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ABSTRACT

Iron-dependent denitrification is a safe and promising technology for nitrogen removal in freshwaters. However,
the understanding of microbial physiology and interactions during the process was limited. Denitrifying systems
inoculated with freshwater samples were operated with and without iron(Il) at a low C/N ratio for 54 days. Iron
addition improved nitrogen removal. Batch experiments confirmed that microbially mediated reaction rather
than abiotic reaction dominated during the process. Metagenomics recovered genomes of the five most abundant
microorganisms, which accounted for over 99% of the community in every triplicate of the iron-based system.
Based on codon usage bias, all of them were fast-growing organisms. The total abundance of fast-growing or-
ganisms was 38% higher in the system with iron than in the system without iron. Notably, the most abundant
organism Diaphorobacter did not have enzymes for asparagine and aspartate biosynthesis, whereas Rhodanobacter
could not produce serine and cobalamin. Algoriphagus and Areminomonas lost synthesis enzymes for more amino
acids and vitamins. However, they could always obtain these growth-required substances from another micro-
organism in the community. The two-partner relationship minimized the limitation on microbial reproduction
and increased community stability. Our results indicated that iron addition improved nitrogen removal by
supplying electron donors, promoting microbial growth, and building up syntrophic interactions among mi-
croorganisms with timely communications. The findings provided new insights into the process, with implica-

tions for freshwater remediation.

1. Introduction

Nitrogen is increasingly being released into aquatic environments
due to domestic sewage and farmland runoff (Seitzinger, 2008). Deni-
trification removes dissolved nitrogen to the atmosphere by trans-
forming nitrate to nitrogen gases. However, the C/N ratio is relatively
low in most freshwater systems and heterotrophic denitrification is
limited owing to the lack of the electron donor (Di Capua et al., 2019;
Newcomer et al., 2012). The role of iron in the nitrogen cycle has
gradually been discovered in the last two decades (Michiels et al., 2017;
Weber et al., 2006). One of the promising approaches to enhance ni-
trogen removal efficiency is adding iron(II) to conduct iron-dependent
denitrification through Eq.(1),

Fe(Il) + 2 NO3 + 12H" — 10 Fe(IIl) + N, + 6 H,0(1)

This process takes advantage of using inorganic electron donors,
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which reduces CO; emissions and operating costs compared to hetero-
trophic denitrification. As for other autotrophic nitrogen removal pro-
cesses, sulfur-dependent denitrification produces sulfate as another
contaminant (Qiu et al., 2020). In comparison, oxidant Fe(III) resulted
from iron-dependent denitrification precipitates in the form of minerals,
producing no secondary pollution and even adding to commercial
benefits (Tian et al., 2020). Therefore, it has the great potential to be
applied as a safe and cost-saving technology for the remediation of
nitrate-contaminated freshwaters (Deng et al., 2022; Kiskira et al., 2017;
Tian et al., 2020; Zhu et al., 2019).

Previous studies proposed three mechanisms explaining how iron-
driven denitrification happens. Firstly, autotrophic bacteria couple
denitrification to iron oxidation while fixing carbon dioxide, as observed
in an enrichment culture (Straub et al., 1996). However, all isolated
strains of iron-dependent denitrifying microorganisms could not grow
with only iron - they still require organic compounds as an extra energy
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source (Bryce et al., 2018). This indicates a higher possibility of the
second mechanism - mixotrophic denitrifying bacteria oxidize iron
while still obtain energy from organic carbon. Though committing to
autotrophy or heterotrophy increases proteome efficiency and enables
individuals to focus on a specific metabolism (Johnson et al., 2012), the
energy output from iron oxidation is relatively poor (Emerson et al.,
2010). To overcome it, microorganisms instead use a combined energy
from iron and organic carbon oxidation. The third mechanism is inter-
mediate nitrogen metabolites from heterotrophic denitrification, such as
nitrite and nitric oxide, abiotically interact with iron(II) extracellularly,
which is the so-called chemodenitrification (Carlson et al., 2013).

In whichever process happens, microorganisms play a central role in
mediating iron-dependent denitrification. A study revealed microbial
community structure with 16S rRNA gene amplicon sequencing in an
iron(II)-dependent denitrifying bioreactor, where the enriched organ-
isms mainly included Thiobacillus and Ferritrophicum (Deng et al., 2022).
Another research incubated freshwater sediments with iron(II) and
indicated Paracoccus and Thiobacillus were potential iron-dependent
denitrifiers (Pang et al., 2021). However, what is more important than
the taxonomic distribution is the microbial metabolic function. The
exact functional role of individual microorganisms during iron-
dependent denitrification was still unknown. If iron-dependent denitri-
fication is applied to aquatic ecosystems, how microorganisms deal with
the presence of both organic and inorganic electron donors awaits to be
answered. In addition, growth is a basic parameter of microbial lifestyle.
If the first mechanism dominates, the growth of denitrifiers might be
limited due to poor energy obtained from iron oxidation (Emerson et al.,
2010), which further impacts nitrogen removal efficiency. Currently, we
do not know whether microorganisms involved in iron-dependent
denitrification are fast- or slow-growing in ecosystems, which is essen-
tial for the application and optimization of this potential remediation
technology (Garrido-Amador et al., 2021).

Microbial interactions represent another crucial area of knowledge
that is currently lacking for iron-dependent denitrification. Microor-
ganisms exist in a community rather than grow in isolation. Community
interactions are pervasive in ecosystems and paramount for the survival
of individuals (Faust and Raes, 2012; Proulx et al., 2005). Especially, the
cooperation of microorganisms through the exchange of amino acids
and vitamins (termed as syntrophic relationship in the following text) is
an important factor in structuring microbial community (Zengler and
Zaramela, 2018). Many organisms are unable to synthesize all these
growth-required substances and need to take up metabolites released by
other community members (D’Souza et al., 2014; Mee et al., 2014).
Previous research has discovered that less abundant heterotrophic de-
nitrifiers supplied essential growth-required substances to the most
abundant heterotrophic denitrifier in a partial-nitritation anammox
reactor (Wang et al., 2019). Such cooperation lowers the energy burden
of individuals and improves metabolic efficiency, but it relies on the
contact area between the supplier and the acceptor. A previous study
showed that cells only interact with other cells in their immediate
neighbourhood (Dal Co et al., 2020). If substances are not delivered
timely, microbial growth would be limited and the metabolic process
would be adversely affected. Considering both aspects, syntrophic re-
lationships may contribute to overall community robustness but may
also reduce efficiency (Embree et al., 2015). Though syntrophy is
important in controlling energy flux through a system, we do not know
how such a relationship exists in an iron-dependent denitrifying system
and if it could be used to promote nitrogen removal efficiency.

To solve the above problems, we ran two sets of triplicated deni-
trifying systems inoculated with freshwater samples with and without
iron(II) addition. The performance of iron-dependent denitrification was
evaluated. Contributions of biotic and abiotic processes were analyzed.
16S rRNA gene amplicon sequencing monitored microbial community
assembly for 54 days. Metagenomes of the final community were ob-
tained and sequenced to investigate microbial functions. Especially,
genomes were assembled based on metagenomes and used to examine
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the physiology of individual organisms. The abundant populations
(totally accounting for greater than 99% of the whole community) in the
iron-based denitrifying system had recovered genomes with high
completeness (greater than 95%) and low contamination (less than 4%).
Growth parameters of the organisms were evaluated. Syntrophic re-
lationships among community members were explored with specific
enzymes and transporters. The findings are fundamental to understand
the microbial world of iron-dependent denitrifying systems and shed
light on the improvement of nitrogen removal performance during
freshwater remediation.

2. Materials and methods
2.1. Experimental set-up

400 mL of denitrifying systems were each inoculated with 20 g of
water-sediment samples collected from Guangfu River, China. The ex-
periments included two treatments - both were set up in 500 mL serum
bottles and operated for six experimental cycles. The first treatment
included triplicated denitrifying systems with acetate as the only organic
source. The second treatment included triplicated denitrifying systems
with both acetate and iron. In both treatments, 5 mM nitrate and 1.5 mM
acetate were added at the start of each experimental cycle, while in the
second system 24 mM iron(II) was added. The first treatment had no iron
(II) addition. Other basic medium components included 2.0 mM
MgCl-6H20, 0.90 mM CaCly, 11 mM KHoPOy, 0.50 mM NH4Cl, 10 mM
NaHCOs, 1.0 mL trace element solution and 1.0 mL vitamin solution (Li
et al., 2022a). The systems were flushed with nitrogen at the beginning
of each cycle and operated in anoxic environments in the dark at room
temperature in a shaker. At the end of each cycle, 200 mL homogenized
culture was replaced with 200 mL basic medium during nitrogen
purging.

2.2. Batch experiments for abiotic reactions

To evaluate biotic and abiotic reactions during iron-dependent
denitrification, two treatments of abiotic batch experiments were con-
ducted. The inoculum, basic medium and operation conditions for
abiotic experiments were set to be the same as the iron-based deni-
trifying system mentioned above, but the abiotic systems were imme-
diately sterilized with the ®°Co irradiation method after inoculation (Li
et al., 2022d). 5 mM nitrate and 24 mM iron(II) were added to the first
treatment at the beginning. 5 mM nitrite and 24 mM iron(II) were added
to the second treatment at the beginning. Three replicates were included
in each treatment. They were operated for eight days.

2.3. Sampling and chemical analysis

Slurry samples were collected with syringes from denitrifying sys-
tems and centrifuged at 4000 rpm for 10 min. Supernatants were filtered
and used for chemical measurements. Pellets were used for DNA
extraction. Nitrate, nitrite and iron(II) concentrations were measured
according to previously described methods (Li et al., 2022d). Total
organic carbon (TOC) content was measured with a TOC analyzer (TOC-
L CPH, Shimadzu, Japan). Ammonia was measured using the indophenol
reaction (McCullough, 1967).

2.4. DNA extraction, 16S rRNA amplicon sequencing and analysis

DNA was extracted with the FastDNA Spin Kit for Soil (MP Bio-
medicals, USA). DNA samples were quantified with a NanoDrop 2000
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA).
DNA samples collected at the beginning of the experimental operation
and at the end of each experimental cycle in the two treatments were
used for amplicon sequencing. Bacterial 16S rRNA gene fragments were
amplified from the extracted DNA using the primers 338F (5-
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ACTCCTACGGGAGGCAGCAG-3) and 806R (5-GGAC-
TACHVGGGTWTCTAAT-3). The PCR system and process were set with
the previously described parameters (Li et al., 2022a). Amplicons were
quality checked with agarose gel electrophoresis. Sequencing was per-
formed with the Illumina MiSeq sequencing platform using PE300
chemicals at Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai,
China).

Raw reads were quality filtered with Fastp v0.19.6 (Chen et al.,
2018). Filtered reads were de-noised using DADA2 plugin in QIIME2
v2020.2 (Callahan et al., 2016). Taxonomic assignment was performed
using the Naive bayes consensus taxonomy classifier implemented in
QIIME2 and the SILVA 16S rRNA database v138. The relative abundance
of each taxon was calculated by dividing the sequences belonging to the
taxon by all sequences obtained from an amplicon sample. Non-metric
multidimensional scaling (NMDS) analysis and analysis of similarity
(ANOSIM) of the amplicon sequencing results were performed with the
‘vegan’ package in R v4.0.3. A p value less than 0.05 was considered to
be statistically significant. Different treatments and replicates were
grouped with the ‘ordiellipse’ function.

2.5. Metagenomic sequencing, assembly, binning and annotation

DNA samples collected at the end of the last experimental cycle in the
two treatments were subjected to metagenomic sequencing. Meta-
genomic sequencing was performed as previously reported (Li et al.,
2022b). Briefly, DNA samples were first fragmented to similar lengths
(about 400 bp). The library was constructed with NEXTFLEX Rapid
DNA-Seq (Bioo Scientific, Austin, TX, USA). Adapters were ligated to the
blunt-end of fragments. Paired-end sequencing was performed with the
Illumina NovaSeq 6000 platform using NovaSeq Reagent Kits at
Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China). The final
output was about 40 M to 46 M sequences (151 bp) per sample.

Raw reads were quality filtered and checked with FastQC v0.11.9.
Quality-checked reads were assembled with MEGAHIT v1.2.9 (Li et al.,
2015). Sequencing depth for each contig was evaluated with BBMap
v38.18 with over 99% identification. Metagenome-assembled-genomes
(MAGs) were obtained with MetaBat v2:2.15 based on the tetranucleo-
tide frequency of the contigs and the sequencing depth information
(Kang et al., 2019). Only MAGs with completeness higher than 70% and
contamination less than 10% were kept for further analysis. Marker
genes in the recovered MAGs and reference genomes which were related
to the MAGs were obtained with Phylosift v1.0.1 (Darling et al., 2014).
The genes were aligned with MAFFT v7.490 using default parameters
(Katoh et al., 2002). A phylogenetic tree including the MAGs and the
reference genomes was built with RAXML v8.2.12 based on the align-
ments with “-m PROTGAMMAAUTO -p 13 -x 123 -# 100" (Stamatakis,
2014). MAGs were annotated with Prokka v1.13 (Seemann, 2014) and
METABOLIC v4.0 (Zhou et al., 2022). Genes for iron oxidation were
recognized with FeGenie (Garber et al., 2020). Genes for nitrogen
cycling were identified with Hidden Markov Models (HMMs) v3.3.2
(Eddy and Rost, 2008) following a previously described method (Li
et al., 2021). The peptide sequences of MAGs in FAA format output by
Prokka were further annotated by the KEGG database using the Blast-
KOALA method (https://www.kegg.jp/blastkoala/) and the TransAAP
(https://www.membranetransport.org/transaap/) to respectively iden-
tify proteins for biosynthesis and transport of amino acids and vitamins.
The relative abundance of each gene was normalized by the total
abundance of all genes in a metagenome. The minimum doubling time of
a microbial population was predicted with gRodon based on codon
usage bias of ribosomal proteins (Weissman et al., 2021). Microorgan-
isms with predicted minimum doubling times less than 5 h were
considered copiotrophs and those with predicted minimum doubling
times longer than 5 h were considered oligotrophs (Weissman et al.,
2021). The in-situ replication rate of a population was estimated with
iRep based on the sequencing coverage trend that results from bi-
directional genome replication from a single origin of replication
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(Brown et al., 2016).
3. Results and discussion
3.1. Denitrification performance with and without iron

The experiment with iron(II) almost consumed all the nitrate at the
end of each experimental cycle, while the experiment with only acetate
only reduced half of the added nitrate during each cycle (Fig. 1a). Nitrite
gradually accumulated and was above 3 mM at the end of the experi-
ments in the acetate-based system, while nitrite accumulated to a much
less extent in the iron-amended system (Fig. Sla). For ammonium, no
obvious ammonium production was observed in both treatments, while
ammonium was consumed likely due to nitrogen assimilation during
each experimental cycle (Fig. S1b). TOC decreased to a similar extent in
the two experiments, indicating acetate was intensively used in both
treatments (Fig. 1b). In parallel, about half of the iron(II) added was
oxidized during each cycle in the iron-based system (Fig. 1c). More iron
(II) than acetate remained at the end of each cycle in the iron-based
system, indicating that the organic compound was still a preferable
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Fig. 1. Changes in (a) nitrate, (b) total organic carbon (TOC) and (c) iron(Il)
concentrations in the system with only acetate and the system with both acetate
and iron(Il). Black vertical lines indicted the start/end of an experimental cycle.
Each treatment included three replicated systems.
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electron donor. Overall, the results of nutrient concentration change
demonstrated that the acetate-based denitrifying system actively used
acetate, while the iron-amended denitrifying system consumed both
acetate and iron(Il). In a system lack of organic carbon compared to
nitrogen pollutants, iron(II) addition could increase nitrogen removal
efficiency. Such a strategy could be considered and applied in fresh-
waters, which typically have this problem.

3.2. Biotic and abiotic contributions of iron to denitrification

According to previous findings, iron-dependent denitrification pro-
cess can occur abiotically or mediated by microorganisms (Melton et al.,
2014). Nitrate and iron(II) hardly react in most systems, but the reaction
between nitrite and iron(II) may happen to a significant level (Li et al.,
2022d; Pang et al., 2021; Picardal, 2012). Abiotic systems were built
with sterilized freshwater samples. For the treatment with nitrate and
iron, no nitrate reduction or nitrite production was observed in all
triplicates (Fig. 2a and b). For the treatment with nitrite and iron, about
1 mM nitrite was reduced in the first two days but there was almost no
nitrite reduced afterwards (Fig. 2b). Both treatments showed a decline in
iron(II) concentration in the first two days, while the treatment with
nitrite had more iron(II) oxidized than the treatment with nitrate
(Fig. 2c). The decrease of iron(II) content in the treatment with nitrate
and extra decrease of iron(II) in the treatment with nitrite might result
from the mineralization of dissolved iron(II) to bound iron(II) and
adsorption of iron(Il) to precipitates, which could not be detected with
the current method. However, the results of Section 3.1 showed there
was much less nitrate left at the end of each experimental cycle, indi-
cating that microorganisms contributed more than the abiotic reaction
to denitrification in the system with iron.

3.3. Microbial community assembly

As microorganisms play the most important role in iron-dependent
denitrification, amplicon sequencing was applied to monitor the
change in microbial community composition during the incubations
(Fig. 3, Table S1). In the iron-based system, Pseudomonas was enriched
to over 75% at the end of the third to the fifth cycles in the three rep-
licates, but it decreased to 26%+3.6% at the end of the sixth cycle
(Fig. 3a). Diaphorobacter accounted for 70%+3.0% of the community at
the end, while Rhodanobacter accounted for 1.5%+0.63%. The fourth
and the fifth most abundant organisms were Algoriphagus (0.35%
4+0.31%) and Arenimonas (0.24%=+0.34%). The final enriched commu-
nity mainly consisted of these five abundant organisms.

In comparison, we did not observe a highly abundant microorganism
in the system with only acetate. The final community consisted of
populations such as Thauera (17%+0.62%), Comamonadaceae (13%
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+2.3%), Azoarcus (12%+3.4%) and Alicycliphilus (11%+7.7%). There
was not an abundant population common in the two treatments, sug-
gesting that bacteria able to use both acetate and iron(II) were not the
same bacteria only dependent on acetate during denitrification. NMDS
analysis also indicated that the communities enriched from the same
inoculum were very different in the two systems (p=0.0001 in ANOSIM,
Fig. 3b). Based on the results, the abundant organisms in the system with
iron (i.e. Pseudomonas, Diaphorobacter, Rhodanobacter, Algoriphagus and
Arenimonas) might have the expertise to gain energy from both acetate
and iron oxidation, which was not special for enriched microorganisms
in the system with only acetate (e.g. Thauera and Azoarcus).

3.4. Physiology and functions of the enriched microorganisms

We obtained 39 metagenome-assembled-genomes (MAGs) in the two
systems (Table S2), with 5 of them more abundant in the system with
iron and 34 of them more abundant in the system with only acetate
(Table S3). The 5 abundant members in the iron-based system included
4 Proteobacteria (Burl, Pse, Xanl and Xan2) and 1 Bacteroidota (Cyt)
(Fig. 4, Table S2, S3). Burl (Diaphorobacter) was the most abundant
population, accounting for 76%+8.9% of the community (Fig. 5,
Table S3). Pse (Pseudomonas) was the second most abundant population,
with an average abundance of 20%+10%. Xanl (Rhodanobacter) made
up 2.3%+0.84% of the community, while Xan2 (Arenimonas) made up
0.58%+0.83%. Cyt (Algoriphagus) averagely accounted for 0.30%
+0.23% of the community. Altogether, the five populations accounted
for more than 99% of the whole community in every replicate of the
iron-amended systems. The results were consistent with what was ob-
tained by amplicon sequencing analysis and again indicated that iron-
dependent denitrification was conducted by a few abundant organ-
isms, which were not the same bacteria enriched in the system with only
acetate.

Based on codon usage bias, the predicted minimal doubling times of
the five abundant populations in the iron-amended system were less
than 5 h (Table S4) (Weissman et al., 2021). According to the previous
study, microorganisms with minimal doubling times less than 5 h are
copiotrophs (fast-growing organisms, r-strategists), while oligotrophs
(slow-growing organisms, k-strategists) refer to microorganisms with
minimal doubling time over 5 h (Weissman et al., 2021). The results
suggested that microorganisms in the system with iron were growing
fast and preferred to live in regimes rich in nutrients (Fig. 4). Particu-
larly, the minimum doubling times of Pse, Cyt and Burl were 1.5h, 2.3h
and 2.5 h, respectively, less than the minimum doubling times of most
microbial populations (85%) in the system. In comparison, the other 34
populations more abundant in the system with only acetate included 23
copiotrophs and 11 oligotrophs (Fig. 4, Table S4). The total abundance
of copiotrophs and oligotrophs was calculated in the two treatments.
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Fig. 2. Changes in () nitrate, (b) nitrite and (c) iron(II) concentrations in the abiotic system with nitrate and iron(II) and the abiotic system with nitrite and iron(II).

Each treatment included three replicated systems.
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Fig. 3. (a) Change in relative abundance of microorganisms on the genus level. (b) Non-metric multidimensional scaling (NMDS) analysis of the samples. The three
replicates of the system with only acetate are indicated as C1, C2 and C3. The three replicates of the system with both acetate and iron(II) are indicated as F1, F2 and
F3. Analysis of similarity (ANOSIM) was performed between samples of the two systems. Samples from the same replicate were grouped using the ‘ordiellipse’

function from the ‘vegan’ package in R.

Oligotrophs accounted for 38%+5.4% in the system with only acetate
but only 0.00081%+0.00032% in the system with iron. The two treat-
ments both had a higher abundance of copiotrophs, but the proportion
of copiotrophs was much higher in the system with iron (38% more
abundant). The iron-based system mainly enriched r-strategists which
were specialized for rapid growth. To confirm whether the organisms
were actually growing fast in the iron-amended system, a software
designed to evaluate in-situ bacterial replication rates, iRep, was further
applied to the five populations. Compared to reported organisms
residing in human guts or acetate-amended aquifers whose iRep values
were around 1.3 (Brown et al., 2016), the five populations had higher
iRep values in the iron-based system (ranging from 1.5 to 3.9)
(Table S5). Especially for Burl and Xan1, their iRep values were no less
than 3.6. The results indicated they had higher replication rates and
were growing rapidly with iron.

In any of the five populations, we did not observe the presence of
genes involved in carbon fixation pathways, including the Calvin cycle,
the reverse tricarboxylic acid cycle, the 3-hydroxypropionate bi-cycle,
the 4-hydroxybutyrate/3-hydroxypropionate cycle, the dicarboxylate/
4-hydroxybutyrate cycle and the Wood Ljungdahl pathway (Table S6).
According to previous studies, though several iron-dependent nitrate-
reducing strains have been successfully isolated, none of them could
survive merely with an inorganic carbon source (Bryce et al., 2018).
They all needed external organic compounds as an extra energy source
(Hu et al., 2017; Muehe et al., 2009). The results in our system also
suggested that iron-dependent denitrifiers could not fix carbon and need
organic compounds supplied. As for iron metabolism, Xanl contained
two sets of genes related to iron oxidation capability (Table S6). The first
set was MtoA together with MtoB, which were decahaem c-type cyto-
chromes discovered in the genome of a neutrophilic iron oxidizer,
Sideroxydans lithotrophicus ES-1 (Liu et al., 2012). The other set of genes
was Cycl and Cyc2, which were first identified from acidophilic aerobic
iron oxidizers (Nicolle et al., 2009; Roger et al., 2012; Valdes et al.,
2008) and later observed in microaerophilic iron oxidizers (Barco et al.,
2015; Kato et al., 2015; Singer et al., 2011). Cycl and Cyc2 are both c-

type cytochromes. Cyc2 is located at the outer membrane and directly
receives electrons from iron(II), whereas Cycl is in the periplasm, re-
ceives electrons from Cyc2 and further transfers electrons to terminal
electron acceptors (Roger et al., 2012). For Burl, Pse and Xan2, we only
observed the enzyme Cycl but not Cyc2. Nevertheless, enzymes
responsible for iron oxidation typically had low sequence identity
among different microbial taxa (Melton et al., 2014). Even though the
Gallionellaceae family was best known for iron oxidation, a previous
multi-omic study failed to elucidate genes responsible for iron oxidation
in the genomes of several Gallionellaceae organisms (Jewell et al.,
2016). We might neglect genes involved in iron oxidation as well - other
abundant populations (Burl, Pse, Xan2 and Cyt) might also be able to
oxidize iron. Another pathway to oxidize iron was the coupling of het-
erotrophic nitrate reduction and chemodenitrification (Carlson et al.,
2013). With the results of Section 3.2, the microorganisms might release
nitrite during denitrification and induce abiotic oxidation of iron(II).

All of the five genomes contained genes involved in denitrification
(Table S6). Specifically, Burl, Pse and Xan1 could reduce nitrate to NoO
(NarG and/or NapA, NirK or NirS, and NorB). Xan2 might scavenge
nitrite released during nitrate reduction, as no nitrate reductase was
observed in the genome. Cyt was the only organism able to reduce N2O
(NosZ), but it lacked nitrate reductase as well. All of them encoded at
least one pathway for acetate transformation. Burl and Xan2 directly
produced acetyl CoA from acetate with acetyl-CoA synthetase (Acs and/
or AcdA), whereas the other three populations could produce acetyl CoA
not only directly from acetate, but also through the transformation of
acetyl phosphate with acetate kinase (AckA) and phosphate acetyl-
transferase (Pta). Pse additionally encoded methane monooxygenase
regulatory protein MMO, suggesting it could also grow through meth-
anotrophy. Though no reduced sulfur was added to the medium, sulfur
oxidation was possible for all five abundant populations. Cyt could also
oxidize hydrogen. These processes might act as auxiliary energy-gaining
pathways when acetate and iron were lacking in environments and
indicated the versatility of functional microorganisms in the iron-
dependent denitrifying system.
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3.5. Syntrophic dependencies in the community

Microorganisms built up relationships with each other partly by the
exchange of growth-required substances. This significantly influences
the outcome of microbial community compositions (Zengler and Zar-
amela, 2018). The genomes of the 5 abundant populations all had a
completeness higher than 95%, a contamination less than 4% and the
highest coverage in the six samples higher than 10 (Table S2), indicating

the opportunity to investigate their syntrophic relationship based on
function annotations of genomes.

Genes involved in the biosynthesis of amino acids and vitamins
which were essential for growth were included in the analyses
(Table S7). Pse, the second most abundant organism in the community,
was able to synthesize all kinds of amino acids and vitamins (Fig. 6a). In
contrast, Burl lacked synthesis enzymes for aspartate (aspartate
aminotransferase) and asparagine (asparagine synthase). Xanl lacked
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Fig. 5. Relative abundance and functional potentials of populations associated with MAGs.

synthesis enzymes for serine (phosphoserine phosphatase and phos-
phoserine/homoserine phosphotransferase) and cobalamin (adeno-
sylcobinamide kinase, adenosylcobyric acid synthase,
adenosylcobinamide-GDP  ribazoletransferase = and  nicotinate-
nucleotide-dimethylbenzimidazole phosphoribosyltransferase). Xan2
and Cyt lacked even more genes. Apart from aspartate, asparagine,
serine and cobalamin, Xan2 also lacked enzymes for leucine (iso-
propylmalate dehydrogenase), lysine (diaminopimelate decarboxylase,
saccharopine dehydrogenase), niacin (ADP-ribosyl cyclase, NAD+ gly-
cohydrolase, ADP-ribosyltransferase, NAD"-dependent protein deace-
tylase, nicotinamide phosphoribosyltransferase, purine-nucleoside
phosphorylase, purine nucleosidase and uridine nucleosidase) and folate
(dihydrofolate reductase) biosynthesis. Cyt lost threonine synthase,
biotin synthase, biotinidase and biotin/methionine sulfoxide reductase,
which were needed for threonine and biotin synthesis. However, these
amino acids and vitamins are essential for growth, so the lacking sub-
stances must be obtained by other means. For example, biosynthesis-
related enzymes for asparagine were pretty abundant (more than 4
times of average abundance) in Xan1, which might satisfy the needs of
Burl and Xan2. Requirements for serine and cobalamin by Xan1, Xan2
and Cyt might be solved through the transport of extracellular amino
acids provided by Burl and Pse. This relied on the efficient translocation
of amino acids and vitamins. Each of the five populations encoded at
least four types of transporters of amino acids (Fig. 6b, Table S8). Xanl
and Cyt both lacked at least one type of vitamin, but we did not observe
any vitamin transporter in their genomes, which might be due to a lack
of known transporters in the database. In Burl, Pse and Xan1, most of

these genes were more abundant in the system with iron, demonstrating
their metabolic activity was stimulated by iron addition.

Though several dependencies were identified in the system, it should
be noted that the requirement of any organism could always be satisfied
with one other organism in the community. Serine and cobalamin
needed by Xan1 could be supplied by either Burl or Pse. This was the
same for Burl - required asparagine and aspartate could be provided by
either Xan1 or Pse. Similarly, the substances needed by Xan2 could all be
supplied by Pse, whereas the requirement of Cyt could be satisfied with
either Burl or Pse. Therefore, the cells could survive with the presence
of cells from one population in the neighborhood and did not need cells
from all other four populations. For example, a cell of Xan2 could sur-
vive as long as there was a cell of Pse around it (Dal Co et al., 2020).
Whether Xan1, Burl and Cyt were present in its neighborhood did not
influence Xan2's growth. In general, the five populations were closely
dependent on each other through the exchange of amino acids and vi-
tamins, but the syntrophy could exist within two populations.

3.6. Implications of this study

The current study investigated iron-dependent denitrification as a
remediation process for nitrogen-polluted freshwaters. A summary of
biochemical pathways and microbial interactions among key pop-
ulations in the iron-amended denitrifying system was proposed (Fig. 7).
Our study provided important insights into this process from the
following aspects.

Firstly, the performance of iron-dependent denitrification was
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Fig. 7. Proposed functions and interactions of the five most abundant populations in the system with iron amendment.

evaluated in simulated systems of nitrate-polluted freshwaters for 54 prospect of its application in freshwaters. The biotic reaction contrib-
days. Based on nutrient results, it performed well at the low C/N ratio uted as the largest part to nitrate removal during the process (Fig. 2), so
and greatly improved nitrogen removal efficiency, suggesting the the status of microorganisms is the core of the success of nitrogen
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management. Five main organisms were found responsible for iron-
dependent denitrification. Because poor energy could be gained from
iron oxidation (Emerson et al., 2010), the five organisms were adopting
a mixotrophic lifestyle - they coupled denitrification with both acetate
and iron oxidation. Acetate was still a preferable electron donor for the
microorganisms than iron(Il), as acetate was mostly used up at the end
of each experimental cycle but iron(II) remained to a certain amount
(Fig. 1). This was consistent with a previous study which showed iron(II)
acted as an auxiliary energy source when organic carbon was lacking
(Chakraborty et al., 2011). The appropriate amount of iron(II) addition
should be considered in the design of nitrogen removal technology, as
the amount we added in this study extended beyond what microor-
ganisms were able to consume (Fig. 1).

In addition, the study gave an understanding on the physiology of
each enriched population with genome-centered analysis. The five main
organisms were all fast-growing organisms (Fig. 4), which added to their
compositions in the system with iron(II). Fast-growing organisms
accounted for a higher proportion (about 38% more abundant) in the
system with iron than the system without iron. This suggested mixo-
trophic iron-dependent denitrifiers were able to grow faster than some
acetate-dependent denitrifiers in ecosystems. If the microbial commu-
nity was considered as a whole, iron addition stimulated total microbial
growth, which indirectly improved denitrification as more microor-
ganisms were doing the job. Therefore, iron improved nitrogen removal
not only by serving as an extra electron donor, but also by enriching
more fast-growing organisms that were able to reduce nitrate more
efficiently. Future research should use more accurate tools to analyze
the growth of iron-dependent mixotrophic denitrifiers in an environ-
mental setting (Nguyen et al., 2021).

Furthermore, microbial connections were analyzed with the pres-
ence and abundance of enzymes involved in the biosynthesis and
transport of growth-required substances in each organism (Fig. 6). Some
interdependencies among community members were demonstrated
(Fig. 7). Burl (Diaphorobacter) was able to synthesize serine and cobal-
amin and supply them to Xan1 (Rhodanobacter) who could not generate
them. On the flip side, Burl lacked asparagine and aspartate which Xan1l
could provide. For Pse (Pseudomonas), it synthesized all kinds of amino
acids and vitamins, so it could satisfy the need of Xan2 (Areminomonas)
for some substances that Xan2 could not produce by itself. For Cyt
(Algoriphagus), it needed serine, threonine, cobalamin and biotin, which
could be provided by Burl or Pse. Therefore, different organisms sup-
plied different amino acids and vitamins to others in the community.
The division of metabolic labor could benefit individuals by reducing
their energy burden (Pande et al., 2014). However, the more partners
are involved in the transfer of amino acids and vitamins, the less
reproductive success they would get (Dal Co et al., 2020). If there are
more than three microorganisms participating in the cross-feeding, the
relationship intensively limits microbial activity (Dal Co et al., 2020). In
the iron-dependent denitrifying system, the need for growth-required
substances in the five organisms could be satisfied with only one other
community member (Fig. 7). Therefore, the syntrophic relationships
increased the robustness of the community and meanwhile did not
restrict microbial growth. The exchange of substances within the five
organisms might explain the balance, stability and diversity of the
community. Externally adding substances that could not be produced by
some organisms, such as serine and cobalamin which was not self-
sufficient with Xanl, could reduce the metabolic burden of Burl or
Pse, and might promote overall nitrogen removal efficiency during
remediation. Such a strategy should be evaluated further in engineering.

Taken together, the integrated analysis provided a holistic view of
how iron(II) addition influenced denitrification performance in fresh-
waters, respectively by supplying electron donors, promoting microbial
growth and building up syntrophic interactions with timely communi-
cations. These new observations would be crucial to predict and control
microbial activity during iron-dependent denitrification. Future study
could further examine optimized parameters for the operation of iron-
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dependent denitrification in real freshwater ecosystems.

4. Conclusions

Denitrifying systems with and without iron(II) addition were inoc-
ulated with freshwater samples and operated at a low C/N ratio.
Microbially mediated reactions rather than abiotic reactions dominated
iron-based denitrification and improved nitrogen removal performance.
The five most abundant microbial populations were recognized in the
system with iron(Il). They could gain energy from both acetate and iron
oxidation. All of them were fast-growing organisms in ecosystems,
ensuring the capability of efficient denitrification. Particularly, they
cooperated with each other by exchanging amino acids and vitamins to
lower the energy burden of individuals. Rhodanobacter lost enzymes for
synthesizing serine and cobalamin, which could be provided by Dia-
phorobacter. On the flip side, Diaphorobacter could not synthesize
asparagine and aspartate and required them from Rhodanobacter.
Notably, the syntrophic relationship only existed in two partners, which
decreased reproduction limitation brought by spatial dependencies. The
results added new and fundamental insights to iron-dependent denitri-
fication and had implications for nitrogen management in freshwaters.
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