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Summary

Many peatlands in Europe have been subjected to land reclamation and systematic
drainage, which have substantially affected nutrient cycles in the soil. This work reviews
published studies on microbial processes linked to carbon and nitrogen transformations in
the soils of the Ljubljana marsh, a drained peatland positioned close to Ljubljana, the capi-
tal of Slovenia. This region is known for its dramatic diversity of animal and plant life, but
below ground it hides diverse bacterial and archaeal communities that are highly responsi-
ve to environmental changes and make the Ljubljana marsh soils a good source of N2O
and CO2, and a sink for CH4. Methanogenesis is highly restricted in these soils due to
competition for electron donors with iron reducers. In addition, methane is efficiently re-
moved by methanotrophs, which are highly active, especially in the soil layers exposed to
the changing water table. Denitrification is limited by electron acceptors and in deeper soil
layers also by carbon, which becomes more recalcitrant with depth. Nitrification involves
bacterial and archaeal ammonia oxidisers with ammonia oxidation rates being among the
highest in the world. Interestingly, ammonia-oxidising Thaumarchaeota in acidic bog soils
thrive only on ammonia released through mineralisation of organic matter and are incapa-
ble of oxidising added mineral ammonia. The soils of the Ljubljana marsh are rich in bac-
terial laccase-like genes, which may encode enzymes involved in lignin degradation and
are therefore interesting for bioexploitations. Future challenges involve designing studies
that will reveal specific physiological functions of phenol oxidases and other enzymes in-
volved in peat transformations and address relations between microbial diversity, function
and ecosystem responses to anthropogenic disturbances.

Key words: microbial community, microbial diversity, peatland, greenhouse gas, nitrifica-
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Introduction

This article is a short review of the published stud-
ies performed at the University of Ljubljana in the last
ten years that aimed to decipher the structure, diversity
and function of bacterial and archaeal microbial commu-
nities in the Ljubljana marsh soils. This mire which cov-
ers approx. 16 000 ha has been subjected to systematic
drainage by open ditches and agricultural use over the
last 200 years. Drainage has been applied as the man-
agement strategy to change the land use and has strong-
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ly influenced the water table regime. In addition, urba-
nisation of the area has contributed to the change of the
landscape and to localised pollution of the groundwater
by municipal discharge and by agriculture. Due to the
unique diversity of animal and plant life, especially birds
that are represented by at least 100 different species in
this area, the Ljubljana marsh was proclaimed a protect-
ed area by Natura 2000. This drained marsh is also of
agricultural importance and highly important as the drink-
ing water reservoir for the nearby capital, Ljubljana.
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While plant and animal diversity has been studied ex-
tensively for decades, microbiology of these carbon-rich
peat soils has been unknown until recently. Our research
over the last ten years has focused on soil microbial
communities, their composition, diversity and function
in carbon and nitrogen cycles. We have particularly been
interested in the changes of bacterial and archaeal com-
munities, and how specific functional guilds respond to
specific environmental factors (e.g. soil type, pollution,
temperature, water regime).

First, we shall describe our study sites in the Ljub-
ljana marsh and then cover the findings revealing: (i) re-
lationships between bacterial community structure and
activity in respect to soil organic carbon (SOC) content
and soil pH (1,2); (ii) microbial processes involved in soil
organic matter (SOM) mineralisation, greenhouse gas
(GHG) emissions, and carbon (C) and nitrogen (N) cy-
cles in different water and temperature regimes (3–6);
(iii) the composition, activity and function of ammonia-
-oxidising bacteria and archaea in relation to soil depth,
soil type, pollution and SOM mineralisation (7–9). Final-
ly, we will address the diversity of bacterial enzymes
(laccase-like oxidoreductases) in two types of soil (10)
that are believed to contribute to SOM mineralisation in-
cluding peat (11). Our studies were the first to address
the structure-function relationships of microbial commu-
nities in the Ljubljana marsh, but their relevance is broad-
er and applicable to microbial ecology of peat soils in
general.

The Ljubljana Marsh – A Peatland Ecosystem

Peatlands are ecosystems with layers of partially de-
composed remains of dead plants that have accumu-
lated in waterlogged areas for thousands of years. Due
to the changing water table, which is often close to or
even above the land surface, they are classified as wet-
lands, with anoxia commonly present in the deeper lay-
ers of the ecosystem (12). These lands represent 5–6 % of
continental surface in Europe and are distributed in north-
ern and temperate zones (13), while the Ljubljana marsh
covers about 0.8 % of Slovenian territory. Peatlands are
estimated to store up to a third of all the terrestrial car-
bon, and sequestration of carbon arises from an imbal-
ance between plant input (primary production) and loss
through microbial decomposition. Peat soils are rich in
organic matter and are typically dark-brown or almost
black. There are two types of peatlands: fens and bogs.
The two are distinguished based on the water supply,
which in fens originates from the mineral-rich ground-
water and in bogs from the mineral-poor rainwater. Bog
soils are covered with Sphagnum sp. and therefore have
a low pH value, while fens are slightly alkaline with pH
values between 7 and 8.

Soil organic matter (SOM) is essential to many eco-
system functions, and understanding its dynamics and
factors driving its mineralisation is a key to understand-
ing the soil productivity and its role as a sink and source
of GHG (14). Specific conditions found in peatland eco-
systems, such as low oxygen availability due to a high
water table, cold temperatures which are prevalent in the
northern peatlands, acidity and oligotrophy, all contrib-
ute to the composition and diversity of microbial com-

munities (12). However, relationships among environ-
mental factors, microbial community composition and
ecosystem function are still understudied. Furthermore,
change of land use associated with the application of
drainage systems affect SOM mineralisation, GHG flux-
es and other processes in these ecosystems.

Studies of the Ljubljana marsh have been performed
in the last ten years on sites that differ in soil type and
groundwater level: the drained fen grassland soils (45°58´N,
14°28´E) and two bog forest soils, drained and undrained
(45°59’N, 14°30’E). The fen site was grassland with the
grass cut once or twice annually with dominating spe-
cies Arrhenatherum elatius, Dactylis glomerata, Festuca ru-
bra, Equisetum palustre and Galium mollugo, followed by
Ranunculus repens, Achillea millefolium, Leucanthemum ir-
cutianum and Centaurea jacea (15). The region of the grass-
land closer to the main drainage ditch had fluvial clay
deposits with lower organic carbon content (LC) and
lower groundwater level. On the other hand, the region
distal from the main drainage ditch had no clay deposits,
higher organic carbon content (HC) and higher ground-
water level. These two fen sites were classified as rheic
fibric histosol (HC) and humic gleysol (LC) (16). The
bog site was a forested area representing a natural suc-
cession with Betula sp., Frangula alnus, Salix sp., Quercus
robur and Pinus sylvestris as dominating tree species in
the drained and undrained regions (17). The bottom layer
vegetation in the undrained region (KG1) was dominat-
ed by Sphagnum sp. and other mosses, Calluna vulgaris
and some herbaceous species, whereas the bottom layer
vegetation in the drained region (KG2) consisted exclu-
sively of Pteridium aquilinum (Hacin, unpublished data).
The undrained bog soil (KG1) was classified as the rheic
fibric histosol (dystric), while the drained bog soil (KG2)
was classified as rheic hemic histosol (dystric) (3). All
these sites differ significantly in many physicochemical
parameters described in Table 1.

Activity and Diversity of Microbial
Communities in Peat Soil

Microorganisms represent the most diverse group of
organisms on Earth and they are the main drivers of the
carbon and nitrogen cycles. A typical gram of soil has
been estimated to contain 104 bacterial species and 109

microbial cells (18). Understanding the mechanisms reg-
ulating this vast diversity and the influence of these mech-
anisms on the ecosystem processes is central to ecology
(19). The rapid advancement of molecular methods in
the last two decades has enabled addressing of the rela-
tionships among microbial community structure, diver-
sity and ecosystem function in the Ljubljana marsh soils
(1,4,5,7,10).

Numerous studies have addressed the diversity and
composition of microbial communities in soils including
peat soils (reviewed in 12). However, despite major ad-
vances in molecular methods that have been applied to
study microorganisms in the soil, our understanding of
community structure/function relationship and relative
contributions of various microbial groups to SOM trans-
formations and N cycle remains limited. Kraigher et al.
(1) and Ausec et al. (2) explored relationships in micro-
bial activity and structure in two fen types (HC and LC)
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and one bog type (KG1). Two fen soils differed in SOC
and mineral nitrogen content, bulk density and water
holding capacity (WHC) but not in C/N ratio and pH,
while the bog soil had low pH (4.3) and approx. 3 times
higher SOC and WHC than fen soils (Table 1). The influ-
ence of SOC content on microbial communities had been
addressed before by others. For example, Drenovsky et
al. (20) found organic carbon availability and water con-
tent to be major determinants of the composition of soil
microbial community. Also, soil priming by labile car-
bon induced changes in microbial activity and the com-
position of the community with the most prominent
changes in fungi and actinomycetes but without detect-
able shifts in the Gram-negative populations (14).

Substrate-induced respiration and total dehydroge-
nase activity measurements in two fen soils of the Ljub-
ljana marsh indicated that microbial activity increased
with the increased SOC content. However, the difference
in SOC content was only reflected at the level of activity
but not at the level of microbial community structures
(1). The relationship with SOC content was less clear in
the bog soil, where low pH probably restrained micro-
bial activity despite higher SOC content (2). However,
the composition of bacterial community of the bog soil
was clearly different from the fen community. This is not
surprising as pH has a major effect on the microbial
community composition (21).

Sequencing of 16S rRNA genes revealed that the do-
minating species in fen and bog soils belonged to the
phyla Proteobacteria and Acidobacteria (1,2), which are
commonly identified as dominant phyla in soil (22–24).
Despite sharing dominant phyla, bog and fen soils also
showed a clear distinction in bacterial communities. A
significant difference was observed at the level of rela-
tive abundance of species affiliated with the phylum
Acidobacteria (23 and 40 % of sequences were affiliated
with Acidobacteria in the fen and bog gene library, re-

spectively). Each of the phylogenetic subgroups of this
phylum was retrieved in only one of the studied habitats.
Consistently, unique microbial communities are found in
different soil types in general and it is believed that the
soil type (25), plant cover and specific physicochemical
characteristics (26) are the major determinants of the
composition of a microbial community. While commu-
nity composition clearly differed between fen and bog,
the microbial diversity was rather similar in both soils
despite their different chemical and physical parameters
(2). This is in contrast with the general trend observed
by Fierer et al. (21), who found that pH was the best pre-
dictor of the microbial diversity in soil, with the lowest
values in acidic soils. Similarly, Lin et al. (27) found that
bacterial richness was more than two times higher on
average in the fen than in the bog, which was attributed
to higher pH, labile SOC content and enhanced activities
of laccase and peroxidase enzymes in the fen.

Bacterial communities in fen soils next to three plant
species (Cruciata laevipes, Mentha piperita and Equisetum
arvense) in the Ljubljana marsh and the bulk, plant-free
soil in the vicinity were also studied (28). The terminal
restriction fragment length polymorphism analysis indi-
cated a different bacterial community structure in the rhi-
zosphere and in bulk soil. However, no seasonal changes
between late spring and autumn samples and no appar-
ent impact of the three plant species were observed. The
three plant species were also colonized by arbuscular
mycorrhizal fungi (AMF) and dark septate endophytes
(DSE). Similarly, no specific effects of either plant spe-
cies or seasonal changes on mycorrhizal community
structure were observed using the temporal temperature
gradient gel electrophoresis of both 18S-rDNA and the
5.8S-ITS2-28S fungal rDNA PCR products, again sug-
gesting rather stable microbial communities in these
drained fen soils.
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Table 1. Soil characteristics from two fen grassland and two bog forest sites in the Ljubljana marsh, Slovenia (3)

Study sites

Fen grassland Bog forest

HC (drained) LC (drained) KG1 (undrained) KG2 (drained)

w(Corg)/% 16.3±0.2 9.7±0.1 45.4±0.2 40.4±0.8

w(Norg)/% 1.4±0 0.88±0.01 2.75±0.01 2.09±0

C/N ratio 11.7±0.2 11.1±0.2 16.5±0.01 19.3±0.4

pH (in water) 7.55±0.02 7.63±0.01 4.58±0.2 4.3±0.1

WHC 1.6±0.2 1.4±0 8.1±0.3 4.8±0.4

Bulk density/(g/cm) 0.59±0.05 0.74±0.04 0.16±0.05 0.21±0.01

Groundwater level/cm 53±22 97±14 24±14 557±16

CO2 flux/(mg/(m2·h)) 200±29 206±28 139±26 204±34

N2O flux/(mg/(m2·h)) 0.6±0.2 0.4±0.1 0.6±0.2 1.0±0.4

CH4 flux/(mg/(m2·h)) 0.04±0.03 0.05±0.02 0.03±0.06 –0.04±0.05

Annual N2O emission/(g/(m2·year)) 5.83±0.03 4.21±0.02 5.77±0.03 9.52±0.1

Annual CH4 emission/(g/(m2·year)) 0.31±0.01 0.3±0.01 0.31±0.01 –0.28±0.01

Values are means with standard deviations (N=3)
HC=rheic fibric histosol, LC=humic gleysol, KG1=rheic fibric histosol (dystric), KG2=rheic hemic histosol (dystric)
WHC=water holding capacity, m(H2O)/m(soil)/(g/g)



Microorganisms as Drivers of Greenhouse Gas
Emissions in Peat Soil

Wetlands including peatlands are important players
in carbon and nitrogen cycling. It is estimated that one
third of the total SOC is peserved in the northern peat-
lands, where it has accumulated since the ice age (29).
Most of the wetlands including peatlands are net carbon
sinks and in addition provide many ecosystem services
(30). These lands are also important contributors to GHG
emissions, which are produced during SOM mineralisa-
tion. Extensive drainage of wetland ecosystems stirred
up a global concern of wetlands becoming GHG sources
rather than sinks (31). In general, methane is a dominant
GHG formed in natural peatlands with high groundwa-
ter level (32), while drained peatlands can be consider-
able contributors to the emissions of CO2 (33,34) and
N2O (35).

The influence of soil type (fen, bog) and environ-
mental factors (temperature, groundwater level) on GHG
emissions (CO2, CH4 and N2O) from the Ljubljana marsh
soils was studied (3). GHG emissions were monitored
weekly or biweekly in loco over a one-year period at two
fen and two bog sites using the static chamber technique
(35–37). The lowest CO2 fluxes occurred during winter,
while N2O fluxes were the highest during summer and
early spring (February, March) and CH4 fluxes were
highest during autumn (3). The observed pattern in CO2
fluxes correlated with temperature, whereas CH4 and
N2O fluxes were responsive to the groundwater level
and soil carbon content. The study sites of Ljubljana
marsh can therefore be considered as the net sources of
GHG except for the drained bog site, which was deter-
mined as a net sink for CH4 (3). CO2 and CH4 fluxes in
the Ljubljana marsh soils are similar to those measured
in the bog peatlands of Central and Northern Europe
(33,34,38); however, cumulative N2O emitted during our
study was significantly higher (33,34). Exponential rela-
tionships between soil C/N ratio and annual N2O emis-
sions from similar soils had been modelled previously
(39,40). The N2O emissions from the Ljubljana marsh
measured at drained fen sites with similar C/N ratio
(HC and LC) could be described by the model of Ern-
fors et al. (40), while at undrained and drained bog sites
(KG1 and KG2) the emissions were 9- and 25-fold, re-
spectively, higher than predicted by the model. Inconsis-
tency with the C/N ratio model was explained by the
lower groundwater level, different carbon availability,
higher mean annual temperature and higher precipita-
tion (3). We believe that these environmental conditions
contribute to dramatic annual N2O emissions from the
Ljubljana marsh.

Laboratory studies with soil microcosms exposed to
different temperatures (4 and 28 oC) and water content
(45 and 90 % WHC) for 120 days provided further in-
sights into CO2 and N2O emissions (4) and microbial
methane cycling (4,5) (Fig. 1). Microbial respiration in
fen soils of the Ljubljana marsh increased with tempera-
ture but it was not affected by the soil water content.
The N2O production was also the highest under warm
and wet regimes (4). In contrast, methane was only de-
tected in these soils after a prolonged lag phase, even in
water-logged soils or in soils incubated in the anaerobic
atmosphere (4,5). In the Ljubljana marsh, methane molar
fraction in the pore air below the groundwater fluctua-

tion was low. It decreased with soil depth and remained
lower than 0.005 %. Anaerobic incubations of soil slurries
showed delayed methane production in all soil layers,
with the shortest lag phase in the upper 10-cm layer.
This means that SOM was more recalcitrant in deeper
soil layers (41) and that methanogenesis was affected by
SOM quality, as suggested previously for paddy soils
(42). However, the availability of alternative electron ac-
ceptors may also have an important impact on methane
production (43) as methanogenesis is generally the last
process in the anaerobic degradation of organic matter.
Fermentation of organic polymers controls the speed of
subsequent catabolic processes, and the activity of syn-
trophic communities involving methanogenes is affected
by partial pressure of hydrogen and by the availability
of other methanogenic substrates. Fermentation products
are also targeted by competing microbial groups like
iron reducers (44). For example, in the Ljubljana marsh
soils, Fe(III) reducers, like Geobacter species, compete
with the acetoclastic methanogens, which dominate over
hydrogenotrophs (5). These results also explain, at least
in part, a prolonged lag phase for methane production
in anaerobic soil microcosms (4,5), and unusually low
methane emissions observed by Danev~i~ et al. (3). In
addition, poor availability of SOM, especially in deeper
layers of the soil further restricts methanogenesis. Dur-
ing the cold season and in deeper soil layers methano-
gens are additionally limited by temperature, as the op-
timum temperature for methanogenesis is rather high
(37 oC) in fen soils. This optimum is higher than the one
in northern peatlands, but similar to optima for metha-
nogenesis of the rice fields in northern Italy (45). Finally,
in these soils methane-oxidising bacteria are highly ac-
tive and abundant throughout the soil profile, which
may additionally limit CH4 emissions. Methanotrophs
that inhabit the Ljubljana marsh fen soils are presum-
ably adapted to low concentrations of methane (41) or
are mixotrophs, as suggested previously for Methylococ-
cus capsulatus (46). However, further studies are needed
to test these predictions.

Microorganisms as Drivers of Nitrogen Cycle in
Peat Soil

The Ljubljana marsh represents an important supply
of drinking water for the Ljubljana region (47), yet these
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Fig. 1. A schematic overview of the main aerobic (oxic) and
anaerobic (anoxic) microbial processes in the studied peat soil.
This figure summarizes our insights into methanogenesis, meth-
anotrophy, soil organic matter (SOM) mineralisation, nitrifica-
tion and denitrification in the Ljubljana marsh



soils are under intense agricultural use, with annual fer-
tiliser application and household and farm municipal
waters discharged into septic tanks, which also repre-
sent pollution sources. Therefore, knowledge on key mi-
crobial groups and their role in the N transformation
processes, such as nitrification (6–9) and denitrification
(4,6), is important for understanding their impact on en-
vironmental pollution (Fig. 1). Denitrification is an an-
aerobic respiratory process that couples SOM oxidation
to reduction of nitrate to nitrogen gasses (N2O and N2),
and many bacterial species are capable of this process.
In organic soils of the Ljubljana marsh, nitrate concen-
trations were low but a potential for denitrification en-
zyme activity was high, especially in the upper 30 cm,
where the rates were estimated to be 1.0–2.3 kg of N per
hectar and day (6). The high potential for nitrate remov-
al is important for preventing the nitrate from leaching
into groundwater although denitrification potential de-
creases with soil depth (48). The HC fen soil was also
tested for its long-term potential for nitrate and ammo-
nium removal during oxic and anoxic cycles (6). We ex-
pected that due to high carbon content the soil would be
able to sustain N removal even during repeated amend-
ments. The results, however, showed that the efficiency
of anoxic nitrate removal decreased with the number of
cycles and ceased completely after the fifth anoxic cycle.
Denitrification potential recovered only if external car-
bon sources were added to the soil microcosms, imply-
ing that denitrification could be limited by carbon even
in this carbon-rich peat soil (6).

Bacterial autotrophic nitrification is a two-step pro-
cess, carried out by chemolithotrophic ammonia- and ni-
trite-oxidising bacteria (AOB and NOB). The rate of nitri-
fication in soil depends on ammonia and oxygen supplies
(49). Until recently, ammonia oxidation, the first step of
nitrification, was thought to be performed almost exclu-
sively by bacteria (50,51). Recent metagenomic studies
(52–54) and analysis of community structure, transcrip-
tional activities and abundances of amoA genes (gene en-
coding ammonia monooxygenase enzyme subunit) in soil
(55–57) have revealed the existence and possible involve-
ment of archaea in ammonia oxidation (58).

The ammonia oxidisers in the Ljubljana fen and bog
were strikingly different (7–9). AOB abundance, deter-
mined by qPCR-based enumeration of specific bacterial
amoA genes, was below the detection limit in fen and
bog but it increased to detectable numbers in nitrogen-
-enriched soils. In fen soil, for example, nitrification and
growth of AOB was stimulated by the pollution of soil
through septic tank leakage (7). On the other hand, nei-
ther addition of organic nor inorganic N sources could
stimulate the growth of AOB in the bog, where AOT
(ammonia-oxidising Thaumarchaea) were exclusive amoA-
-containing organisms and presumably the only organ-
isms to carry out the first step of nitrification in this
acidic environment (pH=4.3). Interestingly, their activity
was unaffected by the addition of inorganic sources of N
(8,9) and only constant and slow supply of ammonium
through SOM mineralisation fed these ammonia-oxidis-
ing archaea in bog soils (8). As nitrification is signifi-
cantly stimulated by the addition of organic N (9), this
ecosystem is probably oligotrophic. In fact, others also
showed that AOT may outcompete bacteria under the

conditions of low-energy supply, such as are found in
low-ammonium soils, suboxic wastewater plants and oli-
gotrophic waters (55,59,60). Therefore, for natural wet-
lands, including the Ljubljana marsh, the ratio of AOT/
AOB could serve as an indicator of oligotrophic vs. eu-
trophic conditions, as suggested previously by Sims et
al. (61). Furthermore, findings by Levi~nik-Höfferle et al.
(9) also suggest a niche specialisation for ammonia oxi-
disers, with AOT utilising organic and AOB inorganic
sources of nitrogen. Mixotrophic metabolism of Thau-
marchaea present in the bog is also possible, but the
question awaits further investigation.

The Ljubljana marsh is subjected to annual fluctua-
tions in groundwater level, due to heavy rain and occa-
sional flooding (4,16). The vertical soil profile is gener-
ally characterised by changes in the soil redox potential
and oxygen availability (62), resulting in different miner-
alisation rates and organic matter quality (63). Interest-
ingly, a strong stratification of AOT community at differ-
ent depth of HC fen soil (7) suggested that some AOT
ecotypes may be more adapted to low-oxygen or almost
anoxic conditions and others to more oxic conditions, as
speculated previously (64). On the other hand, in many
soils the ammonia release following mineralisation of or-
ganic matter controls the nitrification rate (65). In HC
fen soil, SOM mineralisation measured by CO2 produc-
tion rate is oxygen dependent, but also occurs under
anoxic conditions (4,6). Furthermore, occasional fluctua-
tions of groundwater levels may enable some oxygen
diffusion to the deeper, mostly submerged layers, stimu-
lating mineralisation and providing slow, but sufficient
supply of substrate ammonia and oxygen for low-en-
ergy-requiring AOT ecotypes (7).

Diversity of Genes Encoding for Laccase-Like
Enzymes in Ljubljana Marsh

Laccases are oxidoreductases that couple the oxida-
tion of different phenolic substances with the reduction
of oxygen to water. They are versatile and environmen-
tally friendly enzymes that have been most extensively
studied in white-rot fungi, where they contribute to SOM
mineralisation through oxidation of lignin components.
In addition to their important function in the ecosystem,
these enzymes are industrially important and utilised for
example in the paper and textile industries (66). There is
an ongoing effort to find laccases that would be more ro-
bust than the currently used fungal enzymes and that
could even degrade lignin (67). Bacterial laccases poten-
tially have several such properties as some of them are
stable at extreme temperatures and pH values (68). How-
ever, bacterial laccase-like enzymes have not been stud-
ied enough, and their diversity and role in the ecosys-
tem are practically unknown.

Until recently only one study has addressed the di-
versity of bacterial genes encoding for laccase-like en-
zymes in forest soils, specifically in the humic horizons
(69). We utilised the approach applied by Kellner et al.
(69) to examine the diversity of laccase-like genes in fen
and bog of the Ljubljana marsh (10). The phylogenetic
analysis of short gene fragments (<150 bp) indicated 11
major clusters with one third of the sequences resem-
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bling the laccase-like genes of Acidobacteria. To extend the
study, we designed a new PCR primer that allowed the
amplification of large portions of the bacterial laccase
genes. This enabled us to address the diversity of bacte-
rial genes encoding for laccase-like enzymes in greater
depth, retrieving genes encoding for the conventional
three-domain and the more recently recognised two-do-
main laccases (70). Our work brought evidence that lac-
case-like sequences were highly diverse in the Ljubljana
marsh with little or no similarity to the sequences in the
public databases (10). The soil was abundant with acido-
bacterial genes encoding both three- and two-domain lac-
cases (10). The diversity of laccase-encoding genes showed
the same trend as the diversity of the 16S rRNA genes
examined previously (1,2), again establishing Acidobac-
teria as the dominant and ecologically important group
of bacteria in the peat soil of the Ljubljana marsh.

Conclusions and Future Challenges

The Ljubljana marsh shows high biological diversity
above ground but also a comparable, if not even greater
biodiversity below ground, which is represented by the
highly diverse bacterial and archaeal communities of
acidic (bog) and neutral (fen) peat soils. The diversity is
reflected at the level of 16S rRNA genes and specific
functional genes like amoA or genes encoding bacterial
laccases. These microorganisms perform important func-
tions in the ecosystem through SOM mineralisation, which
is linked to C and N cycles. They are adapted to highly
changing environments brought about by a changing
groundwater level and seasonal changes. In the fen soils
respiration was mainly affected by temperature and less
so by waterlogged conditions. The CO2 and CH4 emis-
sions were comparable to the emissions measured in other
drained peatlands. The Ljubljana marsh showed very low
methane emissions, which can be explained by a fre-
quently changing water table, a high amount of iron in
the soil that supports the growth of competitors and by
highly active methanotrophy. Although the Ljubljana marsh
is covered with soils with high content of organic car-
bon, processes such as denitrification or methanogenesis
may be limited by carbon, which is in recalcitrant form
especially in the deeper layers of the peatland. In contrast
to the expected CO2 and CH4 fluxes, the N2O emissions
were approximately ten times higher in this area com-
pared to other peatlands. The reason for this is not un-
derstood. These soils have very active nitrification and
especially ammonia-oxidising activity, which is largely de-
pendent on AOT and on the ammonia released through
SOM mineralisation. The conversion of ammonia to ni-
trate by nitrification then drives denitrification in water-
logged soils and other anaerobic microniches. A tight
coupling between nitrification and denitrification might
at least partially explain the dramatically high N2O emis-
sions in the low nitrate peat soils.

Investigations of soil microbial ecology in the Ljub-
ljana marsh revealed exciting diversity of microbial life,
uncovered novel niche preferences of archaeal ammonia
oxidisers and have for the first time shown that soil bac-
teria encode two- and three-domain laccase-like genes.
The work has broad implications for other drained peat-

lands and represents the basis for the application of the
findings for better management of this unique and dy-
namic peatland.
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