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Recently identified microbial guild mediates soil

N,O sink capacity

Christopher M. Jones?", Ayme Spor'’, Fiona P. Brennan'3#, Marie-Christine Breuil', David Bru’,
Philippe Lemanceau', Bryan Griffiths®°, Sara Hallin?* and Laurent Philippot’

Nitrous oxide (N,0) is the predominant ozone-depleting
substance and contributes approximately 6% to overall global
warming'?. Terrestrial ecosystems account for nearly 70%
of total global N,O atmospheric loading, of which at least
45% can be attributed to microbial cycling of nitrogen
in agriculture®. The reduction of N,O to nitrogen gas by
microorganisms is critical for mitigating its emissions from
terrestrial ecosystems, yet the determinants of a soil's capacity
to act as a source or sink for N,O remain uncertain*. Here, we
demonstrate that the soil N, O sink capacity is mostly explained
by the abundance and phylogenetic diversity of a newly
described N,0O-reducing microbial group>¢, which mediate the
influence of edaphic factors. Analyses of interactions and niche
preference similarities suggest niche differentiation or even
competitive interactions between organisms with the two types
of N, O reductase. We further identified several recurring com-
munities comprised of co-occurring N,O-reducing bacterial
genotypes that were significant indicators of the soil N,O sink
capacity across different European soils.

Disturbance of the natural nitrogen (N) cycle by human activity
has resulted in atmospheric N,O concentrations increasing at a rate
of nearly 0.8 ppb per year’, prompting calls for better accounting of
the mechanisms driving its production and consumption in soils*.
In contrast to the other major greenhouse gases CO, and CH,,
the underlying controls of soil N,O sink capacity have seldom
been studied despite N,O consumption in soil being frequently
reported®. The only known sink for N,O in the biosphere is
its enzymatic reduction to dinitrogen (N,) by N,O reductase®'’.
This protein is found among microorganisms capable of complete
denitrification, which is the anaerobic respiration of nitrate (NO; ™)
or nitrite (NO, ") to N, through N,O. However, truncated versions
of this respiratory pathway are common. A significant proportion
of denitrifying microorganisms produce N,O as a terminal product
owing to the absence of the nosZ gene encoding the catalytic
subunit of the N,O reductase!'. On the other hand, several
microorganisms with a N, O reductase that can use exogenous N,O
as the sole electron acceptor do not possess the preceding steps
in the denitrification pathway®'?. Recent studies revealed that the
abundance and diversity of these potential N,O consumers has been
underestimated®, and their environmental role, as well as that of
denitrifiers having nosZ, in net N,O emissions remains undefined.

To examine the contribution of the microbial populations in
determining the potential of soils to act as a sink for N,O, we
undertook a survey of 47 soils across Europe (Supplementary
Methods and Table 1). The soils’ N, O sink capacity was investigated
by manipulating the abundance of denitrifiers producing N,O
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Figure 1| Range of potential soil N2 O sink capacity. Points show the ratio
of potential N, O production (rN,O) to total denitrification activity

(r(N20 + N3)) in soil microcosms with different inoculation levels of

A. tumefaciens C58. Colour corresponds to relative N,O sink index,
calculated as a function of rN,O/r(N, 4+ N, O) at all three inoculation levels
(Supplementary Methods and Fig. 2). Negative values (blue) indicate soils
with a greater capacity to consume excess N, O produced by inoculated

A. tumefaciens cells, whereas positive values (red) indicate soils that are
potential net sources of N,O. DW: dry weight.

by adding different amounts of the bacterium Agrobacterium
tumefaciens C58 in soil microcosms'. This strain of A. tumefaciens
lacks the nosZ gene' and thereby produces only N,O under
denitrifying conditions, allowing for addition of N,O directly
into the soil matrix during incubation under optimal denitrifying
conditions. The activity of indigenous denitrifying communities in
the non-inoculated microcosms varied substantially across the dift-
erent soils, with values of 0.06-10.2 and 0.2-28.9 ug N,O-N g~" soil
dry weight h™" for potential N,O emission and total denitrification
activity, respectively (Supplementary Fig. 1). The proportion
of N,O emitted by denitrification, calculated as the ratio of
the rate of potential N,O production and total denitrification
activity (rN,O/r(N,O + N,)), ranged from 0.1 to 0.95 in the
non-inoculated microcosms (Fig. 1 and Supplementary Fig. 1) and
was not dependent on overall denitrifier community functioning,
as no significant correlation was observed with N,O production or
total denitrification rates. The addition of 10° A. tumefaciens cells
led to an increase in potential N,O emissions up to 45-fold,
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Figure 2 | Phylogenetic placement of nosZ pyrosequencing reads within a reference phylogeny. Phylogeny was inferred using maximum likelihood
analysis of full-length nosZ amino acid sequences obtained from microbial genomes. Circles plotted on internal or terminal edges within the phylogeny
show placements of reads using the pplacer algorithm?>, with size indicating the number of reads relative to the total number of nosZ reads obtained from
all samples. Coloured circles denote membership of reads, grouped by edge placement, to different nosZ communities inferred in Fig. 4. Symbols projecting
from the tips of the phylogeny denote taxonomic affiliation of source organisms for reference nosZ sequences, and genomes that lack genes for either of
the dissimilatory nitrite reductases involved in denitrification (nirS or nirk) are indicated (cross). Scale bar indicates amino-acid substitution rate per site,

and bootstrap confidence levels are shown in Supplementary Fig. 6.

whereas the 10° inoculation level resulted in N,O emission rates
that were nearly 155 times higher than that of the non-inoculated
soils. Whereas the rN,O/r(N,O + N,) ratios were typically higher
in the inoculated microcosms, small changes were observed for
several soils despite addition of the N,O-producing A. tumefaciens,
resulting in these soils having a negative N, O exchange index (Fig. 1
and Supplementary Fig. 2 for calculation of index), and hence
being characterized as N,O sinks. Indeed, almost half the soils were
capable of reducing more than one-third of the N,O produced by
the introduction of 10* A. tumefaciens cells.

As the abundance of functional groups has been shown to be
useful for predicting potential N-cycling rates', we quantified the
abundances of functional genes as proxies for the microorganisms
involved in N,O production and reduction. Organisms that can
produce N,O by denitrification were quantified by real-time PCR of
the nirS and nirK genes that encode the two types of dissimilatory
nitrite reductase. These genes are mutually exclusive in the genomes
of organisms that perform denitrification and represent two
ecologically distinct denitrifying communities'"”. The abundance
of organisms that reduce N,O was quantified by targeting the
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nosZ gene, which consists of two distinct clades’ hereafter referred
to clades I and IL. The latter has recently been recognized as a
previously unaccounted clade of ‘atypical’ nitrous oxide reducers
found in a variety of different ecosystems®*'?. Across the different
soils, the relative abundance of #irS and nirK genes ranged from
2.6% to 25.9% of the total 16S ribosomal RNA gene copy number
(Supplementary Table 4), with nirK being equally or up to 3.8
times more abundant than #irS in 35 out of 47 soils. In accordance
with previous studies'®"’, the abundance of nosZ genes was lower,
comprising 0.8-15.1% of the bacterial community, and largely
consisted of organisms found within nosZ clade I (Supplementary
Table 4). Nevertheless, the N,O sink capacity increased with the
ratio of clade Il/clade I nosZ abundance (Spearman’s p = 0.51,
P <0.01), suggesting that the predominance of either nosZ clade
may have substantial consequences for net soil N,O emissions. This
concurs with the higher percentage of bacterial genomes lacking
either of the nir genes within nosZ clade II (47%) compared with
clade I (17%), and therefore being potential N,O sinks (Fig. 2 and
Supplementary Fig. 6). The N,O sink capacity of the soils was
also related to the proportion between the nir genes (p = —0.49,
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Figure 3 | Structural equation model showing the relative influence of soil abiotic and denitrifier community factors on the soil N, O sink capacity. Soil
textural and mineral factors are shown as composite latent variables (hexagons), representing the collective effect of the set of soil abiotic factors assigned
to each. Paths that could not be constrained to zero without significant reduction in model fit (P(x2) < 0.05 in nested model comparisons) are shown,
along with standardized path coefficients. Non-significant relationships are shown as dotted grey paths, whereas marginal (0.1> P> 0.05) and significant
(P <0.05) relationships are shown as solid grey and black paths, respectively. Amount of variance explained by the model (R?) is listed for each response
variable, and measures of overall model fit are shown in the lower left. SOM: soil organic matter; PD: phylogenetic diversity; RMSEA: root mean square

error of approximation; CFl: comparative fit index.

P <0.01), with a higher N,O consumption with increasing nirS to
nirK ratio. This reflects a previous observation that nosZ among
denitrifiers occurs more sporadically in the genomes of strains with
nirK than those with nirS (ref. 11).

To further address whether the composition and structure of the
N,O-reducing communities matters for N,O consumption in soil,
we analysed the diversity of nosZ genes amongst the different soils
by pyrosequencing. Phylogenetic placement of nosZ sequences am-
plified using clade I and clade II specific primers resulted in all reads
mapping to 249 of 578 internal and terminal edges throughout the
reference nosZ phylogeny (Fig. 2); a distribution that reflects a com-
prehensive coverage of the known diversity of the nosZ gene. Nearly
40% were similar to nosZ sequences from Bacteroidetes, Chloroflexi
and Gemmatimonadetes within clade II, whereas 29% mapped
to various lineages of nosZ from a-proteobacteria within clade I,
with 15% bearing the greatest degree of similarity to nosZ from
Bradyrhizobium spp. Approximately 20% of the sequences mapped
to deeper internal edges, indicating that there remains a large de-
gree of nosZ diversity that is not represented in available genomic
databases. Following clustering of sequences at 97% nucleotide sim-
ilarity, we observed that the phylogenetic diversity of the resulting
operational taxonomic units (OTUs) for each nosZ clade differed
by a factor of 2 and 3 across all sites for clade I and II, respectively
(Supplementary Fig. 3). Whereas no significant correlation was
observed between the phylogenetic diversity values of clade I and
11, soils with a greater capacity to reduce excess N, O also had higher
levels of diversity in both clades (p =—0.39, P <0.01 and p =—0.36,
P =0.01 for clade I and clade II, respectively). This effect of diversity
is consistent with recent work showing that soil denitrification
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activity was also affected by diversity loss®. Interestingly, the diver-
sity of both clades was also significantly positively correlated to the
ratio of nirS to nirK across soils (0 =0.68, P <0.01 and p =0.35,
P =0.02 for clade I and clade II, respectively), suggesting that soils
with low nosZ diversity are more likely to be dominated by nirK
type denitrifiers. Together, these results demonstrate that the soil
N,O sink capacity is mediated by N,O-reducing microorganisms,
especially the recently identified clade II.

To determine the degree to which the phylogenetic diversity and
abundance of each N,O-reducing community, as well as the ratio of
nirK and nirS type denitrifiers, mediate the influence of different
abiotic factors on the relative N,O sink capacity, a structural
equation model was constructed (Fig. 3 and Supplementary Figs 4
and 5). We further specified the microbial community block of
the model by asserting that the ratio of nirS/nirK abundance will
influence the phylogenetic diversity and abundance of the two
different nosZ clades, as well as the N,O sink capacity. The abiotic
factors were reduced into four categories; the soil mineral and
textural factors, soil pH, and average air temperature for the month
before sampling (Supplementary Tables 2 and 3). Although soil
pH is commonly cited as the controlling variable in determining
denitrification end-product ratios”*, our structural equation
model indicates that the relative abundance and phylogenetic
diversity of the nosZ clade II community were the strongest drivers
of soil N, O sink capacity, together with the ratio of nirS/nirK type
denitrifiers (Fig. 3). Nevertheless, the abundance of the nosZ clade I
was more influenced by pH than that of clade I, which in contrast
responded more to differences in soil textural properties (Fig. 3).
The phylogenetic diversity of both clades was also significantly
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Figure 4 | Network analysis of nosZ sequence groups identifying N, O-reducing communities associated with soils acting as potential N O sinks.
Nodes correspond to phylogenetic placements of nosZ reads shown in Fig. 2 (see Supplementary Fig. 6 for location of group names within the reference
phylogeny). Circles and hexagons represent groups found in either nosZ clade | or clade I, respectively. Communities detected using networks analysis
combined with modulated modularity clustering?® are numbered, with node size proportional to degree. Connections between nodes indicate strong

associative (blue) or exclusionary relationships (red) as defined by Spearman’s p > 0.6 or p < —0.6, respectively. Nodes with coloured borders correspond
to nosZ groups found to be significant predictors of soil potential N, O sink capacity based on variable importance analysis, indicating whether the relative
abundance of each group increases (blue) or decreases (red) in soils acting as N> O sinks (Spearman'’s p, P < 0.05; Supplementary Fig. 7 and Table 7). Grey

node borders indicate groups above the variable importance threshold with non-significant correlations, and singleton nodes that were not significant

predictors of N> O sink capacity were excluded.

influenced by soil textural properties; however, a substantially
larger effect was observed on the diversity of clade II. These
results suggest niche partitioning between the two nosZ clades, as
previously observed for nirS and nirK denitrifying communities'®™'®,
and changes in edaphic factors will thereby influence the relative
proportion and diversity of the microorganisms with the potential
to reduce N,O to N,.

As the model showed that the genetic diversity of the entire
nosZ community, that is, both clade I and II, was an important
component explaining the soil’s ability to reduce N,O, we further
analysed potential interactions between nosZ groups and how
they relate to the soil N,O sink capacity. Using the grouping
of nosZ sequences delimited by phylogenetic placement (Fig. 2
and see Supplementary Fig. 6 for group names), specific nosZ
communities were identified using co-occurrence analysis and
network clustering of groups of coexisting organisms. We identified
9 distinct nosZ communities that largely consisted of groups from a
single clade (Fig. 4 and Supplementary Figs 7 and 8), which suggests
similarity in niche preference amongst organisms with either nosZ
type. The exclusionary interactions (p < —0.6) observed between
several nodes from different clades further suggest possible niche
differentiation or even competitive interactions between organisms
with different nosZ types. The communities identified in the
network analysis were remarkably consistent with the results of
variable importance analysis, which identified 35 groups as being
indicative of soil N,O sink capacity owing to either increasing or
decreasing relative abundance (Supplementary Fig. 9 and Table 7).
Groups that were identified as significant indicators of soil N,O
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sink capacity were predominant in clade II communities 2 and 7,
which consisted of groups that had either lower or higher relative
abundance in soils that reduced excess N,O. Notably, group N.465
(nosZ community 2), which was found in high abundance in soils
with negative sink indices, is associated with nosZ clade II lineages
from organisms that lack either nir gene (Fig. 2 and Supplementary
Fig. 6) and probably function as N, O sinks.

Although it is frequently suggested that microbial communities
mediating Earth’s biogeochemical cycling are functionally
redundant, we demonstrated a significant relationship between
the relative abundance and the phylogenetic diversity of the nosZ
community and the ability of the soil to consume N,O, as well
as distinct intra-clade patterns of co-associations of key guilds.
Our findings reveal that abundance and phylogenetic diversity of
previously unaccounted N,O-reducing microorganisms as well as
community membership is critical for the soil N,O sink capacity.
Information is now needed to determine how changes in land use
and management affect nosZ communities and thereby favour or
hamper N,O mitigation strategies.

Methods

Soil samples were collected from various agricultural field sites across Europe
(Supplementary Methods and Table 1). The capacity for soils to reduce N,O

was assessed by adding different inoculums (non-inoculated, 10* and

10° colony-forming units g~' dry soil) of the N,O-producing strain

A. tumefaciens C58 to soil microcosms, similar to ref. 12. Potential denitrification
and N,O emission rates under anaerobic conditions were measured in the
non-inoculated and inoculated soils, and ratios of potential N,O production

to total denitrification (N,O + N,) rates were calculated (Fig. 1 and
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Supplementary Fig. 1). To quantify the capacity of the indigenous microbial
community in each soil to consume the excess N,O generated by the inoculated
A. tumefaciens strain, we developed an index of soil N,O exchange that
discriminates between soils that are potential sinks or sources for N,O based on
the rN,O/r(N,O + N,) ratio measured for each inoculation level (Supplementary
Methods and Fig. 2). Negative values denote a greater capacity to consume excess
N, O, whereas positive values indicate soils that are net N,O producers. A full
description of sampling details, microcosm set-up and determination of potential
N, O and denitrification rates are provided in the Supplementary Methods.

Quantification of 16S rRNA and the different denitrification genes was
performed using previously described methods, as detailed in Supplementary
Methods. To target nirS and nirK denitrifiers, we used available nirS and nirk
primer sets that, although not covering the extant genetic diversity of each group,
still allows for a comparative analysis of the relative abundance of each across the
different soils samples by sampling a standard subset of each group for which
denitrification functionality is verified*. The abundance and diversity of
N,O-reducing organisms were determined by using primers sets that encompass
the known diversity of the nosZ gene, allowing for a complete assessment of the
N,O-reducing community. Pyrosequencing of the nosZ gene resulted in 399,263
reads after quality filtering, and maximum likelihood placement of reads within a
reference nosZ phylogeny was performed using the pplacer algorithm®. To
determine the phylogenetic diversity of each nosZ clade within samples, all
sequences were clustered at 97% nucleotide similarity, resulting in 2,129 and
10,118 OTUs for clades I and II, respectively. Representative sequences from each
OTU were then used to generate an amino-acid phylogeny, from which Faith’s
phylogenetic diversity®® was calculated. All sequence data were submitted to
NCBI under BioProject accession number PRJNA223232, and full details on
sequence processing and analysis are provided in the Supplementary Methods.

Structural equation modelling was performed using the ‘lavaan’ package®
within the R statistical programming environment. For soil mineral and textural
factors, we combined the measured variables that were determined to be
significant for predicting soil N,O sink capacity (Supplementary Methods and
Fig. 4) into composite latent variables, allowing us to examine the joint effects of
the different soil variables within each group as well as to manage model
complexity?®. Model estimation was performed using the Satorra-Bentler
maximum likelihood procedure, and model fit was assessed using x?, root mean
square error of approximation, and comparative fit indices. Co-occurrence
networks of nosZ groups delimited by pplacer were based on strong absolute
Spearman correlations (p > 0.6, false discovery rate-corrected P <0.01).
Additional community structure within the main network was detected using
modulated modularity clustering®. Ranking of nosZ groups according to their
ability to predict the N,O sink index was determined by conditional variable
importance analysis® based on the random forests algorithm. Full details on the
structural equation modelling procedure and network analysis are provided in the
Supplementary Methods.

Received 11 December 2013; accepted 11 June 2014;
published online 13 July 2014

References

1. Ravishankara, A. R., Daniel, J. S. & Portmann, R. W. Nitrous oxide (N,O): The
dominant ozone-depleting substance emitted in the 21st century. Science 326,
123-125 (2009).

2. Montzka, S. A., Dlugokencky, E. . & Butler, J. H. Non-CO, greenhouse gases
and climate change. Nature 476, 43-50 (2011).

3. Syakila, A. & Kroeze, C. The global nitrous oxide budget revisited. Greenhouse
Gas Meas. Manage. 1, 17-26 (2011).

4. Butterbach-Bahl, K., Baggs, E. M., Dannenmann, M., Kiese, R. &
Zechmeister-Boltenstern, S. Nitrous oxide emissions from soils: How well do
we understand the processes and their controls? Phil. Trans. R. Soc. B. 368,
20130122 (2013).

5. Jones, C. M., Graf, D. R. H., Bru, D., Philippot, L. & Hallin, S. The unaccounted
yet abundant nitrous oxide-reducing microbial community: A potential nitrous
oxide sink. ISME J. 7, 417-426 (2013).

6. Sanford, R. A. ef al. Unexpected nondenitrifier nitrous oxide reductase
gene diversity and abundance in soils. Proc. Natl Acad. Sci. USA 109,
19709-19714 (2012).

7. Hofmann, D. J. et al. The role of carbon dioxide in climate forcing from 1979
to 2004: Introduction of the annual greenhouse gas index. Tellus B 58,
614-619 (2006).

8. Chapuis-Lardy, L., Wrage, N., Metay, A., Chotte, J. & Bernoux, M. Soils, a sink
for N,0? A review. Glob. Change Biol. 13, 1-17 (2007).

9. Richardson, D, Felgate, H., Watmough, N., Thomson, A. & Baggs, E.
Mitigating release of the potent greenhouse gas N,O from the nitrogen
cycle—could enzymic regulation hold the key? Trends Biotechnol. 27,

388-397 (2009).

NATURE CLIMATE CHANGE | VOL 4 | SEPTEMBER 2014 | www.nature.com/natureclimatechange

10. Spiro, S. Nitrous oxide production and consumption: Regulation of gene
expression by gas-sensitive transcription factors. Phil. Trans. R. Soc. B 367,
1213-1225 (2012).

11. Jones, C. M., Stres, B., Rosenquist, M. & Hallin, S. Phylogenetic analysis of
nitrite, nitric oxide, and nitrous oxide respiratory enzymes reveal a complex
evolutionary history for denitrification. Mol. Biol. Evol. 25, 1955-1966 (2008).

12. Zumft, W. & Kroneck, P. Respiratory transformation of nitrous oxide (N,0) to
dinitrogen by Bacteria and Archaea. Adv. Microb. Physiol. 52, 107-227 (2007).

13. Philippot, L., Andert, J., Jones, C. M., Bru, D. & Hallin, S. Importance of
denitrifiers lacking the genes encoding the nitrous oxide reductase for N,O
emissions from soil. Glob. Change Biol. 17, 1497-1504 (2011).

14. Wood, D. et al. The genome of the natural genetic engineer Agrobacterium
tumefaciens C58. Science 294, 2317-2323 (2001).

15. Petersen, D. G. et al. Abundance of microbial genes associated with nitrogen
cycling as indices of biogeochemical process rates across a vegetation gradient
in Alaska. Environ. Microbiol. 14, 993-1008 (2012).

16. Jones, C. M. & Hallin, S. Ecological and evolutionary factors underlying global
and local assembly of denitrifier communities. ISME J. 4, 633-641 (2010).

17. Enwall, K., Throbick, I. N, Stenberg, M., S6derstrom, M. & Hallin, S. Soil
resources influence spatial patterns of denitrifying communities at scales
compatible with land management. Appl. Environ. Microbiol. 76,

2243-2250 (2010).

18. Philippot, L. et al. Mapping field-scale spatial patterns of size and activity of the
denitrifier community. Environ. Microbiol. 11, 1518-1526 (2009).

19. Braker, G., Dorsch, P. & Bakken, L. R. Genetic characterization of denitrifier
communities with contrasting intrinsic functional traits. FEMS Microbiol. Ecol.
79, 542554 (2012).

20. Philippot, L. et al. Loss in microbial diversity affects nitrogen cycling in soil.
ISME J. 7, 1609-1619 (2013).

21. Cuhel, J. & Simek, M. Proximal and distal control by pH of denitrification rate
in a pasture soil. Agr. Ecosyst. Environ. 141, 230-233 (2011).

22. Baggs, E. M., Smales, C. L. & Bateman, E. ]. Changing pH shifts the microbial
source as well as the magnitude of N, O emission from soil. Biol. Fert. Soils 46,
793-805 (2010).

23. Firestone, M. K., Firestone, R. B. & Tiedje, ]. M. Nitrous oxide from soil
denitrification: Factors controlling its biological production. Science 208,
749-751 (1980).

24. Penton, C. R. ef al. Functional genes to assess nitrogen cycling and aromatic
hydrocarbon degradation: Primers and processing matter. Front. Microbiol. 4,
279 (2013).

25. Matsen, E A., Kodner, R. B. & Armbrust, E. V. pplacer: Linear time
maximum-likelihood and Bayesian phylogenetic placement of sequences onto
a fixed reference tree. BMC Bioinformatics 11, 538 (2010).

26. Faith, D. P. Conservation evaluation and phylogenetic diversity. Biol. Conserv.
61, 1-10 (1992).

27. Rosseel, Y. lavaan: An R package for structural equation modeling. J. Stat.
Softw. 48, 1-36 (2012).

28. Grace, J. B. & Bollen, K. A. Representing general theoretical concepts in
structural equation models: The role of composite variables. Environ. Ecol. Stat.
15, 191-213 (2007).

29. Stone, E. A. & Ayroles, J. E. Modulated modularity clustering as an exploratory
tool for functional genomic inference. PLoS Genet. 5, 1000479 (2009).

30. Strobl, C., Boulesteix, A. L., Kneib, T. & Augustin, T. Conditional variable
importance for random forests. BMC Bioinformatics 9, 307 (2008).

Acknowledgements

We thank all of our collaborators who contributed to the soil sampling. This research was
supported by the European Commission within the ECOFINDERS project (FP7-264465),
the French Embassy in Dublin, the Conseil Régional de Bourgogne, Teagasc and The
Swedish Research Council Formas (2009-741).

Author contributions

C.M.J., A.S., S.H. and L.P. designed the study, analysed the data and compiled the
manuscript with the help of B.G. and PL. Soil samples were collected by D.B., EP.B,,
C.M.J., A.S. and L.P. with support from the EcoFINDERS project. Microcosm set-up and
gas analysis was performed by M-C.B., D.B., EPB. and C.M.]., and soil DNA extractions,
real-time PCR and 454 sequencing was performed by A.S., M-C.B. and D.B.

Additional information

Supplementary information is available in the online version of the paper. Reprints and
permissions information is available online at www.nature.com/reprints.
Correspondence and requests for materials should be addressed to S.H.

Competing financial interests
The authors declare no competing financial interests.

805

© 2014 Macmillan Publishers Limited. All rights reserved


http://www.nature.com/doifinder/10.1038/nclimate2301
http://www.nature.com/doifinder/10.1038/nclimate2301
http://www.nature.com/reprints
www.nature.com/natureclimatechange

	Recently identified microbial guild mediates soil N2O sink capacity
	Methods
	Figure 1 Range of potential soil N2O sink capacity.
	Figure 2 Phylogenetic placement of nosZ pyrosequencing reads within a reference phylogeny.
	Figure 3 Structural equation model showing the relative influence of soil abiotic and denitrifier community factors on the soil N2O sink capacity.
	Figure 4 Network analysis of nosZ sequence groups identifying N2O-reducing communities associated with soils acting as potential N2O sinks.
	References
	Acknowledgements
	Author contributions
	Additional information
	Competing financial interests

