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Altered carbon turnover processes and
microbiomes in soils under long-term extremely
high CO2 exposure
Felix Beulig1, Tim Urich2,3, Martin Nowak4, Susan E. Trumbore4, Gerd Gleixner4, Gregor D. Gilfillan5,
Kristine E. Fjelland5 and Kirsten Küsel1,6*

There is only limited understanding of the impact of high p(CO2) on soil biomes. We have studied a floodplain wetland
where long-term emanations of temperate volcanic CO2 (mofettes) are associated with accumulation of carbon from the
Earth’s mantle. With an integrated approach using isotope geochemistry, soil activity measurements and multi-omics
analyses, we demonstrate that high (nearly pure) CO2 concentrations have strongly affected pathways of carbon
production and decomposition and therefore carbon turnover. In particular, a promotion of dark CO2 fixation significantly
increased the input of geogenic carbon in the mofette when compared to a reference wetland soil exposed to normal levels
of CO2. Radiocarbon analysis revealed that high quantities of mofette soil carbon originated from the assimilation of
geogenic CO2 (up to 67%) via plant primary production and subsurface CO2 fixation. However, the preservation and
accumulation of almost undegraded organic material appeared to be facilitated by the permanent exclusion of meso- to
macroscopic eukaryotes and associated physical and/or ecological traits rather than an impaired biochemical potential for
soil organic matter decomposition. Our study shows how CO2-induced changes in diversity and functions of the soil
community can foster an unusual biogeochemical profile.

Mofettes are low-temperature (<100 °C) fumaroles that
emanate almost pure volcanic CO2 to the atmosphere.
These terrestrial venting spots may release >0.5 tCO2 d

–1,
leading to consistently high CO2 soil gas-phase concentrations
(>90 vol%)1, which might be similar to the Earth’s atmosphere
during the time when photosynthesis evolved2–4. The direct and
indirect effects of extremely high CO2 levels on soil biota are
poorly studied, but an improved understanding might be important
for evaluating the environmental consequences of CO2 leakages
after underground injection or carbon capture and storage (CCS).
Because of the often strongly localized venting in close proximity
to unaffected reference sites, studies of mofettes can also expand
our knowledge of microbial interactions in soil food webs developed
under long-term stable hypoxia, in contrast to those sites that
experience fluctuations in redox conditions.

Depending on the time and degree of CO2 exposure, mofettes
show distinct geochemical characteristics with features of reducto-
morphic and acidic soils5. For example, lowered pH and redox con-
ditions significantly impact metal(loid) dynamics, thereby
potentially affecting soil nutrient availability6. Of particular interest
is the turnover and storage of carbon (C) in mofettes, as these factors
are often associated with the accumulation of soil organic matter
(SOM), which appears to increase with depth and p(CO2) (refs 6,7).
It remains unclear whether this accumulation is the result of
an overall shift towards increased below-ground C input and/or
decreased C mineralization. Intriguingly, a recent study at a flood-
plain wetland mofette8 suggested that additional C inputs might

result from microbially driven subsurface CO2 assimilation carried
out by anaerobic CO2-utilizing prokaryotes, for example, acetogens
and methanogens. These prokaryotes are also known to be impor-
tant end members in the complex anaerobic breakdown process
for SOM, which is transformed in a catabolic network of consecutive
fermentative, syntrophic, acetogenic and/or methanogenic steps, in
contrast to oxygen-dependent SOM turnover9.

The direct or indirect effects of long-term CO2 emanations could
also impair overall soil activity or specific SOM degradation pro-
cesses, for example, due to anoxic conditions. SOM degradation is
generally dependent on the physical and biochemical capabilities
of the soil biota10, and is mediated by a multitude of lignin and
carbohydrate metabolizing enzymes underlying biotic and abiotic
controls, which we expected to be significantly altered by CO2
degassings11. Assessing the metabolic potential and activity of soil
communities as drivers for changes in C cycling has been a focus
of ecological research for decades, but largely remains a challenge.
With the application of ‘meta-omics’ approaches in soil ecology12,
it is now possible to put populations, activities and microbial inter-
actions into context with current perceptions of ecosystem functions
such as the biogeochemical cycling of C. To date, only a few soil
studies have made use of the comprehensive enzyme activity infor-
mation potential of metatranscriptomics. Prominent examples are
investigations of high-Arctic peat13,14, permafrost soil and thermo-
karst bog15. These studies demonstrated that ‘omics’ data can corre-
late with actual rates of key processes and may thus help to elucidate
changes in complex soil biochemical networks.
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We applied a multi-pronged and integrated approach, coupling
depth-resolved isotope geochemistry and soil activity analyses to
metatranscriptomics and metagenomics, in order to identify pro-
cesses altering the C turnover in soils under long-term high CO2
exposure. We show that mofette C mineralization and sequestration
may be affected by CO2-induced changes of diversity and functions
across and within trophic levels of the soil food web, which could
explain the unusual mofette soil C patterns.

Results and discussion
Accumulation of volcanic C in mofette soils. The studied wetland
mofette (50°08′48.4″N, 12°27′04.5″E; Počatky–Plesná fault zone,
Czech Republic) was continuously hypoxic at all depths and
experienced stable, low redox conditions (Supplementary Fig. 1).
It is classified as a histosol with pronounced reductomorphic
features (reduced Y horizons; Fig. 1a) due to the influence of
upstreaming geogenic gas (>99 vol% CO2)

1. In contrast, the
floodplain wetland reference soil, classified as ‘gleyic’ fluvisol, had
an oxic/anoxic transition that fluctuated with the water table,
accompanied by a decrease in redox potentials at greater depths.
Dissolution of emanating CO2 close to saturation caused only

slight pore water acidification (ΔpH≈ 0.6)6, probably due to
buffering by diverse functional groups in the SOM16.

The total organic carbon (TOC) content in the mofette
increased with depth from 22.0 to 47.3 wt% (Fig. 1a), and
decreased with depth from 22.9 to 3.7 wt% in the reference.
Radiocarbon (14C, expressed as percent Modern C, pMC)
decreased with depth in the reference soil (Fig. 1b) from 95.14
pMC (0–5 cm) to 72.31 pMC (40–50 cm), which is typical for
soils in the region17. In contrast, the mofette bulk soil was consist-
ently more depleted in radiocarbon (Δ14C activity = 37.63 ± 8.04
pMC) at all depths, providing evidence that a major fraction of
the SOM (54–67% ‘dead’ C) originated from the biotic assimila-
tion of 14C-free volcanic CO2. The absence of a strong decrease
in 14C with depth, as observed in the reference soil profile, can
indicate that volcanic-sourced CO2 is being fixed even at the
surface. This was confirmed by radiocarbon analysis demonstrating
low 14C contents of 22.31 pMC for the mofette litter and 19.38
pMC for plants growing at the mofette. Stable C isotopes in the
bulk mofette soil were enriched in 13C compared with the refer-
ence (Δδ13C up to +2.4‰), which is consistent with the use of
a ‘heavier’ geogenic CO2 source than atmospheric CO2
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Figure 1 | Bulk soil geochemistry of mofette and reference. a, Soil classification (images are representative of replicate images (N= 3) and soil horizon specific
images), profiles of relative bulk soil mass loss during TGA, total organic C content (white circles), C/N ratios and ratios of deduced labile and recalcitrant
fractions (Lab./Rec.) in mofette and reference soils. Shaded areas depict reported C contents in other mofette and reference soils in this area6,7. b, Profiles of
bulk soil 14C activities in mofette (dark grey circles) and reference (light grey triangles). c, Correlation of C content and δ13CBulk soil (‰ versus VPDB) in mofette
(dark grey circles) and reference (light grey triangles). Dotted lines in b represent the expected Δ14C trend based on δ13C values according to Δ14C/δ13C
relationships found in plants. Data are shown as mean ± s.d. (N= 2; error bars are smaller than symbol size). NS not significant.
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(Δδ13C≈ +6‰)1. The decreasing δ13C with depth (Fig. 1c) nega-
tively correlated with the C content in the mofette, either indicat-
ing a change in the SOM composition towards 13C-depleted
compounds, such as lignins, lipids and their degradation pro-
ducts18,19, and/or the influence of processes with high C isotope
fractionation, for example, methanogenesis or acetogenesis8,20,21.

In both soils, the particle size of the C fraction below the litter layer
was small (<0.05 mm) and suggested at least partially well decomposed
organic material. However, pieces of intact plant structures were also
found during visual inspection along the mofette soil profile. The
C/N ratios in the mofette increased from 16 near the surface to 40 at
depth, but remained fairly stable with depth in the reference (15 ± 2).
Thermogravimetric analysis (TGA, Fig. 1a) revealed opposing trends
in the quantities of thermal labile (for example, polysaccharides), recal-
citrant/refractory (for example, lipids) and inert/charred compounds in
the soils22. Substantial fractions of labile compounds were present
throughout themofette, and while the ratio of labile to recalcitrant frac-
tions was fairly stable at 1.4 ± 0.1 in the mofette, it decreased from 2.1
(0–5 cm) to 1.0 (>20 cm) in the reference. Coupledwith the contrasting
14C, δ13C andC/Npatterns, this indicated efficientmineralization in the
reference soil, whereas in the mofette less degraded and old organic
matter (that is, geogenic C fixed by plants and/or microorganisms)
was preserved. As low pH and redox potential over longer timescales
led to metal(loid) desorption from and dissolution of major mineral
phases6,8, short-range-order minerals (for example, ferrihydrite)
were unlikely to account for C stabilization23.

Genetic and transcriptional blueprint for SOM decomposition.
We investigated mofette and reference soils with metatranscriptomics
and metagenomics (Supplementary Tables 1 and 2) at shallow
depths (0–10 cm) and below the water table (25–40 cm), with a
specific focus on the biochemical potential for SOM degradation. Soil
(exo-)enzyme systems are strongly controlled by biotic and abiotic
factors11 and thus are thought to be sensitive to changes in CO2
levels, geochemistry and substrate (that is, SOM) quantity and
composition in the mofette. Despite differences in these parameters
in the mofette and reference soils, very similar frequency profiles of
individual CAZY (Carbohydrate-Active enZYmes database)
classes in all samples (Fig. 2) suggested that the regulation of
carbohydrate-metabolizing enzyme synthesis and distribution was
largely unaffected by the effects of extreme CO2 degassing. Eukaryota,
especially fungi, are often considered to play a more important role in
fresh litter degradation than bacteria24. Although CAZY transcripts of
eukaryotic origin were abundant in 0–10 cm reference samples (up to
7% of taxonomically annotated CAZY transcripts; Supplementary
Table. 3), decomposition processes in both mofette and reference
appeared to be mainly mediated by enzymes of bacterial origin,
especially Acidobacteria (up to 32% of taxonomically annotated
CAZY transcripts). However, this could also be biased by the
overrepresentation of bacterial genomes in the reference CAZY
database or by the unidentified transcript fraction in our data sets
(19 ± 13% of quality filtered sequences; Supplementary Table 2). The
high taxonomic diversity of and similarity between taxonomic
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profiles of CAZY transcripts and those related to fermentation
(Supplementary Table 3) further suggested a community-wide
involvement in anaerobic SOM degradation.

It is possible that transcriptional activity and actual enzyme
activity levels are decoupled. For example, redox enzymes working
in conjunction with carbohydrate active enzymes (CAZY related
class AA), such as ligninolytic enzymes, might be inhibited under
oxygen-deprived conditions in the mofette. In fact, a combination
of enzyme-mediated mobilization and subsequent retention of
ligno-cellulosic breakdown products would provide a feasible expla-
nation for the unusual patterns of increasing C contents with depth
in the mofette (Fig. 1). Mineralization of lignin compounds can also
proceed under anoxic conditions25,26. However, typical preferential
transformation of carbohydrate moieties in litter biomass27

leads to partial disintegration and subsequent solubilization of
lignin–hemicellulose networks28. Under acidic conditions, like in

the mofette, lignin surface charge neutralization (mainly by H+)
facilitates aggregation and eventually precipitation29.

Impact of volcanic CO2 degassing on major pathways of C and
energy metabolism. Stable, low redox conditions as a result of
upstreaming CO2 appear to enable the activity of strictly anaerobic
processes, even at shallow depths near the soil surface (Fig. 3a). For
example, we found a remarkable increase in the frequency of
transcripts related to methanogenesis (mcr) and sulphate reduction
(dsr, cys, apr), but a lower frequency of transcripts related to aerobic
respiration (cox) compared with the reference. Key transcripts of
denitrification steps (nar, nir, nor, nos) also had a lower frequency
in the mofette. A relative increase in transcript frequency was
generally also reflected in an increase in the putative expression
levels (RNA/DNA), especially for mcr transcripts. Similar to CAZY
frequency profiles, no major differences in the transcript
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abundance of individual SEED fermentation subsystems were
detected between mofette and reference, suggesting that, on the
community scale, fermentative C turnover was largely unaffected
by high p(CO2).

Consistent with the strong geogenic signature in mofette SOM, we
detected high frequencies of transcripts encoding key enzymes of the
autotrophic Calvin cycle and reductive acetyl-CoA pathway. The
latter is found in acetogens and non-acetogens, for example, methano-
gens and sulphate reducers, and the enzymes involved are used anabo-
lically or catabolically for CO2 reduction or acetate oxidation,
respectively30. Transcripts of the key enzyme complex CO dehydro-
genase/acetyl-CoA synthase (encoded by cdh/acs) were primarily
related to Clostridia (phylum Firmicutes; up to 33%) harbouring
numerous acetogens30, methanogenic Methano-microbiales (phylum
Euryarchaeota; up to 27%) and the presumably sulphate-reducing or
syntrophic Syntrophobacterales (class Deltaproteobacteria; up to
34%)31 (Supplementary Table 4). Transcripts of the Calvin cycle key
enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco,
encoded by rbc) in the mofette were primarily related to Chlorophyta
and Bacillariophyta algae (Chlorophyta and Stramenopiles; up to 60%
of rbc transcripts) and showed up to four times higher potential
expression levels (RNA/DNA) than reference samples, in which no
algae-related rbc transcripts were detected. Under anoxic and non-
phototrophic conditions, algae might generate ATP via mitochondrial
respiration or fermentation32, and this energy could fuel CO2 assimila-
tion via the Calvin cycle33. Under atmospheric CO2 concentrations,
most algae dependon energetically intensiveCO2-concentratingmech-
anisms to copewith the competition betweenO2 andCO2 for the active
sites of Rubisco34. Thus, adapted algae and also other autotrophs in the
mofette might profit energetically from the high CO2 concentrations.

Impact of volcanic CO2 degassing on soil diversity and functions.
A three-domain taxonomic profile of small subunit rRNA
sequences (SSU ribo-tags) revealed that bacterial ribo-tags
represented the highest fraction in all metatranscriptomes (83–91%;
Supplementary Fig. 2). Most archaeal ribo-tags (up to 6%) were
found at a depth of 25–40 cm in the mofette, whereas most
eukaryotic ribo-tags (up to 16%) were found in the 0–10 cm

depth of the reference. 16S rRNA gene copy numbers decreased
only slightly with depth and were similar overall for Bacteria in
both soils (∼109 to 1010 genes (g (dw) soil)−1; Supplementary
Table 1) and slightly higher in the mofette for Archaea
(>109 genes (g (dw) soil−1) than in the reference (∼108 to 109 genes
(g (dw) soil)−1). This suggested that the observed relative changes
in our metatranscriptome and -genome data could be
representative of shifts to more specialized functional groups,
rather than an increase in overall biomass.

Shannon and ACE (abundance-based coverage estimator) rich-
ness estimators indicated substantially lower phylogenetic diversity
in the mofette than in the reference for all three domains of life. This
was also reflected in a substantially lowered richness of general func-
tional genes and transcripts (as indicated by fewer Kyoto
Encyclopedia of Genes and Genomes (KEGG) database and
Protein families (Pfam) database features in mofette samples), but
not for carbon degradation (as indicated by a similar richness of
CAZY annotations; Supplementary Fig. 3). Differences in functional
richness between mofette and reference were found in both meta-
transcriptomes and metagenomes, suggesting mid- to long-term
diversity effects of extreme CO2 exposure for general metabolic
functions, and these differences were highest at shallow depths
near the soil surface. As a potential analogue to the functional
traits of meso- to macroscopic organisms, lowered metabolic com-
plexity caused by high CO2 levels could be associated with decreased
facilitative interactions within the soil biome35. This might have
detrimental consequences for the resilience and/or efficiency of
the mofette soil food web and SOM processing.

As is typical for wetlands36,37, the reference eukaryotic commu-
nity was highly diverse and represented by animals (Metazoa, up
to 25%; primarily Annelida and Hexapoda), plants (Streptophyta,
up to 13%), different protists (up to 24%; Alveolata, Rhizaria and
Amoebozoa) and fungi (up to 47%; Ascomycota, Basidiomycota
and Glomeromycota) (Fig. 3b). In contrast, high fractions of algae
(up to 60%; primarily Trebouxiophyceae within Chlorophyta, as
well as Chrysophycaea and Bacillariophyta within Stramenopiles)
together with Ascomycota dominated the eukaryotes in the
mofette. Their presence, especially in deeper layers, might be
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and reference (grey triangles) during yearly sampling campaigns (different grey shades, N = 3). Data points from the same sampling depths but different
years are slightly displaced from each other for clearer illustration; *P <0.05, **P <0.001 (Welch’s t-test). All data are shown as mean ± s.d.
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indicative of an anaerobic and heterotrophic lifestyle32, as some
algae can tolerate up to ∼100% CO2

38. Long-term exposure to the
altered environmental conditions might have allowed their
enrichment along with the potential generation of phenotypic
heterogeneity or even invasion of adapted species. In contrast, the
much lower frequency of organisms belonging to higher trophic
levels (animals and protists), putative myccorhizal fungi and
plants suggests that pivotal soil food web interactions and functions
associated with the activity of these organisms were likely to be
missing or severely impaired. These include the physical (for
example, litter breakdown and accessibility) and ecological (for
example, predation, mutualistic benefits from myccorhizal
associations) traits that allow for efficient SOM decomposition
and therefore would explain the preservation of less-degraded
organic matter39.

The composition of the bacterial community at the class level was
fairly similar in both soils and depths (Supplementary Fig. 2),
suggesting that these are well adapted to changes in pH and redox
conditions, for example, due to degassing CO2 or a fluctuating
water table. Most ribo-tags belonged to Subdivision 1 Acidobacteria
(25–43%), followed by Deltaproteobacteria (13–21%). Acidobacteria
in particular were considered to be involved in SOM degradation
due to their rich enzymatic capabilities to degrade complex organic
material40. Most Deltaproteobacteria belonged to the potentially sul-
phate-reducing or syntrophic Syntrophaceae (up to 13%)31 in the
mofette or to the mobile and micropredatory Myxococcales (up to
16%)41 in the reference. Archaeal ribo-tags of the mofette were domi-
nated by the H2–CO2-using Methanoregulaceae and acetate-using
Methanosaetaceae of the Methanomicrobiales (21–47%)42,43, as well
as putative anaerobic and heterotrophic members of the MCG
(Miscellaneous Crenarchaeotal Group, 33–43%)44.

Importance of subsurface CO2 utilization for soil C storage.
Because of the molecular evidence for augmented CO2 utilization
and strong geogenic signatures in mofette SOM (Fig. 1), we tested
the depth-resolved potentials for dark CO2 fixation with 13CO2-
labelling incubations close to in situ CO2 concentrations (5 vol%
in the reference and 100 vol% in the mofette; Fig. 4a). Dark CO2
fixation was generally higher in the mofette (1.5–3 times), with up
to 3.14 ± 0.44 µg 13C (g (dw) soil)−1 d−1 (0–10 cm) and decreased
strongly with depth in both soils. Assuming a bulk density of 1 g cm−3

and that the observed incorporation rates for each respective
depth interval remain constant, microorganisms can potentially
fix 0.29 ± 0.07 g C m2 d−1 in the mofette and 0.13 ± 0.05 g C m2

d−1 in the reference. Compared with a typical primary production
of ∼0.3–12 g C m2 d−1 in Eriophorum-dominated wetlands45–47,
dark CO2 fixation could contribute a substantial fraction of soil C
input, especially near the soil surface. Detailed follow-up
investigations using comparative radiocarbon and stable carbon
isotope ratio analysis confirmed the importance of subsurface
CO2 assimilation, with an estimated microbial contribution to the
geogenic C input of up to ∼27% in the SOM of the mofette48.

We also tested the effect of CO2 concentrations (5, 20, 50 and
100 vol%) on dark CO2 fixation. Even in the reference soil, dark
CO2 fixation increased 1.4- to 2-fold from 5 to 50 vol% CO2
(Fig. 2b) and demonstrated the ability of biota in both soils to
respond to short-term (≤14 days) changes in gas composition.
Moreover, an intriguing similarity to Michaelis–Menten kinetics
suggested subjection to enzymatic limitations, that is, substrate con-
centration and saturation. This provided a feasible explanation for
the difference in depth-resolved dark CO2 fixation between the
soils at close to in situ CO2 concentrations (Fig. 2a). The significance
of high CO2 concentrations (>5 vol%) for CO2 utilization in soils
has generally been overlooked. Considering the regular variability
of p(CO2) in soil pore space over several orders of magnitude (up
to ∼10 vol%49), for example during bad aeration, our observations

point to a quantitative input with relevance also for C (re-)cycling
in other soils50.

To relate the increased dark CO2 fixation to the CO2 released by
decomposition, we investigated the mofette and reference soil with
depth-resolved anoxic and oxic incubation studies (Fig. 2c). CO2 pro-
duction was at least 5.7 times higher than dark CO2 fixation, indicat-
ing that dark CO2 fixation alone could not sustain the mofette C and
that the major fraction of ‘volcanic’ soil C originated from plant litter
input. Furthermore, CO2 production was similarly high at all depths
of mofette (3.0 ± 0.2 to 35.6 ± 6.7 µg C (g (dw) soil)−1 d−1) and refer-
ence (1.0 ± 0.5 to 24.1 ± 4.9 µg C (g (dw) soil)−1 d−1). Exoenzymatic
activity estimators (β-glucosidase, cellobiosidase and general hydro-
lysing enzyme activity; Supplementary Fig. 4) also indicated similar
to higher activities in the mofette compared with the reference and,
consistent with the metatranscriptome and metagenome data,
further pointed to an unimpaired biochemical potential for SOM
mineralization in the mofette. At this point it is worth noting
that, despite the overall consistency between mofette geochemistry
and transcriptional activity, further investigation of actual enzyme
activities under in situ conditions is needed, because end-product
inhibition could become relevant at high CO2 concentrations,
for example.

Concluding remarks
The studied mofette presents a unique and extreme soil environ-
ment that harbours various groups of microorganisms adapted to
long-term high CO2 exposure. CO2-utilizing anaerobes and algae
in particular seem to profit from these conditions and continuously
introduce CO2 emanating from the Earth’s mantle into the soil C
cycle. CO2 exposure not only affects soil diversity, but also food
web structure, leading to the exclusion of higher trophic levels
and associated physical and ecological traits, which has allowed
for the preservation of old (geogenic), less degraded organic
matter and even pieces of intact plant structures. Almost complete
reduction of the soil community to levels of microbial primary pro-
duction and consumption makes the mofette a model environment
for studying diversity effects on specific soil functions. The evidence
supporting highly similar biochemical potentials of SOM degra-
dation in the mofette and reference was surprising and implied a
degree of redundancy in soil biomes for specific enzymatic traits.
Our study yielded testable predictions about the influence of
extreme CO2 concentrations on metabolisms of various functional
groups and demonstrated how an integrated molecular and biogeo-
chemical approach provides novel insights into the complex
relationships between soil communities and the regulation of soil
C dynamics.

Methods
Site description, sampling design and soil classification. The studied mofette and
reference soils were located in the flood plain of the River Plesná (50°08′48.4″N,
12°27′04.5″E; Počatky–Plesná fault zone between Hartoušov and Milhostov, Czech
Republic) and investigated over the course of three annual sampling campaigns in
2012 to 2014. Post-volcanic activity and deep tectonic faults in the Cheb Basin led to
continuous mantle-derived CO2 degassings, most prominently in the form of
mofettes. Due to hydric soil conditions, mofettes could be easily identified by visible
gas streams at the soil surface. CO2-unaffected floodplain reference sites in close
proximity (<5 m distance) were selected based on their location between mofette-
specific vegetation (mainly Deschampsia cespitosa and Eriophorum vaginatum) and
typical floodplain vegetation (mainly Filipendula ulmaria). The absence of CO2
emissions in reference soils was verified with a portable infrared gas analyser
(GA2000, Ansyco). In July 2012 we performed soil classification and bulk soil
geochemical analysis and assayed the soil microbial activity estimators CO2
formation and exoenzymatic activities. In July 2013 we sampled for
metatranscriptome and metagenome analysis and assayed soil microbial activity
estimators in parallel. In May 2014 we studied depth-resolved potentials for CO2
fixation and CO2 formation. The average air temperatures of 15 °C were similar in
2012, 2013 and 2014, but the total precipitation of 100 mm in 2013 was higher than
in 2012 and 2014 (80 mm; CHMI, http://www.chmi.cz). Mofette and reference soils
were classified according to the World Reference Base (WRB) for Soil Resources51 as
well as the German soil classification system52, because the WRB does not consider
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the influence of geogenic CO2 as a parameter of soil formation. To prevent
disturbance of the studied mofette and wetland reference soils, pits for soil
classification (2012) were dug at an adjacent mofette field (<50 m distance) and
compared to soil cores of the study site. Topsoil (A horizon; with geogenic prefix ‘a’
for flood plain dynamics, and pedogenic suffixes ‘a’ for hydric conditions and humic
enrichment) was underlain by either horizons under the influence of reducing gases
in the mofette soil (Y horizon) or a fluctuating water table in the reference soil
(G horizons; with geogenic prefix ‘o’ for organic, and pedogenic suffixes ‘h’ for
humic enrichment, ‘o’ for oxidized and ‘r’ for reduced conditions). Mofette and
reference soils both had primarily single grain to massive (coherent) soil structure
throughout. Blocky soil peds were also observed in deeper parts of the reference
(23–37 cm and 40–58 cm depth). The particle size of the mineral fraction
transitioned from silty loam to silty clay at greater depths (≥13 cm depth in the
mofette and ≥23 cm depth in the reference).

Soil sampling, geochemical analysis and exoenzymatic activity potentials. Soil
samples were generally obtained in the form of three biological replicates with an
auger (1.7 or 8 cm diameter) and transported at 4 °C under an Ar-headspace or
immediately frozen in the field with liquid N2 and stored at −80 °C until nucleic acid
extraction. Before each sampling, 0–2 cm of the soil, mainly composed of litter, was
removed. Pore water was extracted from the soil samples by centrifugation at 10,000g
for 10 min. Redox potential, pH, sulphate (SO4

2−), nitrate (NO3
−) and ferrous iron

(Fe2+) concentrations were measured as described previously8. TGA of bulk soil and
quantification of C and N were performed with air-dried and milled (ball mill MM
200, Retsch) soil samples, as described previously53. The dispersion of TGA mass
loss as well as C and N contents between replicates were tested for each soil, and
standard deviations were <0.1% (N = 3). The TOC and its stable carbon isotopic
composition (δ13C) were analysed by continuous-flow elemental analyser–isotope
ratio mass spectrometry (EA-IRMS), as described previously54. All isotope ratios are
given in δ13C notation (per mil, ‰) relative to the Vienna Peedee Belemnite
Standard (VPDB), where δ13C = [(Rsample – RVPDB)/RVPDB] × 103, with R = 13C/12C
and RVPDB = 0.0112372 ± 2.9 × 10–6. Radiocarbon concentrations of soil and plant
tissue samples were determined by accelerator mass spectrometry (AMS) in the Jena
14C facilities55. Subsamples of soil or plant tissues containing 1 mg C were
combusted quantitatively, and the developed CO2 was catalytically reduced to
graphite at 625 °C by H2 reduction. The analytical precision of radiocarbon
measurements was better than 3‰ and is reported as [pMC]56. Activities of
phosphatases, β-glucosidases, general hydrolases (lipases, esterases and proteases)
and β-exoglucanase (cellulase) were determined for 0.1 g ml−1 soil suspensions at a
predetermined substrate saturation using the model substrates methylumbelliferyl
phosphate (MUF-P, 1 mM), methylumbelliferyl-β-gluco-pyranoside (MUF-β-Glc,
1.5 mM), diacetyl-fluorescein (FDA, 57 µM) and methylumbelliferyl-β-cellobiose
(MUF-β-Cel, 287m µM), as described previously57–59. Absorption and fluorescence
were measured using a DR 3800 spectrophotometer (Hach Lange) and a
Quantifluor-ST fluorometer (Promega), respectively. Enzyme kinetic parameters,
blank controls and matrix effects, that is, sorption of the dye to soil particles, were
determined for each soil and substrate.

(An-)aerobic CO2 production and fixation. Microcosms were constructed by
adding 5–10 g (wet weight, ww) replicate soil material to sterile 150 ml incubation
flasks (Mueller and Krempel) in a chamber filled with >99 vol% N2 and pre-
incubated for ∼1 day in the dark at 12 °C. For depth-resolved potentials of CO2
formation, the flask gas phase was flushed with sterile N2 (for anoxic incubations) or
sterile air (for oxic incubations) and incubated statically in the dark at 12 °C. Evolved
CO2 was measured by gas chromatography as described previously53. For depth-
resolved potentials of CO2 fixation, the flask gas phase was adjusted to close to in situ
compositions with 5% 13CO2 and 95% N2 for reference soil samples and 100%
13CO2 for mofette soil samples, and incubated statically in the dark at 12 °C.
13C incorporations into the bulk soil after 14 days of incubation were measured
as described previously8.

Nucleic acid extraction and processing, and Illumina sequencing. Total nucleic
acids were extracted from ∼0.6 g soil (oven-dried equivalent weight, soil was not
dried before extraction), according to a protocol described previously60. Raw extracts
contained high amounts of co-extracted organic soil compounds. These
contaminants were removed by sequential purification with gel columns (S-400 HR,
Zymo Research) and silica columns (Powersoil Total RNA Kit in combination with
the DNA Elution Accessory kit, MO BIO Laboratories). Total nucleic acid extraction
efficiency, quantified using a Nanodrop 1000 spectrophotometer (Thermo
Scientific), was similar between respective depths of mofette and reference
(Supplementary Table 1). For each of the following steps, DNA and RNA
concentrations were quantified fluorometrically with the dsDNA and RNA System
from Promega GmbH, and quality was checked by agarose gel electrophoresis. In
samples for metatranscriptomic and -genomic analysis, DNA or RNAwere digested
using 6 units Ambion TURBO DNase I (life technologies) or 300 units RNase If
(New England Biolabs), respectively. Reactions were stopped with the supplied
Ambion DNase inactivation reagent or by heat inactivation of RNase If for 10 min at
70 °C. Nucleic acids were then extracted with phenol:chloroform:isoamylalcohol
(25:24:1, vol:vol:vol; Sigma Aldrich) and chloroform:isoamylalcohol (24:1, vol:vol;

Sigma Aldrich) followed by poly(ethylene glycol) 8000 (Sigma Aldrich)
precipitation. Purified RNA (200 ng) was used as a template for whole-RNA
amplification and in vitro transcription using the AmbionMessageAmp II aRNA Kit
(Life Technologies), according to the manufacturer’s instructions. RNA was then
subjected to reverse transcription using the Superscript II double-strand
complementary DNA synthesis kit (Invitrogen), following the manufacturer’s
protocol, with the exceptions that 3 µl Superscript II RT was used and both first- and
second-strand syntheses were carried out for 2 h. The resulting double-stranded
cDNA was extracted with phenol:chloroform:isoamylalcohol and chloroform:
isoamylalcohol followed by poly(ethylene glycol) 8000 precipitation. DNA and
cDNA samples were converted to Illumina-compatible sequencing libraries using
the SPRIworks system (Beckman Coulter), employing TruSeq oligonucleotide
adapters (Illumina) and 10 or 12 cycles of PCR amplification for DNA and cDNA,
respectively. Libraries were then subjected to size-selection by agarose gel
eletrophoresis to enrich molecules with insert sizes in the 150–190 bp range.
Libraries were pooled and sequenced over two lanes of a HiSeq 2500 (Illumina),
employing 100 bp paired-end reads with SBS v3 reagents. Copy numbers of
archaeal and bacterial 16S rRNA genes in DNA were determined by quantitative
PCR on an Mx3005P instrument (Agilent) by using the primer combinations
Bac908F_mod/Bac1075R for bacteria and 915Fmod/1059R for Archaea61.

Bioinformatic analysis. Metagenomic and metatranscriptomic llumina raw reads
were quality filtered, assembled and initially screened using the metagenomics
(MG)-RAST server62. Post quality control reads (79 ± 4% of the original data set
resulting in 8.92 ± 0.82 × 106 reads per sample and a length of 160 ± 26 bp) were
downloaded and clustered at 90% nucleic acid similarity with CD-HIT63. Further
data-handling involved custom Linux Shell and PERL scripts, which are available
from the authors on request. Putative rRNA reads were identified by BLASTN
searches (bitscore > 50) and BWA mapping64 against a modified SILVA SSU
database65, as well as the SILVA SSU and LSU rRNA reference databases66. SSU
BLASTN reads were analysed with MEGAN (parameters: min. bit score 150, min.
support 1, top percent 10; 50 best blast hits)67. For diversity estimation68, SSU rRNA
reads were randomly subsampled and normalized to 7,500 sequences per sample, as
well as 15,000 domain-specific sequences (Bacteria, Archaea or Eukaryota
annotation) per sample. Diversity estimation was based on CREST taxonomy level
classifications. The remaining putative mRNA reads were translated into six reading
frames. To identify protein coding features, open reading frames (ORFs) ≥ 40 amino
acids were inspected by reference HMMs (hidden Markov models) using HMMER
tools (http://hmmer.janelia.org/; e-value < 1 e−4) with PFAM HMMs (PFAM-A
release 27; http://pfam.janelia.org), as well as CAZY HMMs69. Additional screening
of protein coding sequences for specific functional genes and transcripts was carried
out with RAPSearch2 (e-value < 1 e−4)70 against the NCBI RefSeq (http://www.ncbi.nlm.
nih.gov/refseq/) protein database and custom reference databases of MD5nr, KEGG and
FIGfam sequences retrieved from the SEED servers (http://www.theseed.org).
Sequences were taxonomically binned using NCBI taxonomy mapping. For diversity
estimation, mRNA reads were randomly subsampled and normalized according to
the lowest amount of annotated protein coding sequences.

Accession numbers. The sequences reported in this paper have been deposited in
the Sequence Read Archive (SRA) database, www.ncbi.nlm.nih.gov/sra (accession
numbers SRX1030315–SRX1030319 and SRX1030268).
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