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Abstract: Microbes are major players in leaf litter decomposition and therefore advances in the under-
standing of their control on element cycling are of paramount importance. Our aim was to investigate
the influence of leaf litter stoichiometry in terms of carbon (C) : nitrogen (N) : phosphorus (P) ratios
on the decomposition processes and to track changes in microbial community structures and functions
in response to temperature stress treatments. To elucidate how the stoichiometry of beech leaf litter
(Fagus sylvatica L.) and stress treatments interactively affect the microbial decomposition processes, a
terrestrial microcosm experiment was conducted. Beech litter from different Austrian sites covering C:N
ratios from 39 to 61 and C:P ratios from 666 to 1729 were incubated at 15 °C and 60% moisture for six
months. Part of the microcosms were then subjected to severe changes in temperature (+30 °C and —15
°C) to monitor the influence of temperature stress. Extracellular enzyme activities were assayed and res-
piratory activities measured. A semi-quantitative metaproteomics approach (1D-SDS PAGE combined
with liquid chromatography and tandem mass spectrometry; unique spectral counting) was employed to
investigate the impact of the applied stress treatments in dependency of litter stoichiometry on structure
and function of the decomposing community. In litter with narrow C:nutrient (C:N, C:P) ratios, micro-
bial decomposers were most abundant. Cellulase, chitinase, phosphatase and protease activity decreased
after heat and freezing treatments. Decomposer communities and specific functions varied with site,
i.e. stoichiometry. The applied stress combined with the respective time of sampling evoked changes of
enzyme activities and litter pH. Freezing treatments resulted in a decline in residual plant litter material
and increased fungal abundance, indicating slightly accelerated decomposition. Overall, a strong effect
of litter stoichiometry on microbial community structures and functions was detected, but decomposition
was mainly driven by a combination of the investigated factors. Temperature perturbations resulted in
short- to medium-term alterations of microbial functions; especially high temperature treatments blocked
decomposing enzymes.
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Abstract. Microbes are major players in leaf litter decom- decreased after heat and freezing treatments. Decomposer
position and therefore advances in the understanding of theicommunities and specific functions varied with site, i.e. sto-
control on element cycling are of paramount importance. Ourichiometry. The applied stress combined with the respective
aim was to investigate the influence of leaf litter stoichiome-time of sampling evoked changes of enzyme activities and
try in terms of carbon (C) : nitrogen (N) : phosphorus (P) ra- litter pH. Freezing treatments resulted in a decline in resid-
tios on the decomposition processes and to track changes mal plant litter material and increased fungal abundance, indi-
microbial community structures and functions in responsecating slightly accelerated decomposition. Overall, a strong
to temperature stress treatments. To elucidate how the staffect of litter stoichiometry on microbial community struc-
ichiometry of beech leaf litterHagus sylvatical.) and  tures and functions was detected, but decomposition was
stress treatments interactively affect the microbial decom-mainly driven by a combination of the investigated factors.
position processes, a terrestrial microcosm experiment waemperature perturbations resulted in short- to medium-term
conducted. Beech litter from different Austrian sites coveringalterations of microbial functions; especially high tempera-
C: N ratios from 39 to 61 and €P ratios from 666 to 1729 ture treatments blocked decomposing enzymes.

were incubated at 1%C and 60 % moisture for six months.
Part of the microcosms were then subjected to severe changes

in temperature £30°C and —15°C) to monitor the influ-

ence of temperature stress. Extracellular enzyme activitied Introduction

were assayed and respiratory activities measured. A semi-

guantitative metaproteomics approach (1D-SDS PAGE comBY decomposing natural compounds, microbes exert a major
bined with liquid chromatography and tandem mass speccontrol on global biogeochemical cycles, thereby affecting
trometry; unique spectral counting) was employed to inves-Climate and nutrient availability in the biosphere. This is re-
tigate the impact of the applied stress treatments in depenflected by a large increase in litter decomposition investiga-
dency of litter stoichiometry on structure and function of the tions over the last decades (Prescott, 2010). Litter decompo-
decomposing community. In litter with narrow:@utrient sition rates are strongly affected by litter quality and are lim-
(C:N, C: P) ratios, microbial decomposers were most abun-ited by certain threshold values for ligniN ratios, polyphe-

dant. Cellulase, chitinase, phosphatase and protease activifiP!s: Phosphorus, organisms and abiotic factors like temper-
ature, precipitation and soil moisture (Prescott, 2010; Luo
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et al., 2008; Couteaux et al., 1995). The biological degradachange either the (N ratio or the lignin fraction in leaves
tion of litter is mainly carried out by decomposers, including (Carreiro et al., 2000). In addition, decomposition rates are
microbes (bacteria and fungi) which have lowerrDtrient  strongly related to the activities of cellulose and lignin de-
values compared to the substrate they consume, i.e. littegrading enzymes, but the relationship between enzyme con-
There are different stoichiometric (®l:P) demands and centrations and substrate degradation remains poorly under-
constraints on the decomposition processes, based on mstood for most C compounds (Allison and Vitousek, 2005).
crobial group and life strategies (Keiblinger et al., 2010). In  To monitor directly the functional responses of microbial
terms of C cycling processes, bacteria and fungi are majocommunities to natural and anthropogenic changes, micro-
players due to their inherent stoichiometry of C and N. While bial enzyme activity analysis are useful to follow the re-
bacteria are dominating in aquatic ecosystems, this is difsponses of microbial breakdown and acquisition of specific
ferent for terrestrial ecosystems where fungi play an impor-C resources.
tant role in nutrient cycling processes (de Boer et al., 2005). To examine these influences (i.e. stoichiometry, perturba-
Fungi have the ability to degrade highly recalcitrant com- tions) on the microbial community in environmental sam-
pounds by excreting extracellular enzymes and seem to donples, metaproteomics is considered to be a powerful tool as it
inate the production of a wide range of extracellular enzymesdeals with finally processed proteins active for allocation of
that break down complex high molecular organic matter (Ro-nutrients for microbial nutrition and allows linking the struc-
mani et al., 2006; de Boer et al., 2005) in order to maketure and physiology of complex microbial consortia (Nannip-
these substrates available for microbial nutrition. Thereforejeri et al., 2003; Nannipieri, 2006; Ogunseitan, 2006). Addi-
the microbial community is thought to greatly benefit from tionally, microbial enzyme activity measurements may relate
the presence of fungi as important providers of assimilableleaf litter decomposition to specific extracellular enzymes ac-
substrates and nutrients to the whole microbial communityquiring C, N and P, as constrained by microbial biomass sto-
(Romani et al., 2006; de Boer et al., 2005). ichiometry (Sinsabaugh et al., 2008). Recently, Schneider et
Nutrient demands of microbes and extracellular enzymeal. (2012) demonstrated the applicability of metaproteomics
activities are linked with available substrate and biomass proto analyse the community structure and function in leaf lit-
duction by their elemental stoichiometry (i.e. thelC: Pra-  ter samples. Relating leaf litter stoichiometry, metaproteome
tio; Sinsabaugh et al., 2008). In addition, they are involvedand enzyme activities to the effects of temperature perturba-
in mineralization of P, humus formation, the degradation oftions will provide new insights into the microbial processes
microbial cell walls and plant material, and are therefore ofduring leaf litter decomposition.
major importance during leaf litter decomposition (Allisonet  Our aim was to investigate changes in microbial decom-
al., 2006). Enzyme activities provide information about the poser structure and function during leaf litter decomposition
biogeochemical and microbiological situation in an ecosys-as affected by leaf litter stoichiometry (@utrient ratios) and
tem, i.e. nutrient limitation, microbial activity, perturbation temperature perturbations (heat and freezing stress) in a sys-
responses and organic matter characteristics (Allison et altem under harsh stress conditions. In this microcosm exper-
2006). iment, beech litterFagus sylvaticd..) from three different
Numerous environmental factors may affect microbial sites was used in order to ensure similar litter biochemistry
community activity and structure (Nannipieri et al., 2003). (i.e. lignin content) and answer the following questions:
Under steady state environmental conditions, it is proposed
that a minimum number of species is necessary for ecosys-
tem functioning, but during and after perturbations a larger
number of species are essential to maintain stable process
rates (Nannipieri et al., 2003). An increase of the Earth’s sur- 02: How do extreme temperatures affect microbial
face temperature by 1.5-6.4K by the end of the 21st cen-  function (enzyme activities)?
tury is forecasted by the IPCC (2007), and perturbations are ) ) ] ) ) )
thought to become more frequently, whereas the intensity of 23 IS it possible to link microbial community structure
extreme weather events such as heat-waves are thought to in-  USing metaproteomics to its decomposer function and
crease considerably in the forthcoming decades (Christensen  the contribution of major phylogenetic groups to the de-
and Christensen, 2007; Fischer and Schar, 2010). With cli-  COMPposition process?
mate change, it is expected that Ig ratios will increase by
increase_d atmospheric.QONhen substrate €N is high, de—_ 2 Material and methods
composing microorganisms need more N, whereas N miner-
alization, the main source of N for plants (Hungate et al.,2.1  Experimental setup
2003), can be reduced. Nitrogen enters the terrestrial bio-
sphere through biological fixation and atmospheric depo-Beech Fagus sylvatical., 1753) litter with different ele-
sition, which is an anthropogenic impact (Hungate et al.,mental and stoichiometric composition (N : P) (Table 1)
2003). For litter decay rates, it is expected that these impactsvas collected at three sites across Austria in autumn 2008

Q1: Which factors — resource stoichiometry, tempera-
ture treatments or sampling time — have the strongest
effects on microbial community structure and function?

Biogeosciences, 9, 4534551, 2012 www.biogeosciences.net/9/4537/2012/
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Table 1. Stoichiometry — CN ratios and CP ratios of the litter types from the respective locations at the different treatments and sampling
time points, including the initial time point zero (baseline).

| Klausenleopoldsdorf | Ossiach | Schottenwald

| control frost heat | control frost heat | control frost heat

51.2+0.82
49.8+£1.74 50.2+1.97 51.9-3.33
50.9+0.46 48.9-1.47 48.3:0.98

61.8+1.8
60.7+0.89 60.9-0.71 61.2:0.92
57.7£2.54 57.6:2.79 58.1£2.13

41.7+£0.71
40.3+0.58 41.3:1.65 41.0£2.18
39.7£3.37 39.14+152 38.9-1.09

initial sampling
C:N 1stsampling
2nd sampling

1510+ 46
1486+ 47 1389+69  1372+274
1729+ 63 1551+ 82 1551+ 30

902+ 39
914441 900+41 850+ 34
921448 933+ 38 850+ 19

684.4+ 26
695+ 25 6724+24 666+ 57
713+34 676435 692417

initial sampling
C:P  1stsampling
2nd sampling

(Wanek et al., 2011): Klausenleopoldsdorf (KL) (Kitzler et were analysed with an elemental analyser (Leco CN2000,
al., 2006), Ossiach (OS) and Schottenwald (SW). The colLECO Corp. St Joseph, MI, USA). Further, the ground sam-
lected litter was dried at 40 for 48 h, shred into pieces ples were wet oxidized with an acid mixture £, and
and sieved € 1cm). A fraction of pieces between 2mm HNOg) (Henschler, 1988) in a microwave oven and elemen-
and 1cm size was sterilized by-radiation (Wanek et al., tal concentrations (P, K, Mg, Mn, Ca, Fe) determined by
2011). The litter was inoculated with a suspension of an O-inductively coupled plasma atomic emission spectrometry
horizon: litter mixture (1: 1, w : w) collected from Klausen-  (ICP-AES). Litter C: N and C: P ratios are given in Table 1.
leopoldsdorf in December 2008 to obtain an identical initial

microbial community structure on all three litter types (Leit- 2.3  Microbial biomass carbon (Gnic), nitrogen (Nmic)

ner et al., 2012). After thoroughly mixing of the litter with and phosphorus (Rnic)

inoculum suspension amounting to 1.5 % dry weight of litter

(Leitner et al., 2012), microcosms, which had been prepared jtter samples were analyzed for microbial biomass C and
from PVC plastic tubing (10cm length, 12.5cm diameter, microbial biomass N and P contents using the chloroform
bottom lid perforated plastic grid) (Wanek et al., 2011), were fymigation-extraction method as described by Schinner et
filled with 60 g of litter fresh weight for all three litter types al. (1996). Control samples were not fumigated but ex-
(KL, OS and SW). Five replicates of all treatments, controlstracted in the same way as fumigated ones. Samples were ex-
and sampling time points (see below) were prepared, givingracted in a ratio of 133 (w : v) with 0.5 M K2SO4-solution.

90 microcosms in total. The microcosms were laced in traySThe total amount of dissolved C and N was determined
lined with wet cloth and were capped with lids of micromesh with a TOC-V CPH E200V, linked with a TN-unit TNM-
cloth to ensure C@exchange during incubation (Moosham- 1 (Shimadzu Corporation, Kyoto, Japan). The total amount
mer et al., 2011). For respiration measurements, microcosmgf microbial P was determined with a persulfate digestion
were closed with airtight rubber on the bottom and a reduc-of the 0.5 M KSO; extracts based on Doyle et al. (2004).
tion gadget on the top for use with a SRC-1 chamber systenphosphate was quantified photometrically at a wavelength
(see below: PPSystems, USA). Microcosms were initially in- of 882 nm based on the phosphomolybdate blue reaction
cubated at 15C for 25 weeks. After 12 weeks, treatments (Schinner et al., 1996) with a Microplate Reader (BIO-
were performed as follows: the microcosms were either heafrgk Instruments, Inc.). The 0.5 M#80Oy extracts were kept
treated (3 days at 2&, 5 days at 30C, 1 day at 23C and  frozen (-20°C) until analysis.

3 days before sampling back to 46) or freezing treated

(3daysat4C,5daysat-15°C, 1dayat4Cand 3daysbe- 54 Respiration measurements

fore sampling back to ambient temperature). Two weeks after

beginning the treatments, the first sampling was performedgegpiration of the litter within the microcosms was moni-
with a second sampling three months later. Water content ofored once a week using an infrared gas analyzer (IRGA,

the litter was maintained at 60 % fresh-weight by adding au-EGM4 with SRC1 PPSystems, USA). Measurements were

tpclaveq tap watgr weekly. Litter samples were analysed inconducted using the following settings: volume of the cham-
five replicated microcosms for each treatment (control, heat,,o 1551 ¢c& area of the chamber 115 &niinear data fit to

and freezing). measured increase in Gand respective temperature within
the incubation chamber. G@oncentrations were measured
2.2 Litter moisture and nutrient concentrations over 70s and the increase in €@oncentration per sec-
ond was calculated based on gram litter dry weight. Mea-
Litter moisture was determined gravimetrically on an aliquot surements of ambient air were performed before and af-
of litter (by drying at 65 C). Dry samples were ground to a ter each measurement to assess possible leaks or base-line
fine powder. The total C and N contents of the litter samplesdrifts of the IRGA system (EGM4 with SRC1). Accumulated

www.biogeosciences.net/9/4537/2012/ Biogeosciences, 9, 48382012
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respiration was calculated assuming linear transition betweetal of 18 samples. This was the upper limit of what could

weekly measurements. be achieved in this project as one metaproteomic sample
o takes at least five days of processing and analysis. Aliquots
2.5 Enzyme activities (39) of litter material were ground in liquid nitrogen and

] o the resulting powder was mixed with extraction buffer con-
Potential extracellular enzyme activities were measured UStaining 1% SDS, 50 mM Tris/KOH, pH 7.0 in a:5 ratio
ing microplate fluorometric and photometric assays. All ac-(y /v). Samples were sonicated for 2 min followed by boil-
tivities were measured within 48 h of litter sampling. ing for 20 min and shaking at%€ for 1h. To remove de-
bris, extracts were centrifuged at 3000 g &CAfor 10 min.
Supernatants were removed and centrifuged for 5min at
140009 and 4C. Supernatants were concentrated about

e et an 10 vacuu.cenrgaton (Eppendor \acuum Cor
Y9 ' ysozy centrator plus) at 30C. Then 25 ul of concentrated super-

leucine amino-peptidase (“protease”) were measured fluo- . ;
rimetrically (Kaiser et al., 2010). In short, 200 ul of lit- natants were subjected to 1D-SDS-PAGE (Laemmli, 1970)

. . . ; in a 12% polyacrylamide gel to clean samples from inter-
ter suspension were pipetted in microplates and 50 pl sub;_ . ) .

. fering substances (e.g. humic acids) and to reduce sample
strate were added. The substrate used for measuring ceIIqusé%m lexity. Protein lanes were cut into four slices and the
activity was 4-methylumbelliferyB-d-cellobioside (MUF- plexity.

cellobioside). For chitinase activity, two different substrates.gel slices subjected to in-gel tryptic digestion by employ-

- ing sequencing grade modified trypsin (Promega, reference
were used, MUF-N-acety$-d-glucosaminide and MUB- . ) .
d-N,N,N”-triacetylchitotrioside, to cope with the possibil- V5111) (Shevchenko etal., 1996). The resulting peptide mix-

ity of steric hindrance for polymer degradation. For phos- tures were analysed on a hybrid LTQ-Orbitrap mass spec-

phatase, MUF-P served as substrate. Activity was meagrometer (ThermoFisher Scientific) interfaced with a nano-

sured by following the release of 4-methylumbelliferone glectrospray 'on source. Chro_matographlc separation of.pep—

. o tides was achieved on an Eksigent hano LC system (Eksigent
(MUF) from the respective substrate (cellulase, Ch'tmasesl'echnologies Dublin, CA, USA) equipped with an 11 cm
and phosphatase). For the protease assay, L-Ieucine-?-amid{,)u-Sed silica e’mitter 7’5 WT; inner diameter (BGB Analytik
4-methyl coumarin (AMC) was used as substrate, and the re: ' '

. . Bockten, Switzerland), packed inhouse with a Magic C18
leased coumarin adduct was measured with fluorescence. F(KQ 3 um resin (Michrom BioResources, Aubum, CA, USA)
calibration, methylumbelliferyl (MUF) was used for cellu- W ’ t '

lose, chitinase and phosphatase activity, whereas AMC WasP eptides were loaded from a cooled"@) Spark Holland

used for calibration of protease activity. Plates were incu—am0 sampler and separated using an acetonitrile/water sol-

o vent system containing 0.1 % formic acid at a flow rate of
bated for 140 min in the dark and fluorescence was measure 00 nimirrt with a linear gradient from 3 to 35 % acetoni-

at 450 nm emission wavelength and at an excitation wave- . ~. .
length of 365 nm using a Tecan Infinite M200 Fluorimeter trile in 60 min. Up to 6 data-dependent MS/MS spectra were

(Werfen, Austria) acquired in the Iinear.ic.)r) trap for each Fourier—transfo_rm
' ' (FT)-MS spectral acquisition range. The latter was acquired

at 60 000 full-width half-maximum (FWHM) nominal reso-

lution settings with an overall cycle time of approximately 1

Phenoloxidase and peroxidase activities were measure§econd. Charge state screening was employed to select for
photometrically based on standard methods (Kaiser etons with two charges and rejecting ions in single-charge
al., 2010), using L-3,4-dihydroxyphenylalanin (L-DOPA, State. The automatic gain control (AGC) was set atf6eion
Sigma- Aldrich, Vienna, Austria) in microplates. Litter sus- injection control and at Tefor full FT-MS and linear ion trap
pension was mixed with a 20 mM L-DOPA solution:(1). MS/MS. The instrument was calibrated externally according
After shaking the samples for 10 min, they were centrifugedt© the manufacturer’s instructions. All samples were acquired
and pipetted into microplates. For peroxidase measuremeriSing internal lock mass calibration eryz 429 088 735 and
wells additionally received 10 pl of a 0.3 %8, solution. 445120025.

At the beginning and after 20 h, absorption was measured at

450 nm. Enzyme activity was calculated from the increase in2-7/ Database searches

absorption over time divided by the molar extinction coeffi-

2.5.1 Cellulase, chitinase, phosphatase and protease

2.5.2 Phenoloxidase, peroxidase

cient. The MASCOT search engine (version no. 2.2.04) was used
for protein database searches. MS and MS/MS data were
2.6 Metaproteome analysis searched against a database containing all proteins from

UniRef100 (9808438 entries, downloaded from the Euro-
From the five replicates of each treatment and harvest, sanpean Bioinformatics Institute webpal#p://www.ebi.ac.uk/
ples were stored at80°C, whereas litter material from one uniref/ (last access: 26 January 2010) and protein sequence
replicate was analysed by metaproteomics, resulting in a toinformation from a translated metagenome of the microbial

Biogeosciences, 9, 4534551, 2012 www.biogeosciences.net/9/4537/2012/
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community of a Minnesota farm silage soil (Tringe et al., In this process, the numbers of unique spectra assigned to
2005; 184 374 entries, downloaded frdrtip://img.jgi.doe.  each protein are divided by the number of the amino acid
gov (last access: 15 October 2009) as well as commorchain length of the longest candidate in the protein cluster,
contaminants like keratin and trypsin (total no. of entries giving the spectral abundance factor (SAF). The SAF allows
9993117). The following search parameters were appliedthe comparison of protein abundances in one sample with
(i) trypsin was chosen as protein-digesting enzyme and up tdaking into account protein molecular weight. Afterwards
two missed cleavages were tolerated, (ii) carbamidomethylaeach SAF is divided by the sum of all SAFs in the respec-
tion of cystein was chosen as fixed modification, and (iii) tive sample to allow cross-sample abundance comparison.
oxidation of methionine was chosen as variable modifica-

tion. Searches were performed with a parent-ion mass tol2.10 Data evaluation and statistical analyses

erance of+5ppm and a fragment-ion mass tolerance of

+0.8 Da. A second database search was performed with theor individual analyses of the effects of litter stoichiome-
XITandem (version 2007.01.01.1) search engine (Craig andry on processes and microbial community structure, we per-

Beavis, 2004) with similar settings. formed simple linear regression (SLR) analysis. For SLR, we
tested the residues to check if the assumption of normal dis-
2.8 Data processing tribution was met by using the Shapiro-Wilk test. When the

assumption of normal distribution was violated, the data were
Scaffold (version Scaffold 3.0, Proteome Software, Portlandog transformed to approach normal distribution. Individual
OR, USA) was used to validate and quantify MS/MS basedtests between the parameters sampling time were evaluated
peptide and protein identifications from both search enginesusing Student's t-test. To evaluate differences between mul-
Peptide identifications were accepted if they were establishetiple groups (i.e. treatment), we used one-way analysis of
at greater than 99 % probability, as specified by the Peptidevariance (ANOVA) and post-hoc Tukey HSD, respectively.
Prophet algorithm (Keller et al., 2002). Protein identifica- To evaluate which factor (litter type-“site”, “time”, “treat-
tions were accepted if they were established at greater thament”) best predicted differences in decomposition, we per-
90 % probability and at least one peptide was uniquely asformed a principal component analysis (PCA). To evaluate
signed to a respective protein in one of our samples. Proteiithe influence of treatment, site and time and their combi-
probability was assigned by the Protein Prophet algorithmnation on microbial functions, we performed a multivari-
(Nesvizhskii et al., 2003). Proteins that were identified with ate ANOVA (MANOVA). All statistical analyses were con-
the same set of peptides and could not be differentiated by thucted using SAS Enterprise 4 (SAS Institute, 1992) or
MS/MS analysis were grouped to protein clusters to satisfyPASW 18.0 (SPSS) statistical software packages.
the principles of parsimony. A protein false discovery rate of
5.5 % was calculated by the Scaffold software.

3 Results
2.9 Data validation and quantitative assignment of

data to phylogenetic and functional groups The presented experiment was designed to evaluate the im-

pact of different factors on decomposition of beech lit-
Starting from the Scaffold output files, all protein hits ob- ter. The factors were the different “treatments” (“treat”) of
tained by the database searches were assigned to phylthe microcosms (heat and freezing), the litter types from
genetic and functional groups and assignments were valithree locations as the factor “site”, which differed in nutri-
dated by a newly developed perl-script based PROteomicgnt stoichiometry, and sampling “time points” (2 weeks and
result Pruning & Homology group ANotation Engine (PRO- 3 months after treatment). To evaluate our research questions
PHANE) (Schneider et al., 2011) workflowt{p://prophane.  and which of the above mentioned factors had the most pro-
svn.sourceforge.net/viewvc/prophane/trgnklo this end, nounced effects on beech litter decomposition, a multivari-
protein clusters were checked for sequence homology at ate analysis of variance (MANOVA) was conducted. Poten-
50 % identity threshold. Afterwards, phylogenetic informa- tial extracellular enzyme activities were investigated in de-
tion of each protein hit was retrieved from the Swissprottail, as they are a measure of microbial community func-
database. If Swissprot was not available, the Entrez databag®n and they play an important role in litter decomposi-
was used instead. For functional assignments, proteins wergon. MANOVA revealed that the interaction of all three fac-
blasted against the KEGG database, the cluster of ortholtors “site—time—treat” significantly predicted chitinase activ-
ogous group (COG) database and Swissprot. If a proteinty (Table 2). Only two measures, phosphatase and respira-
cluster contained more than one protein hit, clusters werdion (CQ), did not show significant results for an interaction
checked for consistency in the phylogenetic and functionalterm. Each factor itself was highly significant & 0.0001)
assignments (Schneider et al., 2011). Finally, protein abunfor phosphatase activity, with the highest F-value observed
dances were calculated based on the normalized spectrédr treatment, which therefore seemed to be most predic-
abundance factor (Zybailov et al., 2006; Florens et al., 2006)tive for phosphatase. This effect surrogates that there was

www.biogeosciences.net/9/4537/2012/ Biogeosciences, 9, 48382012
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Table 2. Multivariate ANOVA with the factors “site”, “treat” (treatment) and “time” (sampling time) and their interaction terms, to evaluate
their impact on different parameters like cellulase, chitinase, phosphatase, protease, peroxidase and phenoloxidase activity and respiratio
activity (COp).

| site | treat |  site-treat | time | time-site | time-treat | time—site—treat

| F p | F p | F p | F p | F p | F p [ F p
Cellulase 89.7 <.0001| 1214 <.0001| 2.7 0.0459 | 30.8 <.0001| 4.7 0.0149 | 576 <.0001| 1.9 0.1341
Chitinase 1427 <.0001| 329.2 <.0001| 21.1 <.0001| 14.6 0.0005| 3.1 0.0575| 89.6 <.0001| 5.5 0.0015
Phosphatase 18.3 <.0001| 12375 <.0001| 2.0 0.1142 | 33.2 <.0001| 1.7 0.2057 | 0.1 0.9229 | 2.3 0.0758
Protease 10.7 0.0002 21.5 <.0001| 1.9 0.128 1.5 0.226 | 159 <.0001| 31.0 <.0001| 2.3 0.0789

Peroxidase 61.1 <.0001 8.9 0.0007 | 4.8 0.0034| 741 <.0001| 190 <.0001| 54 0.0092| 1.3 0.2887
Phenoloxidase 98.8 <.0001| 27.7 <.0001| 2.0 0.1107| 53 0.0271| 120 0.0001| 4.2 0.0233| 2.1  0.0977
CO, 6.3 0.0049 1.6 0.2268 | 2.6 0.0572| 0.6 0.4588| 0.1 0.91 1.3 0.2801| 1.6 0.1977

no P-limitation, otherwise the factor “site” would have been lationship with leaf litter nutrients after freezing (Table 3),
more pronounced. Respiration was predicted only by “site”.although in heat and control treatments protease was weakly
All other parameters had significant interaction for at leastrelated to litter P content. After freezing treatment, peroxi-
one of the interaction terms with two factors. While for cellu- dase activity decreased, although it was still significantly re-
lase activity and protease activity the interaction term “time—lated to leaf litter N and P (Fig. 1; Table 3). Activities of
treat” showed highly significant results, peroxidase and phe-C-acquiring enzymes, e.g. cellulases, peroxidases and phe-
noloxidase were highly significant when combining the fac- noloxidases, correlated positively withyfe for the control
tors “time” and “site”. As phenoloxidase and peroxidase aretreatment. In addition, Jic correlated positively with perox-
enzymes specialized in the degradation of lignin, the interacidase and phenoloxidase activity, two enzymes which release
tion of time and site indicates a combined effect of degrader-N that is bound in plant cell walls due to their ligninolytic ac-
community succession and nutrient availability that regu-tion, but this correlation did not persist for peroxidase after
lates enzyme production. The observed time and treatmertteat treatment. Interestingly, there was no correlationgé N
combination for cellulase and protease suggests that distuwith chitinase under equilibrium temperature conditions but
bance through temperature perturbations had a stronger irma strong linear regression tq,\¥ after heat and freezing per-
pact than the nutritional situation. Nevertheless, enzyme acturbations, and similar but only moderate linear regression
tivities were all significant for each single factor except for for Ppic (Table 3). Respiration was significantly related to
protease activity and the factor “time”. leaf litter C and N for controls, but after temperature per-
The MANOVA showed strong influences of the factors turbation, significant linear regression was observed for leaf
“time—site” (besides “time—site—treat”), which indicates that litter P and CQ. Although total mass of the system did not
all factors had a major function in defining the response ofresult in significant mass losses after six months, accumu-
the microbial community to the applied experimental condi- lated respiration was greater in treated leaf litter compared to
tions. control samples, especially after freezing at the second sam-
As shown in Fig. 1, there was a significant decline in cellu- pling.
lase, chitinase and phosphatase activity after heat or freezing To evaluate how the microbial community is influenced
treatments in comparison to controls. Protease activity deby the investigated factors, its structure and function was in-
clined as well, but not significantly for both treatments at the vestigated by a metaproteomics approach. In total, 1020 pro-
first sampling time point. Heat resulted in a stronger declinetein clusters were identified from which 138 were excluded
of enzyme activities than freezing. from further analysis because of a lack of sequence homol-
In order to identify the main site/litter properties that drive ogy in the respective clusters. The remaining 882 clusters
microbial activity, single linear regression (SLR) was applied were assigned to phylogenetic and functional groups using
(Table 3) separately for each treatment. Generally, litter NPROPHANE. The normalized numbers of unique spectra act
concentrations were related to activities of cellulase, chiti-as marker for the abundance of the respective groups. Clus-
nase, phosphatase, peroxidase and phenoloxidase. Interetr identification parameters as well as quantitative informa-
ingly, leaf litter P concentration was not correlated with phos-tion and functional assignments are provided in Supplement
phatase activity, but positively related to all other enzyme ac-Table S1. The complete MASCOT results data set includ-
tivities under stable conditions (control treatment). Cellulaseing MS/MS spectra information is provided as online mate-
activity was more strongly significantly related to leaf litter rial at the PRIDE database (Vizcaino et al., 2009)htp:
nutrients (N and P) after application of treatments compared/www.ebi.ac.uk/pride/accession number is 19501. In all
to controls, especially a strong relationship with leaf litter N samples, community structures were dominated by remain-
content after heat stress. Protease showed no significant r@g plant proteins (designated a¥itidiplanta€’) followed
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Fig. 1. Enzyme activitiegA) cellulase activity(B) chitinase activity(C) protease activityD) phosphatase activityE) peroxidase activity

and(F) phenoloxidase activity at different sampling times, treatments and sites. The different locations where the litter derived from were
indicated as follows: Klausenleopoldsdorf (KL), Ossiach (OS) and Schottenwald (SW) and treatments are indicated as “control”, “freezing”
and “heat”. Error bars indicate standard deviation. 1st sampling was two weeks after treatments and 2nd sampling was three months after
treatments. Respective enzyme activities at time zero are shown as horizontal lines which are dashed for KL, solid for OS and dotted and
dashed for SW. Stars indicate a significant difference:(0.05) of the treatment to control at the respective sampling time.

by fungi and bacteria (Fig. 3). Plant litter protewirfdiplan- served that bacteria transiently decreased after freezing com-
tae) loss, which can be used as a proxy for decompositionpared to the control at the first sampling, while there was
was lowest at the nutrient poorest site (KL) and highest at theno significant difference in bacterial abundance at the second
nutrient richest site (SW). Fungal and bacterial contributionsampling. Fungi were significantly increased after freezing
to the total community was higher at nutrient richer sites. Thecompared to control and heat treatment, which again was a
fungal communities were dominated B\scomycotaEu- short term effect. The treatments did not significantly affect
rotiomycetes Sordariomycetgsand Basidiomycota(Agari- metazoa shortly after application but in the long term, as at
comycetes while the bacterial communities were dominated the second sampling, the abundance of metazoa was signifi-
by Proteobacteria Actinobacteriaand Firmicutes (Fig. 2). cantly increased for heat and freezing (Fig. 3).
Changes in the relative composition of phylogenetic groups To assign community structure to leaf litter quality param-
were observed for different “sites”, i.e. litter stoichiometry, eters, principal component analysis (PCA) was performed.
and stress treatments (Fig. 2). For example, in SW, fungaMicrobial community domains were separated by the dif-
abundance decreased and litter decomposition was reducddrent leaf litter “sites”, as can be seen in the PCA bi-
(indicated by higheViridiplantae abundance, non-degraded plots (Fig. 4). Results strongly indicate that stoichiometry is
leaf proteins (Fig. 2) after temperature stress. the overriding factor shaping the decomposer communities.
To test whether treatments had a significant influence orWhile fungal abundance was ordinated in direction of the
phylogeny, we grouped the sites to provide replicates for thesite Schottenwald (SW), which had most narrown@trient
treatments at the respective sampling time points. We obratios, the remaining plant materiaVi(idiplantae) was
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Table 3.Single linear regression (SLR), of litter C, N and P concentrations as well as microbial biompasblic and Ryic concentrations

with respiration activity (C@) and cellulase, chitinase, phosphatase, protease, peroxidase and phenoloxidase activity. The values shown are

R? and stars indicate the significance{ < 0.05;** p < 0.01;*** p < 0.0001).

n =30 N C P Gric Nmic Prmic
COy 0.39%* 0.30** 0.03 0.20 0.35* 0.28*
Cellulase 0.2%¢ 0.00 0.25* 0.31** 0.00 0.01
Chitinase 0.39* 0.02 0.24* 0.30** 0.00 0.00
control  Phosphatase 0.18 0.20¢ 0.03 0.18 0.20¢ 0.13
Protease 0.00 0.03 0415 0.07 0.13 0.19
Peroxidase 0.58* 0.06 0.46**  0.76"* 0.51* 0.47**
Phenoloxidase 0.66* 0.09 0.33* 0.66**  0.38* 0.37*
COy 0.00 0.13 0.28 0.16 0.03 0.08
Cellulase 0.78* 0.08 0.41* 0.44*  0.82**  (0.42¢**
Chitinase 0.49* 0.06 0.10 0.12 0.3T 0.55%*
heat Phosphatase 0.19 0.08 0.00 0.02 0.07 0.12
Protease 0.74 0.00 0.26 0.13 0.38* 0.09
Peroxidase 0.25 0.05 0.04 0.00 0.09 0.22
Phenoloxidase 0.63* 0.12 0.18 0.16* 0.44**  0.31*
CO, 0.12 0.05 0.38¢ 0.30%* 0.21* 0.36*
Cellulase 0.81** 0.17 0.63*** 0.60*** 0.89"** 0.31**
Chitinase 0.72*  0.22** 0.45"* 0.40** 0.71*  0.28*
freezing Phosphatase 040 0.15% 0.04 0.03 0.1% 0.05
Protease 0.01 0.01 0.09 0.08 0.07 0.01
Peroxidase 0.48* 0.11 0.15% 0.28** 0.30** 0.24*
Phenoloxidase 0*7* 0.1 0.30* 0.52¢**  0.59**  (0.19%*

grouped to the site Klausenleopoldsdorf (KL) (wide F). zyme activities (Fig. 1) were observed at the nutrient richest

Viridiplantaeabundance was directed opposite to P apd P site SW; lower abundances and activities were observed for

(Fig. 4). Bacteria andletazoawere grouped to the site Os- KL and OS, with widest CP and C N ratio respectively.

siach (OS), opposite to leaf litter C concentration. FungalThis indicates a strong “site” i.e. litter stoichiometry, effect

abundance was closely related to leaf litter nutrients (N, P)in the production of extracellular enzymes. Furthermore, an

and stoichiometry (CN, C: P), as evident in the PCA anal- increase of total enzyme abundances was observed over time.

ysis (Fig. 4a). As the abundances of extracellular enzymes were still low at
Principal component analysis of the microbial community the second sampling time, a further investigation of their phy-

at the phylum level (Fig. 4b) indicated thBtoteobacteria  logenetic origin was not possible because of generally low

andBasidiomycotalelineated towards OS with a negative re- spectral counts. However, our results underpin that the ap-

lation to litter C concentration. The classyofProteobacteria  plied method provides the possibility to investigate the link

was ordinated close to the site OS (Fig. 4c) and oppo-between microbial community structures and its decomposer

site to litter C. The fungal classes d@othideomycetes, functioning (Supplement Table 2).

Eurotiomycetesand Sordariomycetesvere grouped to SW

(Fig. 4d), and correlated negatively with & and C: P. Also

a- and g-Proteobacteriawere grouped in direction of SW, 4 Dpiscussion

which had narrowest hutrient ratios.

Besides the determination of the community structureTo answer our research questions, we elucidated which fac-
based on present proteins, we were able to detect extracellyors drove beech litter decomposition in terms of enzyme and
lar litter degrading enzymes in the metaproteomics approachmicrobial activities as well as microbial community struc-
The main functional groups were xylanases, pectinases, celyre. We studied beech litter decomposition with varying nu-
lulases and proteases. Both fungi and bacteria contributed tgjent stoichiometry under controlled conditions in micro-
the enzyme production (Supplement Table S2). Extracellutxosms, and suspected that the collective activity of microbial
lar litter degrading enzymes were mainly of fungal origin; communities is to some extent controlled by differing nutri-
particularly Ascomycotacontributed to the production in all  ent availability (Moorhead and Sinsabaugh, 2006). Elevated
litter types and at both sampling times (Supplement Table 2)concentrations of N and P have been shown to accelerate leaf
Highest enzyme abundances (Supplement Table S2) and e@ecomposition via enhanced microbial activity (Cassio and
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Fig. 2. Microbial community distribution(A) general group$B) x
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treatments (“C” control; “F” freezing; “H” heat) and the different
locations from where the leaf litter were derived (“KL” Klausen-
leopoldsdorf; “OS” Ossiach; “SW” Schottenwald).

1st sampling  2nd sampling

Fig. 3. Microbial community distribution comparing treatments (by
grouping sites)(A) general groupéB) fungal lineages of the Basid-
iomycota Agaricomycetgs and the Ascomycotd eothiomycetes,
Dothideomycetes, Saccharomycg(€y bacterial lineages. The rel-
ative abundance of proteins observed at the different smapling time
Pascoal, 2004). In addition to allowing microbes to accesspoints comparing all treatments@" control; “ F” freezing; “H”
energy and nutrients present in complex substrates, enzymieat). The values displayed are the mean of the three different sites
activities catalyse the initial, rate limiting step of decom- to obtain replicates for analysis of treatments. 1st sampling was two
position and nutrient mineralization (Allison and Vitousek, weeks after treatments and 2nd sampling was three months after
2005). Because enzyme production is N and energy insensfféatments.
tive, microbes should only produce enzymes at the expense
of growth and metabolism if available nutrients are scarce.
Enzyme production can be an inducible response to the prefound in beech litter with narrow €nhutrient stoichiometry.
ence of complex substrates (Allison and Vitousek, 2005).  During the early stages of decomposition, microbial N limi-
As expected, beech litter stoichiometry affected potentialtation can occur due to high microbial N demand (Moorhead
enzyme activities as generally higher enzyme activities wereand Sinsabaugh, 2006). Thus, N is proposed to accelerate
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Fig. 4. Principal component analysis of microbial community struct(&¢iwo components of general domains Bacteria, FWigdplantae
andMetazoa (B) two components of general bacterial and fungal ph§@3,two components of the phylum &froteobacteria and (D)

PCA of the phylum ofAscomycotaand the individual elements involved magnesium (Mg), calcium (Ca), iron (Fe), manganese (Mn),
potassium (K), and phosphorus (P), carbon (C), nitrogen (N), and microbial biomasg;@, (@icrobial biomass N (Mic) and microbial

biomass P (Ric). The number in brackets indicates the percentage of variance which is explained by the principal component. The different
locations where the litter derived from were indicated as follows: circles — Klausenleopoldsdorf (KL), squares — Ossiach (OS) and diamonds
— Schottenwald (SW). Varying shades were selected for the treatments, white for freezing treatment, grey for control and black for heat
treatment.

decomposition during the early stages, while it might havemay also have an impact on the decomposition process as
an inhibiting effect during the late stages (Gallo et al., 2004).it may limit the production of cellulolytic enzymes (Sterner
Although beech litter can be completely decomposed withinand Elser, 2002).

one year in the field, e.g. at site SW (Zechmeister-Boltenstern In the present study, leaf litter P concentration was not
et al., 2002), we assume that within the six months of ourrelated with phosphatase activity but positively related to
artificial decomposition study the litter was still in a rela- all other enzyme activities under stable conditions. In addi-
tively early stage of decomposition. This is indicated by thetion, our results showed a weak impact of P on N acquir-
low abundance of extracellular enzymes and the dominancéng enzyme activities (protease activity) under stable condi-
of pectin and xylan degrading enzymes. These enzymes argons and after heat treatment, while Olander and Vitousek
produced in the first stage of decomposition when easily ac{2000) found that P addition had no impact on N acquir-
cessible material is still present in the litter material. Litter ing enzymes. The relationships in our investigation could
C:N ratios declined over time, while extracellular enzyme result from increased investment of abundant N into extra-
activities increased, especially those which were targetingcellular enzymes mining for P to maintain stoichiometric
high-molecular weight organic C compounds, e.g. cellulaseN : P balance of the microbes. As P was not significantly
chitinase, peroxidase and phenoloxidase. A release of C sulyelated to protease activity after freezing, this indicates that
strates together with microbial growth reinforces microbial freezing had a stronger disturbance effect during the decom-
N demand (Moorhead and Sinsabaugh, 2006) and can agposition process than heat. Temperature perturbations de-
gravate microbial N limitation. Phosphorous (P) availability creased potential hydrolytic enzyme activity dramatically.
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The reductions in microbial activity after temperature stressties and the related process dynamics based on differences
could be explained by selective modification of microbial in litter quality/stoichiometry, excluding site-specific differ-
community functions (Dell et al., 2012) and may reflect dif- ences in microbial inoculum, soils, temperature and humid-
ferences in protein turnover (Duke and Doehlert, 1996). Perity. The use of one source of litter inoculum (instead of three)
oxidase and Phenoloxidase are lignin degrading enzymes aralso enabled studying the development of microbial commu-
are supposed to be down-regulated under high N deposinities adapted to litters of different elemental composition
tion, which results in reduced lignin decomposition of sub- starting from one homogenous “metacommunity”, therefore
strates with low lignin concentrations by inhibiting synthesis circumventing any possible differences in composition and
of ligninolytic enzymes (Carreiro et al., 2000) or by react- metabolic capabilities of microbial inoculum on litter decom-
ing with breakdown products of lignin degradation to form position processes. Our results are therefore not valid for nat-
other recalcitrant compounds (Hobbie, 2008). While narrowural ecosystems; in fact the scope of our study was to investi-
C: N ratios did not result in inhibited activity of ligninolytic gate basic relationships between resource quality (elemental
enzymes in the present study, still the nutritional status wasstoichiometry, C chemistry) temperature perturbations, mi-
more pronounced for these enzyme activities than for cel-crobial community and the related enzymatic activities. In
lulase and protease activity where temperature perturbationgrder to find the main microbial drivers of decomposition, the
had a stronger impact. microbial decomposer community and its respective function
The present study shows that resource stoichiometry inwas investigated in detail.
fluences decomposer communities (Fig. 2), supporting the Fungihave been recognized as dominant players in micro-
findings of Cleveland and Liptzin (2007) that showed that bial decomposition of leaf litter in streams and in terrestrial
C and nutrients were utilized in specific stoichiometric ratios ecosystems, whereas bacteria are thought to increase their
to maintain balanced growth conditions. importance only after leaf material has been partially bro-
A metaproteomic approach was applied in order to deterken down (Gulis and Suberkropp, 2003; Schneider et al.,
mine microbial community structure and to link it with mi- 2012). In general, fungi produce a wider range of extracel-
crobial function. Metaproteomics has the potential to link lular enzymes than bacteria (de Boer et al., 2005; Romani et
processes/functions to microbes on the basis of the actival., 2006), and terrestrial fungi, in particuRasidiomycetes
building blocks in the system, namely the proteins, as wascan degrade even highly recalcitrant detritus such as wood
shown recently for litter-inhabiting microbial communities (de Boer et al., 2005; Romani et al., 2006).
collected in the field (Schneider et al., 2012) and soil sam- In all our samples, fungi were the dominant microbial de-
ples (Keiblinger et al., 2012). However, data on microbial composers, followed by bacteria. This observation corrobo-
abundance obtained in the present study should be considates the finding that fungi are the main degraders and are
ered with respect to the fact that the respective metagenomspecialized in highly complex C compounds in rivers (Gulis
data were not available for the generated mass spectra arahd Suberkropp, 2003). Higher fungal abundance and activ-
those protein database searches, though protein assignmdtyt may also favour bacterial abundance through the avail-
is based on general databases. The obtained results as walbbility of intermediate products from enzymatic degradation
as data interpretation might be improved with data fromvia fungal derived enzymes. In depth analysis of the fungal
metagenome analyses from the respective litter samplesommunity showed that it was dominated Agcomycota
However, increasing numbers of pyro-sequencing studiesvhich were favoured in sites with narrow: Gutrient ratios,
have already improved the database situation, and additionals were their subphylaDpthideomycetes, Eurotiomycetes
database information will be available in the future by a con-and Sordariomycetgs Ascomycotaalso dominated decom-
tinued sequencing effort (Siggins et al., 2012). poser activity, i.e. the production of extracellular enzymes.
The study of mixed microbial communities within their Viridiplantaeloss (which we used as a surrogate for litter de-
changing environment is key to the investigation of the di- composition), and higher fungal abundance were both posi-
verse roles played by microorganisms. As metaproteomicsively related to nutrient contents (N, P). Bacterial abundance
focuses on the translated proteins and the metabolites resulivas only affected to a minor extent.
ing from microbial activity occurring under certain environ-  Nutrient availability to microbes may limit the production
mental conditions, it can be used to identify the metabolicof cellulolytic and other extracellular enzymes. In addition,
pathways and cellular processes at work within an ecosysthe nutrient composition of litter is selective for certain mi-
tem. This simplified controlled experimental setup togethercrobial populations that are the producers of extracellular en-
with a newly developed metaproteomics approach allowed ugzymes. During the decomposition of plant materialNOra-
for the first time to dissect the interactions between resourceios of the substrate will decline as C is released through
stoichiometry, enzyme activity and microbial community on respiration by the decomposing organisms. When substrate
the protein level. To follow the decomposer succession fromC: N ratio is so narrow that C becomes limiting, microor-
the same starting conditions, the litter was sterilized and reganisms are forced to primarily use N-rich substrates as a
inoculated to destroy the native microbial community and C source (e.g. proteins, peptides, amino acids). Intracellular
to follow the development of distinct microbial communi- enzymes remove excess N and subsequently exude mineral
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N into the environment. This release through the activity of the allocation of C and nutrients to growth, respiration and
decomposer microorganisms has been regarded as the majextracellular enzyme production. This can be deduced from
rate limiting step in the N cycle (Schimel and Bennett, 2004).the greatly altered activities of most investigated enzymes
It has been proposed that the initial phase of decomposi{notably cellulases, chitinases, phosphatases and proteases)
tion is usually dominated by pioneer species likggomy- in our study. As well as an increase in accumulated respira-
cota or so called “sugar fungi” (Osono, 2007), which me- tion of treated leaf litter in relation to control samples, espe-
tabolize easily available C and are fast growers (Torres etially freezing revealed significant increases in accumulated
al., 2005) that start colonizing the leaf surface. The succesrespiration at the second sampling. Linking taxon identity to
sion then continues withscomycotavho have only limited  function is a major challenge in microbial ecology (Nannip-
ability to attack lignin (Torres et al., 2005). Although inves- ieri et al., 2003). Although metaproteomics is still in its in-
tigating the early stages of decomposition in this study, thefancy, this post-genomic approach overcomes some of the
metaproteomics approach revealed only a minor impact oimethodological limitations of genetic as well as cultivation-
ZygomycotaMucuromycotina and a strong dominance of based methods (Schneider et al., 2010; Strickland and Rousk,
Ascomycotan the fungal community. Later in the decompo- 2010). The study of Romani and co-workers (2006) deals
sition processBasidiomycotancreased in their abundance with enzymatic activities and the impact of fungi and bacte-
(mean NSAF value oBasidiomycotdncreased by 2.4-fold ria and their contributions to leaf litter decomposition based
at the second sampling compared to the first sampling), preen DNA (DGGE), while the present study links microbial
sumably due to their ability to degrade the recalcitrant litter activity and microbial phylogeny at the extracellular enzyme
material (Torres et al., 2005) and to obtain nutrients by de-evel. Generally, extracellular enzymes derived mainly from
composing dead organic matter (Osono, 2007). As decomfungi. The Ascomycotawithin the phylum of fungi were
position proceeds, fast growing opportunistic microb®&s (  most abundant and active. Interestingly, this is consistent
gomycotaandAscomycotpare usually succeeded Basid-  with the findings of (Baldrian et al., 2011) who investigated
iomycota which are slower growing decomposers special-the litter layer of a Norway spruce forest soil using a meta-
ized in degradation of more recalcitrant substrate (Osonotranscriptome approach but not addressing specific enzymes,
2007). and Schneider et al. (2012) who investigated litter samples
In the present study, for the litter from the SW site with taken directly from the environment using a metaproteomics
narrow C:nutrient ratios, a larger decrease in remaining approach.
plant litter material —Viridiplantae abundance — was de- In conclusion we can answer our research questigs (
termined, which implies accelerated decomposition, as thes follows: with respect t@)1, we state that resource sto-
non-degraded plant proteins can be considered as markeishiometry had a strong influence on microbial community
for the amount of remaining litter material (Schneider et structure (metaproteomic results), whereas community func-
al., 2012). Stress of certain intensity can alter the micro-tions (enzyme activities) were generally affected by the in-
bial community at any stage of decomposition (Fierer et al.,teraction of at least two factors. Extreme temperatucs) (
2010). In our study, microbial community analysis using the strongly reduced all enzyme activities. It is possitii] to
metaproteomic approach revealed that freezing treatment haat least qualitatively link microbial community structure us-
a stronger effect on the microbial community structure thaning metaproteomics to the decomposition process. In addi-
heat treatment. Microbes can survive and remain active aftion, the contribution of major phylogenetic groups can be
ter temperature stress (heat, freezing) by physiological acclilinked to decomposer function.
mation (Schimel et al., 2007). This might be the reason that Although the overriding factor influencing decomposing
fungi were favoured after freezing treatment while the reduc-community is stoichiometry, C quantity in relation to N is
tion in bacterial abundance was a transient effect. Abundanceot the only determinant of decay rate that should be consid-
of Viridiplantae declined after freezing, which indicates that ered. Enzyme activity measurements permit the functional
freezing accelerated decomposition in the short term. For infesponse of the microbial community to litter quality and
stance, freezing involves physical processes of cell lysis anather environmental factors which were followed. Altered
disruption by the formation of ice crystals, which render sub-enzyme responses signal to temperature perturbation on the
strates available for decomposers processes (Schimel et akhort term, and atmospheric N deposition on the long term
2007) that do not occur in the heat treatment. Microbial com-may be affecting the global C cycle by influencing the activi-
munity structures changed less in the heat treatment, espéies of microbes and their C acquiring enzymes, especially
cially the abundance of fungi showed minor effects (Fig. 3).the unique ligninolytic enzymes produced (Carreiro et al.,
In field experiments of soil warming, heat effects on micro- 2000). Stronger effects on activities after heat stress were
bial community structure were difficult to detect although observed, although strongest effect on the microbial abun-
microbial function (i.e. respiration rates) was largely altereddance was after frost stress, indicating that perturbations may
(Schindlbacher et al., 2011). Although the microbial com- affect the system in different ways and possible feedback
munity might respond only minor to temperature stress, themechanisms. Climate change through increased nutrient in-
acclimation and stress repair costs can have strong effects gouts via N deposition tends to shift enzyme activity away
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from polyphenol oxidation and towards polysaccharide hy-Couteaux, M. M., Bottner, P., and Berg, B.: Litter Decomposition,
drolysis and phosphatase activity (Sinsabaugh et al., 2002). Climate and Litter Quality, Trends Ecol. Evol., 10, 63-66, 1995.

It has been mentioned that phenoloxidase is also suppressédaig, R. and Beavis, R. C.. TANDEM: matching proteins

under anaerobic conditions, by this end warming or changes With tandem mass spectra, Bioinformatics, 20, 1466-1467,
in precipitation can affect the decomposition of recalcitrant = _40i:10.1093/bioinformatics/bth092004.

leaf litter material (Fenner and Freeman, 2011). The main®® Boer. W., Folman, L. B., Summerbell, R. C., and Boddy,
L.: Living in a fungal world: impact of fungi on soil bacte-

advantage of the p.resem stgdy Wa§ the possibility t.o relate rial niche development, Fems Microbiol. Rev., 29, 795-811,
enzymes to their microbial origin using metaproteomics. doi:10.1016/j.femsre.2004.11.00E005.
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