + 0.00 6.76 + 0.01
pH 6.5 6.55 £ 0.04 6.47 = 0.02
Control pH 7.05 7.09 £ 0.01 7.08 £ 0.01
Control pH 6.5 6.52 + 0.03 6.49 + 0.01

14
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15 Table A9. Basic soil properties of paddy soil collected from Huilongpu Town, Hunan province, China.

Huilongpu, China

Coordinates 28°12'16" N, 112°26'32" E
Parent material River alluvium
Paddy management rice-rice

Soil texture

Sand 16.91 £ 0.08
Silt (%) 60.00 + 6.00
Clay 19.33 £+ 5.51
CEC {cmol kg™ 14.09 £ 0.06
pHwa 7.31 £ 015
Water content (%) 4484 + 1.33
TOC 3547 + 2.53
TIC (gkg") 0.54 + 0.37
TN 3.30 £ 0.31
Water-extractable OC kg 0.09 £ 0.02
Water-extractable N (9kg™) 0.02 £ 0.00
Adsorbed Fe* 0.75 £ 0.12
Poorly crystalline Fe* kg 1.94 + 0.20
Crystalline Fe* (9kg™) 11.64 + 1.22
Total extractable Fe* 14.34 £ 1.24
Adsorbed Fe-As* 0.00 + 0.00
Poorly crystalline Fe-As* 5 115 = 0.27
Crystalline Fe-As* (mg kg™) 391 + 033
Total extractable Fe-As* 5.06 £ 043
Na° 2.05

Mg° 2.94

Al° 57.91

Si° 323.93

P° 0.71

§° 0.87

K° 13.83

Ca° 6.27

Ti° (g kg™ 5.60

Ve 0.06

Cr° 0.05

Mn° 0.22

Fe® 21.09

Ni° 0.13

Zn° 0.02

Zr° 0.08

Ba® 0.04

Average and standard deviation are represented by triplicate measurements
*Obtained by sequentially extracting paddy soil samples with 1 M Na-acetate (adsorbed), 0.5 M HCI
(poorly crystalline) and 6 M HCI (crystalline)
°Obtained by XRF analysis
16
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17 Table A10. Results of a) Kruskal-Wallis test and b) Wilcoxon rank-sum test with Benjamini-Hochberg-

18 adjusted p-values (FDR, false discovery rate) to identify differences in N2O production of different treatments.

a) Kruskal-Wallis test.

Comparison df p-value
Treatment vs N2O 18.966 5 0.001951
19
b) Wilcoxon rank-sum test, Benjamini-Hochberg adjusted p-values (FDR).
N20-N of total Comparison with FDR (adjusted
reduced NO3-N p-value)
%
Ratio N:Fe, 1:2 (Standard 88.77 £+ 26.57 15 Ratio N:Fe, 0.5:2 1
conditions)
Ratio N:Fe, 0.5:2 + 0.00044
As(ll1)
pH 7.05 1
pH6.8 1
pH 6.5 1
Ratio N:Fe, 0.5:2 76.83+29.14 9 Ratio N:Fe, 0.5:2 + 0.00123
As(ll1)
pH 7.05 1
pHB.8 1
pH 6.5 1
Ratio N:Fe, 1:0.5 + As(lll) 29.48 +25.48 9 pH 7.05 0.03409
pH 6.8 0.03409
pHB6.5 0.05455
pH 7.05 80.04 £ 17.55 3 pH6.8 1
pH 6.8 85.32+17.36 3 pH6.5 1
pH 6.5 82.02+9.65 3 pHB.5 1
20

10
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21 Table A11. Detailed information of qPCR and PCR analysis for 16S rRNA gene copy numbers and amplicon

22  sequencing, respectively.

Target

Primer sequence

Primer

Thermal

gene Standard Primer (5 ->3) coneantration program References
nM
Bacterial  Thiomonas  341F  CCTACGGGAGG 250 95°C - 5 (13, 14)
16S rRNA sp. CAGCAG (95°C - 10";
gene 60°C - 15")
x 40; 95°C -
797R  GGACTACCAGG 250 - g
GTATCTAATCCT
GTT
Bacterial  Thiomonas  515F  TCGTCGGCAGC 250 94°C - 3} (15)
16S rRNA sp. GTCAGATGTGT (94°C - 30",
gene ATAAGAGACAG 55°C -
amplicon GTGYCAGCMGC 30"72°C -
sequencing CGCGGTA 30") x 25;
72°C -8
806R  GTCTCGTGGGC 250 4°C
TCGGAGATGTG
TATAAGAGACA
GGGACTACNVG
GGTWTCTAAT
23
11
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24

25
26
27
28
29
30
31
32

Appendix: Figures

Gallionella 1 (PRJDB13364)

Gallionella 2 (PRJDB13364)

+3 | Ferrigenium kumadai An22 (LC065124.1)
Gallionella (native paddy soil)

9 | | Gallionella 3 (PRJDB13364)

Gallionella 4 (PRJDB13364)

Gallionella 5 (PRJDB13364)

92 | Candidatus Ferrigenium straubiae 1

Candidatus Ferrigenium straubiae 2

Candidatus Ferrigenium bremense

Gallionella 2 (this work)

99

Gallionella 1 (this work)
9

Candidatus Ferrigenium altingense

—
0.010
Figure A1. Maximum-likelihood phylogenetic tree of Gallionella species in lithoautotrophic nitrate-reducing,
iron(ll)-oxidizing enrichment cultures and paddy soils. In the enrichment culture obtained in this study, two
Gallionella species were enriched; Gallionella 1 (71.3920.3% relative abundance) and Gallionella 2
(2.69+0.01% relative abundance). The tree was constructed using the maximum-likelihood method based
on 16S rRNA gene sequences with a total of 251 positions in the final dataset. The percentage of trees in
which the associated taxa clustered together is shown next to the branches. The scale bar represents the

number of substitutions per site.
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33

34
35
36
37
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Figure A2. Nitrite (a) and ammonium (b) concentrations over three consecutive transfers each lasting 7 days
(Transfer 1: 0-7 days, Transfer 2: 7-14 days and Transfer 3. 14-21 days. Nitrite (a) is displayed as yellow
circles and ammonium (b) as blue squares, abiotic treatments in white. Note that the y-axis in b) ranges

from 5 to 7 mM. Mean t standard deviation is shown of four replicates.
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38

39
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43
44
45

< Fe(ll)

«>  Fe(ll) - no Fe(ll) addition
@ Nitrate

Nitrate - no Fe(ll) addition

o
o)

Total iron(1l) and nitrate (mM)
) J
.I !
=
¢ o
o

Figure A3. Total iron(ll) (diamonds) and nitrate (circles) concentrations over 7 days in biotic treatments.

Treatments with supplemented Fe(ll) are represented as colored symbols (ratio N:Fe=1:2, pH 7), treatments

without Fe(ll) addition in white (ratio N:Fe=1:0, pH 7). Mean % standard deviation is shown of three replicates.

1+ Fe(ll) biotic | Fe(ll) spike

3 <> Fe(l) abiotic §§§<} " %
@ Nitrate biotic

| O Nitrate abiotic

N
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Figure A4. Total iron(ll) (diamond) and nitrate (circle) concentrations over 14 days. 2 mM of Fe(ll) was

spiked after 7 days, visually separated by lines and color. Biotic treatments are represented as colored

symbols, abiotic treatments in white. Mean + standard deviation is shown of four replicates.
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47
48
49
50
51

a) 77K b) 5K

Transmission ()
Transmission ()

- -Data | ——Fit
——Fit [ Fe(lll) sextet 1
. Fe(lll) doublet Fe(lll) sextet 2

45 40 5 ©0 & 10 15 15 10 -5 0 5 10 15

.

Velocity (mm s™) Velocity (mm 5'1)

Figure A5. Moessbauer spectra collected at 77 K (a) and 5 K (b) of the mineral phase formed by the
lithoautotrophic NRFeOx enrichment culture after 7 days of incubation. The spectra illustrates the data (grey
dots), the fitted data (black solid line) and the different mineral phases (iron(lll) doublet: red, iron(lll) sextet
1: orange, iron(lll) sextet 2: yellow). Grey dots represent data points, black solid lines the fitted data, and

the colored areas the fitted mineral phases. Hyperfine parameters can be taken from Table A7.
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57

a) Small-sized flocculate shaped mineral b) Botryoidal shaped mineral
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Figure A6. EDS spectra collected from a small-sized flocculate shaped mineral (a) and a botryoidal shaped
mineral (b) from the lithoautotrophic NRFeOx culture after 7 days (Transfer 3). Corresponding SEM pictures
of collected EDS spectra of a small-sized flocculate shaped mineral (c) and a botryoidal shaped mineral (d).

The cross indicates the point of measurement.

16

136



Appendix

58
59
60
61
62
63
64
65

a) ]
1.251
1_0_ i _ . = - W s i - — _‘@_....-..-@
_ 3. Y = —_ ' E@ i @ ¢ poame w s
E . . L] [N ] PR * O
= " ) . Sid FEEE S E']OO’ 1 ‘M,
E 081 X E™ ORI
-~ Y. . o ~ . [ ]
2 e, = "W, L ‘ﬁ ez
£o06 L T £0.75 ) ”%- ﬁ i
0. i, =
B, B
£ 041 £ 0.501
(o] [=]
& ] B
0 0.2 B 0.251
O 1mMmFe) O 3mMFe(l) @ 5mM Fe(ll) |*® pH705 "B pHBE.95 *E  Control pH 7.05
0.01-0 2mMFe(l) *@ 4mMFe(l) O Control 0.001-m pH68 <O pHES5 <[ Control pH6.5

0

1 2 3 4 5 6 7
Time (days)

0 1 2 3 4 5 6 7
Time (days)

Figure A7. Nitrate concentrations (a) for cultures set up with different Fe(ll) concentrations and (b) for
cultures set up at different pH values over 7 days. Treatments in a) are showing different iron concentrations
as circles with darker colors representing higher iron concentrations. The control (white) represents abiotic
conditions using 5 mM iron(ll) and 1 mM nitrate. Treatments in b) are displaying different pH values as
squares with darker colors representing higher pH values. The controls represent abiotic conditions at pH

6.50 (white) and pH 7.05 (grey) using 2 mM iron(ll) and 1 mM nitrate. Mean + standard deviation is shown

of three replicates.
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Figure A8. Dissolved nitrate (a), total Fe(ll) (b) and dissolved nitrite (c) concentrations over three
consecutive transfers (each 7 days) for four different biotic setups (upside down triangle: 0.5 mM nitrate, 2
mM Fe(ll); diamond: 0.5 mM nitrate, 100 uM arsenite); triangle: 2 mM Fe(ll), 100 uM arsenite; square: 0.5

mM nitrate, 2 mM Fe(ll), 100 pM arsenite) and one abiotic control (circle). Mean & standard deviation is

shown of three replicates.
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72

73  Figure A9. Experimental setup for growing the NRFeOx culture under autotrophic conditions over three
74  consecutive transfers. Grey line separates and provides information of the media composition of abiotic (left)

75  and biotic (right) setups.
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76

77  Figure A10. Experimental setup for examining the use of residual OC stemming from the MQ water (a) and

78  ofinternally stored OC (b) by the NRFeOx culture.
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100 uM As(lll) 100 pM As(l11) 100 pM As(lll) 100 pM As(lll)
2 mM Fe(ll) 2 mM Fe(ll) 2 mM Fe(ll) 2 mM Fe(ll)

0.5 mM NOy 0.5 mM NOsy 0.5 mM NOy 0.5 mM NOy

10% bacterial 10% bacterial ~ 10% bacterial ~ 10% bacterial

inoculum inoculum inoculum inoculum

79

80  Figure A11. Experimental setup for testing arsenite toxicity and the potential of arsenite as electron donor

81  for the lithoautotrophic NRFeOx culture.

TmMFe(ll) 2mMFe(ll) 3mMFe(ll) 4mMFe(ll) 5SmMFe(ll) 5mM Fe(ll)
TmMMNO;  TmMNO; TmMNOs 1TmMNO: TmMNO;  1mMNOs
10% bacterial 10% bacterial 10% bacterial 10% bacterial 10% bacterial

inoculum inoculum inoculum inoculum inoculum

82

83  Figure A12. Experimental setup for using different concentrations of Fe(ll) by the lithoautotrophic NRFeOx

84  culture.
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86  Figure A13. Experimental setup for testing different pH values for cultivation of the lithoautotrophic NRFeOx
87  culture.
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Abstract

Lithoautotrophic nitrate-reducing, iron(ll)-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(ll) 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(ll) and 99.51% and
98.55% of the total produced N20 under autotrophic and mixotrophic conditions,
respectively. Our results demonstrate that organic carbon significantly influences
microbial population dynamics and N20 emissions, while having minimal impact on

enzymatic processes and chemodenitrification in the lithoautotrophic NRFeOx culture HP.
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Graphical abstract
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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.’? Microorganisms that harvest
energy from iron redox transformations can couple various elemental cycles, i.e., Fe and
nitrogen (N). Nitrate-reducing, iron(ll)-oxidizing microorganisms can effectively be used
for bioremediation®® and removal of nitrate from e.g., groundwater.®” Microorganisms
that perform nitrate reduction coupled to iron(ll) oxidation (NRFeOx) can be classified as
autotrophs, mixotrophs, or chemodenitrifiers.® Autotrophic nitrate-reducing, iron(ll)-
oxidizing microorganisms do not require any organic carbon, but fix CO2 for biomass build-
up. Mixotrophic nitrate-reducing, iron(ll)-oxidizing microorganisms reduce nitrate and
oxidize Fe(ll), 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(ll) by reactive N-intermediates such as nitrite (NOz'), a process called
chemodenitrification and occurring under heterotrophic conditions. Chemodenitrifiers and

mixotrophic strains have been isolated from various environments®'3, 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)'415, an aquifer (culture
AG)® and a paddy soil (culture HP).'® Even though the environmental origin of these
cultures is diverse, they are performing only partial denitrification, with nitrous oxide (N20)
as the main product. Because N20 is a very potent greenhouse gas,'”'8 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(ll) oxidation.'® However, recent findings indicate that N20O is the
primary product during Fe(ll)-driven denitrification in enrichment cultures KS,2° AG,® and
HP.' It remains challenging to disentangle abiotic and biotic processes for NRFeOx.
Isotopic analysis of N2O along with the identification of formed Fe(lll) minerals have been
conducted to distinguish abiotic and biotically-derived N20.2"-22 Further, kinetic modelling
was applied to disentangle abiotic and biotic Fe(ll) oxidation in mixotrophic NRFeOx
strains®>-26, and was combined with dual N-O isotope analysis to also conclude on
abiotic/biotic contributions of N2O by Acidovorax sp. strain BoFeN1.2” Until now, abiotic
Fe(ll) oxidation was generally omitted in studies about lithoautotrophic NRFeOx
cultures'415202829 " 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 important?®3° and peaks of nitrite have been observed (up to 0.23

mM in culture KS3!, <0.1 mM in culture AG®, 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)?° and Huang et al. (2021)'

148



Appendix

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)'5 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(ll) and/or nitrate and/or acetate (representative for
organic carbon) , ii) determine differences in extent and rates of nitrate reduction and
Fe(ll) 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(ll) 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(ll)-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 NOs"and 2 mM Fe(lIl) and a 10-® 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)'6) in 50 mL serum bottles using the Widdle flask.
Serum bottles were supplemented with 1 mM nitrate, 2 mM Fe(ll) (autotrophic), 1 mM
nitrate, 2 mM Fe(ll), 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(ll) phosphate minerals (i.e.
vivianite) at the glass wall.'63* 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 pL of sample was fixed in 400 uL of 1 M
HCI/40 mM sulfamic acid and determined using a modified ferrozine assay for nitrite
containing samples 353, Briefly, 20 uL of sample are mixed with 80 pL of 1 M HCI or with
80 pL of hydroxylamine hydrochloride followed by incubation for 30 min to quantify iron(ll)
and iron(tot), respectively. Afterwards, 100 uL 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 pL of sample were diluted in 800 uL of MQ water for
nitrate and nitrite and 50 pL of sample were diluted in 950 pL 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 pL
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
H2S04) 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).6 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 N20 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 yl DNase-free water and stored at -20°C until analysis.
Quantitative polymerase chain reaction (QPCR) was used to determine bacterial 16S
rBNA genes using primers 515F and 806R.3” 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 uM per reaction)®’, 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 pL instead of 50 L. Detailed information on the primers, primer sequences and

thermal program used for qPCR and PCR is provided in Table A1.

Library preparation steps (Nextera, lllumina) and 250 bp paired-end sequencing with
MiSeq (lllumina, San Diego, CA, USA) using v2 chemistry were performed by the Institute
for Medical Microbiology and Hygiene (MGM) of the University of Tubingen. 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 workflows3839, nf-core/ampliseq was executed with Nextflow v24.04.44° and
singularity v3.8.74'. Primers were trimmed, and untrimmed sequences were discarded (6-
92% per sample, average 23%) with Cutadapt version 4.64?. Adapter and primer-free
sequences were processed pooled with DADA2 v1.30.04 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 database*.
Using QIIME2 version 2023.7.0,4% 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)3?
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 pL of a 25% glutaraldehyde solution to 900 pL of centrifuged
cell suspension in growth medium. After fixation, the samples were centrifuged (1 min,
20,238 g) to concentrate the cells, and 900 uL of supernatant were removed, and replaced
with MQ water to wash out the glutaraldehyde. This washing step was repeated twice.
Afterwards, 50 uL 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 pL 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(ll) oxidation, and to
determine the contribution of abiotic and biotic Fe(ll) oxidation and N20O 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 (Eg. 1) and nitrite to

nitrous oxide (Eqg. 2).

2NO; +8Fe*" +19H,0 » N,0 +8Fe(OH); + 14 H* Eg. 1

NO; + 2 Fe?* +45H,0 - 0.5N,0 + 2Fe(OH); + 3 H* Eq. 2

Based on previous results by Grimm et al. (2024)'8, ferrihydrite was assumed as the
formed Fe(lll) mineral during Fe(ll) oxidation and N20 instead of dinitrogen gas (N2) was
considered to be the product during denitrification. Because Fe(ll) 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 (Eqg. 3). This assumption is based on observations under heterotrophic growth

conditions, where nitrite was the main product during denitrification.

4 NO3; + CH;€00~+H* - 4NO; + CO, + HCO3 + H,0 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 (Eqg. 3), in addition

to enzymatic and abiotic nitrite reduction (Eq. 2).

CHsCOOr CO; | Fe(ll) Fe(lll)

0 "

man®

- - .-.-------»
— NQO

Fe(ll) | Fe(lll)

Model structure 1: Autotrophic conditions, black+orange lines = Diotic
Model structure 2: Mixotrophic conditions, black+blue lines = m m gbjotic

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(ll) 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 Sl.
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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.

Tauto bi Creqr Cnoy
rauto_bio_l = auto_blo_l( e ’ : Eq 4

Y Krean) + Creany) \Knoz + Cnos
r _ rizgttlgro_bio_l ( Cacetate ) . < CNO_{ > Eq. 5
h bio 1 = .
erero-bio- Y Kacetate + Cacetate KNO_,,' + CNO_,,‘ g
. _ Tauto_bio_2 ( Cre(in ) . ( Crnos ) Ea. 6
to_bio 2 = _
uro-pro- Y Krean) + Creany) \Knoz + Cnoy g

where rivis pio 1> Taute bio 2 ANd Thetsro bio 1 (S) @re the maximum specific rate constants
for each step of enzymatic denitrification, Y a biomass yield coefficient (cells mol
Fe(l)™), Cgerrs Cno; and Cyp; (Mol L") represent the substrate concentrations and Kge,
Kno; and Kyo; (mol L") the Monod half-saturation constants of dissolved Fe(ll), NOs and

NO2.

Chemodenitrification was described as a second-order rate law, based on Jamieson et al.

(2019)2 (eq. 7).

Tabio = Kabio * CFe(II) ’ CNOZ' Eq 7
with kgpi (Mol L s7) as the rate constant, Cr.;y and Cyo; (mol L) 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 (Eqg. 8 to 20).
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dB _ ymax Crnos _ Crein + ymax Cnoy
dt ! Kno; + Cno; Krean + Crean 2 Kno; + Cnoy
_ Cre(in
Krean + Cren

dFe(1I)

dt =—-2B Tauto_bio 1 — 2B Tauto_bio 2 — 2 Tabio
dFe(III) _

dt =2B Tauto_bio_1 +2B Tauto_bio_2 +2 Tabio
dNO3

dt =—-B Tauto_bio_1
dNO;

dt =B Yauto_bio 1 — B Tauto_bio_2 — Tabio
dN,O _

dt =058 Tauto_bio_2 + 05 Tabio
d_B _ (Wmax NO3 _ Cren >
dt 2 Kno; + Cnvos;  Krean + Crean

+ (W;nax CNO_{ . Cacetate )
KNO; + CNO3‘ Kacetate + Cacetate

dFe(1II)

dt =-2B Tauto_bio 2 — 2 Tapio
dFe(III)

dt = Tauto bio 2 T 2 Tabio
dNO3

dt = —4 B Thetero
dNO;

dt =4 B Thetero — B Tauto_bio_2 — Tabio
dN, O _

dt =0.5B Tauto_bio_2 + 05 Tabio
dacetate
T = — B Thetero

Eq. 8

Eq. 9

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

10

11

.12

13

14

15

16

17

18

19

Eqg. 20

with w being the specific growth rate constant in d-', B as biomass in cells L™, 74,,¢0 pio 1

Tauto_bio.2» @NA Thetero bio.1 IN Mmol cells™ d' and 7y, in mmol L' d-.
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Relative contributions (%) of biotic and abiotic Fe(ll) oxidation (Eq. 21, 22) and N20
production (Eq. 23, 24) under autotrophic conditions were calculated according to
previous studies.2® For mixotrophic conditions, the biotic reaction to N2O under autotrophic

conditions (as reflected in 74,4 pio 1) Was neglected (Eq. 21-24).

2Br o1+ 2Br -
Biotic Fe(Il) oxidation = auto_bio.1 auto_bio._2 Eq. 21
2B rauto_bio_l + 2B r'auto_bio_z + 2 Iabio

2r bio
Abiotic Fe(I) oxidation = 2 Eq. 22
2B Fauto_bio_1 + 2B Fauto_bio_2 +2 Fabio g

0.5B Fauto_bio_2
0.5B Fauto_bio_2 + O-5rabio

Biotic N, 0 production = Eq. 23

0.5 Iabio

Abiotic N,0 production = Eq. 24

0.5B Fauto_bio_2 + 0-Srabio

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 MATLAB’s
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! d-.

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(ll) on day 0 was calibrated in the model due to
difficulties in determining the exact Fe(ll) concentrations in bicarbonate systems due to

precipitation of Fe(ll) on the glass wall.

Nordhoff et al. (2017)28 suggested that nitrate-reducing, iron(Il)-oxidizing microorganisms
can prevent cell encrustation due to enzymatic Fe(ll) oxidation. In contrast, indirect Fe(ll)
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 encrustation#® and other studies found out that encrustation
is generally lower if less iron(ll) is supplied to culture KS.2%-28 Scanning electron
microscopy showed no evidence for cell encrustation by iron(lll) 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(ll)), mixotrophic (nitrate+Fe(ll)+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+5.4x10° to 1.0x108+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 logz 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 logz fold change of 8.2 (~290-fold, 2.0+2.0x10* to 5.8+4.1x108, Table
A2). By combining results from gPCR 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+4.7x10%) conditions, closely followed by
Dechloromonas sp. (2.3+2.6x10%). Under mixotrophic and heterotrophic conditions,
Dechloromonas sp. accounted for the greatest absolute abundance (1.0x10%+8.7x10* and
3.7+4.1x10%, respectively) and Gallionella sp. was less abundant (6.8+4.1x10* 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 logz fold change of
~6.6 (autotrophic, mixotrophic) and 8.7 (heterotrophic) and Gallionella sp. by a logz 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 O 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 (logz2FC 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 logz 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 logz 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(ll), 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(ll) were oxidized (Figure 3a). The kinetic model estimated rate constants of 0.7
and 8.5 mM for nitrate and iron(ll), respectively (Table 1). Considering iron(ll) that
precipitated at the glass wall at the end of the experiment as described in Grimm et al.
(2024)'8, we calculated that the ratio of nitratereduced to iron(ll)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-' d"' for
enzymatic nitrite reduction and chemodenitrification, respectively (Table 1). Ultimately,
N20 was produced (0.2+0.1 mM, Figure 3a) and accounted for 100% of the total reduced

NOs™-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(ll), and acetate were also constant over time and nitrite and nitrous oxide were

not detected (Figure A2Db).

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 um)
were in close association with both types of mineral particles and were always found to

be free of encrustation with Fe(lll) minerals.
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Figure 14. Geochemical results of the nitrate-reducing, iron(ll)-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(ll), 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(ll) 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(ll) oxidation (1.0 mM) being lower than under autotrophic conditions (Table 1). For
iron(ll) oxidation, we observed high variations between replicates and transfers. The ratio
of nitratereduced t0 Fe(ll)oxidized was at 0.46+0.28, however, iron(ll) 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 3Db),
accounting for 64% of the reduced NOs-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 NOz-N under mixotrophic
(69+£31% of reduced NOs-N) compared to autotrophic conditions. Scanning electron
microscopy showed the same mineral particles as under autotrophic conditions, however,

rod-shaped cells (~1-2 um) 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 Kg.;; (mM) 8.54 1.00
Monod half-saturation constant Ky,; (mM) 0.71 0.48
Monod half-saturation constant Ky, (mM) 0.03 0.76
Monod half-saturation constant K, .cqte (MM) - 0.27
Chemodenitrification rate k,;;, (L mmol* d) 0.05 0.07
Yield coefficient Y.y (cells mmol oxidized Fe(ll)) 5.33x108 9.95x108
Yield coefficient Y, qrqce (cells mmol™ oxidized acetate™) - 1.50x10°
Specific growth rate w, (d) 22.68 -
Specific growth rate w, (d) 51.98 1.59
Specific growth rate w; (d) - 20.55
Maximum specific rate constant rigs pio 1 (d™7) 99.97 -
Maximum specific rate constant ris pio 2 (d™7) 100.00 51.85
Maximum specific rate constant rise o bio 1 (A7) - 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 N20O 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(ll) oxidation and N20O production over time. The
rates rquto bio 1+ Tauto bio 2, ANd TgpioWere assumed to contribute to iron(ll) oxidation under
autotrophic conditions and rates 14y pio 2 @Nd 145, Were taken into account for iron(ll)
oxidation under mixotrophic conditions and N20 production in general. Under autotrophic
conditions, nitrate reduction till nitrite was more dominant (76.1%) with nitrite reduction till
N20 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(ll) oxidation was higher under
mixotrophic than autotrophic conditions (maximum of 44.0 and 2.2% on day O,
respectively, Figure 4a,b), yet, in both cases, the abiotic contribution to the overall iron(ll)
oxidation decreased continuously afterwards. The cumulative iron(ll) 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(ll)
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(ll) 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(ll) oxidation (a, b)
and N20 production (c, d) under autotrophic (left) and mixotrophic (right) growth conditions
in the nitrate-reducing, iron(ll)-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(ll) oxidation, yet, only in the presence of acetate and not
capable of autotrophic growth.8'2 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,% A. delafieldii strain
2AN,"" or A. ebreus strain TPSY.*” 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.*® 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(ll) oxidation.*®
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.2¢ 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%)2° or Rhodoferax sp. (84 to 94%),'S 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)2° 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(ll) 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(ll) 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(ll). 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(ll)) that enhances the overall reduction of

nitrate despite slower kinetics.%°

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, ' but no nitrite was detected in culture
KS after acetate addition.?® Growing culture HP without iron(ll) (heterotrophic conditions),
N20 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(ll) 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.’’
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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(lll) minerals.5>%* In contrast, autotrophic
microorganisms capable of nitrate reduction coupled with iron(ll) 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.'>?° 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 N20 in such cultures.® N20 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,>® numerical reaction modelling can provide insights into the contribution of

abiotic and biotic processes. Jamieson et al. (2018)?* and Liu et al. (2019)%® applied
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numerical modelling for mixotrophic NRFeOx strains (e.g., BoFeN1, strain 2002) and
found that abiotic Fe(ll) oxidation played a more important role than biotic Fe(ll) 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(ll) oxidation. Even when the initially autotrophic culture is
cultivated under mixotrophic conditions with added acetate, enzymatic Fe(ll) oxidation

remains the primary pathway for Fe(lll) 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! d-,
respectively). In literature, abiotic second-order rate constants are higher (0.23, 0.09 L
mol" d)2326 or lower (0.021 L mol* d')?4. Differences in chemodenitrification rates could
be due to differences in EPS secretion, different growth media, substrate concentration or

differences in iron(ll) 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
(Tauto_pio_1) @Nd consumption (ruue0 pio 2> Tanio) evVeals 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(ll) 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.%¢ 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 NO3s-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(ll) leading to similar N2O emissions than under

autotrophic conditions.

The process-based numerical reaction model allowed us to quantify abiotic Fe(ll)
oxidation and N20O emissions in culture HP and provides the basis to also apply the model
to other autotrophic NRFeOx cultures, such as KS, BP, or AG.'41532 We found that even
in the absence of nitrite, chemodenitrification can contribute up to 2 and 9 % to Fe(ll)

oxidation and N20 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(ll) 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
gPCR, we estimated the average 16S copies per microbial community member via the
ribosomal RNA database (rrnDB, accessed on October 71, 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 Standard Primer Primer sequence Primer Thermal References
gene (5'> 3 concentration program
nM
16S rRNA  Thiomonas 515F GTGCCAGCMGCCGC 250 95°C -5'; Caporaso et al.
gene for sp. GGTAA (95°C - 10" (2011)"
gPCR 60°C - 15") x
40; 95°C -
806R GGACTACHVGGGTWT 250 30 6059 5C
CTAAT
16S rRNA  Thiomonas 515F TCGTCGGCAGCGTCA 250 94°C - 3 Caporaso et al.
gene for sp. GATGTGTATAAGAGA (94°C - 30" (2011)"
amplicon CAGGTGYCAGCMGCC 55°C - 30")
sequencing GCGGTA x35; 72°C -
806R  GTCTCGTGGGCTCGG 250 8" 4°C
AGATGTGTATAAGAGA
CAGGGACTACNVGGG
TWTCTAAT
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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-"

Autotroph 2.47x10%+1.82x10°3 4.32x10%+4.95x10° 7.45 8 -1.15 0.0078 0.67
Mixotroph 8.72x103+5.41x103 9.96x10%+1.14x108 6.84 9 -1.15 0.0039 0.68
Heterotroph 1.99x104+2.00x10* 5.80x106+4.10x10° 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 logz 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 x> df p-value
Treatment vs. Zoogloea 728 2 0.0263
Treatment vs. Parvibaculum 909 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  4.15vs. 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
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Figure A 1. Ammonium concentrations of culture HP, grown under autotrophic (1 mM nitrate, 2 mM
iron(ll)), mixotrophic (1 mM nitrate, 2 mM iron(ll), 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.
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Figure A 2. (a) Heterotrophic and (b) abiotic conditions in the nitrate-reducing, iron(ll)-oxidizing culture
HP. Ac stands for acetate and the meanztstandard 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.
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Figure A 4. Rates that are involved in of nitrate reduction and Fe(ll) oxidation under autotrophic
conditions for culture HP, considering biotic processes — nitrate till nitrite (r_auto_bio_1) and nitrite till
nitrous oxide (r_auto_bio_2) — and one abiotic process — chemodenitrification (r_abio).
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