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Abstract. Nitrate pollution of freshwaters and methane emis-
sions into the atmosphere are crucial factors in deteriorating
the quality of drinking water and in contributing to global
climate change. The n-damo (nitrite-dependent anaerobic
methane oxidation), nitrate-dependent anaerobic methane
oxidation and the anaerobic oxidation of ammonium (anam-
mox) represent two microbially mediated processes that can
reduce nitrogen loading of aquatic ecosystems and associ-
ated methane emissions to the atmosphere. Here, we report
vertical concentration and stable-isotope profiles of CHy,
NO3_ , NOZ_ , and NH;x|r in the water column of Fohnsee
(lake in southern Bavaria, Germany) that may indicate link-
ages between denitrification, anaerobic oxidation of methane
(AOM), and anammox. At a water depth from 12 to 20 m,
a methane—nitrate transition zone (NMTZ) was observed,
where §13C values of methane and §'°N and 8'80 of dis-
solved nitrate markedly increased in concert with decreas-
ing concentrations of methane and nitrate. These data pat-
terns, together with the results of a simple 1-D diffusion
model linked with a degradation term, show that the nonlin-
ear methane concentration profile cannot be explained by dif-
fusion and that microbial oxidation of methane coupled with
denitrification under anaerobic conditions is the most parsi-

monious explanation for these data trends. In the methane
zone at the bottom of the NMTZ (20 to 22 m) 89N of am-
monium increased by 4 %o, while ammonium concentrations
decreased. In addition, a strong I5N enrichment of dissolved
nitrate was observed at a water depth of 20 m, suggesting that
anammox is occurring together with denitrification. The con-
version of nitrite to N, and nitrate during anammox is associ-
ated with an inverse N isotope fractionation and may explain
the observed increasing offset (ASN) of 26%o between
8N values of dissolved nitrate and nitrite at a water depth of
20 m compared to the A1 Nhitrate-nitrite Of 11 %o obtained in
the NMTZ at a water depth between 16 and 18 m. The associ-
ated methane concentration and stable-isotope profiles indi-
cate that some of the denitrification may be coupled to AOM,
an observation supported by an increased concentration of
bacteria known to be involved in n-damo/denitrification with
AOM (NC10 and Crenothrix) and anammox (“Candidatus
Anammoximicrobium”) whose concentrations were highest
in the methane and ammonium oxidation zones, respectively.
This study shows the potential for a coupling of microbially
mediated nitrate-dependent methane oxidation with anam-
mox in stratified freshwater ecosystems, which may be im-
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portant for affecting both methane emissions and nitrogen
concentrations in lakes.

1 Introduction

Methane is a more potent greenhouse gas than CO, and
is responsible for 20 % of global warming (IPCC Working
Group I, 2001). Bastviken et al. (2004) have shown that la-
custrine ecosystems may be responsible for 6-16 % of natu-
ral methane emissions. However, the variability in methane
emissions and the lack of knowledge about their main envi-
ronmental controls contribute to large uncertainties about the
global CH4 budget (Sabrekov et al., 2017).

Methane is abundantly formed in anaerobic lake sediments
by methanogenesis (Borrel et al., 2011; Conrad et al., 2007;
Nordi et al., 2013) and diffuses upwards through the wa-
ter column toward the oxycline of often nitrate-containing
seasonally stratified lakes. With the discovery of the anaero-
bic oxidation of methane (AOM) coupled to nitrate or nitrite
reduction more than 10 years ago a new process was sug-
gested that has the potential to reduce emissions of green-
house gases of lacustrine environments by oxidizing CHy
to CO; under anoxic conditions (Ettwig et al., 2010; Ha-
roon et al., 2013; Raghoebarsing et al., 2006). Under con-
trolled laboratory conditions, experiments have shown that n-
damo (nitrite-dependent anaerobic methane oxidation) bac-
teria that are members of the candidate phylum NC10 use
nitrite for the anaerobic oxidation of methane (Ettwig et al.,
2010), while archaea such as ANME-2d prefer nitrate as an
electron acceptor (Haroon et al., 2013). Evidence of archaeal
AOM coupled with bacterial denitrification was first reported
from culture experiments with two microorganisms, “Candi-
datus Methylomirabilis oxyfera”, which belongs to the phy-
lum NC10 and reduces nitrite to N>, and ANME-2d lineage
that uses methane to reduce nitrate to nitrite (Raghoebarsing
et al., 20006).

Filamentous methane-oxidizing bacteria related to the
genus Crenothrix (Gammaproteobacteria) also use nitrate as
a terminal electron acceptor (Kits et al., 2015; Naqvi et al.,
2018; Oswald et al., 2017). Therefore, Crenothrix may act as
a driver for methane oxidation in nitrate-containing stratified
lakes, where environmental and redox conditions can often
change over seasonal periods. A few environmental studies
have documented the presence of NC10-like bacteria in lake
sediments, which are thought to have a similar metabolism to
Ca. M. oxyfera. Via micro-sensor measurements and molec-
ular biological analysis it was postulated that Ca. M. oxyfera
is responsible for n-damo in the sediments of Lake Constance
(Deutzmann et al., 2014), while others found some evidence
of n-damo in the sediments of a lake in Japan (Kojima et al.,
2012).

It has been speculated that denitrification can co-occur
with anammox at oxic—anoxic interfaces (Strous and Jetten,
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2004; Thauer and Shima, 2008). In the late 1980s, microor-
ganisms driving the anammox reaction were first discovered
in a wastewater pilot plant (Francis et al., 2007; Mulder et al.,
1995). Subsequently, the significance of the anammox pro-
cess in the nitrogen cycle of freshwater systems was shown in
numerous studies (e.g., Schubert et al., 2006), and it was sug-
gested that the process is of key environmental significance
(Kuypers et al., 2003). The coexistence of heterotrophic den-
itrification, n-damo, and anammox was clearly demonstrated
in bioreactor studies supplied with nitrate, methane, and am-
monium (Haroon et al., 2013; Hu et al., 2015; Luesken et al.,
2011; Shi et al., 2013).

By comparison, the number of studies demonstrating the
co-occurrence of n-damo and anammox processes in natu-
ral aquatic environments is limited (e.g., Shen et al., 2014;
Zhu et al., 2018). More information is needed on the connec-
tion of these processes in the natural environment, in order
to obtain an accurate estimation of methane fluxes to the at-
mosphere and to identify the factors driving and limiting the
reduction of nitrate and its intermediates in lacustrine envi-
ronments. Stable-isotope fractionation has often been used
to identify microbial transformation processes affecting ni-
trogen and carbon, including denitrification and AOM (e.g.,
Wunderlich et al.,, 2012). Recently, Granger and Wankel
(2016) showed that displaying the isotope compositions of
nitrate in a 2-D isotope plot (§'80/8'°N) enables the distinc-
tion between denitrification and anammox. In addition, aer-
obic and anaerobic methane oxidation has often been docu-
mented by increasing §'3C values in the remaining methane
(Eller et al., 2005; Feisthauer et al., 2011). However, the sep-
aration of aerobic and anaerobic oxidation of methane based
on calculated isotope enrichment factors of methane may fall
short because of overlapping carbon isotope enrichment fac-
tors (Feisthauer et al., 2011).

Here we report chemical and isotopic evidence together
with quantitative PCR (qPCR) and high-throughput Illumina
sequencing of 16S rRNA genes to provide evidence for
the co-occurrence of n-damo/denitrification with AOM and
anammox in a natural freshwater habitat. We also applied a
simple 1-D diffusion model and coupled the diffusion model
with a degradation term to test the hypothesis that methane
oxidation with nitrate was microbially mediated. Our find-
ings show that microbially mediated linkages between n-
damo/denitrification with AOM and anammox have the po-
tential to constitute an important sink of both dissolved nitro-
gen (NO;, NO, , and NH;{) and methane (CHy) in stratified
freshwater ecosystems.

2 Material and methods
2.1 Field site

The Osterseen are located in southern Germany and consist
of a series of lakes that are hydrologically connected (Braig

https://doi.org/10.5194/bg-17-5149-2020



F. Einsiedl et al.: Anaerobic methane oxidation and anaerobic ammonium oxidation 5151

et al., 2010). The chain of lakes was formed after the rapid
disintegration of the last ice sheet at the end of the Pleis-
tocene. Fohnsee, which was sampled in 2016, is one of the
Osterseen. The lake is circa 22 m deep, fed by groundwater,
and stratified during summer with an oxic zone (epilimnion)
near the surface and an anoxic redox zone (hypolimnion) be-
low a water depth of approximately 12 m.

2.2 Sampling

A field campaign at Fohnsee was performed in summer 2016
to obtain depth-resolved water samples throughout the wa-
ter column of the lake to a depth of 22 m. During the field
campaign a submersible probe with sensors for tempera-
ture and oxygen content was used. Dissolved oxygen con-
centrations and lake water temperatures with a depth reso-
lution of 1 m were measured on site. Water samples were
taken with a discrete 2L sampling unit (“Ruttner bottle™)
with a depth resolution between 1 and 2m. The detection
limit of the oxygen sensor (FDO 925, WTW, Xylem, Ger-
many) was < 0.625 umol L™'; the analytical error was 0.5 %
of the measured value for oxygen. In addition to the in situ
measurements, samples for the laboratory-based measure-
ment of major anion and cation concentrations, and water
isotopes (87H and 8'30) were field-filtered with 0.2 um PES
filters and stored in airtight 1.5 mL glass vials. Samples for
isotope analysis of nitrite (§'°N), nitrate ("N and §'80),
and ammonium (8'°N) were field-filtered with 0.2 pm PES
filters and stored in PE vials. Isotope samples were frozen
at —23°C until processing. Samples for analysis of DOC
(dissolved organic carbon) concentrations were collected in
50 mL glass bottles, filtered with 0.45 um PVDF filters and
measured immediately in the laboratory. Samples for the
concentrations and isotope analysis of methane (8'3C) were
transferred into 200 mL glass vials without headspace and
sealed with crimped butyl stoppers. Samples for molecular-
biological investigations were collected in 2L sterile glass
bottles. Subsequently the 2L water samples were divided
into two 1L samples for replicate measurements, and each
sample was filtered in the laboratory using a 0.2 um sterile
filter. The filter including the microbial biomass was kept
frozen at —23 °C prior to analysis.

2.3 Determination of water chemistry and DOC

The samples were analyzed with ion chromatography for
concentrations of nitrate, nitrite, ammonium, and sulfate.
The analyses were performed in triplicate using two paral-
lel Thermo Scientific ICS1100 instruments, one with CS12A
(cations) and the other with AS9-HC (anions) columns.
Values are reported as mean values (n =3) with an un-
certainty of less than 10%. The detection limits are <
0.008 mmolL~! for nitrate, < 0.007 mmolL~! for nitrite,
and < 0.005 mmol L~ for ammonium.
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DOC concentrations were determined by lowering the pH
of the samples to remove inorganic carbon and subsequent
spectral analysis of CO, after combustion (Analytic Jena
Multi N/C 3100) with a measurement uncertainty of £5 %
and a detection limit of 0.5 mgL ™.

2.4 Analytical model for evaluating methane diffusion
and the potential of micro-aerobic oxidation of
methane in the water column

For the 1-D diffusion model, a semi-infinite system was as-
sumed where the lower boundary (at z = 0) is kept at a con-
stant input concentration Cp, and the initial concentration
throughout the system is zero. The following formula (Eq. 1)
from Crank (1975) represents an analytical solution, which
was used to determine the methane concentration as a func-
tion of depth (resolved in 0.1 m intervals) along the 10 m long
water column below the oxycline at time #:

C(z,t) = Cgerfc (D

_
2/(K 1)’

where C [pmolL’l] is the methane concentration in the wa-
ter column as a function of distance (depth) z and time;
Co [pmolL_l] is the constant concentration of methane at
the lower boundary, located at a depth of 22 m below the
lake surface (bottom of the water column); and K, [m2d—!]
represents the turbulent diffusion coefficient for methane
in water. For modeling, time ¢ was set to 90d. This cor-
responds to the period where stagnant conditions for lake
water are assumed to prevail (no advective mixing) so that
methane is transported within the water column by diffu-
sion only. For methane a turbulent diffusion coefficient of
K.=12x10"%m?s~!, corresponding to 0.1 m2d~"!, was
calculated for Fohnsee according to Wenk et al. (2013) and
Bless et al. (2014) with the system-specific parameter ay of
0.000343 cm?s~2. The K. value is at the lower range typ-
ically applied for methane flux calculations and modeling
(0.1-2.1m?d~") at stratified lakes such as at Rotsee and
Lake Lugano (Oswald et al., 2015; Wenk et al., 2013).

If the diffusing substance is microbially degraded or im-
mobilized, the differential equation for diffusion needs to be
extended by additional reaction terms. If first-order degra-
dation is considered, an analytical solution is also available
from Crank (1975), which was used for 1-D modeling of
methane diffusion and degradation (Eq. 2):

C(z,t) = %exp (—z\/k/KZ> erfc( <

)

2K
Co <
+76xp (z\/k/KZ> erfc(z\/K_Zt—l—\/E), 2)

where k is the first-order degradation rate constant (d=h.
Here we used the k value as fitting parameter and compared
it to literature data from Roland et al. (2017). If the argument
kt in Eq. (2) is large enough so that erfc is approaching 2 at
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the left-hand side and O at the right-hand side, Eq. (3) simpli-
fies as follows (Crank, 1975):

C =Cpexp (—x\/W) . 3)

2.5 Measurement of stable-isotope ratios

The natural abundance stable-isotope ratios of nitrogen
(">N/!N) in NHJ, NOJ, and NO; and oxygen (130/!°0)
in NO; and NO, as well as carbon isotope ratios (Bc/20)
of methane constitute a powerful tool to identify biogeo-
chemical transformation processes involving these com-
pounds. During AOM and denitrification the lighter isotopes
(12¢, N, and °0) react preferentially, leading to an en-
richment of the heavier isotopes (13C, I5N, and 18O) in the
residual substrate pool (CHg, NO;', and NHI) and an en-
richment of the lighter isotopes in the newly formed prod-
ucts CO;, NO, , and N». Stable-isotope ratios of C, N, and
O are reported using the conventional delta (§) notation ex-
pressed as § = (% — 1) [%o], where Rgample and Rsgandard
are the ratios of heavy vs. light isotopes in the sample and an
international standard, respectively.

2.5.1 Water isotope composition

Hydrogen and oxygen isotope ratios of water ('80/1°0 and
2H/'H) were analyzed by off-axis laser spectroscopy using
a water analyzer (Los Gatos Instruments IWA-45EP) with
a precision of 0.1 %o for 880 and 0.5%o for §°H and are
reported with respect to Vienna Standard Mean Ocean Water
(V-SMOW).

2.5.2 Isotope compositions of nitrate, nitrite, and
ammonium

8N and 8'80 values of nitrate and 89N values of nitrite
and ammonium were obtained by the production of N, O fol-
lowing modified protocols of procedures reported by Mcll-
vin and Altabet (2005), Semaoune et al. (2012), and Zhang
et al. (2007), respectively. Nitrite was converted to N2O us-
ing acetic acid buffer sodium azide, similar to the analysis
of nitrate. In order to ensure the proper reduction of nitrite to
N>O, in addition to the samples, internal laboratory standards
for KNO; were analyzed in each batch (Lb1, § ISN = —63 %o,
and Lb2, 81PN = +2.7 %0). Corrections of the raw 89N val-
ues were made based on the known values of the nitrate and
nitrite standards. In a second aliquot of the sample, nitrate
was first reduced to nitrite in an activated column of cad-
mium and the mixture of both nitrate and nitrite was reduced
to N>O via azide. The yield of conversion was better than
95 %. Nitrogen isotope ratios of nitrate were calculated by
measuring nitrite alone as well as the mixture of nitrite and
nitrate in a sample and using an inverse mixing calculation to
determine the isotopic ratios of nitrate alone. For §'30 val-
ues of nitrate we performed a mass-weighted isotope mass
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balance calculation assuming that at a pH of 7 the §'30 of ni-
trite is in equilibrium with water with a value close to +4 %o
(Casciotti et al., 2007). Ammonium was oxidized to nitrite
using hypobromite (BrO™). The nitrite produced from am-
monium oxidation was then transformed into dissolved N,O
by buffered azide solution for subsequent analysis. The iso-
tope compositions of all N»O samples were measured with
an isotope ratio mass spectrometer (IRMS; Delta V Plus,
Thermo Scientific, Bremen, Germany) in continuous-flow
mode with a purge-and-trap system coupled with a Finni-
gan GasBench II system (Thermo Scientific, Bremen, Ger-
many). Results are reported in the internationally accepted
delta notation in units of per mil with respect to the stan-
dards AIR for 81N and V-SMOW for §!30. Ammonium,
nitrate, and nitrite reference materials subject to the same an-
alytical procedures were used to calibrate the isotopic com-
position of N;O. The standards USGS25, SN = —30.4 %o;
IAEA-N1, 85N =0.4%0; ITAEA-N2, §!°N =20.3%0; and
IAEA-305, §'N = 39.8 %o, were used for ammonium ref-
erence materials, and USGS34, 81N = —1.8 %o, 8180 =
—27.9%q; USGS35, 815N = +2.7 %0, §'80 = +57.5 %0; and
USGS32, 81N = +180 %o, §'80 = +25.7 %0, were used to
calibrate nitrate measurements. Laboratory nitrite standards
Lbl, 8'5N = —63 %o, and Lb2, §!1°N = +2.7 %o, were used
to calibrate nitrite isotope analyses. The precision for § N
values of ammonium was 4-0.3 %o. The precision for §'N
values of nitrate and nitrite was £0.5 %o, and for §'80 of ni-
trate it was +0.8 %o.

2.5.3 Concentrations and carbon isotope ratios of
dissolved methane

The concentrations and carbon isotope ratios of dissolved
methane in the lake water samples were determined from
the same bottle using the static headspace equilibrium tech-
nique (EPA, 2002) where 10 % of the water sample in the
capped bottles was replaced with helium followed by out-
gassing of the dissolved gases in the water sample into the
headspace for 1h at 25 °C. Subsequently, the concentration
of methane in the headspace was determined by manual in-
jection of > 2mL of gas into a gas chromatograph (Bruker
450) with a measurement uncertainty of < 45 %. The con-
centration of dissolved methane in the water samples (in
mgL~") was subsequently determined using Henry’s law
(EPA, 2002).

The carbon isotope ratios of methane in the headspace of
the same samples were analyzed on a ThermoFisher MAT
253 IRMS coupled to a Trace GC Ultra + GC Isolink (Ther-
moFisher) after manual injection of < 1 mL of gas. We as-
sumed negligible C isotope fractionation between dissolved
methane and methane in the headspace (e.g., Feux, 1980)
and therefore report the measured 8'3C values for headspace
methane. Carbon isotope ratios of methane are reported in
the standard delta notation in units of per mil relative to
the VPDB standard. Instrument stability and linearity was
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ensured by daily measurements of an in-house methane
mix of 5% CHy (balance helium). Carbon isotope analy-
ses of methane were standardized by measurements of Iso-
metric Instruments (Victoria, BC, Canada) gases containing
methane with known 8'3C values including the following:
B-isol (8'3C = —54.5%o, *H = —266 %), L-isol (813C =
—66.5%0, 8*H = —171 %), and H-isol (8'3C = —23.9 %,
82H = —156 %o). The precision for carbon isotope analyses
on dissolved methane was better than 0.5 %o.

2.6 DNA extraction

Microbial biomass was collected on 0.22 um cellulose ac-
etate filters (Corning Inc., NY, USA) in the laboratory after
sampling and stored frozen on dry ice and later at —23°C
until DNA extraction. Total DNA for groundwater microbial
community analysis was extracted from frozen filters as pre-
viously described (Brielmann et al., 2009).

2.7 Quantitative gene sequencing

Quantitative PCR (qPCR) was performed using the custom-
primer dual-indexed approach that is commonly applied
in microbial ecology community analyses (Kozich et al.,
2013) and targets the V4 hypervariable region of the
16S rRNA gene using updated 16S rRNA gene primers
515F/806R (515F: 5'-GTGYCAGCMGCCGCGGTAA-3,
806R: GGACTACNVGGGTWTCTAAT) as described previ-
ously (Coskun et al., 2018). These “universal” primers cover
all major groups of bacteria and archaea, and have the “Y”
ambiguity code insertion into the 515F forward primer to in-
crease the coverage of archaea (Parada et al., 2016). gPCR
reactions were prepared using an automated liquid handler
(pipetting robot); the EpMotion 5070 (Eppendorf) was used
to set up all gPCR reactions and standard curves. The effi-
ciency values of the gPCR were < 90 % with R? values >
0.95%. qPCR was performed using white 96-well plates.
The technical variability of 16S rRNA gene qPCR measure-
ments was determined to be consistently < 5 % under the Ep-
Motion 5070.

Barcoded V4 hypervariable regions of the amplified 16S
rRNA genes from the qPCR were sequenced on an Illumina
MiniSeq following an established protocol (Pichler et al.,
2018). This yielded a total of > 2000000 raw sequencing
reads that were then subjected to quality control. In order to
quality-control the operational taxonomic unit (OTU) pick-
ing algorithm for the data, we also sequenced a “mock com-
munity” alongside our environmental samples. The mock
communities contained a defined number of species (n = 18)
all containing 16S rRNA genes > 3 % difference (Pichler et
al., 2018). USEARCH version 10.0.240 was used for quality
control and OTU picking (Edgar, 2013); OTUs were clus-
tered at 97 % sequence identity. The taxonomic relationship
of OTU representative sequences was identified by BLASTn
searches against the SILVA database (http://www.arb-silva.
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de, last access: June 2019) version 132. To identify contami-
nants, 16S rRNA genes from extraction blanks and dust sam-
ples from the lab were also sequenced. These 16S rRNA gene
sequences from contaminants were used to identify any con-
taminating bacteria in our samples. All OTUs containing se-
quences from these “contaminant” samples (< 5 % of total)
were removed prior to downstream analysis.

The qPCR and sequencing data were then used to quantify
the abundance of individual 16S rRNA genes per OTU across
the sampled water column, in the different biogeochemical
zones. The fractional abundance (percent total sequences per
sample) of each 16S OTU was multiplied by the total number
of 16S rRNA genes per sample. This provided quantitative
gene abundance per OTU, converting the relative abundance
in the 16S rRNA gene libraries into quantitative values.

3 Results
3.1 Temperature, sulfate, and DOC depth profiles

DOC concentrations were highest at the lake surface with
concentrations of nearly 5mgL~! and decreased to values of
around 3 mg L~ at the lake bottom (Fig. 1a). The lake wa-
ter surface temperature was 18 °C and decreased to 5 °C at
a water depth of around 12 m (Fig. 1a). As a result, summer
warming resulted in a stratification of Fohnsee with the de-
velopment of an anoxic hypolimnion between 12 and 22 m
from around May to September with a constant temperature
of 5°C.

Sulfate concentrations were 0.1 mmolL~! in the epil-
imnion and remained unchanged within the analytical uncer-
tainty in the anoxic hypolimnion (Fig. 1a). Sulfate concen-
trations only decreased from a mean value of around 0.1 to
0.07 mmolL~! very close to the water/lake-sediment inter-
face.

3.2 Depth profiles of O, NO_, NHI, and stable water
and nitrogen isotopes

Aerobic conditions were prevalent within the epil-
imnion with a steep oxygen concentration gradient from
>0.28 mmolL~! at the surface towards < 0.625 umolL~!
below 12m (Fig. 1b). The average concentration of nitrate
in the epilimnion was 0.21 mmolL~!' (Fig. 1b). Below
12m, in the nitrate—methane transition zone (NMTZ),
dissolved oxygen concentrations decreased below detection
(< 0.625umol L"), and at a water depth of 21 m nitrate
concentrations decreased to < 0.008 mmol L—!, while nitrite
concentrations peaked at 0.02mmolL~! at a water depth of
20m. Ammonium concentrations decreased from around
0.06 mmolL~! at the lake bottom to the oxycline and were
below detection (< 0.005 mmolL~!) above a water depth of
12 m (Fig. 1b).

8N and 8'80 values of dissolved nitrate increased in the
anoxic water column (O, concentration < 0. 0.625 umol L™!

Biogeosciences, 17, 5149-5161, 2020
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Figure 1. (a) Temperature profile and vertical distribution of concentrations of DOC and sulfate; (b) concentrations of dissolved nitrate,
nitrite, ammonium and dissolved oxygen as well as 82H and 880 values of lake water and 8180 value of groundwater (GW).

at a water depth below 12 m) of the lake from 6.7 to 45.4 %o
for 8N and from around 1.7 to 23.6 %o for §'30 (Fig. 2c).
Simultaneously, § 15N of nitrite increased from 0.1 to 18.7 %o
concurrently with increasing 89N values of nitrate (Fig. 2c).
The §'°N values of ammonium increased from 7.9 %o at the
lake bottom to 11.6 %o near the NMTZ, while simultane-
ously decreasing ammonium concentrations from 0.060 to
0.045 mmol L~! were observed (Fig. 2). The oxygen isotope
ratios of lake water varied between —10.4 and —9.5 %o for
8180. 8%H values were —73.0%o. In the aquifer the §'30
value was very close to —10 %o (Fig. 1b), supporting earlier
findings that lake water is mainly derived from groundwater
(Braig et al., 2010).

3.3 Depth profile of methane concentrations and C
isotope ratios

Concentrations of dissolved methane were highest in the
methane zone (from 22 to 20m) near the lake bottom,
with concentrations of 0.16 mmol L ™1, but decreased to con-
centrations below the detection limit towards the NMTZ
(from 20 to 12 m). With decreasing methane concentrations,
613CCH4 values increased from —72 %o at the lake bottom
to —39 %o at a water depth of 18 m in the NMTZ (Fig. 2b).
Above a water depth of 18 m, methane concentrations were
too low for stable-isotope analyses. The steepest counter-
gradients of nitrate and methane concentrations were ob-
served at a water depth between 18 and 21 m (Fig. 2a and
b), exactly where nitrite concentrations peaked (Fig. 2a).

3.4 Microbial community distribution in the water
column of Fohnsee

To identify the microbial taxa potentially responsible for
mediating the N and C cycling processes identified in the
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chemical and stable-isotope profiles, we performed high-
throughput [llumina sequencing of the V4 hypervariable re-
gion of the 16S rRNA genes together with qPCR at selected
depths throughout the water column corresponding to the
distinct geochemical zones identified in the vertical chem-
ical profiles. Analysis of similarity (ANOSIM) performed
on the data revealed that significantly (R: 0.57, P = 0.002)
different microbial communities inhabited four geochemical
zones in the water column: the oxic lake water (6 m); the up-
per NMTZ (12-14m); the lower NMTZ (1618 m); and a
methane-rich zone near the lake bottom, where nitrate and
nitrite concentrations decreased towards the detection limit
(20-22 m) (Figs. 2a and 3). The differences in the communi-
ties are attributed to a decrease in the Verrucomicrobia and
Actinobacteria with depth, and a large increase in the rel-
ative abundance of Gammaproteobacteria at a water depth
of 22m (Fig. 3b). While present at a lower relative abun-
dance, Epsilonproteobacteria, Deltaproteobacteria, and Bac-
teroidetes also increased with increasing depth below the
oxycline (Fig. 3b).

The relative abundance of populations (operational taxo-
nomic units sharing 97 % sequence identity) was converted
into quantitative terms by multiplying the fractional (rela-
tive) abundance of the populations against the total number
of 16S rRNA gene copies per sample determined by qPCR.
This revealed a peak in microbial abundance just below the
oxic—anoxic transition zone between 12 and 14 m, as well
as the presence of known OTUs affiliated with anaerobic
methane oxidizers (Crenothrix, NC10) and an OTU affiliated
with the anammox bacterium Candidatus ‘“Anammoximi-
crobium” (Fig. 3c). The methane-oxidizing Crenothrix and
NC10 OTUs showed peak abundance below the oxic—anoxic
transition zone at 12—14 m, whereas the anammox bacteria
Candidatus Anammoximicrobium showed peak abundance
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Figure 2. (a) Water column profiles below the oxycline (10 to 22 m) for methane, nitrate, nitrite, and ammonium concentrations; (b) stable-
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in this zone and in the deeper water zone between 20 and
21 m (Fig. 3c).

4 Discussion

4.1 Some evidence of AOM coupled with denitrification
in the nitrate-methane transition zone (NMTZ)

To test the hypothesis that methane diffusion from the lake
sediments towards the oxycline (as opposed to microbially
mediated AOM with nitrate reduction) can describe the ob-
served depth profiles of methane in the water column, a sim-
ple 1-D diffusion model with a constant methane input (Cop =
0.16mmol L) was applied (Fig. 4). The results indicated
that diffusion processes alone are insufficient for explaining
the nonlinear decrease of methane concentrations in the wa-
ter column. Therefore, a model run that considers methane
diffusion combined with degradation was performed. Re-
sults showed that a k value of 0.03 [d~!] for methane ox-
idation in the hypolimnion represents a good fit between
observed and modeled methane concentrations (Fig. 4). In-
terestingly, the results are in agreement with the results of
Roland et al. (2017) for microbially mediated AOM with
nitrate (k ~0.07 [d~!]) from a temperate lake during the
summer period, whereas aerobic methane oxidation rate con-
stants where generally about a factor of 10 higher. However,
because the oxic—anoxic transition zone is in close proxim-
ity to the nitrate reduction zone, numerical modeling studies
are required that link the stable-isotope ratio and concentra-
tion profiles of methane to study the effect of micro-aerobic
methane oxidation near the oxycline at Fohnsee (Fig. 4).
The vertical distribution of electron acceptors in the wa-
ter column of Fohnsee was in agreement with the expected
order of decreasing free-energy yields (Appelo and Postma,
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2005). Nitrate concentrations decreased in the water column
at a depth below 12 m, where model results suggest that dis-
solved O, was available at most in trace amounts (Fig. 1b).
Sulfate concentrations of around 0.1 mmol L~! remained un-
changed throughout the water column in the presence of ni-
trate. Near the water—sediment interface sulfate concentra-
tions decreased slightly (Fig. 1a). Decreasing sulfate con-
centrations at the bottom of the lake and nitrate concentra-
tions at the same water depth of less than 0.015 mmol L ™!
can be thermodynamically explained by partial bacterial sul-
fate reduction at low sulfate concentrations in lake sediments
(Vuillemin et al., 2018) and in micro-environments of par-
ticles near the lake sediment surface (Bianchi et al., 2028),
or by mixing effects between sulfate-free water from the
sediments, where methanogenesis may occur, and sulfate-
containing lake water.

Decreasing nitrate concentrations in the water column in-
dicate microbial nitrate reduction in the anoxic water col-
umn of the lake coupled with the oxidation of DOC (het-
erotrophic denitrification) or methane (n-damo) that are both
present in Fohnsee water (Figs. 1 and 2b). Stable-isotope data
were used to test the hypothesis that denitrification occurred
in zones where methane concentrations decreased. Methane
is formed by methanogenesis in the sediments (Conrad et al.,
2007; Nordi et al., 2013) and diffuses upwards toward the
oxycline. The §'3C value of —71.6 %o for dissolved methane
at the bottom of Fohnsee (Fig. 2b) indicates a biogenic
source (Nordi et al., 2013; Rudd and Hamilton, 1978). In the
absence of dissolved oxygen (< 0.625 umolL™!), methane
concentrations decreased and 8'3C values of methane in-
creased to values of —38.6 %o toward the oxycline (Fig. 2b),
providing some evidence for AOM. At this depth interval, ni-
trate concentrations also decreased and N and §'80 values
of nitrate increased from around 7 to 45 %o and from around
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Figure 3. Analysis of 16S rRNA gene data from microbial communities in the stratified lake. (a) Heatmap showing the relative abundance of
specific groups in the 16S rRNA gene sequencing data, and corresponding hierarchical clustering analysis (analysis of similarity (ANOSIM)
P value = 0.002) of four geochemically defined zones. For depths where replicates were obtained, the data for both replicates are shown. (b)
The relative abundance of 16S rRNA gene sequences affiliated with the major groups across the stratified water column. (¢) Abundance of 16S
rRNA gene copies determined via qPCR, and the qPCR normalized absolute abundances of 16S rRNA gene sequence relative abundances
from key populations (OTUs) potentially involved in AOM and anammox, specifically those affiliated with Crenothrix, NC10, and potential

anammox bacteria.

2 to 24 %o (Fig. 2c), respectively, while nitrite concentrations
peaked (Fig. 1b). This provides clear evidence that denitrifi-
cation was occurring in the water column, and the chemical
and isotopic data demonstrate that some of the denitrification
was coupled with microbial AOM (n-damo) in the NMTZ at
a water depth between 16 and 20 m. However, on the basis of
our isotope data we cannot exclude that denitrification is cou-
pled to the common anaerobic heterotrophic nitrate reduc-
tion, and methane oxidation is also affected by trace amounts
of oxygen in suboxic waters, as shown by Blees et al. (2014)
for Lake Lugano.

Biogeosciences, 17, 5149-5161, 2020

4.2 Some evidence of anammox at the bottom of the
NMTZ

Several lines of qualitative and quantitative evidence indicate
the co-occurrence of anammox, denitrification, and AOM to-
wards the bottom of the NMTZ. As expected the nitrite con-
centration at a water depth of 20m was highest where ni-
trate reduction occurred (Fig. 2a). Between this depth and
the lake bottom, our data strongly suggest that anammox is
the main sink of NHI. Ammonium occurs in concentrations
of up to 0.06mmolL~! at the bottom of the water column

https://doi.org/10.5194/bg-17-5149-2020



F. Einsiedl et al.: Anaerobic methane oxidation and anaerobic ammonium oxidation

Concentration (CHy4) [umol L'1]

0 40 80 120 160 200
12

" A—.C (CHy)

o % - 57 C (CHy) (model diffusion)
14 AV = = =1 C (CHy) (model diffusion+reaction)

3 4 ©—035'3C-CH,

Depth [m]
>

N
o

22

Bottom of the lake
24

-80 70 -60 -50 -40 -30
5"3C [%o]
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at 22 m, likely stemming from the heterotrophic degradation
of organic nitrogen (e.g., proteins and amino acids) close
to the sediment—water interface, and is subsequently trans-
ported from the methane zone near the lake sediments into
the overlying water column (Nordi et al., 2013; Wenk et al.,
2014), where the NHI concentration decreases continually
towards < 0.005 mmolL~! at 12m depth. The decrease in
ammonium concentration with decreasing water depth is ac-
companied by an enrichment of N in the remaining am-
monium shifting the 81 NNma values from 7.9 to 11.6 %o be-
tween 22 and 20 m water depth (Fig. 2c), suggesting that
ammonium is oxidized anaerobically while enriching the re-
maining substrate in N.

To explain the moderate isotopic shift of 4%o in §'°N
of ammonium, Wunderlich et al. (2018) suggested a trans-
port limitation model, where small nitrogen isotope fraction-
ation during denitrification can be explained. Briefly, a par-
tial transport limitation of nitrate into the cell in relation to
nitrate reduction would shift the apparent kinetic isotope ef-
fect during denitrification towards a value of unity. Similar
processes could be assumed for ammonium oxidation during
anammox at Fohnsee. As dissolved ammonium concentra-
tions are very low and probably diffusion-controlled, ammo-
nium uptake may represent the rate-limiting step, and nitro-
gen isotope fractionation may be low compared to values ob-
served by Brunner et al. (2013) in laboratory studies where
equilibrium conditions can be assumed. Wenk et al. (2014)
also found a small isotopic shift in nitrogen of around 8 %o for
anammox at Lake Lugano when almost all ammonium was
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oxidized and suggested a similar isotope model for the ob-
served low nitrogen isotope fractionation during anammox.

Above a water depth of 20m there is no isotopic evi-
dence that ammonium is oxidized under anaerobic condi-
tions, and the decrease of ammonium concentrations may be
affected by diffusion and by ammonification and nitrifica-
tion processes that may occur at the oxycline. We observed
a difference of 819N values (A§'9N) of nitrate and nitrite of
around 11 %o in the NMTZ at depths of 16 and 18 m, where
we suggest the microbial linkage of AOM and denitrifica-
tion maybe via n-damo. But again, it is also possible that
some of the denitrification is coupled to heterotrophic ni-
trate and nitrite reduction in the water column, as the nu-
merically dominant bacteria found throughout the water col-
umn were the Gammaproteobacteria, many of which are fac-
ultative anaerobes that perform heterotrophic nitrate reduc-
tion. When new nitrate is formed as metabolic product by ni-
trite oxidation during anammox, the 815N value of the newly
formed nitrate is affected by an inverse isotope effect (pref-
erential removal of N from the nitrite pool during oxida-
tion to nitrate), resulting in nitrate that is strongly enriched
in N (Brunner et al., 2013). In this study the difference be-
tween 819N values of nitrate and nitrite (A§'°N) increased
from 11%o in NMTZ to > 26 %o at a water depth of 20 m,
where 8'°N values of ammonium increased while N HI con-
centrations decreased (Fig. 2c). This is consistent with the
additional isotopic difference in 8N values between nitrate
and nitrite of around +15 %o arising as the result of produc-
tion of highly ">N-enriched nitrate deriving from anammox
(A8N of +31%o). The reason for the observed small iso-
topic differences between nitrite and nitrate (A8'9N) during
the anammox process within this study (A§'N of +26 %o)
compared to the results (A8'ON of 431 %o) found in a labora-
tory experiment (Brunner et al., 2013) could be the result of
different anammox strains in lake water and the microcosm
experiment, limiting environmental concentrations of nitrite,
or that the suggested inverse isotope effect by anammox was
superimposed on “normal” isotope effects during denitrifica-
tion in the lake water at a water depth of 20 m.

Furthermore, the deviation of the slope of §'30 vs. 815N
values on a dual isotope plot (2-D plot) for nitrate from the
expected value of 1 for microbial denitrification (Knoller
et al., 2011; Wunderlich et al., 2012) can be used to iden-
tify anammox. Granger and Wankel (2016) used a modeling
approach linked with pH-dependent isotope exchange reac-
tions between water—oxygen and nitrite—oxygen (Buchwald
and Casciotti, 2010; Casciotti et al., 2007, 2010) to demon-
strate that in a 8'80 vs. 8'9N plot for nitrate a slope lower
than 1 is a powerful indicator for the occurrence of anam-
mox in an anoxic environment. During anammox, when ni-
trite is reduced with ammonium as an electron donor and
nitrate is produced, one oxygen atom from water having a
830 value of around —10 %o is incorporated into the newly
formed nitrate. This incorporation of a new O atom is also
most likely associated with a kinetic isotope effect — as has
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been demonstrated for nitrite-oxidizing bacteria (see Buch-
wald and Casciotti, 2010) (Fig. 2c). As a result, the anammox
process leads to §'30 values of nitrate remaining low, while
85N of the remaining nitrate is affected by an inverse nitro-
gen isotope effect and values continue to increase. The §'30
vs. 8PN plot for nitrate samples from depths between 20 and
22 m in our study displays a slope of 0.5, while the slope was
0.65 in the NMTZ between 20 and 12 m, much closer to the
typical trajectory for denitrification of ~ 1 obtained under
laboratory experiments (Fig. 5). The much slower slope of
0.5 on the 6'80 vs. §'°N plot for nitrate is an additional line
of evidence that strongly suggests that anammox occurred at
the bottom of the NMTZ between 20 and 21 m.

4.3 Crenothrix, NC10, anammox, and heterotrophic
bacteria in the water column of Fohnsee

We identified Gammaproteobacterial methane-oxidizing
bacteria related to Crenothrix that reach their peak abun-
dance particularly in the NMTZ of the water column of the
lake (between 12 and 20 m). The abundance of Crenothrix
rRNA gene copies reaches up to 10 (Fig. 3b), which is 2—
3 orders of magnitude higher than the biomass reported for
Crenothrix in the Swiss Alpine Rotsee and Lake Zug (Kits
etal., 2015; Oswald et al., 2017), where they may act as den-
itrifying methanotrophs that also have the capability for aer-
obic metabolism. The facultative metabolism of Crenothrix
likely allows them to adapt to changing environmental condi-
tions, supporting any nitrate-reducing ANME-2d (with lower
doubling times) in the denitrification zone of stratified lakes
(Deutzmann et al., 2014). We did not detect any representa-
tives of the ANME-2d in our 16S dataset — despite relatively
deep sequencing depth (> 150000 reads per sample), indi-
cating that, if they were in the lake water, they were at abun-
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dances below our detection limit. ANME-2d may, therefore,
be major contributors to AOM in bioreactor studies (Haroon
et al., 2013; Shen and Hu, 2012) and sediments, but not in
the water column of this lake.

The presence of two separate populations of NC10 bac-
teria at a water depth between 12 and 22 m, in the region
where anaerobic oxidation of methane linked with denitrifi-
cation also exists, may suggest that this organism was also
partially contributing to the anaerobic oxidation of methane
with nitrite (n-damo). However, it remains unclear whether
Crenothrix, which also peaked in this region, completely re-
duced dissolved nitrate to N or whether both NC10 bacteria
(NO, reduction) and Crenothrix are involved in the N loss
processes in a portion of the water column. In this context it
is also worth mentioning that the highest abundance of NC10
bacteria in our and other studies is often observed at the oxic—
anoxic interface (Ettwig et al., 2008), and it is controversially
discussed whether Ca. M. oxyfera can also use external O, to
oxidize methane near the oxycline. Therefore, the respective
roles of NC10 and Crenothrix in nitrite reduction and nitrate
reduction, respectively, linked with AOM remains unclear in
this study.

Within the anoxic regions of the water column (NMTZ and
methane zone), the OTU affiliated with Candidatus Anam-
moximicrobium is ubiquitous (Fig. 3b), and its lack of de-
tection in the oxic zone indicates that it is a strict anaerobe.
Candidatus Anammoximicrobium is an aggregate-forming
bacterium corresponding to a new genus within the Planc-
tomycetes that is capable of anaerobically oxidizing ammo-
nium with nitrite and has been previously found to carry out
anammox in a wastewater bioreactor (Khramenkov et al.,
2013). The Candidatus Anammoximicrobium and NC10
bacteria both utilize nitrite as a terminal electron acceptor,
and they co-occur at a depth of 20 m, where highest nitrite
concentrations were observed (Fig. 2b). While activity indi-
cators such as transcriptomes or NanoSIMS are needed to
prove the anammox activity of Candidatus Anammoximi-
crobium in our samples, the stable isotope and geochemical
profiles indicate that this OTU is present in a geochemical
setting where anammox may take place. This, together with
its affiliation to Candidatus Anammoximicrobium, indicates
that this OTU has the potential to perform anammox in the
aquatic environment of Fohnsee at a depth of 20 m. At the
water depth where nitrite was available due to denitrification
via anaerobic methane oxidation, both anammox and NC10
bacteria could compete for the same available nitrite as spec-
ulated for Crenothrix and NC10 bacteria in the NMTZ as
shown in Fig. 6.

As heterotrophic denitrification is a common process in
freshwater ecosystems that have abundant organic matter,
it is likely that heterotrophy was also responsible for some
of the observed consumption of nitrate. Because nitrate
and nitrite reduction is such a widespread trait possessed
by many facultative anaerobic bacteria, it is not possible
to use our 16S rRNA gene sequence data to specifically
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Figure 6. Conceptual model of the coupled N and C cycles in the
anoxic water column of Fohnsee.

show the abundance of heterotrophic nitrate and nitrite re-
ducers. However, microbes belonging to the Gammapro-
teobacteria class are very abundant in our samples, and, in
addition to the methane-oxidizing genus Crenothrix, they
are well known to consist of many species that are capa-
ble of heterotrophic nitrate and nitrite reduction, a trait that
is widespread throughout the Gammaproteobacteria class.
The relative abundance of Gammaproteobacteria increases
with depth into the anoxic zone (Fig. 3b), and, in addition
to methane-oxidizing Crenothrix, there are many other het-
erotrophic Gammaproteobacteria groups, including the gen-
era Pseudomonas, Acidovorax, and Alteromonas. Thus, some
of the other Gammaproteobacteria that gradually accumu-
lated in deeper waters of the lake (Fig. 3b) are heterotrophs
that, in addition to Crenothrix, may have performed nitrate
and nitrite reduction, and denitrification.

The detected microorganisms at Fohnsee were found to be
ecologically important in driving the C and N cycles of other
stratified lakes and freshwater reservoirs (Deutzmann et al.,
2014; Nagqvi et al., 2018; Oswald et al., 2017). This makes
it highly likely that these microbial groups are also poten-
tially responsible for the removal of nitrogen and methane at
Fohnsee.

5 Conclusions

While aerobic methane oxidation in lake water has been
known to occur for over a century, knowledge of anammox
and AOM coupled with denitrification in natural anoxic envi-
ronments within stratified lakes is scarce. Our field study re-
sults show that AOM, denitrification, and anammox may co-
occur in the anoxic water column of the stratified Fohnsee.
This provides a natural environmental context from a season-
ally stratified lake, which supports previous bioreactor stud-
ies that showed a coupling of n-damo and anammox under
more controlled conditions (Haroon et al., 2013). The linkage
of the N and C cycles that we have observed in the stratified
waters of Fohnsee could be an important process in stratified
lakes contributing to the removal of nitrogen and methane
from freshwater ecosystems.
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