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4 Microbial nitrogen cycling in permafrost soils:
implications for atmospheric chemistry

4.1 Introduction

Nitrogen (N) is the most abundant element in the atmosphere and a major constit-
uent of the earth’s crust. It is an essential macronutrient required by all organisms,
a critical component of cellular compounds such as proteins and nucleic acids, and
thus fundamental to the structures and biochemical processes that define life [1, 2].
Life takes an active part in the N-cycle; it is tightly coupled to transformations of reac-
tive N compounds that include ammonia (NH,), nitrous acid (HONO or HNO,), nitro-
gen oxides (NOX), and nitrous oxide (N,0), all impacting atmospheric chemistry and
climate change [3-6]. NH, is volatilized from soils, associated with the formation of
particulate matter in the atmosphere, and contributes to the atmospheric deposition
of reactive nitrogen [7]. Hydroxyl radicals (OH") represent a major oxidizing agent of
the atmosphere, and reaction with OH" represents the most important methane (CH,)
sink in the troposphere [8, 9]. NH, might compete with CH, for OH", thus affecting
CH, oxidation in the atmosphere [7]. Volatilized protonated soil nitrite (NO,") gives
rise to atmospheric HONO, a source of OH" in the atmosphere [10-12]. Nitric oxide
(NO) reacts in the troposphere with ozone to nitrogen dioxide (NO,) that is prone to
photolysis. When water is available, nitrous acid (HONO) and, together with hydroxyl
radicals, also nitric acid (HNO,) can be formed [13]. N,0 is one of the long-lived green-
house gases, the third most important greenhouse gas on earth, and a major ozone
depleting substance in the atmosphere [3, 4]. The global warming potential of N,O is
300-fold higher than that of carbon dioxide (CO,) on a 100-year basis, and the atmos-
pheric concentration of N,0 increased from 270 ppb to 319 ppb from 1750 to 2005 [3,
14]. An increase of approximately 7% per decade is projected for N,O in the absence
of mitigation efforts [15]. Long-lived greenhouse gases such as N,0 are projected to
become the dominant determinants of global mean temperature changes [3, 16].
60-70% of the global annual emissions of N,0 are soil derived [16-18]. Agricultural
and pristine tropical soils and even drylands are recognized sources of N,0, while
the importance of arctic peatlands and permafrost-affected soils as sources of N,O
is just emerging (e.g. [16, 19-22]) (Tab. 4.1). Permafrost-affected soils might even rep-
resent “hot-spots” for N,O emissions that emit N,O in the range of heavily fertilized
agricultural soils in temperate zones [22] (Tab. 4.1). Available studies suggest that per-
mafrost environments likewise represent sources of NO_and HONO, although con-
sidered of minor importance for global budgets [23] (Tab. 4.2). Thus, the terrestrial
N-cycle in permafrost-affected soils has implications for atmospheric chemistry and
climate change.
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Permafrost regions cover approximately 16-25% of the global soil surface area,
include large peatland areas (up to 80% surface area in West Siberia), and are esti-
mated to store 50% of the global below ground organic carbon representing potential
electron donors for the generation of reactive N from less reactive N-species [25, 26].
High organic carbon content is correlated with high organic N content in northern
peatlands [27], suggesting that permafrost soils are large N reservoirs. Indeed, a con-
servative estimate is that 67 Pg of N are stored in the upper 3 m [28]. Thus, permafrost
nitrogen stocks are more than 500 times larger than the annual N loaded as fertilizer
to soils globally [5, 29], with northern peatland soils alone storing approximately 10%
of the global soil organic matter N (~8-15 Gt N) [30, 31]. Along these lines, estimates of
global N stored in the upper 100 cm of soils worldwide are in the range of 140 Pg N [32].
Recent estimates of N stored in Yedoma permafrost alone are in the range of 40-60 Pg
N, suggesting a massive underestimation of N stored in permafrost to date [33]. Only a
small fraction of this N is currently bioavailable, which is in line with studies showing
that N is the major limiting nutrient in Arctic soils [34, 35]. Anticipated permafrost
thawing is expected to increase N mobilization and export of reactive N, thus allevi-
ating N-limitation and fueling the N-cycle (Fig. 4.1). Thus, permafrost-affected soils
have the potential to affect the global N-balance and accelerate global warming [21,
25]. Such an estimation was recently substantiated by in situ measurements showing

+5 +3 +2 +1 0] -3 Redox state
oxic
Comammox
\
Nitrification
‘ w N, fixation j Assimilation
0, N,—» NH,” €=p N,
Denitrification A
, Ammonification
L} NO —P N,O
Anammox
J
DNRA/Nitrate Ammonification anoxic

Fig. 4.1: The biological nitrogen cycle and microbial redox transformations. The oxidation state

of N is given in white letters above the graph. Arrows indicate processes. Aerobic and anaerobic
processes are indicated by a light blue and light red background, respectively. Reactions occurring
under both oxic and anoxic conditions are presented at the interface. NO, - nitrate, NO,™ — nitrite,
NO - nitric oxide, N,0 - nitrous oxide, N, — dinitrogen gas, NH,* — ammonium, N, — Organic
nitrogen, DNRA - dissimilatory nitrate reduction to ammonium or nitrate ammonification.
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increased N,O emissions upon warming and permafrost thaw, highlighting the poten-
tial of N-cycle dependent impacts of permafrost soils for climate change [36-38].
Reaction rates of N-cycle processes and, thus, release of N-gases depend on
the availability of reactive N. Input of reactive N occurs via atmospheric deposition,
ground water infiltration, recycling of organic N by microbial mineralization, and
biological nitrogen fixation (BNF). The latter two processes are most important for
remote, pristine permafrost-affected soils with low atmospheric deposition. Under
such boundary conditions, the availability of reactive N is primarily controlled by
ammonification (mineralization of organic N) and N-fixation [39] (Fig. 4.1). The current
understanding of the microbial redox N-cycle consists of five further N transformation
processes that alter the oxidation state of nitrogen from -3 to +5 (Fig. 4.1): nitrification
(including ammonium oxidation, nitrite oxidation, and comammox), nitrate dissimila-
tion (including canonical denitrification, nitrifier-dependent and methane-oxidation-
dependent denitrification, as well as nitrate ammonification), anammox, assimilation,
and ammonification/mineralization. A huge versatility of N-dissimilating capabilities
was found during the past decade of genomic data collection within single N-trans-
forming microorganisms [2, 40]. In general, there are two main process categories:
assimilation, i.e. the acquisition of N for incorporation into biomass, and dissimila-
tion, i.e. processes that are associated with the conservation of energy in form of ATP
[41]. Tt is common knowledge that essentially all living organisms (including plants)
contribute to the assimilation of N into biomass. Thus, this book chapter will focus
on BNF and dissimilatory processes of the N-cycle. Numerous strategies are available
to identify key players of the N-cycle and associated process rates. “Metaomics” (i.e.,
metagenomics, -transcriptomics, -proteomics, and -metabolomics), traditional cultiva-
tion and isolation approaches, kinetic studies along with quantitative functional gene
marker analyses, and the application of stable isotopes are some examples [42-44].

4.2 Microbial processes of the N-cycle
4.2.1 Biological nitrogen fixation (BNF) and associated organisms

Nitrogen fixation might be considered as the first process of the N-cycle and is the
reaction of molecular dinitrogen (N,) to ammonium (NH,*). Molecular dinitrogen (N,)
is the most prevalent N-compound in the atmosphere and chemically stable due to its
high dissociation enthalpy of 945 k] mol™ [45]. Thus, N, fixation is the most challeng-
ing reaction of the N-cycle in terms of activation energy. The only organisms capable
of performing this energy demanding N, fixation reaction are diazotrophic prokary-
otes of the Bacteria and Archaea [41]. Such BNF has been estimated to account for
two-thirds of the annual global input of reactive N [39, 46]. BNF of 58 and 140 Tg N yr™
is estimated for terrestrial and marine systems, respectively. Atmospheric N, fixation
associated with lightning is well known (e.g. [47]), although this naturally occurring
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abiotic “N-fixation” is estimated to represent only 4 Tg N yr? and thus makes small
contributions relative to BNF [39, 48-52]. Hence, diazotrophic microorganisms play a
key role in the terrestrial nitrogen cycle.

Physiology and diversity of diazotrophs

BNF is probably one of the oldest enzyme-catalyzed reactions that began to play a
significant role when reactive inorganic nitrogen became scarce [53]. The ability to
fix nitrogen is widely distributed in both bacteria and archaea, with these organisms
having autotrophic, heterotrophic, chemolithotrophic, photo-heterotrophic, and
methanogenic lifestyles [53, 54]. Microorganisms capable of BNF (diazotrophs) can
either be free-living or symbiotic, e.g. associated with lichens and mosses [55, 56].
Diazotrophs depend on the oxygen sensitive nitrogenase metalloenzymes that cata-
lyze the reduction of N, to ammonia (NH,) with concomitant reduction of protons to
molecular hydrogen [52, 57] (Equation 4.1).

NIF, VNF, ANF
N, + 8H" + 8e- > ONH, + H, (@.1)

NIF, VNF, and ANF represent molybdenum-, vanadium-, and iron-dependent nitroge-
nases, respectively.

The reaction requires a minimum of 16 ATP (adenosine triphosphate) per molecule
N, and is one of the energetically most expensive processes in biology [58]. In the
industrial conversion of N, to NH,, i.e. the Haber-Bosch process, both high tempe-
rature and pressure are used in the presence of metal catalysts to combine H, and
N, [57]. The enzyme complex consisting of nitrogenase and dinitrogenase reduc-
tase also utilizes metal catalysis for biological N, fixation. Nitrogenase accumula-
tes electrons, which are donated from the dinitrogen reductase, and catalyzes the
reduction of N, [57]. There are different classes of nitrogenases that differ in their
catalytically active metal, catalytic rates, and efficiencies [59]. The metal content in
the active site of these nitrogenases is either molybdenum (Mo), vanadium (V), or
iron (Fe) [60, 61]. The molybdenum-nitrogenase is encoded by the nif regulon, the
vanadium-nitrogenase by the vnf regulon, and the iron-only nitrogenase by the anf
regulon [57]. The most efficient of the different nitrogenases in terms of specificity
for N,, energy requirement, and its reduction to NH, is the Nif, followed by Vnf and
Anf [62, 63]. Despite these differences, the nitrogenase subtypes are structurally and
phylogenetically related, with the Mo-dependent nitrogenase being the best studied
and most prevalent nitrogenase [64, 65]. Its structural components are encoded by
nifHDK, with the first dinitrogen-reductase encoding gene being commonly used as
indicative of diazotrophs in molecular surveys [65]. The abundance and occurrence
of the nitrogenase subtypes vary, with microorganisms harboring one or more of
the different nitrogenases. Azotobacter vinelandii, a well-studied model organism,
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contains all three types. To date, all isolated diazotrophs contain the nif-encoded
molybdenum-dependent nitrogenase [57], which is also the most relevant nitrogenase
catalyzing the majority of BNF. Nevertheless, in environments where Mo is scarce, the
V- and Fe-nitrogenases are important alternatives for BNF [62]. Nitrogenases are also
capable of reducing other triple- or double-bonded substrates, e.g. acetylene to ethy-
lene, which in turn can be used to measure nitrogenase activity in vivo [57].

Rates of BNF and associated diversity of diazotrophs in permafrost environments

As in many other ecosystems, BNF is accepted to be the major source of nitrogen
in terrestrial Arctic environments [66, 67] (Tab. 4.3), with the majority of BNF being
carried out at the oxic soil-atmosphere interface by phototrophic cyanobacteria [68].
In contrast to temperate regions, BNF in the deeper soil profile of permafrost-affected
environments by rhizospheric and free-living diazotrophic soil bacteria is thought to
be of lesser importance [69-71]. Indeed, a metagenome study in the Nome Creek area,
Alaska, demonstrated a decrease in relative abundance of BNF-associated genes from
thawed upper to frozen lower layers [72]. In the High Arctic and subarctic, BNF by
diazotrophs showed a strong moisture [68, 73, 74], temperature [75], and light [76]
dependence. Such dependencies are common for both, the free-living [77] and sym-
biotic diazotrophs in the High Arctic [68]. In a metagenomic study with frozen per-
mafrost soil cores from a black-spruce forest in Alaska, nifH represented a significant
fraction of retrieved functional genes (5 x 10°-3.5 x 10° per ng DNA) and decreased
significantly after 7 days of thaw, demonstrating that diazotrophs are prevalent in
permafrost and prone to respond to permafrost thaw [78]. Such a decrease in relative
gene abundance in metagenomes might not necessarily correlate with a low tran-
scriptional activity. Hultman et al. [79] showed that ratios of BNF-associated gene
hits in metatranscriptomes vs. metagenomes were dramatically greater in the active
layer than in the underlying permafrost, suggesting ongoing BNF at high rates in the
active layer. Interestingly, most abundant hits of metaproteome data were indicative
of putative diazotrophs like Bradyrhizobium and Burkholderia. The prevalence of diaz-
otrophs in frozen permafrost soil and the viability of such permafrost diazotrophs are
also shown by isolation techniques and the recovery of psychrophilic organisms from
old permafrost (reviewed in [44]). In polygonal arctic tundra, nifH was abundant in
metagenomes from high-, flat-, and low-centered polygons at two different depths
representing organic and mineral soil [80]. Relative abundance data of nifH sug-
gested the highest genetic potential for BNF in the organic soil from the low-centered
polygons and a high BNF potential in the mineral soil of the flat-centered polygons.
Such data demonstrate soil morphology-dependent differences in BNF potentials.
A metatranscriptome study from the High Arctic of an N,O-emitting site with 16S
rRNA and nifH revealed distinct diazotrophic microbial communities from trough
and polygon interior soils as well as a depth dependency [81]. nifH transcripts were
primarily related to the classes Rhizobiales, Rhodobacterales, Desulfovibrionales,
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and other Deltaproteobacteria related to Desulfobacterales or Desulfuromonadales,
and Gallionelales [81]. 16S rRNA and nifH transcript sequences were related to the
free-living diazotrophic genera Azotobacter, Beijerinckia, the cyanobacterial genus
Nostoc, as well as symbiotic diazotrophs like Frankia, Azorhizobium, Bradyrhizobium,
and Rhizobium, which further supports the presence of a rather diverse active micro-
bial diazotrophic community in permafrost-affected soils [81]. Other studies with
Arctic soil identified nif of Alphaproteobacteria as major diazotrophs as well as Beta-
proteobacteria and Cyanobacteria [66]. Cyanobacterial Nostoc spp. have been found
in diverse Arctic environments and seem to be important diazotrophs that might live
in associations with bryophytes [71, 73, 74, 82-85]. BNF by bryophytes varies between
species; nevertheless, they account for a substantial part of reactive N input (2-58%)
in certain Arctic ecosystems [71, 73, 83, 86—89]. Both biomass and high coverage of
mosses in subarctic and arctic tundra support BNF that well exceeds N deposition
[90, 91]. In a functional microarray study across an Antarctic latitudinal transect from
the Falkland Islands to Coal Nunatak covering vegetated and unvegetated plots, nifH
genes were among the five most abundant functional N-cycle-related genes in three
out of eight sites [92]. nifH affiliated with Firmicutes (Acetobacterium) and many
uncultured or unidentified bacteria, suggesting phylogenetic novelty. The abundance
of nifH in Antarctic soils was supported by quantitative PCR (polymerase chain reac-
tion) [93]. Such data demonstrate that the genetic BNF potentials of phylogenetically
new and known diazotrophs are prevalent at Antarctic sites and widespread in per-
mafrost-affected ecosystems. Rate measurements show that genetic potentials are
expressed and provide an essential ecosystem function (Tab. 4.3).

A multiscale approach that estimated BNF during the growing season of dif-
ferent cyanobacterial associations and mapped the distribution of ecosystem types
in a landscape study area estimated the nitrogen input via BNF of 0.68 kg N ha!
yr' at a Low Arctic tundra region in Canada [73] (Tab. 4.3). Soils from the tropics,
which are considered to be saturated with nitrogen [94, 95], show BNF rates within
the range of 15-36 kg N ha™ yr, which is similar to or higher than estimates for
more temperate forests (7-27 kg N ha yr?) [96]. Thus, Arctic ecosystems generally
show much lower BNF rates. Moisture and temperature as microclimatic controls
were identified as key parameters of BNF and N input of arctic ecosystems, besides
cyanobacterial associations and ecosystem type [73, 75]. Optimum temperatures for
Arctic nitrogen-fixation are estimated to be around 10-30°C, depending on the site
[55, 68, 75]. In the High Arctic, temperature optima below 15°C were observed, sug-
gesting that there are certain permafrost ecosystems with cold adapted diazotrophs
that might show lower BNF rates once the temperature exceeds such a temperature
range [75]. Within these constraints, increased BNF as a result of climate change and
global warming is a probable assumption. Thus, fueling the N-cycle with increasing
amounts of reactive, readily available N for both microorganisms and plants is a
likely scenario.
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4.2.2 Nitrification and associated organisms

The aerobic conversion of ammonia (NH,) via nitrite (NO,) to nitrate (NO,") is primar-
ily catalyzed by autotrophic Bacteria and Archaea [41] (classical view; theoretical oxi-
dative half-cell reactions are given in Equations 4.2-4.4). Please note that molecular
oxygen is needed for the conversion of NH..

NH, + H,0 —2M9 5 NH OH + 2H" + 2¢- (4.2)
NH,0H + H,0 29 5 NO - + 5H* + 4e- “3)
NO, + H,0 2% » NO,” + 2H" + 2¢- (4.4)

Here, AMO is ammonia monooxygenase; HAO, hydroxylamine oxidioreductase; and
NXR, nitrite oxidoreductase.

The process typically involves two distinct, interacting groups: the ammonia oxi-
dizers that oxidize NH, to NO,” and the nitrite oxidizers that oxidize NO, to NO," [97].
Recently, complete ammonia oxidizers (comammox) were discovered combining all
nitrification half-cell reactions [98, 99] (Equations 4.2-4.4). Although the rate-limiting
step of nitrification, the oxidation of NH,, is performed by members of both Bacteria
(AOB) and Archaea (AOA), their relative contributions to nitrification in natural envi-
ronments remain tentative [100, 101]. However, recent evidence for a niche speciali-
zation of AOB and AOA suggests a dominance of AOB and AOA at high and low NH,
availability, respectively [102]. A dominance of AOA is routinely observed in low pH
environments, where NH, availability is generally low due to a pH-dependent shift in
the equilibrium concentration of NH, relative to NH,*. Adaptions of AOB to low pH are
currently not observed. Interestingly, yields of the greenhouse gas N,O are higher in
AOB than AOA [102]. In contrast to AOA and AOB, the ecological niche of Comammox is
less well defined. Growth in soils not amended with NH, rather than in those amended
with NH, and high affinities for NH, suggest an oligotrophic life style [103, 104].

Physiology and diversity of ammonia oxidizers and comammox

All known aerobic ammonia-oxidizing bacteria and archaea use the enzyme ammonia
monooxygenase (AMO), an integral membrane metalloenzyme, which catalyzes the
oxidation of NH, to hydroxylamine (NH,0H) [105]. AMO belongs, like the methano-
trophic enzyme particulate methane monooxygenase (pMMO), to the family of copper
containing membrane-bound monooxygenases [106]. A broad substrate range can be
oxidized by AMO, including CH, [107], aromatic compounds [108], sulfides [109], and
halogenated hydrocarbons [110, 111], suggesting that ammonia oxidizers are involved
in many more transformation processes (although co-metabolically) than usually
appreciated.
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The classical view that the oxidation product of NH, by AMO, NH,OH, is further
oxidized to NO," via the multiheme enzyme hydroxylamine oxidoreductase (HAO) by
ammonia oxidizing bacteria (AOB) is challenged to date [105, 112]. NO was believed to
originate due to an abiotic side reaction of NH,OH. However, recent evidence suggests
that NH,OH is enzymatically oxidized to NO via HAO in the presence of oxygen [113]
(Equation 4.5). NO is then further converted in an either biotic (enzymatically) and/or
abiotic (NO reacting with O, in aqueous solutions at pH >7) reaction to NO, [113]. An
enzyme acting as NO oxidoreductase is further suggested to be involved [112]. A pos-
sible candidate for this enzyme is the copper dependent NO-forming nitrite reductase
NirK that can also catalyze NO oxidation to NO, [113, 114] (Equation 4.6). This implies
that NH,0OH and NO are both obligate intermediates of NH, oxidation by AOB.

HAO
2NH,OH + % 0,—— » 2NO +3H,0 (4.5)
NIR
NO +3H,0 —— NO, + 2H" + e (4.6)

Here, AMO is ammonia monooxygenase and NIR is nitrite reductase.

Within genomes obtained from either pure or enrichment cultures of AOA, homo-
logues of HAO encoding genes were not detected [115-118]. Like for AOB, NO plays
an important role in the ammonia oxidation pathway of AOA [119, 120] (postulated
current view, Equations 4.7-4.9).

NH, + H,0 M2 5 NH OH + 2H" + 2¢- @)
CytP460 _ -

NH,OH + NO + 2H,0 ~F®460  5N0 -+ 7H + 5e (4.8)

NO, +2H* + e — % 5 NO + 2H,0 4.9)

AMO indicates ammonia monooxygenase; CytP460, cytochrome P460; and NIR,
nitrite reductase.

NO is an important intermediate and co-reactant for the oxidation of NH,0H to NO,™ in
AOA, which is probably catalyzed by a novel copper enzyme capable of performing like
the known heme-containing cytochrome P460 [121]. The NO that is required for this
pathway is most likely generated through NO, reduction to NO by the nitrite reductase
NirK, which is encoded in all genomes published for AOA [122-124]. In contrast to AOB
that are capable of producing N,0 enzymatically via nitrifier denitrification, the interme-
diates NO and NH,0H of archaeal ammonia oxidation might be released into the environ-
ment and then non-enzymatically converted to N,O under anoxic conditions [125].

AOB are represented by five proteobacterial (beta- and gammaproteobacterial)
genera: Nitrosomonas, Nitrosospira, Nitrosovibrio, Nitrosolobus, and Nitrosococcus
[126]. From these, Nitrosospira ssp. and Nitrosomonas ssp. inhabit soils, whereby



70 —— 4 Microbial nitrogen cycling in permafrost soils: implications for atmospheric chemistry

Nitrosospira ssp. often dominate soil populations [127, 128] and Nitrosomonas ssp.
are common in soils with high N input, suggesting a niche differentiation within the
AOB [129-131]. Nitrification and the associated fluxes of N compounds are strongly
dependent on environmental conditions [132]. The inter-phylum niche differentia-
tion between AOA and AOB communities is driven by pH and the availability of NH,
(see above). Indeed, archaeal amoA genes have been detected in many acidic soils
[133-137] and AOA often largely outnumber AOB (e.g. [136]). Some AOA seem to even
prefer a low pH (<5.5) [138-140]. AOA are members of the phylum Thaumarchaeota
and are ubiquitous as well as abundant in the environment [141-144]. The dogma
that the oxidation of NH, to NO," requires two distinct groups of organisms, AOB and
nitrite-oxidizing bacteria (NOB), has been refuted when complete ammonia oxidation
to nitrate (comammox) was found to be catalyzed by a single organism, a member
of the genus Nitrospira [99, 145]. Organisms capable of comammox are members of
the phylum Nitrospirae, and organisms such as Candidatus “Nitrospira inopinata”
appear to be well adapted to ammonia-limited environments and even outcompete
many cultures of ammonia-oxidizing bacteria [103].

Physiology and diversity of nitrite oxidizers

The second step of nitrification, the oxidation of NO,” to NO_", is performed by auto-
trophic NOB, many of which are capable of a mixotrophic lifestyle, and catalyzed by
the enzyme nitrite oxidoreductase (NXR). It is the main biochemical pathway that
produces NO,", and the aerobic nitrite oxidation is directly coupled to energy conser-
vation [2]. By converting growth-inhibiting NO, to NO,", NOB counteract NO," toxicity
and provide NO, that is an essential N source for many plants. Thus, NOB have an
important regulatory function in the nitrogen cycle [98, 146, 147]. The genes nxrA/B
encoding the NXR are used as functional gene markers to detect and identify NOB
in the environment [148, 149]. Known NOB belong to seven genera in four bacterial
phyla, the Proteobacteria, Chloroflexi, Nitrospinae, and the Nitrospirae. With one
exception (Nitrolancea hollandica), NOBs all have Gram-negative cell walls [145, 150].
NOBs have versatile metabolisms and can grow on substrates other than NO,, such
as the alternative electron donors formate or hydrogen [151].

Physiology and diversity of heterotrophic nitrifiers

Heterotrophic nitrification includes the oxidation of reduced forms of organic and
inorganic nitrogen to more oxidized forms [152-154]. In contrast to autotrophic nitri-
fication, the heterotrophic process is not coupled to energy conservation or cellular
growth and the involved enzymes differ from those that catalyze autotrophic nitrifi-
cation [155]. Heterotrophic nitrification has been found in chemoorganotrophic bac-
teria and fungi, where it seems to be linked to the re-oxidation of NAD(P)H under
hypoxic conditions [156] and endogenous respiration [157], respectively. Model
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organisms capable of heterotrophic nitrification host enzymes functionally similar
to ammonia monooxygenase and hydroxylamine oxidases of autotrophic AOB or dis-
tinct enzymes that oxidize organic N to NO," [153]. Nitrite oxidation by heterotrophs
is postulated to occur via a detoxification reaction by catalase. Example bacterial
genera of heterotrophic nitrifiers include Alcaligenes, Arthrobacter, Paracoccus, and
Pseudomonas. Most of them are also aerobic denitrifiers employing the strategy of
co-respiring oxygen and NO,~ under hypoxic conditions [153, 158]. At low oxygen con-
centrations below 10 pM and a C/N ratio above 10, the heterotrophic nitrifier Para-
coccus pantotrophus (formerly known as Thiosphaera pantotropha) outcompeted the
autotrophic AOB Nitrosomonas europaea, suggesting that heterotrophic nitrification
might dominate autotrophic nitrification under certain conditions in the environment
[159]. Indeed, the importance of heterotrophic nitrification in terms of NO,™ produc-
tion in acidic soils might exceed the one of autotrophic nitrification [160, 161], since
the activity of autotrophic bacterial nitrification is impaired at low pH [162]. However,
the cross-comparison of N,O emissions from different soils by heterotrophic nitrifica-
tion could not be explained by the variability of pH between examined study sites,
and the key factors controlling the process and its contribution to N,O emissions
from soils are still to be elucidated [163]. In line with pure culture experiments, the
availability of certain organic substrates with high C/N ratio may play an important
role in the control of N,O emissions from soils by heterotrophic nitrification, since the
gross heterotrophic nitrification rate increases linearly with the C/N ratio of examined
soils [163].

Rates of nitrification and associated nitrifier diversity in permafrost environments

In Arctic soils, nitrification has frequently been documented (e.g. [164, 165]) (Tab.
4.4) and is reported to consume up to half of the N mineralized annually [166]. It
has also been shown that nitrification contributes to the production of N,O in the
Arctic and might represent the major source of N,O in certain Arctic soils [4, 18,
167, 168]. Both, AOA and AOB contribute to ammonia oxidation in permafrost soils.
Ma et al. [167] studied lowland soils from Devon Island, Canadian High Arctic,
and found that indigenous AOB communities have a high potential of releasing
N,O, contributing up to 86% of the N,O released from these environments [167].
Phylogenetic analysis of the soil community revealed sequences affiliating with
known AOB from more temperate soil that are known to contribute to N,O emission
[167]. AOB of the genera Nitrosomonas, Nitrospira (both belonging to the Beta-
proteobacteria), as well as Nitrosococcus (Gammaproteobacteria) were detected in
permafrost-affected soil. In the same soils, the AOA Nitrosopumilus was detected
[169]. Recently, AOA have been identified in Arctic, low pH permafrost-affected
soils as numerically important [170, 171]. A combined study of phylogeny and
ecophysiology at 10 permafrost-affected sites in Svalbard, Western Siberia, and
Greenland (including shrub, tussock, and moss tundra as well as peat and forest)
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showed a high B-diversity of Thaumarchaeota in Arctic soils, as well as a higher
abundance of AOA compared to AOB in most samples. General niche partitioning of
AOA clades in these soils followed soil moisture and nitrogen content [172]. AmoA
encoding genes affiliating with clades A and B were widely distributed among
the soils analyzed. The Nitrososphaera clade as well as clades C and D (distantly
related to Candidatus Nitrosopumilus and Candidatus Nitrosoarchaeum) were
less common. Interestingly, the data showed low intra-sample diversity of AOA,
with a single phylotype dominating in each population [172]. In unvegetated (sub)
arctic peat soil surfaces in Siberia and Finland, archaeal and bacterial amoA gene
abundances were examined. Bacterial amoA were below the detection limit, and
up to 1.3 x 10° archaeal amoA genes g dry soil were detected. Surprisingly, only
two archaeal phylotypes associated with the order Nitrososphaerales (including
Candidatus Nitrosocosmicus spp. and one clade without any cultured representa-
tive) were detected after sequencing, revealing a very low nitrifier diversity among
these soils [173]. The gross nitrification rates in laboratory incubations in these
soils reached up to 2.5 mg NO,-N kg™ dry soil h™ [173]. Such soils showed high N,O
emissions of up to 233 pg N,O-N m? h™ [37], which was similar to or even higher
than managed peatlands in northern countries [174]. Interestingly, both soil NO,"
concentrations and the abundance of archaeal amoA genes were positively corre-
lated with N,O emissions from the soils, linking high N,O emissions to AOA [173]
and highlighting the importance of AOA as non-negligible direct or indirect source
of N,O in Arctic permafrost soils. To verify these findings and to unravel the role of
AOA in permafrost soils, further studies will be needed.

In pH neutral to mildly alkaline soils from Antarctica, AOA and AOB are rou-
tinely detected [93, 175]. Quantification of archaeal and bacterial amoA indicated that
AOB outnumbered AOA [93]. The absence of detectable archaeal amoA supports this
view [175]. AOB community changed due to altered organic soil carbon rather than
increased temperatures when permafrost was subjected to experimental warming.
Bacterial amoA were distantly related to amoA of Nitrosospira sp., In contrast to AOB,
archaeal amoA decreased upon warming, suggesting a temperature sensitivity of AOA
[93]. Antarctic desert soils (McMurdo Dry Valleys, pH 7-8) showed variable archaeal
and bacterial amoA abundance from <10° to 5 x 10° genes per gram dry weight soil.
AOB were more abundant than AOA at two of the four sites [176]. Harsher conditions
(lower pH, higher electrical conductivity) favored AOA. The diversity of ammonia oxi-
dizers was generally low; three and four phylotypes only distantly related to cultured
organisms of AOB and AOA were detected, respectively. Most important AOB and AOA
were related to Nitrosospiraceae, Nitrosomonadaceae, and Nitrosophaerales, respec-
tively [176, 177]. Arctic cryosols (pH 6-7.3) of the Lena Delta hosted nitrifier commu-
nities accounting for 0.6-6.2% of 16S rRNA genes [178]. Most ammonia oxidizers
affiliated with the genus Nitrosospira. The occurrence of AOA was restricted to low-
organic C soils and represented by Candidatus Nitrososphaera, Ca. Nitrosopumilus,
Ca. Nitrosocaldus, and Ca. Nitrosoarchaeum.
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Thus, low pH (2.8-4.06), low temperatures and eventually low organic carbon
content are crucial factors controlling specific archaeal ammonia oxidizing phylo-
types and favor the dominance of AOA over AOB at permafrost-affected sites [168,
170-173].

A known cold-adapted NOB of the Betaproteobacteria, Candidatus “Nitrotoga
arctica,” was discovered from the active layer of permafrost-affected soil in the
Siberian Arctic [179]. Results from experiments with a highly enriched Candida-
tus “Nitrotoga arctica” culture from permafrost soil revealed a generation time of
44 hours at 17°C and a K value of 58 + 28 pM for NO,", indicating adaptation to
low NO,” concentrations [151]. Sanders et al. [178] identified the NOB Nitrotoga
spp. via 16S rRNA Illumina amplicon sequencing in permafrost-affected soils
in the Lena Delta, Northeastern Siberia. At one of the study sites, NOB associ-
ated with the genus Nitrospira dominated the nitrite oxidizer affiliated 16S rRNA
gene sequences with up to 34% relative abundance. Nitrobacter spp. were like-
wise detected. Such a finding corroborates a metaproteome study where Nitro-
bacter genomes were among the 20 top scorers in accumulating peptides from
frozen permafrost soil, the active layer, and a thermokarst bog [79]. In soils from
a deglaciated valley in Peru that showed nitrification activity, sequences associ-
ated with Candidatus “Nitrotoga arctica” and Nitrospira sp. were also retrieved
from 16S rRNA gene libraries [180]. Such findings indicate an important role of the
NOB genera Nitrospira and Nitrotoga for NO,™ oxidation. Comammox are likewise
common nitrifiers in the environment and host amoA as well as nxr genes, which
is emphasized by metagenomic and PCR-based studies [145, 181, 182]. However,
their occurrence and importance in permafrost systems are essentially unknown
to date, necessitating further studies.

To distinguish between heterotrophic nitrification from organic N and auto-
trophic nitrification, inhibitors like acetylene or nitrapyrin are used, which both
inhibit the oxidation of NH, by AMO [183, 184]. However, the application of stable iso-
topes is a more promising tool [185]. Due to the absence of established gene markers
for heterotrophic nitrification, isolation and characterization of isolates are currently
common strategies to identify heterotrophic nitrifiers. The gammaproteobacterial
heterotrophic nitrifier Pseudomonas strain M19 has been isolated from a dry tundra
meadow in the alpine permafrost of the Colorado Rocky Mountains and is capable of
NO, production not only from organic nitrogen but also from NH,* [186]. A study with
three different cryosol sites from the Canadian High Arctic showed that heterotrophic
ammonia oxidation potentials contributed to 29-47% of the total ammonia oxidizing
potential measured in theses soils, with the highest potential of heterotrophic nitri-
fication found at the site with the highest organic carbon and moisture content [170]
(Tab. 4.4). The rates of heterotrophic ammonium oxidation ranged from 21 to 178 ng of
NO,-N g of dry soil™ h, with the higher end of the rates being in the range of agricul-
tural soils [187, 188]. Such studies suggest that heterotrophic nitrification should not
be neglected in permafrost systems.
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4.2.3 Dissimilatory nitrate reduction and associated organisms

When oxygen becomes limiting, alternative terminal electron acceptors are utilized
by microbes [189]. Major anaerobic respiration pathways are dissimilatory nitrate
reductions, including denitrification and dissimilatory nitrate reduction to ammo-
nium (also called nitrate ammonification). Denitrification is a modular pathway
comprising the sequential reduction of nitrate (NO,") or nitrite (NO,’) via the inter-
mediates NO and nitrous oxide (N,0) to dinitrogen gas (N,) [189]. Denitrification
closes the nitrogen cycle by returning molecular N, to the atmosphere [190] (Equa-
tions 4.10—4.13). During nitrate ammonification, NO, is converted to NH," via NO,
(Equations 4.15-4.16).

NO, +2H: + 20 2B NAR o No -4 HO (4.10)
NO, +2H* + e — X 5 NO + H,0 (4.11)
INO + 2H' + 26 NR L N O+ HO (4.12)
N0+ 2H +2e 25 5 N +H0 (4.13)

Here, NAP indicates periplasmic nitrate reductase; NAR, membrane bound nitrate
reductase; NIR, nitrite reductase; NOR, nitric oxide reductase; and NOS, nitrous oxide
reductase

Physiology and diversity of dissimilatory nitrate reducers
Canonical denitrifiers. Most denitrifiers are facultative, heterotrophic anaerobes that
consume sugars and/or organic acids but are generally not capable of growing by
fermentation [191-193]. Autotrophic denitrifiers use reduced S-compounds, H,, NH,",
NO,, or Fe* as electron donors. Complete denitrifiers convert NO," to N,. However,
the core reaction module of denitrifiers sensu stricto is the conversion of NO, to
N,0. Many denitrifiers miss some or all of the other reaction modules and associated
genes, thus displaying different truncated forms of denitrification and either N,O or
N, as end product [97, 194]. N,O is a strong greenhouse gas and an obligate intermedi-
ate or end product, depending on the organism. Denitrification can act as a source or
sink for N,O. Dynamic production and consumption processes at the soil/atmosphere
interface result in varying N,O fluxes from the environment; denitrification is a major
cause for nitrogen loss from many environments and useful for removing excess N
from aquatic environments [191, 195]. Consequently, denitrification has been the
focus of numerous studies due to its relevance for greenhouse gas metabolism and
N-removal.

The ability to denitrify is widespread and can be found within more than 60
genera, including Bacteria, Archaea, and Eukarya, showing a high phylogenetic
and functional variability [189, 196]. Genera belong primarily to the Alpha-, Beta-,
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Gamma-, and Epsilonproteobacteria and the Firmicutes. Within the Eukarya, deni-
trification is mainly limited to fungi, even though it has also been reported to occur
in some foraminifer species [197]. Many fungal species are capable of reducing NO,-
or NO, to N,O under suboxic conditions and generally lack nitrous oxide reductase
[198-202]. The fungal nitrite reductase is a copper-dependent NirK-type enzyme;
the NO reductase of fungi (P450nor), part of the cytochrome P450 superfamily, has
been intensively studied, and sequence information on the genes encoding nitrite
and NO-reductases is available from a variety of pure cultures and environments [89,
202-208]. Thus, N0 is the final product of fungal denitrification [200, 202]. Despite
the fact that complete denitrification has not yet been found in fungi, they might still
be able to produce N, via co-denitrification. Thereby, NO, is reduced to NO that can
further react with organic N compounds [209]. Indeed, by a combination of biotic and
abiotic processes, organisms lacking e.g. nitrite reductases are capable of complete
denitrification [210].

Complete denitrification involves seven enzymes that catalyze four reductions
during the process [189]. The first step of denitrification, common to denitrifica-
tion and nitrate ammonification, is the reduction of NO,™ to NO,". This step is cata-
lyzed by Nar or Nap [189]. The catalytic a-subunit of the membrane-bound nitrate
reductase Nar is encoded by narG, whereas the catalytic subunit of the periplasmic
nitrate reductase Nap is encoded by napA [211]. Both genes are utilized as marker
genes for nitrate reducers including denitrifiers in the environment (e.g. [212-215]).
The key enzyme of denitrification is nitrite reductase, which further reduces NO," to
NO, the first gaseous product of the process [189]. This step is catalyzed by either NirK
or NirS, a Cu-containing or cytochrome cd, nitrite reductase, respectively [189]. The
two enzymes have identical functions, despite differing in their structure and cata-
lytic site [216]. Until recently, it was thought that one organism harbors either nirk
or nirS genes [217]. The NO reductases cNor or gNor subsequently reduce NO to N,0.
The two proteins have different electron donor specificities; cNor is associated with
cytochrome c or blue copper proteins and qNor derives electrons from the quinol pool
[218]. gNor can also play a role in NO detoxification of non-denitrifying prokaryotes
[218]. In Bacillus azotoformans, a third type of Nor was found, which is suggested to
fulfill both bioenergetic and detoxifying functions [219]. The final step of denitrifica-
tion is the reduction of N,O to N, catalyzed by the copper-containing nitrous oxide
reductase Nos, the only known enzyme to be capable of this reaction [189, 216]. Nos
is classified into two distinct groups: class I, prevalent in canonical denitrifiers, and
class II, which also occurs among non-denitrifying N,O reducers [220]. While clade I
Nos is associated primarily with Tat-dependent transport of the folded protein, class
II Nos is primarily associated with Sec-dependent transport of the unfolded Nos pre-
cursor [221, 222].

Acidity, early growth phase, and high NO, /organic carbon ratios stimulate
release of N,O during denitrification [223-227]. Denitrifiers might lack nitrate reduc-
tases and/or N,O reductases and occupy diverse ecological niches [189, 191, 193, 228].
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Denitrification rates and the product ratio of N,O to N, are regulated by the denitri-
fying community and in situ conditions (e.g. pH, temperature, C/N ratio, as well as
the availability of substrates and electron acceptors [229-234]). Low pH (<5) impairs
denitrification in certain systems and increases the product ratio of N,O to N, [235,
236]. The increased product ratio of N,O to N, is likely caused by post-transcriptional
effects of low pH on N,O reductase assembly [237]. However, recently, acid-tolerant
N,O reduction was identified in peatlands and pure cultures (e.g. [238-241]). The rela-
tive amount of N,O released from the environment depends also on the ratio of N,O to
total N gases and reflects the relative abundance of the bacterial community capable
of N,O reduction [190, 217, 242]. The natural terrestrial ecosystems where the highest
known N,O emissions originate are in the tropics and have a high supply of mineral
nitrogen and favorable soil moisture, both supporting conditions for N,O production
[22, 243, 244]. Low N,0 emissions, in contrast, have been reported from pristine terres-
trial ecosystems in northern latitudes [243, 245]. It was thought that due to slow min-
eralization of organic matter under cold, humid conditions [246] and low atmospheric
deposition of N [247], biological processes are generally N limited, which results in
a competition for available nitrogen between vegetation and microorganisms [248],
leading to low N,0 emissions. Such a view is now changing for certain permafrost-
affected systems as outlined below (see Section 4.2.3, “Rates of nitrate dissimilation
and associated microbial diversity in permafrost environments” section; Tab. 4.1).
Methane-dependent denitrification. Known electron donors for denitrification
include organic carbon and sulfur compounds as well as hydrogen [249]. Biochemi-
cally more challenging as a substrate than such compounds is methane (CH,) that is
subject to oxygen-, sulfate-, or NO,/NO, -dependent oxidation [250]. The first exper-
imental evidence of CH,-oxidation with NO;/NOZ* via denitrification was obtained
from a bioreactor operated with sludge [251]. The process was linked to bacteria of the
candidate phylum NC10, which was also known from environmental genetic analyses
[252]. Based on metagenomic data, one species of this clade, Candidatus “Methylo-
mirabilis oxyfera”, was described [253]. The bacterium has not yet been isolated but
exists in enrichment cultures that can give insights into its physiology. CH, oxidation
to CO, is coupled to the reduction of NO, to N, by Ca. “M. oxyfera” (Equation 4.14) [41].

3CH, + 8NO,” + 8H* —» 3C0, + 4N, + 10H,0 (4.14)

Members of the NC10 phylum have been identified from other environments, like
waterlogged soils and freshwater sediments via 16S rRNA gene sequencing [252]. Even
though experiments and resulting preliminary predictions based on these limited
information do not suggest major N, production from NO, -dependent CH, oxidation,
further investigations are needed to reveal its importance in natural environments
[41, 254].

Denitrifying nitrifiers and aerobic denitrifiers. Many of the classical “autotrophic”
ammonia oxidizers are capable of denitrification under oxygen limiting conditions,
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sometimes by using organic C-sources like pyruvate; such nitrifier-denitrification is
often used by taxa within the autotrophic ammonia oxidizing Nitrosospira and was
first described in pure cultures [255-259]. NH,* is converted to NO, that is utilized as
electron acceptor employing nitrite reductases when oxygen becomes limiting. NO,
is then stepwise reduced to N,0 via NO [260]. The stepwise reduction is controlled
by enzymes that might not differ phylogenetically from nitrite (NIR) and nitrous
oxide (NOR) reductases found in denitrifying organisms [261, 262]. Nitrifier denitri-
fication can represent the main source of N,O released by nitrifiers in soils [185, 259,
263, 264]. Soils with moderately low pH and oxygen levels and high N content are
thought to considerably contribute to N,O fluxes due to the occurrence of nitrifier
denitrification [265, 266]. Proof of the process’s actual occurrence in soil, despite
its suggested importance as contributor to N,O emission from soils, still remains
elusive [267, 268].

Interestingly, many heterotrophic nitrifiers are also capable of aerobic denitri-
fication (see Section 4.2.3, “Physiology and diversity of dissimilatory nitrate reduc-
ers” section). Prokaryotes capable of aerobic denitrification are diverse and, among
others, belong to the genera Proteobacteria, Firmicutes, and Actinobacteria. Aerobic
denitrification proceeds via Nap that is expressed also under fully oxic conditions and
nirK/S [153, 158]. Fungi as exemplified by the model organism Fusarium oxysporum
are likewise aerobic denitrifiers. Fungal denitrification requires oxygen limited con-
ditions, whereas nitrate ammonification (see Section 4.2.3, “Canonical denitrifiers”
section) occurs only in the absence of oxygen [269, 270]. Fungal nitrate and nitrite
reductases are structurally and functionally similar to the bacterial counterparts
[205, 271]. The diversity of known fungal denitrifiers is currently increasing [201, 203,
206, 272]. All aerobic denitrification pathways, including nitrifier-denitrifiers, have in
common that the end product is primarily N,O.

Nitrate ammonifiers (or dissimilatory nitrate reducers producing ammonium). In
contrast to denitrifiers that lead to N-loss, nitrate ammonifiers reduce NO,” to NH,*
and thus retain fixed N in the system (Equations 4.15 and 4.16). Dissimilatory nitrate
reduction to NO,” or NH," is an anoxic process and is linked to ATP synthesis via
electron transport and proton translocation [40, 273]. Energy yield during fermen-
tation might likewise be increased via NO,” reduction [208]. N,0 is produced via the
non-specific interaction of nitrate reductase with NO,- [274, 275]. Two different sets
of reductases are involved. The reduction of NO," is respiratory, while the reduction
of NO,™ is also associated with fermentation [40, 276, 277], although both are dis-
similatory processes [277]. During this fermentation process, NO,” reduction regen-
erates oxidants like NAD*, thus allowing for higher energy yields by substrate-level
phosphorylation [278]. The production of N,O by nitrate-dissimilating bacteria is
favored in high organic carbon systems like the rumen or the gastrointestinal tract
of higher animals and, to a lesser extent, in organic-rich pH neutral soils [191, 273,
279, 280]. Oxidoreductases that catalyze the conversion of NO, to NO,” and NH,* in
bacteria include nitrate reductases (encoded by narGHI and napA) and assimilatory
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as well as dissimilatory nitrite reductases (encoded by nirAB/nasB and nrfA, respec-
tively [40, 60, 281-283]). Except for some sulfate-reducing bacteria, which are only
able to use NO," as a substrate, most organisms carrying out nitrate ammonifica-
tion are likewise capable of NO," reduction [284, 285]. The key enzyme involved in
nitrate ammonification that reduces NO," the whole way to NH,* without the release
of an intermediate is the cytochrome ¢ Nrf and primers against this enzyme are used
to detect nrfA genes in bacterial communities [276]. Dissimilatory nitrite reduction
involving Nrf is favored over assimilatory nitrite reduction by NirB under low-ni-
trate conditions (i.e. NO,” concentrations smaller than 2 mM), while the assimila-
tory nitrite reduction dominates when NO," exceeds 3 mM in Escherichia coli [283].
Similar findings were obtained for Shewanella loihica, a model organism that hosts
denitrification and nitrate ammonification pathways [286, 287]. NO,/NO," concen-
trations, pH, and C/N ratios were important for the regulation of differential elec-
tron flow toward denitrification and nitrate ammonification. Thus, N-oxide concen-
trations regulate the pathways for nitrate ammonification, and nitrate ammonifiers
might compete for NO,~ with denitrifiers, with nitrate ammonification being favored
when the electron acceptor NO," is the limiting factor [288, 289]. Nitrate reduction to
ammonia is likewise catalyzed by fungi, predominantly under hypoxic conditions,
and assimilatory enzymes like NiaD and NiiA are associated with this conversion
[202]. Although dissimilatory nitrate reduction to NO, or NH,* can occur in soil, the
effect on the N,0 emissions of soils appears negligible [279, 290]. However, provi-
sion of the intermediate NO,™ to denitrifiers could enhance N,O production by deni-
trification. Thus, dissimilatory nitrate reducers might indirectly contribute to N,0
emissions in soils.

NAP, NAR

NO, +2H"+ 2" ————» NO,” + H,0 (4.15)
NRF

NO, + 8H* + 6e" —» NH,” + 2H,0 (4.16)

NAP represents periplasmic nitrate reductase; NAR, membrane bound nitrate reduc-
tase; and NRF, cytochrome c nitrite reductase.

Diverse bacteria are known to perform nitrate ammonification, which can be found
within the Gamma-, Delta-, and Epsilonproteobacteria, Firmicutes, as well as within
the Bacteroidetes [276, 291]. Obligate anaerobic (Clostridium), facultative aerobic (Cit-
robacter, Enterobacter, Erwinia, Escherichia, Klebsiella), and aerobic (Bacillus, Pseu-
domonas) lifestyles are well known for nitrate ammonifiers [191]. Already in 1938,
the occurrence of nitrate ammonification in the common soil bacterium Clostridium
welchii was shown by Woods [292]. Fungi like the anamorphic ascomycete Fusarium
oxysporum are also be capable of nitrate ammonification. Depending on the availa-
bility of oxygen, F. oxysporum is likewise capable of denitrification (see Section 4.2.3,
“Canonical denitrifiers” section above). Within the Deltaproteobacteria, many sulfate
reducers are capable of nitrate ammonification when NO,~ is present [284, 285, 293].



4.2 Microbial processes of the N-cycle =—— 81

Nitrate ammonification is mainly known from strongly reducing environments
like sediments [249] but has also been found in other terrestrial and aquatic systems
[273, 294, 295]. Nitrate ammonification has an important functional importance as it
transfers NO," to a less mobile mineral form of N [191, 296]. Thus, the mobile NO,-N
that is prone to leach or to be denitrified to N-gases is retained in the ecosystem
[191, 290, 296, 297]. Studies with *N-labeled NO," in reducing sediments showed
the simultaneous release of NH," and N,O via dissimilatory pathways, with NH,*
accounting typically for more than 90% of the released products [288]. Nitrate
ammonification might act as a detoxification mechanism for NO,, tolerating rather
high concentrations of mM concentrations of NO,” [298-300]. Nitrate ammonifica-
tion is also a better electron sink than denitrification per mol of NO,™ (Equations
4.10-4.13, 4.15, and 4.16), allowing the organisms to efficiently regenerate their oxi-
dants needed for survival, thus explaining the importance of nitrate ammonifica-
tion in reduced environments.

Rates of nitrate dissimilation and associated microbial diversity in permafrost
environments

Nitrate reduction and denitrification are important processes in permafrost-affected
soils that emit the greenhouse gas N,0, NO, and HONO (Tabs. 4.1 and 4.2). Recent
studies showed that Arctic soils produce [301, 302] and release [21, 22] substantial
amounts of N,O. So-called cryoturbated peat circles in the discontinuous perma-
frost zone in the subarctic East European tundra emit N,O at exceptionally high rates
throughout the growing season (1.9-31 mg N,O m2d") [22]. These peat circles, with
an in situ pH around 4, lack vegetation and thus competition for nitrogen between
plants and microorganisms. Coupled ammonification-nitrification reactions acting
on old organic N-rich peat at the oxic/anoxic interface and an intermediate water
content might explain high NO, concentration in peat circles, which is readily avail-
able for denitrification (Tab. 4.5), a main source of N,O under anoxic conditions [22,
42]. Studies with such peat circle and adjacent unturbated peat soil showed that
narG abundance accounted for approximately 8% of the bacterial 16S rRNA genes
in the cryoturbated peat circle soil [42]. nirS outnumbered nirK by up to three orders
of magnitude, indicating a substantial role of nirS-type denitrifiers. The diversity
of nirS was dominated by Alpha- and Betaproteobacteria, and the great majority of
nirK sequences from both soil types affiliated with Alphaproteobacteria, although
both nirS and nirK were only distantly related to nirS and nirK of cultured organ-
isms [42]. Additionally, the nirS and nirK gene diversity of examined soils differed
between sites. nosZ occurred at low frequencies in peat circles relative to narG and
sequences were indicative of alphaproteobacterial nosZ (Mesorhizobium sp.). 60%
of nosZ were only distantly related to nosZ of cultured microorganisms indicating a
new, specific, and acid-tolerant denitrifier community capable of N,O reduction in
these soils [42]. In addition to low pH, an electron donor limitation might favor N,O
production in these peat soils, since NO,™ is not a limiting factor [42, 304]. In contrast,
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unturbated vegetated peat soils from the same study site with the same acidic pH do
not essentially emit N,O in situ [21, 22] (Tab. 4.1). Phylogenetic data show that deni-
trifier communities differ between bare cryoturbated and vegetated unturbated peat
soils, correlate with denitrification potentials, and are likely accountable (along with
AOA [173]; see Section 4.2.2, “Rates of nitrification and associated nitrifier diversity in
permafrost environments” section) for contrasting N,O emissions between soils [21,
22 42]. New nitrate reducers were isolated, including two new Caballeronia strains
hosting multiple nitrate reductases [303]. A huge quantitative imbalance between the
genetic potential for dissimilatory nitrate relative to N,O reduction as indicated by
narG outnumbering nosZ might contribute to the high N,0 fluxes from peat circles.

Likewise, narG was abundant and accounted for 1-5% of bacterial 16S rRNA
genes in a vegetated palsa peat (pH 4-5) in Finland [214], showing that a substan-
tial amount of bacteria is capable of dissimilatory reduction of available NO,~ in
these soils. However, denitrification potentials were low compared to those from
peat circles. Most of the narG sequences were associated with Actinosynema sp. of
the Actinobacteria, and Alphaproteobacteria related to Oligotropha sp. nirK were
likewise indicative of Alphaproteobacteria (distantly related to Methylobacterium
sp., Mesorhizobium sp., and uncultured taxa), although more diverse. The gene nirS
was indicative of Beta- and Gammaproteobacteria affiliating primarily with uncul-
tured taxa. The nosZ community as well mainly affiliated with alphaproteobacterial
and betaproteobacterial nosZ, clustering with Bradyrhizobium japonicum and Azo-
spirillum lipoferum [214]. The nitrate reducer community including denitrifiers was
clearly different from that of the peat circles/unturbated vegetated peat, and N,O
emissions from palsa peat were much lower, indicating that the nitrate reducer com-
munity including denitrifiers might be a key factor in terms of N,O metabolism in
permafrost-affected peat soils [214].

Arctic thermokarst bog, the active layer and permafrost (pH 4.5-6) soil near Fair-
banks, Alaska, showed generally a low expression of denitrification associated genes
along with low denitrification potentials as indicated by metaproteomics, metatran-
scriptomics, and metagenomics [79]. Nar encoding genes were generally more abun-
dant than genes encoding for all other denitrification associated reductases, and Nos
encoding genes again were the least abundant. Metagenomics likewise indicated
the presence of denitrification associated genes in black-spruce forest soil, suggest-
ing a higher genetic potential for dissimilatory nitrate reduction to nitrite (nar) than
nitrite reduction to N-gases (nir, nor) or ammonium (nrf) [72]. Low frequencies of
nos suggested an even lower potential for N,O consumption than denitrification or
nitrate ammonification (nrf). Similar findings were obtained for Arctic polygons by
metagenomics and correlated with low N,O production potentials [80]. Almost com-
plete metagenome assembled genomes affiliating with Actinobacteria, Bacteroidetes,
and Verrucomicrobia had a high likelihood to host truncated denitrification pathways
along with genes for short chain organic acid and alcohol catabolism, suggesting that
such organisms are important players in Arctic polygons [80].
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In the High Arctic of Canada (Axel Heiberg Island), N,O emissions were reported
from high centered ice-wedge polygons. Quantification of gene markers, together with
N,O gas flux data, suggests N,O production predominantly in the upper 5 cm of trough
soil [81]. This study with Arctic mineral ice-wedge polygon cryosols of the Canadian
High Arctic showed that nirS abundance as determined by quantitative PCR was sig-
nificantly dependent on the sampled location, trough, or polygon interior soil, but not
soil depth [81]. Diverse nirS genes were retrieved via targeted amplicon sequencing
and clustered primarily with nirS genes of uncultured microorganisms. Diversity in
terms of relative abundance of nirS derived operational taxonomic units was primar-
ily determined by location and to a lesser extent by soil depth [81]. Bacteria at both
locations as indicated by nirS and 16S rRNA were related to known denitrifying bac-
terial members of the genera Thiobacillus, Denitrovibrio, Pseudomonas, Azospirillum,
and Azorhizobium and many uncultured organisms [81]. Dissimilar N,O emissions
of trough or polygon interior were related to dissimilar nirS communities, suggest-
ing that the topology impacts microbial communities and greenhouse gas emissions.
Metatranscriptomics from sites in Svalbard showed a clear depth dependence of deni-
trifiers, with the number of transcripts associated with denitrification decreasing over
depth [305].

Cloned nosZ genes retrieved from soils emitting N,O (-0.01-0.71 pg N m? h;
Tab. 4.1) of the Canadian High Arctic, Devon Island, were affiliated with Alpha- and
Betaproteobacteria and showed only minor similarities (<83%) to known sequences
in the database at that time and differed from denitrifier communities in temperate or
Antarctic environments. Such nosZ clustered with Achromobacter spp., Sinorhizobium
spp., and Azospirillum spp. [167]. The abundance of nosZ determined for different
landforms was in the range of 10° copies per gram soil, suggesting some potential for
N,0 consumption. Indeed, the contribution of denitrifiers to emitted N,O from exam-
ined soils ranged only from 3 to 18%, with the majority of N,O coming from AOB [167]
(see Section 4.2.3, “Rates of nitrification and associated nitrifier diversity in perma-
frost environments” section).

Reported nitrate ammonification rates from sediment of five stations at Hanna
Shoal, Alaska, measured via isotope pairing techniques revealed average nitrate
ammonification rates of 0.23 + 0.05 pmol N m= h, contributing only little to the
overall sediment NH,* turnover and thus suggesting that nitrate ammonification is
not quantitatively important in these sediments [306] (Tab. 4.5). Another attempt to
measure nitrate ammonification in Arctic fjord sediments of Svalbard by Gihring et al.
was not successful [307]. Generally, few studies on nitrate ammonification in perma-
frost systems are available. Nevertheless, the genetic potential for nitrate ammonifi-
cation was detected previously by metagenomics [80].

Collective data on nitrate dissimilating processes in permafrost-affected soils
suggest that denitrification is more prominent than nitrate ammonification. A moder-
ately diverse denitrifier community is inherent to many different Arctic environments,
with novel not yet cultured microorganism. Denitrifier community and an imbalance
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of the genetic potential for nitrate reduction and N,0 consumption are microbial
parameters contributing to large N,O emissions.

4.2.4 Anaerobic ammonia oxidation

Considering the classical view on the nitrogen cycle, oxygen was considered to be
essential for NH,* oxidation. Evidence for an anaerobic, oxygen-sensitive ammonia
oxidation was first obtained from denitrifying bioreactors of wastewater treatment
plants, 30 years after it was first proposed [308]. Isolation approaches have not yet
been successful for anammox organisms, but highly purified enrichment cultures
exist.

Physiology and diversity of Anaerobic Ammonia Oxidizers

The anaerobic ammonium oxidation (anammox) of NH . with NO,™ to N, gas via the
intermediates NO and hydrazine (N,H 4) is performed by bacteria of the order Plancto-
mycetes [309] (Equations 4.17-4.20). Bacteria capable of anammox are found within
five genera of the Planctomycetes: Candidatus Anammoxoglobus, Candidatus Bro-
cadia, Candidatus Jettenia, Candidatus Kuenenia, and Candidatus Scalindua and
classically considered to have an autotrophic lifestyle [309-312]. The energy from
oxidation-reduction reactions of NO,” and NH,* is used to assimilate CO, and for
growth [41]. However, there are anammox bacteria, which are capable of coupling
of the oxidation of organic substances like propionate and NH,* to the reduction of
NO, to NO,™ [310, 313]. With doubling times of 10 to 20 days, anammox bacteria are
generally extremely slow growers, even at 35°C and high substrate concentrations
[309]. Only recently, doubling times were dramatically minimized to 3.3 days in
bioreactors [314].

After NO," is reduced to NO, hydrazine synthase (HZS) converts NO together with
NH," to hydrazine (N,H,). NH,OH might be formed as a side product. The enzyme
hydrazine dehydrogenase (HDH) then further oxidizes N.H, to N, [315] (Equations
4.17-20).

NO, +2H* + e ﬂ» NO +H,0 (4.47)
NO + NH," + 2H* + 3e" E» N,H, + HO (NH,OH as intermediate) (4.18)
NH, 2o N+ 4H + de- (4.19)
NH,0H w» NO + 3H* + 3e” (4.20)

Here, NIR is nitrite reductase; HZS, hydrazine synthase; HDH, hydrazine dehydroge-
nase; and HAO-like HOX, HAO-like hydroxylamine oxidase.



4.2 Microbial processes of the N-cycle =—— 87

The enzymes HZS and HDH are conserved in all known anammox genera [316]. An
octaheme HAO that performs the reverse oxidation of NH,0OH to NO, i.e. hydroxyl-
amine oxidase (HOX), is also present in all anammox bacteria [113, 316, 317] (Equa-
tion 4.20). The microbial formation of NO is catalyzed by Cu-NIR or cd -NIR [315, 318,
319]. Whilst the cdI-NIR is encoded in the anammox species Candidatus “Kuenenia
stuttgartiensis” and Ca. “Scalindua profunda” [320-322], the Cu-NIR is encoded in
Ca. Jettenia spp. [323] and a yet unknown nitrite reductase is encoded in Ca. Brocadia
spp. [324]. Recent studies suggest that the trait of nitrate reduction in anammox bac-
teria was acquired after the central catabolism of this pathway was established [315].
This is supported by the findings that the oxidation of NH,* is coupled stoichiomet-
rically to the reduction of NO, when NO," is absent; NO," is not required for growth
under such conditions [315]. Interestingly, anammox bacteria do not detoxify NO to
N,0 under saturated NO conditions. Only 0.1% of consumed NO was converted to N,0,
which would suggest an efficient conversion of NO to N, [315]. Therefore, anammox
bacteria have the potential to counteract the emission of the greenhouse gas N,0 by
scavenging the N,O precursor NO and to contribute to the control of both, NO and N,O
emissions, in ecosystems.

The anammox process occurs in a unique specialized intracytoplasmic organelle,
called the anammoxosome [309]. This organelle is membrane bound and comprises
up to 60% of the cell volume [325]. The membrane of the compartment consists of
another unique feature of anammox bacteria, the ladderane lipids, which form a
dense barrier [326] that might protect the bacteria against the toxic intermediates
NH,0H and N,H, occurring during the anammox process [327]. The unique ladder-
anes have also been used as biomarkers for the presence of anammox bacteria [328].

Anammox bacteria are mainly found in marine environments [329] but also in fresh-
water systems [330]. The anaerobic anammox process depends on the presence of both
oxidized and reduced inorganic nitrogen compounds; therefore, habitats with oxic/
anoxic interfaces might be suitable for anammox bacteria [331]. Anammox activity was
also shown in certain terrestrial environments, and detected anammox bacteria affiliated
with the genera Ca. Brocadia and Ca. Kuenenia [331, 332]. In peat soil, the presence of
anammox bacteria of the genera Ca. Brocadia and Ca. Jettenia was detected and shown
to be strongly influenced by the slow release of organic matter like humic acids [333].
Thus, a contribution to N-cycling in peat of permafrost-affected systems is anticipated.

Rates of anaerobic ammonia oxidation and associated microbial diversity in
permafrost environments

Indeed, anammox bacteria occur in permafrost systems, although low tempera-
tures and low NH,* as well as low NO,” concentrations do not appear to be ideal for
their growth [41]. Anammox bacteria were confirmed via PCR in alpine permafrost
from Creux-du-Van, in the Swiss Jura, and 16S rRNA gene sequences retrieved were



88 —— 4 Microbial nitrogen cycling in permafrost soils: implications for atmospheric chemistry

affiliated with Candidatus Jettenia [331]. Sequences with >96% nucleotide identity
to Candidatus Scalindua were detected in permafrost samples from Siberia [334].
Genetic potentials for anammox were complemented by process potentials in other
systems (Tab. 4.6). In soil slurry experiments with Arctic coastal marine sediments
from Greenland (-1.7 to 4.0°C), anammox accounted for up to 35% of total N, pro-
duction, and anammox rates ranged from 1 to 92 pmol N m=2 d* [335] (Tab. 4.6). A
strong correlation between location-specific anammox activity and bottom-water
NO," concentrations was found, indicating that NO," concentrations in bottom-water
might indirectly control anammox activity, which in turn are controlled by denitri-
fiers. Support for this conclusion came from a significant correlation between area-
based anammox activity and denitrification activities [335]. Thus, anammox might
contribute to a significant portion of N, production in cold marine sediments [335,
336]. In deeper layers of a multilayer sea ice floor from a Greenland fjord, the contri-
bution of anammox to total N, production was up to 19%, but below detection limit in
upper layers or annual sea ice [337]. This might be due to the more stable environment
of deeper layers of multilayered sea ice, which the slow-growing anammox bacteria
might favor [337, 338]. Diverse studies showed high amounts of organic and inorganic
nitrogen stored in deep layers of permafrost [302, 339, 340], and anammox bacteria
were shown to occur in ice and alpine permafrost. Thus, it is likely to find bacteria
capable of anammox in deep permafrost, where environmental conditions are stable;
however, future studies are needed to confirm this hypothesis [341].

4.2.5 Ammonification

Microbial mineralization of N containing organic compounds to their mineral
constituents, including CO, and NH,*, is a key process determining the quantity of
nitrogen that is available to the soil microbial community and plants from organic
matter recycling. The conversion of organic nitrogen into inorganic nitrogen is
known as ammonification [342] and releases NH,*-N [343, 344] (Equation 4.21,
urea-mineralization as simplified example).

Physiology and diversity of ammonifiers

The ability to ammonify is widely distributed among heterotrophic microorganisms
[345, 346], and several factors are known to influence ammonification. A major
controlling factor of ammonification is temperature, as the process is primarily an
enzymatic decomposition of organic nitrogen [342]. An increase of 10°C can lead to
a doubling rate of ammonification [347]. Additionally, ammonification is influenced
by pH, which was shown to be ideal between 6.5 and 8.5 [348]. Another well-known
factor to influence ammonification is the C/N ratio. The greater the C/N ratio, the
slower the process becomes. An explanation for this might be concurrent immobi-
lization processes (i.e. assimilation) that outcompete or mask ammonification [349].
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URE
CO(NH,), + HO —— 2NH, + CO, (4.21)
URE here indicates urease.

The largest pool of soil organic N is made up by amino acids [350]. Amino acids are
catabolized by ammonification, which presumably includes several deamination reac-
tions. Oxidative and reductive deaminations are possible options. Oxidative and reduc-
tive deamination are likely prominent in oxidized and reduced soil environments,
respectively [342, 351]. The degradation of amino acids is intracellular, might rely on
extracellular enzymes such as proteases, and is closely related to N mineralization in
soil [352]. This is supported by high affinity kinetics (K|, value ~ 50 pM), which reflect
an intracellular microbial enzyme activity rather than an activity associated with the
soil matrix [352]. In order to measure soil gross N mineralization by microorganisms,
Alef and Kleiner proposed in 1986 [353] an arginine ammonification assay whereby
NH," production and O, respiration are measured after arginine was added at satura-
ting concentration. The simple-to-use arginine ammonification assay was compared
to a ®N-NH,* isotope dilution technique measuring gross N mineralization in different
crop soils and showed reliable results in the examined soils, reflecting not only seaso-
nal patterns but also short-term fluctuations of activity in the different soils [352].

Ammonification associated diversity in permafrost environments

Even at low temperatures, such as in the Arctic, high NH,*-N concentrations suggest
high microbial activity, and NH,"-N concentrations may be used as indicators for
organic matter mineralization in cold regions [354-356]. NH,* and other inorganic N
species were found in permafrost soils in a study across the Siberian Arctic with 11
soil profiles from different study sites, including peat and pure ice, demonstrating
that these soils store significant amounts of inorganic nitrogen in the frozen ground.
Thereby, higher amounts of inorganic N were detected in frozen parts of the perma-
frost soils relative to the active layer [339]. Other studies with permafrost-affected
soils from Sweden and Greenland showed similar accumulations of NH,* [302, 340].
Mineralization rates from two sites in the Canadian High Arctic, a sedge meadow
and a willow-herb site, ranged from approximately 100 to 150 mg N m= d*! during
growing season and did not differ significantly between examined sites and depths
[165] (Tab. 4.7). Results indicate that nitrogen mineralization is an important source
of inorganic N in Arctic ecosystems [165]. Genes that were used as markers for ammo-
nification from organic N (e.g. urease encoding ureC; Equation 4.21) were essentially
as abundant as nitrate reduction associated genes in all soils analyzed, suggesting
a widely distributed organic N-mineralization potential [80]. Studies on microbial
diversity associated with ammonification is generally difficult, as most heterotrophic
and also some autotrophic microbes possess the capabilities to ammonify, organo-N
compounds are highly diverse, and genes involved in ammonification are not specific
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for the process. Thus, isolation and characterization of isolates are a suitable approach
for studying ammonifiers. Isolates of oligotrophic soil microorganisms, like members
of the genera Mycobacterium and Streptomyces (both Actinobacteria), from the upper
layers of permafrost-affected soils have been tested positive for ammonification by
plating soil dilutions on meat-peptone agar. Such strains are known to survive with
low nutrient availability [357, 358]. Highest abundances of ammonifying bacteria in a
cryosolic tundra soil were found in the lower horizons, between 30 and 40 cm [357].
This was explained by humic substances found in the lower soil horizons needed as
organic substrates [357]. Knowledge on ammonifiers and ammonification in perma-
frost systems is highly limited.

4.3 Conclusions

The role of permafrost systems as important reservoirs of organic as well as inorganic
nitrogen and as a source of nitrogenous greenhouse gases deserves attention. Accord-
ing to the International Panel of Climate Change, the air temperature in the Arctic
and Antarctic might increase by 5-6°C, on average, by the end of this century [5]. This
would result in big changes of such environments, including permafrost thaw. Studies
showed that a substantial amount of inorganic N could be released upon permafrost
thaw, and for now, the impact on the ecosystem cannot be foreseen [339]. However,
permafrost soils are a large reservoir of hitherto undetected, new microbes; numer-
ous microbial key players of permafrost soils and their ecophysiology are currently
unknown. Thus, it is inevitable that such knowledge gaps are closed. A deeper under-
standing of microbial potentials and communities associated with the N-cycle, their
regulation and ecophysiology as well as systematic field studies is urgently needed
to better quantify the effects of future permafrost development. Interdisciplinary col-
laboration spanning many different scales, from single organism to landscapes, will
support such an endeavor.
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