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Abstract The nitrogen availability, that affects the
greenhouse gas emission and the trophic level of
lakes, is controlled mainly by microbial processes.
We measured in a boreal nitrate and iron rich lake
how the rates of potential denitrification and dis-
similatory nitrate reduction to ammonia (DNRA) are
affected by degradability of organic matter and avail-
ability of aqueous ferrous iron. We also investigated
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the microbial community by using 16S rRNA gene
and shotgun metagenomic sequencing approach,
which allows taxonomic analyses and detection of
metagenome-assembled genomes (MAGs) containing
genes for both nitrate reduction and iron oxidation.
The results show that truncated denitrification, lead-
ing to release of nitrous oxide, is favored over dinitro-
gen production in conditions where the degradability
of the organic matter is low. DNRA rates were always
minor compared to denitrification and appeared to
be independent of the degradability of organic car-
bon. Reduced iron stimulated nitrate reducing pro-
cesses, although consistently only DNRA. However,
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the proportion of MAGs containing DNRA genes
was low suggesting chemistry driven stimulation by
reduced iron. Nevertheless, the metagenomic analyses
revealed unique taxa genetically capable of oxidizing
iron and reducing nitrate simultaneously. Overall, the
results highlight the spatial variability in microbial
community and nitrous oxide emissions in boreal lake
sediments.

Keywords Boreal lake - Iron - Microbial
community - Nitrate reduction - Nitrogen - Nitrous
oxide - Sediment

Introduction

Nitrogen (N) loading to freshwater ecosystems con-
tinues to be a major driver of eutrophication glob-
ally, despite the efforts toward load reduction in
the past decades (Galloway & Cowling, 2021). The
negative effects of excess N loading can be partially
mitigated by denitrification, where microbes reduce
nitrate (NO; ") to nitrous oxide (N,O) and dinitrogen
(N,) and anammox, where microbes oxidize ammo-
nia (NH,*) with nitrite (NO,”) to N,, both pro-
cesses eventually removing N from aquatic ecosys-
tems. Boreal ecosystems are vulnerable to climate
change and therefore it is important to understand
their biogeochemical functioning in the context
of the twin pressures of eutrophication and global
warming. In boreal lake ecosystems, anammox is
considered a minor process in the N cycle, as most
of the nitrate is reduced into N, through denitrifi-
cation (Rissanen et al., 2011, 2013). The emissions
of N,O, a potent greenhouse gas, are typically low
from boreal lake ecosystems (Huttunen et al., 2003;
Saarenheimo et al., 2015; Lauerwald et al., 2019);
however, most of these measurements have been
made during ice-free season when the N,O emis-
sions from boreal lakes are the lowest (Kortelainen
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et al., 2020). Processes in the N cycle are also influ-
enced by the quality of organic matter (e.g., Aalto
et al., 2021). In many lakes, the quality of organic
matter varies seasonally, but also with water depth,
as the organic matter tends to be more bioavailable
in the shallow areas (Den Heyer & Kalff, 1998).
This means that the balance between nitrate remov-
ing and nitrate recycling processes varies between
seasons and different lake areas. Denitrification
competes for NO;~ with dissimilatory nitrate reduc-
tion to ammonium (DNRA), in which microbes
reduce NO;~ via NO,™ to NH,* instead of the gas-
eous N species (Tiedje et al., 1984; Tiedje, 1988;
Giblin et al., 2013). Hence, instead of NO;~ being
converted to non-reactive form, N remains bioavail-
able in DNRA and thus can accelerate eutrophica-
tion. DNRA does not leak intermediates, although
there is evidence that some bacteria may carry both
nrfA (marker gene for DNRA (Einsle et al., 1999)
and nirK genes (nitrite reductase gene) on the same
genome, suggesting that DNRA and canonical deni-
trification may be compatible (Sanford et al., 2012).

The NO;~ reducing processes are controlled
not only by NO;™ availability but also by the avail-
ability of electron donors. Both denitrification and
DNRA can be heterotrophic or chemolithotrophic
processes. Studies from natural systems and chemo-
stats have shown that denitrification tends to domi-
nate NO;™ reduction when the NO;™ concentration
is high and the availability of organic carbon low.
Vice versa, DNRA dominates NO;~ reduction when
the NO;~ concentration is low and the availability
of organic carbon is high (van den Berg et al., 2015;
Yoon et al., 2015; Aalto et al., 2021). Also, the nature
of the organic electron donor influences the outcome
of competition between DNRA and denitrification
because DNRA can be driven both by direct oxida-
tion of organic matter and by fermentation (Van den
Berg et al., 2017). DNRA has been also shown to
be stimulated by ferrous iron (Fe?*) in non-sulfidic
sediments that are typical for freshwaters (Roberts
et al., 2014; Robertson & Thamdrup, 2017; Kessler
et al., 2019) although it is not entirely clear whether
the stimulation is caused by Fe?* acting as an elec-
tron donor in microbial NO;™ reduction or a chemical
reaction between Fe’* and N compounds (Picardal,
2012; Klueglein & Kappler, 2013). Since the Fe and
dissolved organic carbon (DOC) concentrations in
boreal lakes have been increasing due to changing
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climate (Weyhenmeyer et al., 2014), the lacustrine N
cycling is also likely be affected.

The aims of the study were to (i) determine the
NO;™ reduction rates in boreal lake sediments under
naturally variable availability of organic compounds
and elevated Fe’* concentrations, and (ii) study the
variability of microbial community and the rela-
tive abundance of potential denitrifying and DNRA
microbes to see how the genetic potential for the
NO,™ reducing processes varies along a water depth
gradient. Our hypothesis was that when the degra-
dability and amount of organic matter decreases, the
microbial community changes, DNRA becomes rela-
tively more important, and that the microbes are more
likely to use Fe>* as an electron donor.

Materials and methods
Sampling site

Lake Pagjarvi is a deep oligo-mesotrophic lake
located in the boreal region in southern Finland
(61°04'N, 25°08'E) with an area of 13.4 km? and
maximal depth of 87 m. The lake has an ice cover
for approximately four months during winter and the
water column circulates twice per year and is always
well oxygenated (Salonen 1981). Approximately 15%
of Lake Paijirvi’s large catchment area (244 km?)
consists of agricultural land which causes the rela-
tively high NO;™ concentration in the lake. Despite
the relatively high NO;™ concentration, the denitri-
fication rates (N, production) are similar compared
to other lakes in the area (Rissanen et al., 2013).
Padjarvi is characterized as a mesohumic lake with a
DOC concentration of 10 mg C 17! (Tulonen, 2004).
In Finland, over half of lakes have a DOC concen-
tration of similar or higher than that (Kortelainen,
1993). As typical for lakes in the boreal region, the
DOC pool in Pidjarvi mainly consists of allochtho-
nous C that is refractory to immediate bacterial utili-
zation (Tulonen, 2004).

Porewater and sediment sampling

Vertical profiles of porewater and sediment samples
were collected from three stations in Lake Padjdrvi on
August 2017 (Table 1) using a hand-held HTH/Kajak
corer with plexiglass tubes. The quality and quantity

Table 1 Station depth, temperature, and O, concentration
measured approximately 50 cm above the sediment surface and
DIN concentrations measured 5 cm above the sediment

Station Depth Temp 0, NO;~ NH,*
(m) §®) (mg1™")  (umol (umol
1 1™

14 9.3 8.1 60.0 1.0
2 22 6.4 10 62.0 0.5
3 52 5.4 9.7 45.5 1.0

of organic matter in lake sediments varies with depth
and distance from the shoreline creating a natural gra-
dient in variability of organic matter. To investigate
the effect of organic matter on NO;~ reducing pro-
cess and microbial communities, we collected sam-
ples from three stations that followed a water depth
gradient, Station 1 being the shallowest and Station 3
the deepest. Core tubes were pre-drilled with vertical
series of 4 mm holes (each at 2 cm resolution), then
taped, in preparation for porewater sampling with
Rhizons™. Rhizon sampling automatically filters
the porewaters at 0.15 pm into attached plastic 10 ml
syringes under vacuum. The vertical series of sam-
ples was taken for analysis of NO;~, Fe, lactate, and
acetate. NO;™, lactate, and acetate subsamples were
stored frozen at — 20°C until analyses. Fe subsamples
were acidified to 1 M HNO; and stored at room tem-
perature. After porewater sampling, sediment cores
were sliced into plastic bags at a resolution of 1 cm
(0—10 cm) or 2 cm (> 10 cm). Subsamples of 400 —
500 ul wet sediment were collected from the 0—10 cm
interval of each site and stored frozen at — 20°C for
DNA-based molecular microbiological analyses. The
remaining wet sediment samples were stored frozen
at — 20°C under N, until further processing.
According to our standard protocols, all Rhizons
were sequentially washed with 0.01 M HNO; and
MilliQ before field sampling. Later, it was noticed
that the washing procedure caused background con-
tamination in the porewater NO;~ measurements.
The magnitude and variability of this contamination
was tested by sampling a solution of MilliQ water
through Rhizons into plastic syringes and determin-
ing the NO;~ concentration of the extracted sample.
The same procedure was repeated using both factory-
clean (9 replicates) and 0.01 M HNO;-washed rhi-
zons (10 replicates). The difference between the mean
NO;™ values thus determined from the factory-clean
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and washed Rhizon samples (30.0 umol 17!) was
subtracted from all porewater NO;~ data. Porewa-
ter NO;~ concentrations were determined accord-
ing to Miranda et al. (2001), and the samples from
the HNO; contamination test were analyzed by
QuikChem®8000 flow injection analyzer (Lachat
Instruments, Hach Co., Loveland, CO, USA) accord-
ing to Wood et al. (1967).

Porewater Fe concentrations were determined by
ICP-OES (Thermo iCAP 6000, Thermo Fisher Sci-
entific, Waltham, MA, USA). The values represent
total porewater concentrations. In this system, Fe
is expected to be dominated by Fe** although other
forms are possible. Porewater acetate and lactate were
analyzed, in duplicates, using high performance lig-
uid chromatography (HPLC) equipped with Shodex
SUGAR column (Phenomenex, 300 mm X 8 mm, Tor-
rance, CA, USA), autosampler (SIL-20AC HT, Shi-
madzu, Kyoto, Japan), refractive index detector (RID-
10A, Shimadzu, Kyoto, Japan), and 0.01 M H,SO, as
the mobile phase. The HPLC samples were prepared
as described in Salmela et al. (2018). The identifica-
tion and quantification of the liquid metabolites was
based on using external standards.

Separate sediment samples were prepared for the
loss-on-ignition (LOI%, 4 h, 450°C) analysis and for
the dry combustion of samples that were first freeze-
dried, ground in an agate mortar, and weighed into
tin cups for the C and N content determinations. In
accordance with extensive previous studies on Finn-
ish lake sediments (Pajunen, 2000; Kortelainen et al.,
2004), acidification was not applied prior to the
determinations. High levels of organic acidity from
Finnish river catchments (Kortelainen & Saukkonen,
1995) maintain low annual mean pH values in most
lakes and therefore there is negligible occurrence of
carbonates in lake sediments. Hence our total C data
are considered equivalent to organic C (Corg). C and
N contents were determined using elemental analyzer
(LECO TruSpec Micro, LECO Corp., St. Joseph, MI,
USA). A simple two-component mixing model was
applied for a first-order quantification of the relative
contributions of terrestrial plant-derived and autoch-
thonous phytoplankton-derived organic matter to the
total sedimentary organic matter (percent of total
organic C). The calculation uses the molar N:C ratio
of organic matter, and end-member values, N/Cgy,
based on the studies of Goiii et al. (2003) and Jilbert
et al. (2018)

@ Springer
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where N/Cgype,=0.04, and N/Cgpppny=0.13. The
calculation assumes that terrestrial plant matter and
phytoplankton are the only sources of organic mate-
rial present in the samples, that their N/C values are
spatially and temporally fixed at the end-member val-
ues, and that these values do not alter significantly
during sedimentation and burial of organic matter.
Mineralization, however, may alter the values and
therefore this calculation was applied only to the
surface sediment layer. The porewater and sediment
characteristics at the slurry collection depth (see
below for incubation experiments) were determined
by calculating average of the values from sediment
and porewater samples collected at those depth layers
(n=2 for St1, and n=23 for St2 and St3).

Incubation experiments

The sediment for the incubations was collected from
the depth interval corresponding to the zone of Fe
oxide reduction which indicates the onset of anaero-
bic remineralization processes. Four days prior to
sampling, the porewater HPO,>~ concentration profile
was determined at each site. Due to the strong corre-
lation expected between porewater HPO,>~ and Fe**
in the upper sediment layers (e.g., Jilbert et al., 2020)
the depth of the first major increase in HPO,>~ was
considered to indicate the depth of the first major
increase in Fe’* and hence reduction of Fe oxides.
Based on the measured profiles, a 3 cm thick sedi-
ment slice was cut in the following depths: — 1 cm
(St1), — 3 cm (St2), and — 3 cm (St3). Later analy-
sis of porewater Fe>* confirmed the validity of the
approach.

The sediment collected from each station was
mixed with water collected 50 cm above the sedi-
ment in 1:1 ratio. The sediment slurry was prepared
in 1 1 bottle and purged with N, for 10 min. There-
after, the bottle was quickly capped with a septum
and the headspace was purged for 5 min. To ensure
that the sediment slurry will be anoxic when the
experiments begin, the bottle was placed overnight
on a shaker table (120 rpm) at 5°C. The following
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morning, 1 1 of water collected from 50 cm above
the sediment—water interface was transferred into
a glove bag with N, atmosphere, and purged with
N, for 15 min. Also, 1 M Fe(II)SO, solution and
20 mM K'’NO, (99% '°N, Cambridge isotope lab-
oratories, Cambridge UK) solution were purged
with N, for 5 min. Thereafter, 2 ml of the sediment
slurry was transferred into 12 ml Exetainer® vials
(Labco Ltd, Lampeter, United Kingdom), and the
rest of the vial was filled with bottom water. Fe(II)
SO, solution was added into the vials in a final
concentration of 0 uM, 100 uM, 500 uM, 1000 uM
(n=10 for the 0 uM Fe?* addition and n=6 for
other concentrations). The addition of Fe(I[)SO,
was checked to reduce the pH by less than 0.5
units. K'SNO, was added to a final concentration
of 100 uM in all samples. After all sample vials
were closed, they were removed from the glove bag
and placed on a shaker (120 rpm) in 5°C in dark
climate-controlled chamber. After approximately
24 h, a 4 ml He headspace was created and 100 pl
of ZnCl was injected in five (0 uM Fe?*) or three
(1001000 pM Fe?* additions) samples from each
treatment. Then the remaining three samples were
uncapped and filtered through 0.8/0.2 um double
filter syringe (Sarsted AG & Co. KG, Niimbrecht,
Germany) and frozen for DIN (NO,, NO;~, NH,*)
and 'SNH,* concentration analysis. The NO,™ and
NO;™ concentrations were analyzed according to
Miranda et al. (2001) and the NH4Jr concentration
according Fawcett & Scott (1960). Both analyzes
were optimized for 1 ml sample volumes. The '°N,,
5N,0, and 'NH," were analyzed as per Jintti
et al. (2021; described in detail in Supplement 1).

Analysis of microbial community, and genetic
potential for reduction of nitrogen oxides and
oxidation of iron

DNA extraction

DNA was extracted from the frozen sediment sam-
ples using DNeasy PowerSoil Kit (Qiagen, Hilden,
Germany). DNA concentration was measured using
a Qubit 2.0 Fluorometer and a dsDNA HS Assay
Kit (Thermo Fisher Scientific, Waltham, MA,
USA).

16S rRNA gene amplicon sequencing

PCR and 16S rRNA gene amplicon sequencing was
performed by The Foundation for the Promotion of
Health and Biomedical Research of Valencia Region
(FISABIO, Valencia, Spain). In the PCR reactions,
the V4 region of the bacterial and archaeal 16S rRNA
genes were simultaneously targeted using primer
pair 515FB  (5-GTGYCAGCMGCCGCGGTAA-
3")/806FB (5'-GGACTACNVGGGTWTCTAAT-
3") (Apprill et al., 2015; Parada et al., 2016). PCR,
library preparation and sequencing (Illumina MiSeq,
Illumina, San Diego, CA, USA) was performed as
previously described (Myllykangas et al., 2020),
except that, in PCR reactions, approximately 15 ng of
DNA were used.

Shotgun metagenomic sequencing

The shotgun metagenomic sequencing analysis
linked to metagenomic binning (i.e., construction of
metagenome-assembled genomes) enables detection
of microbes potentially coupling iron oxidation with
NO;™ reduction (i.e., those that possess genes for
both iron oxidation and NO;~ reduction). The shot-
gun metagenomic sequencing was done for the depth
layers representing the incubation layers by Novogene
Co.,Ltd (Hong Kong). The libraries were prepared
from~ 100 ng of DNA per sample using the NEB-
Next® Ultra™ DNA Library Prep Kit for Illumina®
(New England Biolabs, Ipswich, MA, USA) accord-
ing to the manufacturer’s protocol. The sequencing
was done on Illumina HiSeq X ten (Illumina, San
Diego, CA, USA) with paired-end mode and 150 bp
read length producing from~9 to~ 12 Gb of raw data
per sample.

Bioinformatic analysis of the 16S rRNA gene data

The quality assessment of the raw sequence reads,
merging of paired-end reads, alignment, chimera
removal, preclustering, taxonomic classification (and
removal of chloroplast, mitochondria, and eukary-
ote sequences), and division of 16S rRNA gene
sequences into operational taxonomic units (OTUs)
at 97% similarity level was conducted as previously
described (Rissanen et al., 2020). Singleton OTUs
(OTUs with only 1 sequence) were removed, and
the data were then normalized by subsampling to
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the same size, 77,340 sequences. One sample, repre-
senting the layer 8-9 cm depth at Station 3, was dis-
carded from the analyses since it had only ~10 000
sequences.

Bioinformatic analysis of shotgun metagenomic data

The raw data were trimmed using Trimmomatic
(version 0.39) (Bolger et al., 2014). The trimmed
data were assembled using Megahit (version 1.2.8)
(Li et al., 2015). The quality-controlled reads were
mapped to the assembly using BBmap (version
38.73) (https://sourceforge.net/projects/bbmap/). The
mapping results were used to bin the contigs using
Metabat2 (Kang et al.,, 2015, 2019). Genes of the
obtained metagenomic bins were predicted and anno-
tated using Prokka (version 1.14.5) (Seemann, 2014).
Genes coding for iron cycling/usage enzymes were
specifically predicted and annotated using FeGenie
(Garber et al., 2020). Bins were also taxonomically
annotated by CAT/BAT—tool using NCBI's nr—
database and taxonomy (von Meijenfeldt et al., 2019).
Prokaryotic completeness and redundancy as well
as the relative abundance of the bins, i.e., percent of
community (estimate the proportion of a bin relative
to the number of reads mapped to assembled contigs
and adjusted for the size of the bin), were computed
using CheckM (version v1.1.2) (Parks et al., 2015).
However, as this metric of the relative abundance
of bins only considers the reads that were mapped
to contigs, which was 33-45% of reads, the relative
abundance of bins was also calculated as percent of
all reads. All the medium (completeness>50% and
contamination< 10%) and high quality (complete-
ness>90% and contamination<5%) metagenomic
bins, i.e., metagenome-assembled genomes (MAGS),
were chosen for further analyses. Prokka annotations
were specifically screened for MAGs that had genes
coding for DNRA, i.e., nitrite reduction to ammo-
nium (nrfA gene) and denitrification, i.e., nitrate
reduction (narG and napA), nitrite reduction (nirsS,
nirK and aniA), nitric oxide reduction (norB), and
nitrous oxide reduction (nosZ). In addition, Prokka
and FeGenie annotations were used in combination
to search for MAGs having genetic potential for both
iron oxidation (cyc2 and MrtoA genes) and denitrifi-
cation or DNRA. NosZ genes were also specifically
classified into clade I and clade II using blastP and
a custom database consisting of deduced amino acid

@ Springer

sequences of nosZ genes from a previously published
phylogenetic tree (Altschul et al., 1990, 1997; Calde-
roli et al., 2018).

Sequence database accession

The sequences of the 16S rRNA gene amplicon data-
set is deposited in NCBI’s Sequence Read Archive
(SRA) under the accession number PRINA627335.
The sequences of the shotgun metagenomic dataset
are deposited in European Nucleotide Archive (ENA)
under the accession number PRJIEB29513.

Statistical analyses

The differences between the NO;~ reducing rates
were analyzed by using Kruskal-Wallis test and
determined significant at P <0.05. The stimulating
effect of Fe** on the NO;~ reducing rates were ana-
lyzed by using linear regression and determined sig-
nificant at P <0.05. The differences between slopes
were analyzed by using ANOVA and the residuals
were checked for variance heterogeneity.

The multivariate analyses of the microbial com-
munity data (i.e., 16S rRNA gene—OTU data) were
based on Bray-Curtis dissimilarities calculated
among samples from the normalized data (see above).
The differences between stations and between depths
in the microbial communities were analyzed using
two-way analysis of similarities (2-way ANOSIM)
without replication and visualized using non-metric
multidimensional scaling (NMDS). Furthermore,
similarity percentage (SIMPER) analysis was car-
ried out to assess which OTUs were responsible for
the observed differences between stations. The multi-
variate analyses were conducted in PAST (version 3)
(Hammer et al., 2001).

Results
Hypolimnion characteristics

The temperature in the hypolimnion decreased from
9.8°C at St 1 to 5.4°C at St3 and the hypolimnion
was well oxidized throughout the water column at
all stations (Table 1). The NO;~ concentrations in
the hypolimnion were relatively high (45.5-62.0-
pmol 171 and the NH,* and NO,™ concentrations
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Table 2 The surface sediment (LOI%, C:N, % of phytoplankton C) and sediment porewater (NO;~, NH4+, Fe?*, lactate, acetate)

characteristics measured from the sediment surface

Station LOI% C:N % of phytoplank- Fe?* (umol 17')  NH,* (umol I7!) NO,™ (umol I7')  Lactate Acetate
ton C in TOC (umol Y (umol
)
1 14.6 12.8  30.1 B/D 5.9 61.5 53 15.6
2 13.4 134 26.6 B/D 4.9 100.0 B/D B/D
3 14.2 147 202 8.2 14.5 71.2 B/D 11.2

B/D below detection limit, TOC total organic carbon

were close to or below detection limit (0.01 pmol
17") at all stations (Table 1).

Sediment characteristics

LOI% varied between 13.4% and 14.6% at the sedi-
ment surface. Surface-sediment C:N ratio was 12.8
at Stl and increased with water depth to 13.4 at St2
and 14.7 at St3 (Table 2). However, the C:N ratio
was equal (12.7) at St 1 and St2 at the depths where
the slurry samples were collected (Table 3). The
estimated percentage of phytoplankton C in total
organic carbon (TOC), indicating recently depos-
ited organic matter, followed the expected gradient
at the sediment surface by having the higher values
at shallowest station (30.1) and lowest values in
the deepest station (20.2) (Table 2). Acetate con-
centrations were higher at St1 (15.6 umol 17! sur-
face, 12.0 umol 17! slurry collection depth) and St3
(11.2 pmol 17! surface and 10.3 ymol 17! slurry col-
lection depth) than at St 2 (below detection limit
at surface, 4.0 umol 17! slurry collection depth)
(Tables 2 and 3). Lactate was present at concentra-
tions above detection limit only at Stl both at the
sediment surface (5.3 umol 17!) and slurry collec-
tion depth (7.2 umol 171) (Table 3).

Incubation results

The total denitrification rate (N,+N,0) was the
highest at St 3 (1.038 umol N 17! day™'; SD 0.225)
and the lowest at St2 (0.371 umol >N 17! day~!; SD
0.052). Overall, N,O production dominated deni-
trification at all stations by constituting 48-95% of
the total NO;~ reduction rates and considerable N,
production was measured only at samples from Stl
(0.253 pmol N 17! day~!; SD 0.005) where it was
approximately half of the total denitrification rate
(0.570 umol N 17! day™'; SD 0.078). The N,O
production at St3 (1.037 umol N 17! day~!; SD
0.225) was over 50% higher compared to St 1 and
St2. DNRA rates were highest at St3 (0.019 pmol
BN 1! day_l; SD 0.002) but overall minor compared
to the other NO;™ reducing processes. The highest
relative DNRA rate was measured in samples from
St2 (0.016 umol N 17! day~!; SD 0.003), where pro-
portion of the DNRA from the total NO;™ reduction
rates was 4.1% (Fig. 1).

The Fe** additions increased linearly and signifi-
cantly all NO;™ reduction rates at Stl and the slope
of N production per Fe?* (°N h~! (Fe’")™!) was
significantly higher (P <0001) for "N,O (1.8x107%;
SE 3.81x 10~°) when compared to the slopes for '°N,
(1.58x107% SE 687x 107 and "NH,* (7.23x10°°;
SE 7.88x107). At St2, only '"NH,* production

Table 3 The average and standard deviation (SD) of sediment (LOI%, C: N, %t of phytoplankton C) and sediment porewater (NO;",
NH,*, Fe?", lactate, acetate) characteristics at the slurry sampling depths

Station LOI% C:N % of phyto- NO;™ (umol NH,* (umol Fe?* (umol Lactate (umol  Acetate (umol
plankton C I hH hH ) h
13.6 (1.0) 12.7 (0.6) 1.4(0.14) B/D 32.0 (23.7) 530.5(46.6)  7.2(10.2) 12.0 (2.3)
11.4(1.4) 12.7(0.5) 1.2(0.2) 24.2(23.0) 27.5 (18.3) 324.0(283.6) B/D 4.0 (6.9)
3 13.7(1.2) 14.4(0.5) 0.9(0.2) 54.7 (38.9) 29.9 (17.9) 309.5(224.7) B/D 10.3 (8.9)
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1.2
- N, 1.7%

1.0
94.7%
0.8

SNO;" reduction pmol SN L' h
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Fig. 1 Production of different >N species in samples that
were amended with 100 uM NO;~

(9.73x107% SE 1.59x107% was stimulated by
Fe** additions. At St3 both N, (6.36x107%; SE
2.51x107°) and NH,* (2.19x107%; SE 2.18x 107)
production rates were stimulated by Fe** and the
slope of >N production per umol of Fe?* for SNH,*
was significantly higher (P <0001) than the slope for
I5N,. The only process that was consistently stimu-
lated by Fe?" additions at all stations was ""NH,*
production and the slope of the stimulation by the
Fe>* was significantly higher (P<0001) at St3 than
at Stl and St2. There was no significant difference
(P>0.05) in the slope of the stimulation by the Fe?*
in the >N, production between Stl and St3 (Fig. 2,
Table 4).

Results of the 16S rRNA gene analysis

The microbial community changed with sediment
depth (see NMDS figure in Supplement 2) (2-way
ANOSIM; sediment depth R=0.95, P<0.001). The
variation in the microbial communities between sta-
tions was lower but still significant and followed the
water depth gradient from the shallow station 1 via
station 2 to deep station 3 (NMDS figure in Supple-
ment 2) (2-way ANOSIM; station R=0.39, P <0.05).
Station 1 differed more from stations 2 and 3 than
stations 2 and 3 differed from each other (SIM-
PER analysis: Overall average dissimilarity St 1
vs St 2=45.3%, St 1 vs St 3=46.9% and St 2 vs St
3=44.6%, Supplement 3). The contribution of single
OTUs to the differences between stations remained
low (<1.7%). Especially OTUs that were affiliated
with nitrifying archaea and bacteria (e.g., OTU 1:
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Fig. 2 The effect of Fe* additions on '5N2, ]5N2O, and
5NH,* productions. Note the different scales between pro-
cesses. *Significant linear increase of the N product with the
Fe?* addition

Nitrospira; OTU 2: Candidatus Nitrosoarchaeum,
and OTU 5: Nitrosomonadaceae) had high relative
abundance and contributed to the differences between
the stations (Supplement 3).

Results of the shotgun metagenomic sequencing

Of the total of 337 metagenomic bins, 78 were of suf-
ficient quality (i.e., completeness > 50% and contami-
nation < 10%) and analyzed further for genes encod-
ing NO,™ reduction and Fe’* oxidation. None of the
MAG:s that had genes coding for both NO;™ reduction
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Table 4 Increase in the average N production rate (umol N 17! h™! per umol Fe?*) with the standard error (SE)

Station BN, B5N,0 5NH,*

1 1.58x107° (6.87x107) 1.81x 107 (3.81 x107)? 7.23%107° (7.88%x107)
2 n.s ns 9.73%107° (1.59% 107%)
3 6.36 107 (2.51x107%) ns 2.19%107 (2.18x107)°

aSlope significantly higher than for 1°N, and '>NH,* production rates at St1

®Slope significantly higher than at other stations (P <0.001 for both stations)

and Fe?™ oxidation possessed nrfA gene that
encodes DNRA. MAGs containing genes coding
for NO;~ reduction and Fe?" oxidation fell mainly
to the bacterial FCB group and Proteobacteria. Par-
ticularly, NapA and nosZ together with cyc2 were
common (Supplement 4). There were three MAGs
belonging to unclassified bacterial groups of which
two were in the candidate phylum Candidatus Eisen-
bacteria. There was also one MAG that was classi-
fied as Acidobacteria which had a gene encoding
phototrophic Fe oxidation. MAGs which contained
genes encoding NO,™ reduction but not Fe’™ oxida-
tion were also dominated by bacterial FCB group and
Proteobacteria. Only two MAGs were detected that
contained genes coding for Fe** oxidation but not for
NO, ™ reduction.

The relative abundance of the MAGs was calcu-
lated in two ways: percent of community and percent
of all reads (see “Materials and methods” section).
The presence of MAGs containing the nrfA gene was

Gene, % of community

& & R Q N D s+

<"°Qv <"$® & & 0(3 0{\? N d;\’ > c?j’Q QQJO
< &
Q
0?1

Fig.3 Average (4+SD) proportion of MAGs containing the
denoted genes, calculated relative to the number of reads
mapped to assembled contigs and adjusted for the size of the

Gene, % of all reads

low regardless of the station and calculation method
and which matches the low measured '’NH," produc-
tion rates at all stations (Fig. 3). There was no cor-
relation between the relative abundance of the MAGs
containing denitrification genes and the potential
denitrification rates, or denitrification genes and N,O
production rates (Fig. 3).

Discussion
Quality of organic matter

Determining the quality and quantity of sediment
organic matter is not standardized, and therefore often
various parameters are used to characterize it. In this
study, quality of organic matter is defined as an ease
for microbes to degrade it. The LOI%, which is used
as a robust indicator of the amount of organic matter
in the sediment, had no clear differences between the

. St 1
3 st2
I st3

\s o © & . \s Q N D S+
& EETFEE LN
o N (\\
00

bin (% of community) and relative to all shotgun metagenomic
reads (% of all reads). Deni+ Fe ox denotes for MAGs contain-
ing genes for both NO,~ reduction and Fe** oxidation
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sampling stations. The C:N ratio was increasing and
the percent of C from phytoplankton was decreasing
from Stl to St3, indicating that the degradability of
organic matter was decreasing with water depth, as
expected (Den Heyer & Kalff, 1998). The percent of
C from phytoplankton indicates the biodegradability
of the organic matter, thus the higher the percentage
of C is from phytoplankton, the less it contains alloch-
thonous C, that is recalcitrant for microbial miner-
alization. Organic acids (lactate + acetate) have been
less frequently used as a quality parameter for organic
matter. Organic acids are degradation products of
organic substances but also act as a major electron
donor for micro-organisms that use inorganic com-
pounds as electron acceptors. Acetate acts as a major
substrate for micro-organisms that use inorganic
compounds as electron acceptors (Thamdrup, 2000).
Thus, organic acids are intermediates in the carbon
mineralization pathway and their concentration in the
sediment reflects microbial activity and potential for
microbial processes. The organic acid concentration
was the highest at Stl, indicating that both the carbon
mineralization processes and the substrate availability
for further processing was the highest.

The microbial communities in the sediment also
responded to the quality of organic matter. The
community composition differed between stations,
although the sediment depth still caused the highest
differences in the microbial community structure. At
all stations, the dominant OTUs, that also contributed
most to the differences between stations, contained
several nitrifying taxa (Supplement 3), which reflects
overall the low degradability of organic matter in
this lake, thus creating favorable conditions for auto-
trophic microbes (Jantti et al., 2011).

Denitrification and nitrous oxide emissions from
boreal lakes

Generally, the highest denitrification rates are
found in sediments rich in organic carbon and
NO;™ (Knowles, 1982) and therefore we expected that
the highest denitrification rates would be found at St1,
which had the lowest C:N ratio and highest amount of
bioavailable C (highest percent of C from phytoplank-
ton and organic acid concentrations). Indeed, the
highest N, production rates were measured from Stl,
but the highest total denitrification rates (N,+N,0)
were measured at St3, where the measured sediment
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characteristic (C:N ratio, percent of phytoplankton of
C, organic acid concentrations) indicated a lower deg-
radability of organic matter. However, denitrification
at St3 was incomplete as over 90% of the end product
was N,O The lowest total denitrification rates were
measured at St2, where the share of bioavailable C
(i.e., the organic acid concentration) in the porewater
was the lowest.

Overall, the N,O/N, +N,O ratio in the slurry sam-
ples was high (48-95%), as typically N,O produc-
tion is less than half of the N, production (Seitzinger,
1988; Beaulieu et al., 2011; Myrstener et al., 2016).
The dominance of N,O over N, production at the
sampled stations can be partially explained by the
NO;™ amendment to the slurries, because NO;™ is
preferred over N,O as an electron acceptor (Blackmer
& Bremner, 1976; Richardson et al., 2009) and N,O/
N,+N,0 ratio has been shown to increase in high
NO;™ concentrations (Oremland et al., 1984; Silven-
noinen et al., 2008). Also, NO;~ reduction to N,O
proceeds faster than the N,O reduction to N, espe-
cially when the quality of organic matter is low (Gar-
cia-Ruiz et al., 1998a; b), suggesting that high N,O
emissions are more likely to occur when the share of
bioavailable carbon is low. Indeed, Aalto et al. (2018)
observed previously that in boreal lake sediments in
Central Finland, even poor-quality organic matter
supported truncated denitrification and only the last
step to N, was inhibited.

The results of this experiment could explain the
recently reported high N,O concentrations in boreal
lakes during winter (Kortelainen et al., 2020). Since
the N,O production does not respond to changes in
temperature like N, production (Saunders & Kalff,
2001; Silvennoinen et al., 2008) and even poor-qual-
ity organic matter can support truncated denitrifica-
tion, the conditions for N,O production remain suit-
able even during winter months when availability of
biodegradable carbon originating from phytoplank-
ton is low. Also, it appears that profundal sediments
could be important sites for N,O production unlike
observed by Huttunen et al. (2003) who measured the
highest N,O production rates in littoral sediments.

The '"NO,~ reduction rates did not correlate with
the relative abundance of organisms capable of deni-
trification, which is common (Dandie et al., 2008;
Cuhel et al., 2010), because the presence of a deni-
trification genes does not always necessarily indicate
NOj;™ respiration (Pandey et al., 2020). Nevertheless,
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according to the MAG data the microbes harbor-
ing the nosZ gene, of which low abundance has been
linked to N,O emissions (Saarenheimo et al., 2015;
Xu et al., 2020), consisted of the lowest percentage
of the community at St3 where the N,O production
was the highest. Interestingly, nosZ was dominated
by ‘atypical’ clade II gene variants, which have been
associated to organisms lacking enzymes for com-
plete denitrification (Sanford et al., 2012). The high
N,O emissions linked to dominance of nosZ clade II
variant suggests that for the nosZ clade II variant to
efficiently reduce the N,O to N,, easily degradable
organic matter is required.

Dissimilatory nitrate reduction to ammonium
(DNRA)

Overall DNRA rates are poorly quantified in boreal
lake sediments. Of the few DNRA rates that are avail-
able, the results show that in general the DNRA rates
are low compared to denitrification rates (Aalto et al.,
2018). This is partially because the conditions for het-
erotrophic DNRA in typical boreal lakes are not opti-
mal due to high NO;™ to labile organic carbon ratio,
which is known to favor denitrification over DNRA
(Kelso et al., 1997; Kraft et al., 2014). Chemolitho-
trophic DNRA has also been thought to be negligible
in freshwater ecosystem because of low availability
of sulfides (Fenchel & Blackburn, 1979), which pres-
ence has been shown to favor DNRA over denitrifica-
tion (Brunet & Garcia-Gil, 1996; Christensen et al.,
2000). However, the recent discovery of Fe* driven
DNRA in lake sediments (Robertson & Thamdrup,
2017; Cojean et al., 2020) suggests that DNRA could
be an important process especially because transport
of Fe to boreal lakes has been increasing during the
past decades (Weyhenmeyer et al., 2014). Despite the
increasing evidence of the linkage between N and Fe
cycles, we found negligible DNRA rates compared
to denitrification in this NO;~ and Fe rich lake, even
under elevated Fe’* and NO,~ availability in the
sediment layers, where conditions should have been
otherwise favorable for Fe** driven DNRA. Despite
the overall low rates, the relative DNRA rates were
the highest at St2, where the amount of bioavail-
able C was lowest, supporting to some degree our
hypothesis that proportional DNRA rates increase,
when the degradability of organic matter decreases.
The low DNRA rates are further supported by the

metagenomic results, showing that potential DNRA
organisms were rare, as the MAGs of potential deni-
trifying NO,™ reducers (i.e., having nirS, nirK, and
aniA genes) significantly outnumbered them at all
sites. Also, we could not detect any medium to good
quality MAG that contained genetic potential for both
DNRA (i.e., nrfA gene) and iron oxidation, which is
a further indication of low potential for microbial Fe
driven DNRA.

Effect of ferrous iron on nitrate reduction rates

Fe?* can affect NO;~ reduction rates through direct
and indirect chemical reactions, microbially mediated
processes, or by combination of all above. There are
several thermodynamically favorable chemical reac-
tions between N-species and Fe** (Picardal, 2012)
of which one of the best documented is the reaction
between Fe’* and NO,, resulting in N,O forma-
tion (Moraghan & Buresh, 1977). Nevertheless, the
step from NOj; reduction to NO,™ still must be medi-
ated by microbes because the chemical reduction of
NO,~ by Fe** proceeds slowly without a suitable
catalyst, such as Cu?t (Buresh & Moraghan, 1976).
Hence, the stimulation of '>N,O and N, production
rates by Fe?™ at St1 and >N, production at St3 are
likely to be a result of combination of microbial and
chemical reactions. Another, well documented chemi-
cal reaction between NO;™ and Fe, is the formation
NH,* when green rusts act as a reactant (Hansen
et al.,, 1994, 1996). The green rusts can be found in
sediment, are highly reactive and consist of tri- octa-
hedral Fe(II)-Fe(Il)hydroxide layers separated by
hydrated anionic interlayers. Although this can be
competitive pathway for microbial DNRA (Picardal,
2012), green rusts were not visually detected in any
of the slurry samples. Nevertheless, the additions of
Fe?* stimulated formation of '>NH," and the possi-
bility of chemistry driven DNRA cannot be excluded,
especially because of microbes that posses’ genes for
both DNRA and Fe?* oxidation were not detected.
Although, the microbial reactions between Fe®*
and NO;™ have been known known to exist for more
than two decades (Straub et al., 1996), the role of
microbial Fe** oxidation with NO;~ reduction in
natural sediments has remained unclear. In an experi-
ment with microbial mass from Lake Lugano sedi-
ments, N, production was stimulated at low Fe*
enrichment levels (Fe’* < 258 pM) but almost
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completely suppressed at higher levels (>1300 pM)
(Cojean et al., 2020). Because of the difference in
experimental set ups, the results are not directly com-
parable, but stimulation of denitrification by Fe?* at
St1 and St3 appears to be in line with the results from
Lake Lugano.

The role of organic carbon in Fe** driven
NO;™ reduction is not clear, because although purely
chemolithoautotrophic, Fe** driven NO,™ reduction
has been shown to exist (Laufer et al., 2016), mixo-
trophic (i.e., organic carbon is required for growth of
NO;~ reducing Fe** oxidizing microbes) metabolism
has been found to be common in freshwater sedi-
ments (Benz et al., 1998; Straub & Buchholz-Cleven,
1998). Based on the results from this experiment, we
propose that Fe** oxidizing, NO;™ reducing processes
leading to denitrification are linked to the presence of
fermentable carbon sources, such as lactate, because
at Stl, where lactate was present, all denitrifying pro-
cesses were stimulated by Fe>*. DNRA in the other
hand was stimulated by Fe®* at all stations, regard-
less of the quality of organic matter, suggesting that
Fe?* driven DNRA is either mediated by chemolitho-
trophic microbes or is a purely chemical process.

Many Fe oxidizing, NO;~ reducing bacteria have
been intensively studied in cultures (i.e., Straub et al.,
2004; Kumaraswamy et al., 2006; Weber et al., 2006)
and it is known that the anaerobic NO;~ reducing Fe
oxidizers are not found exclusively in one class of
the Proteobacteria, unlike most Fe oxidizing bacte-
ria (Hedrich et al., 2011). However, their taxonomy
in natural environments, especially in the boreal
regions, is not yet well described. Our metagenomic
analyses shed light to the taxonomy of Fe oxidizing,
NO;~ reducing microbes in boreal lake sediments
by revealing several unidentified bacterial clades, for
example in the FCB group and phylum Candidatus
Eisenbacteria, which need further investigations on
their ecological meaning. Candidatus Eisenbacteria
was first detected in an aquifer adjacent to the Colo-
rado River (USA) (Anantharaman et al., 2016) thus
it is not unique to boreal region. It is noteworthy that
nearly half of the MAGs which had genes for deni-
trification, also had genes for Fe oxidation, hence the
genetic potential for Fe oxidation appears to be quite
common among denitrifying bacteria. Genetic poten-
tial for Fe2* driven DNRA, in the other hand, appears
to be not common, mainly because of no microbes
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harboring genes for both DNRA and Fe?* oxidation
was detected. Also, the linear response of DNRA
rates to Fe?™ additions regardless of the other envi-
ronmental parameters is pointing toward chemistry
driven Fe oxidation coupled to DNRA.

Conclusion

The relative proportion of N,O production com-
pared to N, production was one of the highest meas-
ured in lake sediments. The relative importance of
N, production decreased if easily degradable carbon
sources were not present. These findings suggest that
truncated denitrification might be an important sink
for NO;™ and lakes might be more important source
of N,O than previously assumed, particularly dur-
ing winter. The leakage of N,O appeared to be also
linked to dominance of nosZ clade II variant, which
is known to be harbored by non-traditional denitrify-
ing microbes that do not perform the other steps of
the denitrification pathway. Our results suggest that
the denitrifying microbes utilizing Fe** as an elec-
tron donor are mixotrophic, whereas the Fe* driven
DNRA is independent of the availability of organic
substrates. This is either because the Fe2* oxidizing,
NO;™ reducing DNRA microbes are chemolitho-
trophs, or because the reaction is purely driven by
chemistry with no microbes involved. The taxonomic
analyses revealed that the microbial communities
vary along the depth gradient and quality of organic
matter and that there are several previously uniden-
tified bacterial groups capable of Fe oxidation and
NO;™ reduction.
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