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ABSTRACT

Forests are recognised as spatially heterogeneous ecosystems. However, knowledge of the small-scale spatial variation in

microbial abundance, community composition and activity is limited. Here, we aimed to describe the heterogeneity of

environmental properties, namely vegetation, soil chemical composition, fungal and bacterial abundance and community

composition, and enzymatic activity, in the topsoil in a small area (36 m2) of a highly heterogeneous regenerating temperate

natural forest, and to explore the relationships among these variables. The results demonstrated a high level of spatial

heterogeneity in all properties and revealed differences between litter and soil. Fungal communities had substantially

higher beta-diversity than bacterial communities, which were more uniform and less spatially autocorrelated. In litter,

fungal communities were affected by vegetation and appeared to be more involved in decomposition. In the soil, chemical

composition affected both microbial abundance and the rates of decomposition, whereas the effect of vegetation was small.

Importantly, decomposition appeared to be concentrated in hotspots with increased activity of multiple enzymes. Overall,

forest topsoil should be considered a spatially heterogeneous environment in which the mean estimates of ecosystem-level

processes and microbial community composition may confound the existence of highly specific microenvironments.

Keywords: spatial heterogeneity; litter; soil; extracellular enzymes; beta-diversity; plant–microbe interactions

INTRODUCTION

Spatial heterogeneity within ecosystems allows for the coexis-

tence of species and the processes that they carry out, and exists

at various scales, ranging from landscapes to micrometre-sized

soil pores (Ettema and Wardle 2002; Baldrian and Větrovský

2012; Baldrian 2014). With their multi-layered vegetation above-

ground, their roots belowground and woody debris of various

sizes, forest ecosystems exhibit high spatial heterogeneity. This

is especially apparent when forests are compared with grass-

lands or agricultural ecosystems where spatial heterogeneity is

lower and often further reduced throughmanagement (Baldrian

and Šnajdr 2011; Štursová and Baldrian 2011).
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Although the importance of spatial heterogeneity has been

recognised, it is not fully understood on any spatial scale. This

lack of information is critical in many respects, such as when

planning reasonable sampling strategies to obtain representa-

tive site-level or stand-level values of environmental parame-

ters (e.g. at a scale of tens to a few hundreds of square metres)

or when deciding whether the predictions of ecosystem func-

tioning can be reasonably derived from mixed samples rather

than from considering the variation of ecosystem properties

or processes in space. Furthermore, considering that drivers of

microbial community composition and microbe-catalysed pro-

cesses vary according to spatial scale (Baldrian 2014), it is un-

clear whether observations at large scales apply to a stand-level

ecosystem or whether the effects of these drivers are eliminated

by random (or unpredictable) variability.

In temperate zones, the site-level spatial heterogeneity of

soil composition and microbial biomass was addressed in ho-

mogeneous even-aged forests with a reduced or missing herbal

layer (Šnajdr et al. 2008; Baldrian et al. 2010), which show a lower

level of spatial heterogeneity than that of unmanaged, unevenly

aged forests. Indeed, natural forests with limited or no man-

agement and multi-layered aboveground vegetation show ex-

ceptional variability in soil spatial structure, such as in thick-

ness of horizons and disturbances in the soil profile. In part, this

variability is a record of historical disturbances of various de-

grees of severity and frequency, such as tree-throws, uprooting,

deadwood decomposition and bark beetle outbreaks (Šamonil

et al. 2011, 2014; Valtera, Šamonil and Boublı́k 2013; Valtera et al.

2015). The unique microclimate, erosive and sedimentary pro-

cesses and uneven distribution of nutrients that existwithin pits

and mounds (Schaetzl et al. 1989; Šamonil, Král and Hort 2010)

likely affect the soil microorganisms and ecosystem processes.

To date, spatial variation of environmental variables, microbial

communities and ecosystem processes has not been addressed

in such areas.

In forest topsoils, numerous investigators have reported ver-

tical differentiation of microbial community composition for

fungal communities (e.g. Rosling et al. 2003; Lindahl et al. 2007;

Vořı́šková and Baldrian 2013) as well as communities of bacteria

(Eilers et al. 2012; López-Mondéjar et al. 2015; Rime et al. 2015).

The vertical differentiation appears to be more pronounced for

fungi than for bacteria (Baldrian et al. 2012; Urbanová, Šnajdr and

Baldrian 2015), to reflect the stratification of nutrients (Lindahl

et al. 2007; Šnajdr et al. 2008) and to bemanifested in the variation

of microbial activities, such as respiration, extracellular enzyme

activities and transcription of specific genes (Šnajdr et al. 2008;

Šnajdr et al. 2013; Žifčáková et al. 2016). These patterns should

theoretically hold true for natural forests with a disturbed verti-

cal profile, although they may be less pronounced.

The horizontal aspect of spatial variation in forest ecosys-

tems has been addressed far less frequently. The distribution of

enzyme activities and microbial biomass has been explored in

temperate forest soils (Saetre and Bååth 2000; Šnajdr et al. 2008).

Studies focused on the composition of microbial communities

in forest soil and its drivers are available only for fungi and eu-

karyotes (Bahram, Peay and Tedersoo 2015; Bahram et al. 2016;

Tedersoo et al. 2016), while similar data regarding bacteria are

available only for non-forest environments (Barberán et al. 2014)

and bacterial and fungal community variation has been stud-

ied only at a larger scale and with an emphasis on the effects of

vegetation (Barberan et al. 2015).

Due to the methodological limitations of the cited studies,

the spatial distribution of microbial taxa in forests at a stand-

level scale is unknown, and so are its drivers. The potential

drivers of microbial abundance and activity identified at larger

scales include: (i) soil and litter chemistry, most importantly or-

ganic matter content, pH, contents of various forms of N and

other nutrients that have been repeatedly reported to affect both

bacteria and fungi, although to variable degrees (Fierer and Jack-

son 2006; Lauber et al. 2008; Rousk et al. 2010), and (ii) vegeta-

tion, which appears to be more important for fungal than for

bacterial communities (Prescott and Grayston 2013; Urbanová,

Šnajdr and Baldrian 2015; Tedersoo et al. 2016), and which in-

cludes the effects of both trees (Thoms et al. 2010; Prescott and

Grayston 2013; Urbanová, Šnajdr and Baldrian 2015) and ground

vegetation (Eisenhauer et al. 2011; Gilliam et al. 2014; von Rein

et al. 2016). The relative importance of these two major groups

of drivers differs in soil and litter and in fungi and bacteria

across larger scales, but to what extent they are important at

a small scale and whether their local variation is sufficient to

override the stochastic effects on community assembly remain

unresolved (Bahram et al. 2016). It was recently demonstrated

that at the level of individual microbial taxa, bacteria differ in

breadth of their habitat, which results in their widespread ver-

sus constrained or rare occurrence (Barberán et al. 2014). To what

extent this phenomenon occurs on a local scale and whether it

is reasonable to assume that it also applies to fungi remain un-

clear. In a recent analysis of eukaryotic diversity in a temperate

forest, small-scale variability of environmental conditions was

too small to affect community composition (Bahram et al. 2016),

but this may not be the case in the highly heterogeneous topsoil

of natural forests.

The aim of this study was to describe spatial variability of

soil and litter chemical composition,microbial biomass content,

composition of fungal and bacterial communities, and activities

of decomposition-related enzymes at a small scale in a forest

stand (36 m2; Fig. 1) and to identify the relationships among soil

chemistry, vegetation, microbial community composition and

microbial activities. A stand of natural forest in the initial stage

of development after a bark beetle-induced dieback of adult

trees was selected for the study for its high variability of vegeta-

tion cover and soil properties. Based on the results of previous

studies (Šnajdr et al. 2013; Urbanová, Šnajdr and Baldrian 2015;

Bahram et al. 2016), our initial hypothesis (Fig. 2, dashed lines)

was that in the litter layer, vegetation affects the fungal com-

munity directly and the bacterial community both directly and

through its effects on litter chemistry. In soil, we expected that

vegetation and chemical composition affect each other, with

fungi responding mainly to vegetation and bacteria responding

mainly to chemistry. In both cases, we expected that the activity

of extracellular enzymes should be determined by both groups

of microbes.

MATERIALS AND METHODS

Site description and sampling

The study site was located in the Bohemian Forest mountain

range (Central Europe; 48◦46′N, 13◦51′E) at 1330 m a.s.l. and was

originally covered by an unmanaged Norway spruce (Picea abies)

forest. Themean annual temperature is 5.5◦C, and themean an-

nual precipitation is 1030mm. The bedrock is composed of gran-

ites, and the soil types in this area are primarily podzols with a

thick layer of organic horizon (Kopáček et al. 2002). The area ex-

perienced a bark beetle (Ips typographus) invasion in 2006 that led

to a complete dieback of all adult trees. In June 2011, the forest

was in its initial stage of regeneration, having spatially variable

ground vegetation that included Calamagrostis villosa, Vaccinium
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Figure 1. Study area within a regenerating mountainous forest, soil surface fea-

tures and locations of the sampling sites in the studied plot.

Figure 2. Hypothetical and observed effects of soil and vegetation properties on

the bacterial and fungal communities in a regenerating mountainous forest and

their relationship with enzymatic activity. Potential effects are indicated with

dashed lines, and observed effects are indicated with continuous lines; a grey

line indicates a marginally significant effect.

myrtillus,Dryopteris filix-mas and variousmosses, aswell as abun-

dant deadwood. The newly established seedlings of Picea abies

and Sorbus aucuparia typically did not exceed the height of 1.5 m

(Fig. 1).

Topsoil samples were collected from a 6 × 6 m area with

highly diverse vegetation at each intersection of a 1 × 1 m grid

(48 samples in total); the samples in the grid that corresponded

to deadwood or rock were moved and new sampling positions

were recorded (Fig. 1). A record of vegetation within 10 cm of

each sampling point was created. Plastic core samplers of 4.5

cm in diameter were used for sample collection, and the sam-

ples were transported to the laboratory and stored at 4◦C until

they were processed the next day. Litter and underlying soil to a

depth of 10 cmwere separated for each soil core to create a litter

layer sample and a soil sample. After removing roots, the litter

material was cut into 0.5 cm pieces and mixed, and the soil ma-

terial was passed through a sterile 5 mm mesh and mixed. The

sub-samples used for DNA extraction were stored at –80◦C, and

those used for chemical analyses were stored at –20◦C. The sub-

samples used for enzyme assayswere stored at 4◦Cand analysed

within 48 h.

Chemical analysis, enzyme assays and microbial

abundance analysis

Dry mass content of litter and soil samples was measured af-

ter freeze-drying the samples, and the pH value was measured

in samples diluted in distilled water (1:10). Analysis of chemical

composition of litter and soil was performed as described pre-

viously (Šantrůčková, Krištůfková and Vaněk 2006). Briefly, total

C and N (CTOT, NTOT), extractable P (POX) and phenolic contents

were analysed in air-dried, finely groundmaterial. CTOT andNTOT

were measured using an elemental analyser (NC ThermoQuest,

Germany). POX was determined by extracting 0.5 g of sample

with 50 mL of acid ammonium oxalate solution (0.2 M H2C2O4

+ 0.2 M (NH4)2C2O4 at pH 3) according to Cappo et al. (1987), but

with a three-step instead of continuous extraction (Šantrůčková,

Krištůfková and Vaněk 2006). Dissolved organic carbon (DOC)

and dissolved nitrogen (DN) were extracted step by step in both

cold water (CW) and hot water (HW): water:litter, 10:1, v/w, 30

min at 20◦C and 16 h at 80◦C, respectively. DOC and DN were

determined in cold and hot water extracts using a TOC/TN anal-

yser (Skalar Formacs HT, The Netherlands), and NH4
+ and NO3

−

contents were determined using a flow injection analyser (Foss

Tecator 5042, Sweden). Total phenolic content was determined

using the method of Bärlocher and Graça (2005). The content of

dissolved organic nitrogen (DON) was calculated by subtracting

the sum of the NH4
+ and NO3

− values from the DN value.

The potential extracellular enzyme activities were deter-

mined using microplate-based fluorometric and photometric

assays under standard conditions. To determine hydrolytic en-

zyme activities, 1 g of soil was suspended in 100 mL of distilled

water and was sonicated for 4 min to disrupt the soil particles.

Of the soil suspension, 200 µL was added to 50 µL of methy-

lumbelliferyl (MUF) substrate solutions for the determination

of β-glucosidase, exocellulase (cellobiohydrolase), phosphatase

and phosphodiesterase activities or to 50 µL of 7-aminomethyl-

4-coumarin (AMC) substrate solution for the determination of

leucine aminopeptidase and alanine aminopeptidase activities

(Baldrian 2009). Three concentrations of each fluorogenic sub-

strate were tested (50, 100 and 300 µM) and the one that sat-

urated the enzymatic activity was chosen for the assay. Plates

were incubated at 20◦C for 120 min. Fluorescence was quan-

tified at an excitation wavelength of 365 nm and an emission
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wavelength of 450 nm using an Infinite F200 microplate reader

(Tecan, Germany).

The bacterial 16S and fungal internal transcribed spacer (ITS)

region of rRNA gene copy numbers were quantified by qPCR us-

ing the 1108f and 1132r primers for bacteria (Větrovský et al.

2011) and the FR1/FF390 primers for fungi (Prévost-Bouré et al.

2011). The bacterial 16S to fungal ITS copy ratio (B/F) was calcu-

lated based on the results.

DNA extraction, amplicon sequencing and data

analysis

DNA was extracted from all samples using a modified Miller

method (Sagova-Mareckova et al. 2008) with the following modi-

fications: 100 mg of each freeze-dried sample was homogenised

directly with glass beads and lysis buffer on FastPrep-24 (MP

Biomedicals, Solon, OH, USA) for 3 × 20 s at 4000 r.p.m. The

extracted DNA was treated with 1 volume of HEPES/CaCl solu-

tion and cleanedusingGeneCleanTurboKit (MPBiomedicals) ac-

cording to themanufacturer’s instructions. DNA yield and purity

were checked using ND1000 (NanoDrop, Wilmington, DE, USA).

Amplicon sequencing for microbial community analysis was

performed as described previously (Žifčáková et al. 2016). Briefly,

PCR amplification of the fungal ITS2 region from DNA was per-

formed using gITS7 and ITS4 (Ihrmark et al. 2012) each of which

was barcoded in three PCR reactions per sample. The PCR re-

actions contained 2.5 µL of 10× buffer for DyNAzyme II DNA

Polymerase, 0.75 µL of bovine serum albumin (20 mg mL−1), 1

µL of each primer (0.01 mM), 0.5 µL of PCR Nucleotide Mix (10

mM each), 0.75 µL of polymerase (2 U µL−1 DyNAzyme II DNA

polymerase 1:24 Pfu DNA polymerase) and 1 µL of template

DNA. Cycling conditions were as follows: 94◦C for 5min, 35 cy-

cles of 94◦C for 1min, 62◦C for 1 min, and 72◦C for 1 min, and

final extension at 72◦C for 10min. The V4 region of bacterial 16S

rRNA was amplified using barcoded primers 515F and 806R as

described previously (Caporaso et al. 2012). Sequencing of fungal

and bacterial amplicons was performed on Illumina MiSeq with

2 × 250 reads.

The amplicon sequencing data were processed using the

SEED 1.2.1 pipeline (Větrovský and Baldrian 2013). Briefly, pair-

end reads were merged using fastq-join (Aronesty 2013). Joined

ampliconswere processed for bacterial 16S, whereas the ITS2 re-

gion was extracted using ITS Extractor 1.0.8 (Nilsson et al. 2010)

before processing. Chimeric sequenceswere detected usingUse-

arch 7.0.1090 (Edgar 2010) and deleted, and then the remaining

sequences were clustered at a 97% similarity level using UP-

ARSE implemented within Usearch (Edgar 2013) and subsam-

pled to the same depth. Consensus sequences were constructed

for each cluster, and the closest hits at a genus or species level

were identified using BLASTn against RDP (Cole et al. 2014) and

GenBank databases (for bacteria) or UNITE (Koljalg et al. 2013)

and GenBank databases (for fungi). Categorisation into fungal

ecophysiological groups was based on published literature, defi-

nitions of the groups being the same as in Tedersoo et al. (2014).

Sequences that were identified as non-bacterial or non-fungal

were discarded. The sequence datasets have been deposited

in MG RAST public database (Meyer et al. 2008), under dataset

4715455.3 for the bacterial sequences and 4715213.3 for the fun-

gal sequences.

Statistical analyses

Alpha diversity expressed as operational taxonomic unit (OTU)

richness, Shannon–Wiener Index, Evenness and Chao 1 were

calculated for 1000 randomly chosen sequences per sample. The

SEED 1.2.1 pipeline (Větrovský and Baldrian 2013) was used for

data pre-processing and diversity calculations. Beta-diversity

was estimated for the same datasets according to Whittaker

(1972) as the ratio of Sc/S, where Sc is the total number of

OTUs in all the samples, and S is the average OTU richness in

one sample (n = 45 samples). The same dataset was used to

identify the frequency of occurrence of bacteria and fungi in

samples according to Barberán et al. (2014). Among the OTUs

with a relative abundance >0.01%, the 20% that were present

in most of the samples were considered ‘widespread’ and the

20% with the lowest occurrence rates were considered ‘rare’. Se-

quences of widespread bacteria were observed in >38 samples

and those of rare bacteria were observed in <10 samples. Se-

quences of widespread and rare fungi occurred in >11 and <5

samples, respectively. The taxonomic placement and ecophys-

iological traits of the rare and widespread bacteria were com-

pared using contingency tables with 9999 permutations (PAST

3.03, http://folk.uio.no/ohammer/past).

For numerical variables (i.e. soil chemistry, enzyme activities,

microbial biomass), the coefficient of variation (CV) was calcu-

lated as the ratio of the standard deviation and mean. The dif-

ferences among these variables were tested using the Mann–

Whitney U test, which assumes measurements on a rank-order

scale but does not assume normality of the data. Pearson cor-

relation coefficients were used to test the significance of rela-

tionships between variables. For community composition data,

presence–absence matrices were used for vegetation descrip-

tions and for the abundance of sequences of bacterial and fun-

gal amplicons. Bray–Curtis similarity was used as a measure

of similarity between communities. One-way PERMANOVA on

Bray–Curtis similarities was used to test differences among the

communities in litter and soil. Mantel tests with 99999 per-

mutations were used to examine correlations between data

matrices; Bray–Curtis similarities were used as a measure of

similarity in the community composition data and Euclidean

distances were used for all other variables. Only those OTUs

whose abundance was >1% in at least one sample were used

to construct the data matrices of the community data. The de-

gree of spatial autocorrelation of variables was assessed us-

ing Moran’s I correlograms. To assess the level of significance

at each distance class in the correlograms, 1000 permutations

were computed using the resamp argument in the correlog func-

tion (ncf package) of the R package (R Core Team 2015). In

all cases, differences at P < 0.05 were considered statistically

significant.

RESULTS

Spatial variability of ecosystem properties

The study area represented a regenerating forest approximately

5 years after a bark beetle attack that killed all mature Picea abies

trees (Fig. 1). A large amount of deadwoodwas still present in the

study area, including tall stumps or trunks of six trees and eight

stems or stem segments of fallen adult trees. The living trees

were represented by Picea abies and Sorbus aucuparia individuals

up to 5 years old. Soil surface cover was heterogeneous, consist-

ing of grasses (Calamagrostis villosa, Carex sp., and Avenella flexu-

osa), small shrubs (Vaccinium myrtillus and Rubus sp.), and ferns,

as well as patches of old litter and rocks. In the 48 sampled sites,

Calamagrostis was the dominant vegetation in 27 sites, Carex in

seven sites, Vaccinium in seven sites, Avenella and Dicranum each

in one site, and six sampling sites contained old litter (Fig. 1).
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Table 1. Chemical properties, potential activity of extracellular enzymes, microbial abundance and diversity indices in the litter and soil of a
regenerating mountainous forest. The diversity indices were calculated for 1000 randomly selected sequences per sample. The Mann–Whitney
test indicates the significance of differences between the litter and soil properties. CV, coefficient of variation; SD, standard deviation; n.s., not
significant.

Litter Soil

Mean SD CV Min Max Mean SD CV Min Max Mann–Whitney

P

Dry mass (kg m−2) 2.7 0.7 25 1.7 4.5 4.7 2.2 43 2.3 13.5 ∗∗∗ <0.0001

pH 3.85 0.16 4 3.69 3.97 3.50 0.15 4 3.20 3.79 n.s. 0.9875

CTOT (%) 46.1 3.9 8 30.8 50.3 38.5 10.6 27 9.5 54.1 ∗∗∗ <0.0001

NTOT (%) 1.83 0.20 11 1.09 2.17 1.64 0.43 26 0.36 2.38 ∗ 0.0138

PTOT (%) 0.09 0.02 18 0.06 0.14 0.09 0.03 36 0.02 0.17 n.s. 0.4556

POX (µg g−1) 73.1 26.7 37 39.5 150.4 48.6 25.8 53 7.8 107.2 ∗∗∗ <0.0001

Phenolics (µg g−1) 38.7 26.4 68 8.0 208.0 22.7 9.2 41 6.9 48.9 ∗∗∗ <0.0001

NH4-N (µg g−1) 6.0 2.9 48 1.9 12.9 3.4 1.1 33 1.8 8.4 ∗∗∗ <0.0001

NO3-N (µg g−1) 4.7 3.4 71 1.1 22.9 2.8 3.5 126 0.5 16.1 ∗∗∗ <0.0001

PO4-P (µg g−1) 21.9 7.9 36 7.3 39.6 10.0 3.7 37 2.8 20.1 ∗∗∗ <0.0001

C/N 25 4 15 19 45 24 8 33 18 72 ∗∗ 0.0018

C/P 529 102 19 298 798 473 237 50 221 1624 ∗∗ 0.0017

β-Glucosidase (nmol g−1 h−1) 711 411 58 67 2137 255 297 116 11 1582 ∗∗∗ <0.0001

Exocellulase (nmol g−1 h−1) 70 90 128 11 515 22 30 136 1 168 ∗∗∗ <0.0001

Phosphomonoesterase (nmol g−1 h−1) 1447 714 49 366 3481 766 616 80 56 2872 ∗∗∗ <0.0001

Alanine aminopeptidase (nmol g−1 h−1) 24.3 24.0 99 0.0 99.7 9.3 10.1 109 0.0 38.0 ∗∗ 0.0051

Leucine aminopeptidase (nmol g−1 h−1) 12.4 17.5 141 0.0 65.5 17.1 16.5 96 0.0 71.6 ∗ 0.0381

DNA (µg g−1) 425 210 49 18 817 307 195 63 12 776 ∗∗ 0.0063

Bacterial 16S/fungal ITS copy ratio 15 15 101 1 73 98 87 89 10 410 ∗∗∗ <0.0001

Bacteria

rDNA copies (×108 g−1) 2701 1823 67 145 8849 1935 1639 85 51.2 8073 ∗∗ 0.0064

Shannon–Wiener diversity index 5.30 0.21 4 4.80 5.65 4.86 0.24 5 4.07 5.27 ∗∗∗ <0.0001

OTU richness (S) 398 41 10 294 466 317 36 11 229 380 ∗∗∗ <0.0001

Evenness 0.89 0.02 2 0.84 0.92 0.85 0.03 4 0.73 0.90 ∗∗∗ <0.0001

Chao-1 1064 213 20 640 1585 780 157 20 0 0 ∗∗∗ <0.0001

Fungi

rDNA copies (×108 g−1) 485 855 176 5.17 5657 39.6 48.4 122 1.20 253 ∗∗∗ <0.0001

Shannon–Wiener diversity index 3.41 0.68 20 1.48 4.43 3.39 0.72 21 0.70 4.49 n.s. 0.9695

OTU richness 177 36 21 96 246 169 46 27 54 261 n.s. 0.9423

Evenness 0.66 0.11 17 0.32 0.82 0.66 0.12 18 0.18 0.83 n.s. 0.9777

Chao-1 562 206 37 267 1309 517 214 41 124 1183 n.s. 0.3152

When all plants in the immediate proximity of the sampled

cores (<10 cm) were considered, one plant species was found in

12 samples, two plant species were found in 20 samples, and the

remaining 16 samples contained three or more plant taxa. The

most common combination was Calamagrostis with a Picea abies

seedling or with Dryopteris filix-mas (both noted seven times).

Vegetation composition exhibited a significant spatial autocor-

relation at distances <3 m (P = 0.024).

Chemical composition was significantly different between

litter and soil except for pH values and total P content (Table 1).

Despite the small scale of the research site, only 36 m2, certain

properties of litter and soil exhibited a high degree of spatial

variation (Table 1). While the variation in pH and total C and N

contents was relatively minor, with CVs of <11%, a high level

of variation in PTOT, Pox, NH4-N and NO3-N concentrations was

observed, with CVs ranging between 30 and 126. The C/N ra-

tio was more homogeneous in litter, where it ranged from 19

to 45, compared with a range from 18 to 72 in soil, and the same

was true for the C/P ratio, which ranged from 298 to 798 in litter

and from 221 to 1624 in soil (Table 1). The chemical composition

of samples did not exhibit significant spatial structure. Chemi-

cal composition of litter, but not that of soil, was significantly

correlated with the vegetation present in the sampling sites

(R = 0.1217, P = 0.0476).

Spatial variation of microbial abundance and

community composition

Microbial biomass had an even higher level of spatial variation

than that observed for the chemical properties of soil. Bacterial

abundance ranged from 15 × 109 to 885 × 109 rDNA copies g−1

dry mass in litter and from 5 × 109 to 807 × 109 rDNA copies g−1

dry mass in soil; fungal abundance ranged from 0.5 × 109 to 566

× 109 rDNA copies g−1 drymass in litter and from only 0.12 × 109

to 25 × 109 rDNA copies g−1 dry mass in soil. The coefficients of

variationwere as high as 67–85 for bacterial abundance and 122–

176 for fungal abundance (Table 1). Moreover, B/F biomass ratio

varied widely and was lower in the litter (1–73) than in soil (10–

410). The bacterial abundance in the litter was significantly pos-

itively correlated with NTOT content (P = 0.026), and the B/F ratio

increased with increasing Pox contents (P = 0.042). In soil, both

the bacterial and fungal abundances increased with increasing

CTOT content (P = 0.032 and P = 0.010), and B/F ratio decreased

with increasing NH4-N (P = 0.013) and PO4-P (P = 0.023) contents.

The alpha-diversity of bacteria was higher than that of fungi

and the evenness and degree of variation in the diversity among

samples were low. Bacterial diversity and evenness were higher

in litter than in soil (P < 0.0001, Table 1). In the case of fungi,

differences in diversity among samples were pronounced (OTU
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Figure 3. Beta-diversity of the abundant members of the bacterial and fungal

communities in the regenerating mountainous forest. The data represent the

relationship between the sampling effort (number of sites) and the estimates of

total OTU richness of the taxa, for OTUs whose abundance was >1% in at least

one sample.

richness ranged from96 to 246 in litter and from54 to 261 in soil),

whereas differences in diversity between litter and soil were

not significant. Interestingly, the beta-diversity of fungi was sub-

stantially higher than that of bacteria both in litter (19 and 12,

respectively) and soil (20 and 12, respectively). When only the

abundant OTUs, those that represented >1% of the OTUs in at

least one sample, were considered, the beta-diversity of fungi

was 14.6 and 12.5 in litter and soil, respectively, whereas that of

bacteria was only 6.6 and 5.2, respectively. Although a greater

number of dominant OTUs per sample was observed for bacte-

ria than for fungi, fungal diversity increased more rapidly with

the number of samples and more locally abundant fungal OTUs

were observed (Fig. 3).

Community composition was significantly different between

litter and soil for fungi (PERMANOVA on Bray–Curtis similari-

ties, F = 7.244, P < 0.0001) but not for bacteria (F = 1.732, P =

0.1050). Variation in community composition among samples

from within a horizon was greater in fungal communities than

in bacterial communities. The proportion of sequences from the

most abundant fungal division, Ascomycota, ranged from 8 to

86% in litter and from 18 to 93% in soil (Supplementary Fig. 1).

Variation in bacterial community composition was lower but

was still considerable, with Acidobacteria representing 13–59%

of the sequences in litter and 13–45% of the sequences in soil

(Supplementary Fig. 2). Even more importantly, the dominant

bacterial OTUs were typically present in the majority of sam-

ples and their abundances showed relatively little variation. Of

the 40 most abundant bacterial OTUs (Supplementary Table 1),

38 were present in >40 litter samples, and 35 were present in

>40 soil samples (Supplementary Fig. 3). In the case of fungi,

the most dominant OTUs (Supplementary Table 2) were present

only in the minority of samples with only four in litter and

another four in soils observed in all samples (Supplementary

Fig. 3). This result is consistent with the observed high beta-

diversity in fungi. Analysis of the frequency of occurrence of in-

dividual OTUs showed that Acidobacteria members were signif-

icantly more frequent among the widespread OTUs (P = 0.0005

for litter, P = 0.0038 for soil). Regarding fungi, Mortierellomycota

members were significantly enriched in the widespread OTUs

(P < 0.0002 for both litter and soil), and Ascomycota (P = 0.0024)

and saprotrophs (P = 0.0010) were more often widespread in lit-

ter. In soil, Glomeromycota and thus arbuscular mycorrhizal fungi

as well were mostly classified as rare OTUs (P = 0.0302).

Figure 4. Relationship between the pairwise sample distance and the similarity

of microbial communities in the regenerating mountainous forest.

In considering the drivers of community composition, the

physical proximity of sampling sites was found to be impor-

tant for fungi in litter and soil. The fungal community exhib-

ited significant spatial autocorrelation only at distances <2 m

(P < 0.01) both in litter and soil. The Bray–Curtis similarity of lit-

ter samples positioned at 1 m distances was 0.19, whereas this

value was 0.12 for sample pairs at distances of approximately 8

m (Fig. 4). The Bray–Curtis similarities of bacterial communities

were higher than those of fungal communities, being 0.57 and

0.38 for closely and distantly located litter samples, respectively,

and 0.53–0.57 for soil samples. The bacterial community exhib-

ited significant spatial autocorrelation only in litter, at distances

<3 m (P = 0.012). None of the chemical variables significantly af-

fected the composition of microbial communities. Based on the

Mantel test results, vegetationwas a strong driver of fungal com-

munity composition in litter (P = 0.0001, R = 0.2186), but it was

only a marginally significant driver in soil (P = 0.079). There was

no significant correlation between the composition of bacterial

communities and vegetation.

Drivers of microbial activity

The activities of extracellular enzymes β-glucosidase, exocellu-

lase, phosphomonoesterase and alanine aminopeptidase were

significantly higher in litter than in soil, whereas the activity

of leucine aminopeptidase was significantly lower in litter (Ta-

ble 1). The activities within the horizons varied greatly, with CVs

between 49 and 141. A high level of correlation was observed

for the activities of β-glucosidase, exocellulase and phosphomo-

noesterase (P < 0.001, R > 0.64 for all combinations in both hori-

zons), with samples showing high or low activities for all tested

enzymes (Fig. 5). The alanine and leucine aminopeptidases be-

haved independently, but showed a high correlation in litter

(P < 0.001, R = 0.4857).

The Mantel test revealed no significant correlation among

enzyme activities and vegetation composition or chemical com-

position of litter and soil. However, when only β-glucosidase, ex-

ocellulase and phosphomonoesterase were considered, a signif-

icant correlation of their activities in soil and its chemical com-

position was found (P = 0.0273, R = 0.1690). There was no cor-

relation between the composition of the bacterial community

and enzymatic activities, as was also the case for the composi-

tion of the fungal community in soil, but the correlation between

the composition of the fungal community in litter and enzyme

activities therein was significant (P = 0.0328, R = 0.1471). This
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Figure 5. Activities of extracellular enzymes in the studied plot within the regenerating mountainous forest. The samples were sorted according to the activity of

phosphomonoesterase.

correlation was particularly strong when only β-glucosidase,

exocellulase and phosphomonoesterase were considered (P =

0.0024, R = 0.2002). In litter, the activities of β-glucosidase, ex-

ocellulase and alanine aminopeptidase significantly increased

with increasing fungal abundance (P = 0.046, 0.037 and 0.001,

respectively), and those of β-glucosidase and alanine aminopep-

tidase also increased with the increase in fungal/bacterial abun-

dance ratio (P = 0.046 and P = 0.049).

DISCUSSION

The studied regenerating natural forest stand with missing live

mature trees represented a highly heterogeneous environment

regarding all measured sets of parameters. Variation in soil pro-

file properties was reported to be inherent to natural moun-

tain forests due to high local pedodiversity caused by histori-

cal disturbances, such as uprooting (Šamonil et al. 2011; Valtera

et al. 2015), which is typically demonstrated by spatially vari-

able distribution and composition of organic matter (Spielvo-

gel, Prietzel and Kogel-Knabner 2016). At the study site, the

level of variation was increased by high light penetration due

to the absence of mature trees that gave rise to patches of di-

verse vegetation and decomposing wood of fallen trees. This

site was in a specific stage of stand development at 5 years af-

ter a bark beetle outbreak, which was actually the next stage

of development following the initial dynamic changes that oc-

curred in the years after this disturbance (Štursová et al. 2014).

The root-symbiotic fungi associated as ectomycorrhizal fungi

with tree seedlings and as arbuscular mycorrhizal and ericoid

symbionts with ground vegetation had begun to re-establish,

reaching abundance levels of 14 ± 2% in litter and 16 ± 2% in

soil compared with only 5 and 8%, respectively, 3 years after the

disturbance in nearby sites, but they still had not reached the

abundances observed in a mature stand containing old trees,

in which they represent 40–55% of all the sequences (Štursová

et al. 2014).
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Most of the physico-chemical variables except pH showed a

high degree of variation at the small scale of 36 m2, as demon-

strated by high coefficients of variation for most of the mea-

sured properties, which were higher than has been typically

reported (Baldrian 2014), particularly in the case of dissolved

nitrogen and phosphorus contents (Table 1). Themicrobial com-

munity composition also had high diversity and richness. Bac-

terial community richness in individual samples was greater

than that of fungal communities, but the variation in space was

lower for bacteria (Fig. 4 and Supplementary Fig. 3). Distance de-

cay relationships were observed in litter but not in soil (Fig. 4).

Comparedwith bacterial communities, fungal communities had

greater spatial variability with a few taxa commonly occurring

andmany confined to a small number of samples (Fig. 4 and Sup-

plementary Fig. 3). This difference between bacterial and fungal

communities is consistent with the pattern observed in other

forests and elsewhere (Zinger et al. 2011; Baldrian et al. 2012,

2015; de Gannes et al. 2015) and results in a substantially higher

beta-diversity of fungi compared with that of bacteria. Fungal

communities in both litter and soil showed a significant distance

decay relationship even on a scale of a fewmetres (Fig. 5), which

is consistent with the results of a study from a boreonemoral

forest (Bahram et al. 2016). The size of fungal mycelia and their

habitats is one of the likely explanations for the distribution of

specific groups of fungi. Members ofMortierellomycota and sapro-

trophic Ascomycota were identified as widespread, which is con-

sistent with their small size and use of local resources. In con-

trast, the OTUs of Glomeromycota were found to be rare, possibly

due to limited occurrence of their plant hosts.

The spatial variation in microbial biomass content and en-

zymatic activities was also higher than was observed in other

forests (Šnajdr et al. 2008; Baldrian 2014). Compared with the

homogeneous, managed temperate Quercus petraea forest, the

variation of fungal biomass and enzymatic activity levels in

the study site were substantially higher, with CVs that were

two to six times higher across a four-fold smaller area (Šnajdr

et al. 2008; Baldrian et al. 2010). The activities of measured en-

zymes, particularly of β-glucosidase, exocellulase and phospho-

monoesterase, were highly correlated, indicating localisation of

enzymatic activity into hotspots, which is in agreement with

previous observations (Gömöryová 2004; Baldrian et al. 2010; Fen-

ner et al. 2011). The presence of fungal biomass or high fun-

gal/bacterial biomass ratio appeared to be the reason for the

existence of these hotspots, supporting previous observations

from other forest ecosystems (Dong et al. 2007; Baldrian et al.

2010).

The relationships between the substrate chemical compo-

sition, vegetation composition, microbial community compo-

sition and enzyme activities in litter and soil differed, as pre-

dicted, but not all the hypothesised relationships were observed

(Fig. 2). As expected, vegetation composition significantly af-

fected some parameters of chemical composition in litter as

well as the composition of the fungal community, but not that

of the bacterial community. A greater effect of vegetation on

fungi than on bacteria, particularly the effect of trees, was pre-

viously demonstrated in stands with differing dominant trees

(Urbanová, Šnajdr and Baldrian 2015) and appears to be im-

portant in various forest environments (Prescott and Grayston

2013; Barberan et al. 2015; Tedersoo et al. 2016). Our results

also indicate a higher importance of fungi for enzyme pro-

duction in litter. This finding is consistent with their being

considered the dominant decomposers (de Boer et al. 2005) as

well as with their dominant transcriptional activity in litter

(Žifčáková et al. 2016).

In soil, vegetation had only a marginally significant effect

on fungal community composition, while chemical variables af-

fected the abundance and biomass ratio of fungi and bacteria

(Fig. 2). Soil chemistry, however, did not significantly affect the

composition of microbial communities. Importantly, the activi-

ties of hydrolytic enzymes in soil were significantly affected by

soil chemistry. In previous studies, it was mostly pH and soil or-

ganic matter content that affected enzymatic activity (Baldrian

2014; Kivlin and Treseder 2014), but the variation in pH observed

in this study was very low. The results of this study appear to

indicate that in soil, nutrient availability may be more impor-

tant for enzymatic activity than is the microbial abundance or

community composition. Transcriptomic studies showed that

soil microbial communities are highly functionally redundant

(Baldrian et al. 2012; Žifčáková et al. 2016) and enzymatic activity

thus does not depend on the presence of certain taxa. The lack of

a relationship between microbial abundance and enzyme activ-

ities in soil may be due to the presence of a variable proportion

of biomass belonging to root-symbiotic fungal taxa that are not

involved in decomposition.

This study demonstrates that the regenerating natural for-

est is an environment with high spatial heterogeneity in envi-

ronmental conditions, microbial community composition and

levels of enzymatic activity. Fungal communities have a sub-

stantially higher beta-diversity than do bacterial communities,

which are more uniform. In litter, fungal communities are af-

fected by vegetation and may be more involved in decomposi-

tion than bacterial communities. In soil, variation in chemical

composition affects both microbial abundance and rates of de-

composition. Importantly, decomposition appears to be concen-

trated in hotspots with increased activities ofmultiple enzymes.

Overall, forest topsoil should be considered a spatially heteroge-

neous environment in which the mean estimates of ecosystem-

level processes and microbial community composition may

confound the existence of highly specific microenvironments.

SUPPLEMENTARY DATA

Supplementary data are available at FEMSEC online.
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Ihrmark K, Bödeker ITM, Cruz-Martinez K et al. New primers

to amplify the fungal ITS2 region – evaluation by 454-

sequencing of artificial and natural communities. FEMS Mi-

crobiol Ecol 2012;82:666–77.

Kivlin SN, Treseder KK. Soil extracellular enzyme activities cor-

respond with abiotic factors more than fungal community

composition. Biogeochemistry 2014;117:23–37.

Koljalg U, Nilsson RH, Abarenkov K et al. Towards a unified

paradigm for sequence-based identification of fungi.Mol Ecol

2013;22:5271–7.

Kopáček J, Kaňa J, Šantrůčková H et al. Physical, chemical, and

biochemical characteristics of soils in watersheds of the Bo-

hemian Forest lakes: I. Plešné Lake. Silva Gabreta 2002;8:

43–62.

Lauber CL, StricklandMS, BradfordMA et al. The influence of soil

properties on the structure of bacterial and fungal communi-

ties across land-use types. Soil Biol Biochem 2008;40:2407–15.

Lindahl BD, Ihrmark K, Boberg J et al. Spatial separation of litter

decomposition and mycorrhizal nitrogen uptake in a boreal

forest. New Phytol 2007;173:611–20.
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Štursová M, Baldrian P. Effects of soil properties and manage-

ment on the activity of soil organic matter transforming en-

zymes and the quantification of soil-bound and free activity.

Plant Soil 2011;338:99–110.
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When the forest dies: the response of forest soil
fungi to a bark beetle-induced tree dieback

Martina Štursová1, Jaroslav Šnajdr1, Tomáš Cajthaml1, Jiřı́ Bárta2, Hana Šantrůčková2
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Coniferous forests cover extensive areas of the boreal and temperate zones. Owing to their primary
production and C storage, they have an important role in the global carbon balance. Forest
disturbances such as forest fires, windthrows or insect pest outbreaks have a substantial effect on
the functioning of these ecosystems. Recent decades have seen an increase in the areas affected by
disturbances in both North America and Europe, with indications that this increase is due to both
local human activity and global climate change. Here we examine the structural and functional
response of the litter and soil microbial community in a Picea abies forest to tree dieback following
an invasion of the bark beetle Ips typographus, with a specific focus on the fungal community. The
insect-induced disturbance rapidly and profoundly changed vegetation and nutrient availability by
killing spruce trees so that the readily available root exudates were replaced by more recalcitrant,
polymeric plant biomass components. Owing to the dramatic decrease in photosynthesis, the rate of
decomposition processes in the ecosystem decreased as soon as the one-time litter input had been
processed. The fungal community showed profound changes, including a decrease in biomass
(2.5-fold in the litter and 12-fold in the soil) together with the disappearance of fungi symbiotic with
tree roots and a relative increase in saprotrophic taxa. Within the latter group, successive changes
reflected the changing availability of needle litter and woody debris. Bacterial biomass appeared to
be either unaffected or increased after the disturbance, resulting in a substantial increase in the
bacterial/fungal biomass ratio.
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Introduction

Northern coniferous forests cover extensive areas,
including boreal forest biomes, as well as high-
altitude montane regions and high-latitude tempe-
rate forests, providing a wide range of ecological and
socio-economic services (Chapin et al., 2012). These
forests have an important role in global carbon
cycling, as they store substantial amounts of C in
soil organic matter or biomass (Myneni et al., 2001;
Ruckstuhl et al., 2008). Coniferous forests are
viewed as an important global C sink (Bradshaw
et al., 2009), and their functioning is thus poten-
tially highly important for the global carbon balance
as affected by climate change (Soja et al., 2007).

Forest disturbances are fundamental drivers of
terrestrial carbon cycle dynamics (Adams et al.,
2010). They can differ substantially in their extent

and nature, including the most severe events such as
large-scale forest fires, windthrows or insect pest
outbreaks. Such disturbances often have enormous
impacts on the landscape and on ecosystem func-
tioning. Outbreaks of phloem-feeding insects (for
example, the bark beetle Ips typographus and the
mountain pine beetle Dendroctonus ponderosae)
reduce ecosystem productivity through tree
mortality (Hicke et al., 2012) and may cause large
forest areas in both North America and Europe to
change from a sink to a substantial source of carbon
(Okland and Bjornstad, 2006; Kurz et al., 2008).

Repeated large-scale insect-induced disturbances
are historically documented (Schelhaas et al., 2003).
However, recent evidence indicates that the
frequency of these disturbances has tended to increase
due to a combination of several factors. Changes in
climate and hydrology, in combination with human
influence on the size, structure and composition of
forests or soil acidification, have all made forests
more susceptible to insect attacks (Schelhaas et al.,
2003; Breshears et al., 2009; Seidl et al., 2011).

Despite the recent focus on the study of forest
disturbances in terms of C- and N-cycle fluxes
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(Hartmann et al., 2012; Moore et al., 2013), other
interesting aspects of these disruptive changes in
ecosystem development continue to raise little
research interest. This neglect also extends to the
response of the soil microbial community, which
has a substantial role in mediating the C and N
cycles in the soil. Bark beetle attacks stop the flow of
photosynthates to the soil via plant roots within one
season, an effect that is comparable, to a consider-
able degree, to tree girdling. Girdling experiments
have demonstrated that approximately one-half of
the soil respiration in a coniferous forest is driven by
photosynthate allocation belowground (Högberg
et al., 2001). This process is largely mediated by
ectomycorrhizal (ECM) fungi symbiotic with tree
roots. In coniferous forests, these fungi represent up
to one-third of total microbial biomass (Högberg and
Högberg, 2002) and contribute significantly to the
production and composition of dissolved organic
carbon (DOC) and to C immobilization belowground
(Clemmensen et al., 2013). Tree girdling thus
decreases DOC production in soil by tens of percents
(Giesler et al., 2007); at a later stage, ECM fungi
disappear (Yarwood et al., 2009).

Field studies from areas of tree dieback produced
by insect invasions also exhibit decreases in soil
respiration as the result of the termination of
photosynthate allocation (Moore et al., 2013). For
this reason, it can be assumed that ECM fungi will
disappear from disturbed forests, as demonstrated
by girdling experiments. However, the extensive
defoliation and the death of tree roots should
increase the amount of substrate available for
saprotrophic microorganisms, particularly fungi.
These microorganisms may benefit from the newly
available resources as well as from the decreased
competition with ECM fungi, whose presence in the
soil has been shown to decrease the rate of organic
matter decomposition (Ekblad et al., 2013). It is
important to investigate the possible substitution of
saprotrophic taxa for ECM fungi in terms of
abundance and the rate at which such a substitution
can occur. An additional important area of investi-
gation is the effect of the switch from photosynthate-
driven to composition-driven soil functioning on
nutrient availability in the ecosystem. All of this
information can help us to understand the ecosys-
tem-wide responses of forests to disturbances that
represent a serious environmental concern.

The aim of this study was to describe the
development of the size and structure of fungal
communities in forest litter and soil after the
disturbance of a coniferous forest represented by
the invasion of the bark beetle I. typographus and to
link these changes in the fungal communities with
the changes observable in vegetation, soil and litter
chemistry and decomposition. The bark beetle is
endemic under stable conditions, but massive
outbreaks occur under suitable climatic conditions
following windthrow disturbances (Bouget and
Duelli, 2004). Under such conditions, the bark

beetle can cause a rapid defoliation of Norway
spruce (Picea abies) followed by the dieback of all
mature trees, often over very large areas (Okland and
Bjornstad, 2006). Historically, Central Europe has
experienced repeated bark beetle invasions
(Svoboda et al., 2012). The recent massive spread
of the bark beetle in the montane spruce forests of
the Bohemian Forest following previous wind-
throws has allowed us to identify the area having a
high probability of future bark beetle invasion and to
obtain a time course of observations covering the
most rapid stages of ecosystem development prior to
and following the tree dieback.

The cessation of photosynthesis by trees should
result in the disappearance of the ECM fungi
associated with the tree roots unless the fungi
temporarily switch to saprotrophic growth. We
hypothesize that the release of inhibition by ECM
fungi with the increased input of foliar and root
litter promote the growth of saprotrophic fungi and
result in higher enzyme activity in the years
following a disturbance.

Materials and methods

Study area and sample collection
The study area was located at the highest altitudes
(1260–1300m) of the Bohemian Forest mountain
range (Central Europe; 48146.83 N, 13150.38 E) and
was originally covered by an unmanaged Norway
spruce (P. abies) forest. The mean annual tempera-
ture is 5.5 1C and the mean annual precipitation is
1030mm. The bedrock is composed of granites, and
the soil types in this area are primarily podzols with
a thick layer of organic horizon (Kopáček et al.,
2002). The area was chosen in the spring of 2008 for
study because it was the last remaining healthy
spruce stand in its general area. A future bark beetle
(I. typographus) invasion from the surrounding
areas and consequent tree dieback was considered
highly probable.

The bark beetle outbreak occurred in July–August
2008. The outbreak caused the shedding of all tree
foliage in August–September and the consequent
dieback of all of the trees (Figure 1). To follow the
mid-term effects of the disturbance without the
potentially confounding effects of seasonal varia-
tion, sampling was conducted in late May during
2008–2012, approximately 1 month after snowmelt
at the main study site (Site A). Three 4.5-cm soil
cores were collected from each of six plots (4m2

each). Litter and organic soil horizon material were
separately pooled for each plot. After the removal of
the roots, litter material was cut into 0.5-cm pieces
and mixed; soil material was passed through 5-mm
sterile mesh and mixed. Samples for DNA extraction
were stored at � 80 1C and those for chemical
analyses at � 20 1C. Samples for enzyme assays
were stored at 4 1C and analyzed within 48h.
Phospholipid fatty acid (PLFA) analyses were
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performed immediately on fresh samples. Addi-
tional study sites (Sites B and C) were sampled in
May 2008, 2010 and 2012 to provide data from a
larger area. The sampling was performed as
described above and soil and litter samples were
analyzed for microbial biomass content using PLFA
and enzyme activity. Each of the study sites
represented an area of 1–2 km2 to represent the bark
beetle outbreak of the year 2008 that affected
B60 km2. The estimate of the affected area and
numbers of dead and live adult trees in the years
2007 and 2009 were calculated from aerial photos
provided by the Czech Office for Surveying, Map-
ping and Cadastre (www.cuzk.cz).

Soil analysis
Dry mass content was measured after drying at
85 1C, and pH was measured in distilled water
(1:10). The analysis of the chemical composition of
litter and soil was performed as described pre-
viously (Šantrůčková et al., 2006). Briefly, available
phosphorus (PO4) was determined after extraction
with oxalate, and water-extractable carbon (DOC)
and nitrogen (DN) compounds were extracted from
samples in cold water. The values of these compo-
nents were determined on a TOC analyzer For-
macsHT (Skalar, Breda, the Netherlands); the
content of NH4 and NO3

� was measured using a
flow injection analyzer Tecator 5042 (Foss, Hillerød,
Denmark).

Enzyme assays for laccase, Mn-peroxidase, endo-
cellulase, endoxylanase, b-glucosidase, a-glucosidase,
cellobiohydrolase, b-xylosidase, N-acetylglucosamini-
dase (NAGase) and phosphatase were performed in
soil homogenates (Štursová and Baldrian, 2011).

Microbial biomass was analyzed based on the
PLFA content. PLFAs were extracted with
chloroform–methanol–phosphate buffer and sub-
jected to alkaline methanolysis, and free methyl

esters were analyzed with GC-MS (Šnajdr et al.,
2008). Fungal biomass was quantified based on
18:2o6,9 content, and bacterial biomass was quanti-
fied as the sum of bacteria-specific PLFAs (Bååth
and Anderson, 2003).

Amplicon pyrosequencing of fungal communities
Total DNAwas extracted from 250mg of litter or soil
material using a method modified from Sagova-
Mareckova et al. (2008); three samples per
horizon and season were used. The extracted DNA
was cleaned with a Geneclean Turbo Kit (MP
Biomedicals, Solon, OH, USA). DNA yield and
purity were checked with an ND1000 instrument
(NanoDrop, Wilmington, DE, USA).

The primers ITS1/ITS4 (White et al., 1990) were
used to amplify the ITS1 region, the 5.8S ribosomal
DNA and the ITS2 region of the fungal ribosomal
DNA. A two-step PCR amplification using compo-
site primers containing multiplex identifiers
(Baldrian et al., 2012) was performed to obtain
amplicon libraries for 454-pyrosequencing. In the
first step, each of three independent 25-ml reactions
per DNA sample contained 2.5 ml of 10� polymer-
ase buffer, 1 ml of each primer (0.01mM), 0.5 ml of
PCR Nucleotide Mix (10mM) and 0.25 ml of poly-
merase (2U ml�1; Pfu DNA polymerase:OmniTaq
DNA polymerase, 1:24). The cycling conditions
were 94 1C for 5min; 35 cycles of 94 1C for 1min,
60 1C for 1min and 70 1C for 1min; followed by 70 1C
for 10min. The pooled PCR products were purified
using a MinElute PCR Purification Kit (Quiagen,
Hilden, Germany). The product of the first PCR was
used as a template for the second PCR. In the second
step, one 50-ml reaction per DNA sample contained
5ml of 10� polymerase buffer, 1.5 ml of dimethyl-
sulphoxide for PCR, 0.4 ml of forward fusion primer
(ITS1, tag sequence, 454-specific sequence), 0.4 ml of
reverse fusion primer (ITS4, 454-specific sequence),

2008 2010 2012

Figure 1 Montane P. abies forest at Site A before (spring 2008) and after a tree dieback caused by a bark beetle invasion in summer 2008.
After 2 years, the dead trees were still covered with bark and retained most of their branches (2010). Four years after the initial damage,
much of the dead wood and bark had fallen to the ground (2012).

Response of forest fungi to tree dieback
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1ml of PCR Nucleotide Mix, 1.5 ml of polymerase
(2U ml�1; Pfu DNA polymerase:Dynazyme DNA
polymerase, 1:24) and 100ng of template DNA.
The cycling conditions were 94 1C for 5min; 10
cycles of 94 1C for 1min, 62 1C for 1min and 72 1C for
1min; followed by 70 1C for 10min. PCR products
were purified using Agencourt AMPure XP
(Beckman Coulter, Beverly, MA, USA). The concen-
tration of PCR products was quantified using the
Qubit 2.0 Fluorometer (Life Technologies, Carlsbad,
CA, USA), and an equimolar mix of PCR products
from all samples was prepared. The mixture of PCR
products was separated by electrophoresis and gel
purified using the Wizard SV Gel and PCR Clean-Up
System (Promega, Madison, WI, USA), followed by
purification using Agencourt AMPure XP and a
MinElute PCR Purification Kit to remove primer-
dimers. The amplicons were subjected to sequen-
cing on a GS Junior sequencer (Roche, Basel,
Switzerland).

Bioinformatic analysis
The pyrosequencing data were processed using the
pipeline SEED 1.1.2 (Větrovský and Baldrian, 2013).
Pyrosequencing noise reduction was performed
using the Denoiser 0.851 (Reeder and Knight,
2010), and chimeric sequences were detected using
Uclust 3.0 (Edgar et al., 2011) and deleted.
Sequences shorter than 380 bases were removed.
All remaining sequences were shortened to 380
bases and clustered using Usearch 5.2 (Edgar, 2010)
at a 97% similarity level. Consensus sequences were
constructed for each cluster, and the operational
taxonomic units were constructed by clustering
these consensus sequences at 97% identity
(Lundberg et al., 2012). The closest hits were
identified using the PlutoF pipeline (Tedersoo
et al., 2010); non-fungal sequences (o1%) were
discarded. Sequence data have been deposited in
the MG RAST public database (http://metagenomic-
s.anl.gov/, data set number 4528531.3).

Diversity and statistical analysis
The Shannon–Wiener Index and the amount of the
most abundant operational taxonomic units that
represented 80% of all sequences were used as
diversity estimates, providing combined informa-
tion on species richness and evenness. These
estimates were calculated for a data set containing
1000 randomly chosen sequences per sample.
Because the abundances of sequences correspond-
ing to fungal taxa varied widely, abundance data
were normalized with a square root transformation
and statistical analyses applied to these transformed
data. Because the majority of taxa were represented
by a very small number of reads and because such
read counts have been demonstrated not to be
technically reproducible (Lundberg et al., 2012),
only the taxa with higher relative abundances

(X0.5% in X3 samples) were tested for temporal
changes in abundance and used in a principal
component analysis along with the environmental
variables. The pipeline SEED (see above) was used
for data pre-processing and diversity calculations,
and Statistica 7 (Statsoft, Tulsa, OK, USA) was used
for statistical analyses. A one-way analysis of
variance with a Fisher’s least significant difference
post hoc test was used to analyze the statistical
significance of differences among groups of samples.
Pearson correlation coefficients and t-values were
calculated for linear regressions. Differences and
correlations at P o0.05 were considered to be
statistically significant.

Results

Ecosystem development following the bark beetle
invasion
The bark beetle invasion occurred in July–August
2008 and the sampling at Site A thus covered the
spring immediately preceding the event and four
additional seasons after the event. The bark beetle
invasion caused the shedding of all foliage in
August–September 2008, resulting in the immediate
termination of tree photosynthesis and followed by
the dieback of all trees except small seedlings; such
seedlings were rare in the study area (Figure 1). In
the following years, the trees started to lose small
twigs and bark. Later, beginning in the third year
(2011), stem and root decay caused frequent wind-
throws and stem breaks induced by wind. This
process caused deadwood to accumulate on the
forest floor. Beginning in 2010, the loss of tree
shading caused the gradual development of the
understory, with increases in grasses (Deschampsia
flexuosa, Calamagrostis sp.), bilberry (Vaccinium
myrtillus) and fern cover and the increasing estab-
lishment of spruce seedlings (Figure 1). Owing to
the loss of tree cover, maximal soil temperatures,
especially in summer, were expected to increase, but
the trend was insignificant due to high year-to-year
variation. The soil temperatures before the late May
sampling period were affected only slightly (data
not shown). The moisture content did not show any
consistent development, ranging from 74% to 77%
in the litter and from 68% to 79% in the soil.

The massive input of litter in the autumn of 2008
and the cessation of photosynthetic C allocation
following the tree dieback resulted in profound
changes in litter and soil chemistry. In the litter, the
highest DOC level was observed in the season
following the heavy litterfall and then decreased
by approximately one-half. Soil mineral nitrogen
increased substantially but showed a 2-year delay
after the dieback (Figure 2). In particular, nitrates
increased in the litter from 3.1 mg g� 1 to 23-66 mg g�1

and in the soil from 4.6 mg g�1 to 16–36 mg g�1. This
increase was accompanied by a decrease in organic
N, which peaked in 2009 in both the soil and the
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litter. In both horizons, the C/N ratio of the water-
extractable compounds decreased from an initial
10–12 to 5–6 at the end of the study. Phosphates
decreased significantly over time in both litter
(P ¼ 0.018) and soil (P ¼ 0.044). Both litter and soil
were strongly acidic, with mean pH 4.13±0.17 for
litter and 4.22±0.23 for soil. No significant changes
of pH in time were observed.

The total microbial biomass did not change
significantly in the litter, whereas it decreased
slightly over time in the soil (P ¼ 0.021). Bacterial
biomass did not show significant changes over the
study period. Fungal PLFAs in the litter decreased
significantly over time (P ¼ 0.039), from 43 mg g�1

before the tree dieback to 17 mg g�1 in 2012, resulting
in an increase in the bacterial/fungal biomass ratio
(P ¼ 0.001) from 0.9 to 2.3. In the soil, fungal PLFAs
also decreased significantly over time (P ¼ 0.002).
The PLFAs decreased from 17 to 4mg g�1 within 1
year and continued to decrease, reaching 1.3 mg g�1

in 2012; the bacterial/fungal biomass ratio increased
six-fold (P ¼ 0.007; Figure 2).

The activity of extracellular enzymes involved in
decomposition exhibited two alternative patterns,

which were similar in the litter and the soil. The
enzymes decomposing starch (a-glucosidase), plant
oligosaccharides (b-glucosidase and b-xylosidase)
and fungal biomass (NAGase), as well as exocellu-
lase and phosphatase, were high just before and
after the tree dieback and decreased to 20%–50% of
these values in the next 3 years (Figure 2). Those
enzymes involved in the decomposition of the more
recalcitrant plant polymers, including crystalline
cellulose (endocellulase), xylan (endoxylanase) and
lignin (laccase and Mn-peroxidase), peaked 1 or 2
years after the tree dieback, and their activity also
decreased in later years.

At a larger scale represented by all three study
sites, the density of live trees dropped from
334±11ha�1 in 2007 to 1±1ha�1 in 2009 with a
concurrent increase of dead tree densities from
13±4 to 320±23 ha�1. The difference of 27±9
ha� 1 trees represents those trees that fell down.

The trends in microbial biomass content and
composition were generally in line with the obser-
vations at Site A. Most importantly, the fungal
biomass content decreased either within 2 years
after tree dieback (in soil) or within 4 years (in litter)
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while the total microbial biomass and bacterial
biomass either remained unchanged or increased,
depending on study site. This resulted in a decrease
of fungal/bacterial biomass ratio (Supplementary
Figure 1). Also the relative composition of
the microbial community was consistent among
the three study sites and clearly different among the
years of sampling. In both the litter and soil, samples
collected before tree dieback were separated from
the later samples along the first PC1 axis, coinciding
with the difference in the share of fungal biomass
and activity of multiple extracellular enzymes. The
effects of dry mass content and pH were both
insignificant (Supplementary Figure 1). Except for
phosphatase and endocellulase in the soil, all
enzyme activities decreased during the 4 years
following tree dieback (Supplementary Figure 1).

Response of the fungal community to the bark beetle-
induced tree dieback
The fungal community in the stable spruce forest
before the bark beetle invasion was species-rich. The
diversity was similar among horizons, with a
Shannon Index of B3.0 at the sampling depth of
1000 sequences. Community evenness was low,
with the top 10 operational taxonomic units repre-
senting 460% of all sequences (Supplementary
Tables 1 and 2). Neither diversity nor community
evenness changed substantially during the follow-
ing years. Typically, 15–35 operational taxonomic
units represented the bulk of the sequences (80%) in
each sample. The initial litter community, however,
exhibited a higher abundance of ascomycetes (40%)
and a lower abundance of the basidiomycetes (45%)
than the soil (25% and 58%, respectively).

In addition to the abovementioned decrease in
fungal biomass and the increase in the bacterial/
fungal biomass ratio, the composition of the fungal
community also exhibited profound, successive
changes following the tree dieback. In the litter,
the initial community was primarily represented by
sequences belonging to the basidiomycetous orders
Atheliales (18%), Cantharellales (8%), Agaricales
(6%), Russulales (6%), the ascomycetous order
Helotiales (22%) and the Mortierellomycotina
(14%) (Figure 3). Following the tree dieback, the
community changed so that the Helotiales,
Eurotiales and Agaricales represented the bulk of
the community in 2009. In contrast, the orders
including root symbiotic fungi decreased dramatically.
These orders included the Cantharellales (2.4%),
Russulales (0.9%), Telephorales (0.4%) and Athe-
liales (0.2%). In the subsequent three springs, the
Agaricales and the Helotiales remained dominant,
whereas purely ECM orders showed a further
decrease. In 2011 and 2012, the sequences assigned
to the order Lecanorales, comprising lichenized
fungi, increased significantly to 4–9% (Figure 3).

In the soil, the initial community was dominated
by the basidiomycetes, especially from the orders

Atheliales, Russulales and Thelephorales, where
ECM taxa prevail; ascomycetes were represented
by the sequences of Helotiales and Pezizales; and
Mortierellomycotina were also frequent (Figure 3).
Within a year after the tree dieback, the abundance
of the Basidiomycota decreased from 58% to 20%,
with concomitant increases in the Ascomycota
(43%) and Mortierellomycotina (36%). Despite the
tree dieback, the abundance of the ECM Russulales
remained high. The abundance of the Ascomycota
peaked at 76% in 2010 but later decreased with the
establishment of the basidiomycetous saprotrophs of
the orders Agaricales and Filobasidiales and also
with the increase in the Mortierellomycotina. The
ECM orders of Russulales, Thelephorales and
Atheliales were virtually absent in 2012.

The assignment of sequences to fungal genera
allowed us to analyze the trends in the abundance of
fungal ecophysiological groups. In the litter, sapro-
trophic taxa dominated throughout, but their dom-
inance increased significantly after the tree dieback
and reached 75–80%. This increase was accompa-
nied with a marked decrease in root symbiotic fungi,
from 41% in the initial community to o10% in the
later years. The final years of observation saw an
increase in lichen-forming fungi, whose sequences
increased to 410% of the total (Figure 4). On the
level of individual genera, 58% of all taxa exhibited
significant changes in sequence abundance. Four
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Figure 3 Phylogenetic assignment of fungal ITS sequences from
a P. abies forest before and after a tree dieback caused by a bark
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patterns of occurrence were evident. The abundance
of the saprotrophic Mortierella and of Cadophora
and Meliniomyces, mycorrhizal symbionts of bilber-
ries, was steady over time but variable. The ECM
genera Tylospora, Russula and Piloderma decreased
more or less rapidly after the tree dieback. The
abundance of the third group of fungi (for example,
Thysanophora, Phialocephala, Chalara, Pezizella,
Xenochalara and Powellomyces), peaked tempora-
rily, earlier or later after the tree dieback. With the
exception of the root endophyte Phialocephala,
most of these fungi are saprotrophs. The final group
of fungi tended to increase in the later years. This
group included saprotrophs (Omphalotus, Venturia
and Ductifera), lichen-forming fungi (Caloplaca,
Cladonia and Pseudevernia) and an arbuscular
mycorrhizal taxon (Septoglomus) (Figure 4,
Supplementary Table 3).

In the soil, the increase in saprotrophs and
decrease in root symbionts was relatively gradual.
Nevertheless, the abundance of saprotroph
sequences increased from 43% to 485%, whereas

that of the root symbionts decreased from 58% to
o15% from 2008 to 2012 (Figure 4). The fungi
whose sequence abundance did not show significant
changes comprised saprotrophic taxa and the root
symbionts of bilberries, Cadophora and Melinio-
myces. ECM tree symbionts decreased with time,
either immediately after the tree dieback (Tomen-
tella, Tylospora and Piloderma) or later (Russula and
Cenococcum). Certain saprotrophs (Thysanophora
and Pezizella) and dark septate endophytes (Ace-
phala and Phialocephala) peaked during the course
of the ecosystem change, whereas the abundance of
sequences of other saprotrophs, for example,
Mycena and Cryptococcus, increased with time
(Figure 4, Supplementary Table 3).

A principal components analysis showed a clear
shift of the initial fungal community in the litter,
from a high presence of ECM taxa to decomposer-
dominated communities in the early and later stages
of post-disturbance development in 2009–2010 and
2011–2012, respectively. The seasons immediately
before and after the tree dieback were characterized
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by high fungal biomass, a high content of DOC and
organic N and a rapid decomposition of organic
matter, whereas the late stages saw an increased
abundance of bacteria and higher content of forms of
mineral nitrogen (Figure 4). The fungal community
composition in the soil in 2009 was similar, to a
degree, to that in the undisturbed forest, with
several of the ECM fungi still present. This composi-
tion was associated with high enzyme activity and
the presence of organic N. In the following 3 years,
the enzyme activity was substantially lower, and the
bacterial/fungal biomass ratio was considerably
higher. The inorganic forms dominated in the N
pool. Root-associated fungi were largely replaced by
saprotrophs (Figure 4).

Discussion

The tree dieback after insect invasion resulted in a
complex transformation of the forest ecosystem; in
this particular event, an area of 460 km2 was
affected. More than 84% living trees were killed by
Ips sp. (represented in 95% byl I. typographus) in an
area of 45 km2 including all trees in and within
200m of the Site A and the percentages were similar
for the whole impacted area (Vacek and Krejčı́,
2009). The tree cover of the pure spruce stands was
reduced from 40% before the outbreak (typical for
this ecosystem) to zero in late 2008; the abundance
of spruce seedlings was o1% (Anna Lepšová,
unpublished data). The responses to disturbance
comprised several levels of ecosystem properties
including vegetation development, resource avail-
ability and chemistry. These complex changes were
reflected in the level of decomposition processes,
microbial abundance and community composition
over time (Table 1). Although the data on fungal
community composition were available only from a
limited area of replicated plots within the study site
A, the analysis of microbial biomass content and
composition and enzyme activities at two additional
sites indicate that the observed trends were con-
sistent over a large area.

Tree dieback, as the primary result of the insect
invasion, affected the ecosystem within one year,
causing both the termination of photosynthesis and
needle shedding. Needle litter represents the bulk of
litterfall in P. abies forests. However, although the
yearly input typically ranges between 400 and
700 gm�2, the bark beetle attack at a nearby site
caused an input of 2.6 kgm� 2 (Kaňa et al., 2013).
Furthermore, although senescent needles have a C/
N ratio of 56, fresh needles that are shed by infected
trees have a C/N ratio of 43 (Kopáček et al., 2010).
This component represents a considerable input of
organic matter available to litter-inhabiting decom-
posers. The input of dead organic matter from fine
roots is another immediate – yet slightly slower –
result of tree dieback. The stock of P. abies fine roots
(o2mm) in Europe is reported to range from 50 to

300 gm�2, with the estimated annual production/
mortality exceeding one-half of this standing pool
(Brunner et al., 2013). Accordingly, the root litter
input is substantially less than the needle input, and
a one-time dieback would correspond to less than
twice the mean annual input of root necromass.

As a response to the one-time litter input, the DOC
content in the litter increased 1 year after the tree
dieback. The DOC content in the soil decreased, and
this change might be a result of the decreased
photosynthate allocation. This finding is consistent
with the decrease in DOC production in a spruce
stand in the year following tree girdling (Ekberg et al.,
2007). Over a longer time scale, tree dieback results
in a prolonged decrease in photosynthate allocation
belowground, as well as in the production of root and
aboveground litter, because production by the trees
cannot be offset by the productivity of the ground
vegetation. Indeed, DOC and soil respiration were
found to decrease in forests infested with mountain
pine beetle within five years after a tree dieback
(Moore et al., 2013). In the current study, we observed
a decrease in decomposition, measured as the
activity of extracellular enzymes, in the years
following the dieback. The earlier decrease in the
enzymes decomposing easily available substrate and
the later activity of endolytic hydrolases of poly-
saccharides and ligninolytic enzymes indicates that
enzyme activity is driven by the changing composi-
tion of the initial litter input. The same pattern can be
observed during sequential decomposition of litter
(Šnajdr et al., 2011a). The decrease in ligninolytic
enzymes in the later stage could also be caused by the
inhibitory effect of high NO3

� (Waldrop and Zak,
2006; Bárta et al., 2010).

Because chitin is a major component of fungal cell
walls, the activity of chitinolytic NAGase has
frequently been found to reflect contributions of
fungal biomass to mycelial turnover and interspecific
interactions (Šnajdr et al., 2008, 2011b). Higher
chitinase levels have also been reported from soils
containing ECM mycelial mats compared with non-
mat soils (Kluber et al., 2011). In this case, the
NAGase decrease most likely indicates a decrease in
fungal biomass, especially that of the ECM fungi.
Contrary to our expectations, the disappearance of
ECM fungi did not lead to increased decomposition
by the saprotrophic community. The reduction in
competitive pressure from the ECM fungi thus
appears to be less important than the combined
effect of reduced litter and photosynthate allocation.
As is the case for ligninolytic activity, the develop-
ment of the fungal community could be inhibited by
a high mineral N content, as documented in
N-saturated boreal forests (for example, Högberg
et al., 2007). These results indicate that enzyme
activity is driven primarily by the availability of
easily decomposable compounds. These compounds
were soon depleted, and the decrease in enzyme
activity, along with fungal biomass, over time
confirms the importance of fungi in decomposition.
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In terms of the C balance in the entire ecosystem,
it is important to note that tree dieback also
terminates C storage via the accumulation of root-
derived carbon immobilized in fungal mycelia. The
importance of this process in deeper soil has
recently been demonstrated (Clemmensen et al.,
2013). Consequently, the C storage potential of the
ecosystem is expected to diminish.

The tree dieback also produced changes in the
litter and soil N and P pools. Although the total
nitrogen availability increased, as demonstrated by
the decrease in the C/N ratio of water-extractable
compounds, organic N was soon replaced by
mineral nitrogen compounds. This finding is con-
sistent with observations of the increase in NO3

� and
NH4

þ in a range of soils two years after a bark beetle
attack (Kaňa et al., 2013). The termination of
photosynthate flow caused by the girdling of spruce
trees was also found to increase microbial N
mineralization in organic soil and increase the
content of both ammonium and nitrate (Zeller
et al., 2008). Finally, tree dieback in a nearby area
also increased base saturation and decreased Al
availability in topsoil (Kaňa et al., 2013). The extent
of these changes and their effects on soil micro-
organisms, are, however, unclear.

The total microbial biomass in the litter did not
show significant changes during the study period.
On the basis of the mean estimate of the PLFA/
fungal biomass ratio (Baldrian et al., 2013), the
fungal biomass in the litter decreased from
3.7mg g�1 to 1.5mg g�1, most likely due to the
disappearance of ECM fungi. A more rapid and
pronounced decrease in fungal biomass occurred in
the soil, where fungal biomass decreased from the
initial 1.2mg g�1 to 0.11mg g� 1. This result demon-
strates the importance of photosynthate allocation
for soil fungi. The extent of biomass decrease may
indicate that, in addition to the ECM root symbionts,
the photosynthates may also largely sustain the
fungal soil saprotrophs. The same finding was
recently reported from a deciduous forest, where
photosynthate allocation during summer increased
the biomass of both ECM and saprotrophic fungi
(Vořı́šková et al., 2014). Bacterial biomass showed
either no significant change or an increase (in the
litter of Sites B and C), and the bacterial/fungal
biomass ratio thus increased substantially, indicat-
ing the lesser dependence of bacteria on (or the
lesser access to) photosynthate-derived C.

Fungal community composition responded
to ecosystem disturbance in a complex way

Table 1 Trends in the properties of a P. abies forest ecosystem during the four years following a tree dieback caused by a bark beetle
invasion

Vegetation
Old trees Immediate dieback shortly after bark beetle invasion (Jonášová and Prach, 2004)
Seedlings Initially low, increase with time due to reduced shading, especially on deadwood (Jonášová and Prach, 2004)
Undergrowth Initially low, increase with time due to reduced shading (Jonášová and Prach, 2008)

Resources
Photosynthesis Tree photosynthetic allocation stops immediately after bark beetle invasion, initially low production of

undergrowth increases in time
Leaf litter Immediate increase in stock due to one-time litterfall during bark beetle invasion
Root litter Increase in stock due to tree dieback shortly after bark beetle invasion
Woody litter Slow input of fine debris in the first 2 years (twigs, bark), rapid input of coarse wood since 3 years after tree

dieback

Chemistry
Carbon Balance shifts rapidly from photosynthate-derived readily decomposable C to recalcitrant plant material

(litter, wood), no significant trends in DOC content
Nitrogen No change in dissolved N; organic N decrease in soil since 2 years after tree dieback. Increase of inorganic

forms of N (NO3
� in litter, NH4 in soil)

Phosphorus Decrease of PO4

Stoichiometry C/N decreases significantly in litter, marginally in soil

Decomposition Decomposition outweighs photosynthetic assimilation switching the ecosystem from a C-sink to C-source
Soil respiration Predicted to decrease with decreased allocation of photosynthates belowground (Högberg et al., 2001; Moore

et al., 2013)
Enzyme activity Activity remains high in the year following tree dieback, substantial decrease afterwards

Microbial biomass No change in litter, slight decrease in soil

Fungal community Decrease of fungal biomass accompanied by the increase of bacterial/fungal biomass ratio
Tree root symbionts Most ECM fungi disappear within 1 year, only some persist longer
Ericoid mycorrhiza Present throughout
Arbuscular mycorrhiza Appearance in the late stage with the development of grass undergrowth
Root endophytes Present throughout, the increase in the year after dieback may be due to decomposition of dead roots
Soil and litter saprotrophs Increase in relative abundance with time; their community Undergoes successional changes: early

decomposers are gradually replaced
Wood decaying fungi Predicted to increase on deadwood, appearance in litter increases in the late stage with accumulating

deadwood
Lichenized fungi Relative abundance in litter increases with accumulating woody litter
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1928

The ISME Journal



(Table 1). The ECM symbionts of tree roots
disappeared either immediately (for example,
Piloderma, Tylospora) or within the first 2–3 years.
The long persistence of Cenococcum sequences in
soil may be due to the persistence of its sclerotia.
In contrast, the relatively high abundance of
Russula sequences 2 years after tree dieback may
be associated with its potential ability to grow
saprotrophically. Because the fungus has been
reported to harbor genes for exocellulase and
lignin-degrading class II peroxidase (Bödeker
et al., 2009; Štursová et al., 2012), it may be able
to decompose the structural polymers of dead
spruce roots. Because the mycelial mats of ECM
fungi, for example, Piloderma, harbor a specific
community of fungi and bacteria distinct from the
non-mat soil (Kluber et al., 2011), the disappear-
ance of ECM mats most likely affects a wider
spectrum of other taxa. Although the ECM
fungi disappeared, the genera Cadophora and
Meliniomyces, forming ericoid mycorrhiza with
the roots of bilberries and grasses, remained
abundant because their plant hosts were not
affected. The increased abundance of Septoglomus,
an arbuscular mycorrhizal fungus, in the late
phases could have been supported by the increasing
grass cover but also by the decrease in phosphate
availability.

Dark septate endophytes represent another group
of fungi associated with roots, represented in this
study primarily by the genera Phialocephala and
Acephala. The ecology of dark septate endophytes
is relatively less well known than that of other root-
associated fungi. The effects of DSEs on spruce
range from neutral to negative and are strain-
dependent (Tellenbach et al., 2011; Reininger
et al., 2012). The relative increase in dark septate
endophytes 1 year after the tree dieback may
indicate their use of dead spruce roots as a
substrate for growth. Phialocephala was also found
in the roots of D. flexuosa (Tejesvi et al., 2013), a
grass species that was found to increase in the
disturbed area.

An apparent succession of individual sapro-
trophic fungal taxa was initiated by the massive
initial input of litter during the bark beetle invasion
(Figure 4). The genera Thysanophora and Chalara,
which peaked 1 year after the forest disturbance,
have been shown to inhabit spruce needles and to
produce a broad range of enzymes acting on spruce
litter, including endocellulase (Žifčáková et al.,
2011). These genera are thus well suited for initial
litter decomposition. Later phases were character-
ized by increases in the large cord-former Mycena
and the yeast-like Cryptococcus, typical soil sapro-
trophs. The appearance of Omphalotus and
Ductifera, primarily wood-associated saprotrophs,
in the litter after 3 years had elapsed, had a clear
connection with their spread through the environ-
ment from the decaying deadwood accumu-
lating on the forest floor. The increase in the

lichen-forming fungi Caloplaca, Cladonia and
Pseudevernia most likely had a similar cause,
although these fungi are also present in the litter of
undisturbed spruce forests (Baldrian et al., 2012).

That substrate properties and fungal commu-
nities were similar in both litter and soil in the final
2 years may indicate that the extent of ecosystem
change will gradually decrease. However, the
process of forest regeneration after disturbance is
only beginning, and further changes will follow. In
the coming years, the decomposition of deadwood
and of rhizodeposits of underground vegetation
will be a major source of C in the ecosystem. It will
also promote the establishment of spruce seedlings
on decaying spruce logs, a process typical of this
ecosystem (Bače et al., 2012) because seedling
development on this substrate is not subject to
competitive inhibition by undergrowth vegetation
(Jonášová and Prach, 2004). The emergence of
spruce seedlings will make the re-establishment
of spruce ectomycorrhiza possible, although the
ECM fungal biomass on young trees is initially low
and has a specific composition (Wallander et al.,
2010). Because the rate of ECM fungal development
will be retarded by the high level of mineral
N availability, saprotrophs will represent the
dominant group of fungi, but only for a short
period of several years.

This study demonstrates that an insect-induced
disturbance of the forest ecosystem that rapidly and
profoundly changed the vegetation cover and activ-
ity was also associated with profound changes in
microbial community structure and activity, espe-
cially of soil fungi. The decrease in fungal biomass
and the disappearance of fungi symbiotic with tree
roots, as well as the successive changes in the
saprotrophic fungal community, resulted from
changes in nutrient availability. These changes
occurred because readily available root exudates
were replaced by more recalcitrant, polymeric plant
biomass components. Owing to the dramatic
decrease in photosynthesis, the rate of decomposi-
tion processes in the ecosystem decreased as soon as
the one-time litter input was processed. Interest-
ingly, the abundance of bacteria appeared to be
unaffected or even increased following the
disturbance.
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1929

The ISME Journal



References

Adams HD, Macalady AK, Breshears DD, Allen CD,
Stephenson NL, Saleska SR, Huxman TE, McDowell Ng.
(2010). Climate-induced tree mortality: Earth system
consequences. Eos, Trans Amer Geophys Union 91:
153–154.
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Högberg MN, Högberg P. (2002). Extramatrical ectomycor-
rhizal mycelium contributes one-third of microbial
biomass and produces, together with associated roots,
half the dissolved organic carbon in a forest soil. New
Phytol 154: 791–795.
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Žifčáková L, Dobiášová P, Kolářová Z, Koukol O, Baldrian P.
(2011). Enzyme activities of fungi associated with Picea
abies needles. Fungal Ecol 4: 427–436.

Supplementary Information accompanies this paper on The ISME Journal website (http://www.nature.com/ismej)

Response of forest fungi to tree dieback
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a b s t r a c t

Precise knowledge of the fungal succession in the litter of coniferous forests will facilitate

understanding litter decomposition, in which fungi play a major role. We investigated the

development of a fungal community during 3 yr of Picea abies litter decomposition in three

control forest sites and three sites where bark-beetle attacks had killed adult trees and

stopped the yearly input of fresh litter, using both cultivation from needles and terminal

restriction-fragment length polymorphism analysis. The two methods revealed similar

dominant species during the fungal succession. Members of the Dothideales, Eurotiales

and Helotiales predominated during the initial stage of decay, whereas members of

Agaricales appeared only occasionally during this stage. The onset of the latter began from

the seventh month, with a peak occurring after 1 yr. Bark-beetle attacks hastened litter

decomposition and decreased fungal diversity only during the initial stages of

decomposition.

ª 2014 Elsevier Ltd and The British Mycological Society. All rights reserved.

Introduction

Coniferous forests play an important role in carbon storage

worldwide due to the slow decomposition rate and high

accumulation rate of organic matter (Lindahl et al., 2002). The

acidic pH as well as the high proportion of recalcitrant sub-

stances in coniferous litter make this environment more

favourable for a rich fungal community rather than for a

bacterial community because many bacterial taxa prefer soils

with a higher pH (Allison et al., 2007; Lauber et al., 2009; Rousk
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et al., 2010; Baldrian et al., 2013). The coniferous forest eco-

system has been carefully investigated in terms of the diver-

sity and succession of the fungi in the litter, but among the

four dominant genera of conifers, i.e., spruce (Picea), pine

(Pinus), fir (Abies), and larch (Larix), most attention has been

paid hitherto to pine litter (e.g., Kendrick and Burges, 1962;

Widden and Parkinson, 1973; Tokumasu et al., 1994;

Tokumasu, 1998; van Maanen et al., 2000).

The first studies that focused on fungal diversity in spruce

litter were based on culture-dependent approaches, which are

more suitable for the detection of rapidly growing fungi. Hayes

(1965) divided the fungi that he isolated from the litter of Picea

sitchensis into early colonisers, e.g., Thysanophora penicilloides

or Penicillium glabrum, the later invaders, e. g., Trichoderma

viride, Oidiodendron tenuissimum or Verticicladium trifidum and

the constantly present colonisers, e. g., Aposphaeria sp. or

Mucor hiemalis S€oderstr€om and B�a�ath (1978) reported that

fungal species in the litter of Picea abies were dominated by

numerous species of the genusMortierella. They attributed this

unusual pattern to the coolermicroclimatic conditions at their

site. Recent studies based on isolations of microfungi from

surface-sterilised needles from the litter also reported soil

fungi and endophytes shifting into saprotrophs (Przyby1 et al.,

2008). Based on the RNA isolated from needle litter of P. abies,

Korkama-Rajala et al. (2008) found Lophodermium, Mycena,

Marasmius and an unidentified member of the Pezizales to be

the most frequent fungi active during decomposition. Using a

culture-independent approach, Kubartov�a et al. (2009)

revealed that decomposing spruce litter hosted a fungal

community distinct from those of other litters. After 2 yr, lit-

terbags containing spruce needles had greater species rich-

ness compared to those containing Douglas fir (Pseudotsuga

menziesii) needles, which, in contrast, had greater loss ofmass.

The rates of needle litter decomposition are not strongly

influenced by the fungal species richness and some fungal

species might be replaceable with little effect on the decay

process. The occurrence of particular fungi in succession are

likely to be affected by interactions among the fungi as well as

with othermicro-organisms, (micro)climatic conditions or the

geographical area (Kubartov�a et al., 2009; �Zif�c�akov�a et al.,

2011; Vo�r�ı�skov�a and Baldrian, 2013).

In the Czech Republic, P. abies has great economic impor-

tance. Native spruce stands occur only in the highest moun-

tain ranges, above 1 100 m a.s.l., where the conditions are

comparable with those of the boreal taiga (Jon�a�sov�a, 2001;

Neuh€auslov�a, 2001; Ku�cera, 2010). In addition to harsh

weather, these ecosystems endure huge disturbances, such as

windstorms or bark-beetle outbreaks, which result in com-

plex, ecosystem-wide changes in the environment (�Stursov�a

et al., 2014).

The primary aim of our study was to provide a thorough

view of the decomposition and fungal succession in the

spruce litter of a montane forest. The spruce forest in the

studied area represents growth at the upper limit of its natural

distribution and the effects of climatic conditions at the

locality may be mirrored in the distinct spectrum of micro-

fungi. Previous studies in the area that focused on soil

microfungi indicated a greater diversity of fungi compared to

other mountain or lowland sites (Nov�akov�a and Bla�zkov�a,

2000). Recently, endophytic fungi from the needles of wind-

fallen trees were surveyed, and several new species were

described among the isolated strains (Koukol and Kol�a�rov�a,

2010; Koukol, 2011; Koukol et al., 2012). From a historical

point of view, the forests in the study area originated through

natural regeneration after several disturbances at the end of

the 19th century and, except for minor interventions at the

beginning of their growth, there has been no forest manage-

ment (Svoboda, 2007). Due to recent outbreaks of bark beetles

(w2003 and 2007e2011), large areas remained covered with

defoliated trees. Our second aim concerned the effect of bark-

beetle attacks on the fungal diversity in the litter. Previous

studies showed that a shortened needle life span, caused by

premature cast, resulted in a decreased richness of internal

fungi (Przyby1 et al., 2008). We therefore wanted to test

whether this phenomenon, and consequent microclimatic

changes, also affected fungal succession and the rate of litter

decomposition. The researchmethods combined the isolation

of fungal strains, after the surface sterilisation of litter nee-

dles, and the analysis of the terminal restriction-fragment

length polymorphism (T-RFLP) profiles of the DNA extracted

from the litter needles.

Material and methods

Study sites and sampling

The study area was located at the highest altitudes

(1 260e1 300 m) of the Trojmezn�a region of the Bohemian

Forest National Park (Czech Republic, Central Europe;

48�46.83 N, 13�50.38 E) and was originally covered by an

unmanaged P. abies forest. The mean annual temperature in

this area is 5.5 �C and the mean annual precipitation is

1 030 mm. The bedrock is composed of granite, and the soil

types in this area are primarily podzols with a thick layer of

organic horizon (Kop�a�cek et al., 2002). Six sampling sites were

selected over an area of 4 km2, of which three were affected by

a bark-beetle attack (BB sites) in 2004 and three served as

controls (C sites). The latter had not been attacked at the time

the experiment was begun. The C sites were dominated by P.

abies and had a sparse undergrowth of Vaccinium spp. and

Avenella flexuosa that typically covered <30 % of the surface,

whereas at the BB sites, all of the mature trees were dead and

the sites were covered by a thick undergrowth of Calamagrostis

spp., Vaccinium spp., Avenella spp., various ferns and sparsely

occurring P. abies seedlings. The C sites were the same as

those used for the study of fungal community development

after the bark-beetle induced tree dieback (�Stursov�a et al.,

2014).

Litterbags prepared from a nylon mesh (10 � 20 cm, 1 mm

mesh size) were filled with 10 g of air-dried needles that were

collected in Sep. 2008 close to a single spruce tree recently

defoliated by bark-beetle attack. This uniform material ena-

bled the comparison of site effects. Litterbags were placed in

rows on the forest soil surface at each of six sites in Sep. 2008.

Sampling of ten litter bags from each site was conducted six

times over 37 months (Oct. 2008, 2009, 2010, 2011 and May

2009, 2010). At the beginning of the experiment, the C sites

were also damaged by bark-beetle attacks, so that all of the

spruce needles were shed in 2008 and there was no spruce
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litter input after that date. Measurements of the air temper-

ature at the soil surface in all of the sites were performed

using dataloggers (one datalogger per site) that recorded at

45 min intervals throughout the course of the whole

experiment.

The collected litterbags were transferred to the laboratory,

maintained at 4 �C and processed within 24 hr. The bags were

cleaned and opened and the material was collected. Ten

needles per bag were used for fungal isolation. The remaining

material in five litterbags was frozen at �80 �C and later used

for DNA extraction, and the material from another five litter-

bags was freeze-dried and used to determine dry mass loss.

Isolation and identification of fungal strains

To analyse the culturable part of the community, fungi were

isolated from surface-sterilised needles. Ten needles ran-

domly chosen from each litterbag were sampled each time.

Surface sterilisation of needles was performed by washing

them in a 30 % hydrogen peroxide solution for 90 s on a hor-

izontal shaker (Kinkel and Andrews, 1988). The surface-

sterilised needles were placed in a 9 cm Petri dish contain-

ing 2 % wort agar (2WA, final sucrose content 2 % w/v, 18 g l�1

agar; Fassatiov�a, 1986) prepared using brewers wort (Star-

opramen Brewery, Prague, Czech Republic). The Petri dishes

were kept at room temperature under natural daylight for 3

months.

The Petri dishes were regularly screened for the presence

of fungal colonies, whichwere sorted intomorphotypes based

on their phenotypic characteristics (Wang et al., 2005; Koukol

et al., 2012). One strain of each morphotype was subcultured

on 2WA. Frequency of occurrence of each morphotype was

expressed as the number of needles with colonies of a given

morphotype divided by the total number of needles per site

and sampling time.

DNA was extracted from each fungal isolate using Ultra-

Clean� Microbial DNA isolation kits (MoBio Laboratories Inc.,

Carlsbad, USA). Amplification of the ITS1-5.8S-ITS2 region and

eventually of the 28S region of the rDNA was performed using

a combination of the primers ITS1/ITS4, ITS1/NL4, ITS1F/ITS4,

ITS1F/NL4, NL1/ITS4, NL1/NL4 (White et al., 1990; Gardes and

Bruns, 1993; O’Donnell, 1993) as required for identification.

The 20 ml PCR reaction contained 10 ml of deionized water, 8 ml

of 5Prime MasterMix (5Prime Inc., Gaithersburg, USA),

10 pmol ml�1 of forward and reverse primer and 1 ml of DNA.

Amplification was performed with the following cycle: initial

denaturation at 95 �C for 10 min followed by 35 cycles of

denaturation at 94 �C for 1 min, annealing at 53 �C for 1 min

and elongation at 72 �C for 1 min and final elongation at 72 �C

for 10 min. The PCR products were purified using GenElute�

PCR Clean-Up (Sigma, St. Louis, USA) and then were

sequenced with primers ITS1, ITS1F or NL1 depending on the

primer pair used during PCR at Macrogen Inc. (Seoul, Korea) or

in the DNA sequencing laboratory at the Faculty of Science of

Charles University (Prague, Czech Republic). Obtained

sequences were checked for quality and edited manually in

Sequence Scanner (Applied Biosystems, Foster City, USA).

Representative sequences (see Supplementary data) were

compared with those in GenBank using BLASTn and were

assigned to a species if the similarity level was 98e100 %.

Sequences with lower similarity to identified taxa were

assigned to higher taxa (Supplementary Table 1).

For morphological identification, fungal cultures, which

often remained sterile, were exposed to conditions that pro-

moted sporulation, such as low temperature, UV light, or

nutrient-poor agar media. Cultures producing reproductive

structures were identified at the genus or species level using

the taxonomic literature (e.g., Ellis, 1971, 1976; Sutton, 1980;

Nag Raj, 1993; Leslie and Summerell, 2006; Domsch et al.,

2007). The final identification of the fungal strains was

based on a consensus of morphological and molecular

identification.

Analysis of total fungal community using T-RFLP

The composition of the total fungal community was eval-

uated using T-RFLP analysis of samples from five litterbags

per site. The environmental DNA from 0.3 g of milled needles

taken from each litterbag was extracted using the modified

Miller-SK method (Sagova-Mareckova et al., 2008) and was

purified using a Geneclean Turbo Kit (MP Biomedicals, Solon,

USA). The ITS1-5.8S-ITS2 region of fungal rDNA was ampli-

fied using the ITS1F and ITS4 primers (White et al., 1990;

Gardes and Bruns, 1993), of which ITS1F was fluorescently

labelled with 5-hexachlorofluorescein (Gryndler et al., 2010).

The PCR reaction was prepared using 12.5 ml of PPP-mix (Top-

Bio, Prague, Czech Republic) and the PCR amplicons were

digested using the restriction endonuclease NlaIII, as descri-

bed by Gryndler et al. (2010), without a final dilution and were

desalted using SigmaSpin Sequencing Reaction Clean-up

columns (SigmaeAldrich, St. Louis, USA) with a final wash

using deionised water (Bukovsk�a et al., 2010). The terminal

restriction fragments (TRFs) were separated by capillary

electrophoresis (ABI Prism 3 100 Genetic Analyzer, Applied

Biosystems, Foster City, USA) and analysed using Gene-

Marker 1.85 software (SoftGenetics, State College, USA). The

TRFs of 60e450 bp in length and with a signal intensity of >50

fluorescence units were included in the analysis. The fluo-

rescence intensity of each TRF was expressed in relative

values and those with the intensities of <0.5 % of the total

fluorescence in the sample were excluded. The Shan-

noneWiener Index was used to quantify the fungal diversity

from relative abundance of TRFs in the sample. To compare

the results obtained using the cultivation method with those

obtained using T-RFLP analysis and to assist in the identi-

fication of the TRFs in the restriction profiles, terminal

restriction of DNA from the frequently isolated morphotypes

was performed, or the sequences of fungal isolates were used

for in silico prediction of the TRF lengths (Restriction Mapper,

http://www.restrictionmapper.org/).

Statistical analysis

Statistica 7 (Statsoft, Tulsa, USA) software was used for the

statistical analyses. A one-way analysis of variance with a

Fisher’s least significant difference post hoc test was used to

evaluate the significance of the differences among groups of

samples (mass loss, temperature and fungal diversity at BB vs.

C sites), and two-way ANOVA was used when the effects of

time, treatment and their combination were analysed
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together. Differences and correlations at P < 0.05 were con-

sidered to be significant. Principal component analyses of the

abundance data for the fungal isolates (25 taxa with

abundance > 1 % in at least one sampling time) as well as of

the T-RFLP peak intensities were performed.

Results

During the 37 months of the experiment, the needle litter lost

approximately 60 % of its initial mass, reaching 57 % in the C

sites and 61 % in the BB sites; the difference was not sig-

nificant. The most rapid decomposition occurred during the

initial stage of decomposition, in which 10e13 % of the dry

mass was lost during the first month. Later, 24 % of the

remaining dry mass was lost during the next year until 13

months, as well as during the second year until 25 months. In

the third year until 37 months, only 17 % of the remaining

mass was decomposed (Fig 1). The rate of decomposition

during the initial stage of decomposition in the BB sites was

more rapid than in the C sites with 12.8� 1.0 % and 9.5� 0.6 %,

respectively, lost during the first month and 21.8 � 1.0 % and

19.2 � 0.5 %, respectively, lost up to 8 months (Fig 1). The

temperature records did not show a significant difference in

the daily average temperatures; mean annual temperature at

the litter surface was 5.0 � 0.2 �C at the C sites and 5.2 � 0.2 �C

at the BB sites. The monthly minima were between �2 �C and

2 �C beneath the snow cover and 13e14 �C during the summer.

The only significant difference was in the temperature max-

ima during the summer months, which reached over 35 �C at

the litter surface of the BB sites compared to 25 �C at the C

sites, which were shaded by standing trees.

The majority of the needles yielded more than one fungal

colony during cultivation. The isolates of culturable fungi

included a total of 71 fungal species. These species were

identified based on a combination of morphological and

molecular data to at least the genus level (Supplementary

Table 1). The majority of taxa belonged to the Pezizomyco-

tina (57). Members of the Agaricomycotina and Mucor-

omycotina were less frequently observed (10 and 4 species,

respectively). The initial litter samples were dominated by

members of the Dothideales, Eurotiales and Helotiales. The

most frequently isolated fungal species belonged to the order

Dothideales at all sampling times except after 37 months

when they were second to the members of the order Hypo-

creales (Fig 2). Members of the orders Helotiales and Euro-

tiales were abundant during the initial stages of

decomposition 1e8 months and the number of members of

the basidiomycetous order Agaricales peaked during 13

months (Fig 2). Of the 25 isolates that occurred in at least six

samples, 21 (88 %) showed significant differences in abun-

dance over time (Table 1). The effect of time was the most

significant factor for the structure of the fungal community

(P < 0.001), followed by the effect of the interaction of time

and treatment (P ¼ 0.037), whereas the effect of treatment

alone was not significant (Fig 3). The diversity of the isolates

decreased significantly with time, from four isolates per lit-

terbag during 1e13 months, to 2.5 at 20 months, 2.0 at 25

months and 1.6 at 37 months.

The T-RFLP profiles obtained during the course of the

experiment included 122 fragments of different lengths (rep-

resenting potentially different taxa). The fungal communities

in the litter that were revealed by the T-RFLP patterns differed

significantly between the BB and C sites, in time and in a

combination of time and site (P < 0.001). The greatest
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differences between the BB and C sites were apparent in the

initial samplings (Fig 4). The differences were less pronounced

at the end of the experiment. The number of T-RFLP frag-

ments obtained was significantly lower in the BB sites until 20

months, after which it exceeded that at the C sites, but the

differences were not significant. There was a significant dif-

ference in diversity expressed as using the Shannon Wiener

Index between the BB and C sites (P < 0.001). The level of

diversity was significantly higher at the C sites during 1 and 13

months and tended to be higher in the autumn samplings (1,

13 and 25 months) than in the spring samplings (8 and 20

months). The highest level of diversity was observed at the

beginning of the experiment, at 1 month, then it slowly

decreased until 20 months when it rose again (Fig 5).

The qualitative and quantitative changes in the fungal

community during succession were generally consistent

Table 1 e Frequency of isolation of fungal taxa from Picea abies needles in the course of decomposition. The data are
expressed as % of needles and represent the mean values of both the control and bark-beetle affected sites. All of the taxa
with an abundance level of more than 1 % in at least one sampling time were included. Different letters indicate a
significant difference in the frequency of the isolates among the sampling times (P< 0.05)

Fungal species Order Sampling time (month) Mean value

0 1 8 13 20 25 37

Scleroconidioma sphagnicola Dothideales 78.0 82.2 69.8 39.2 32.8 12.0 4.8 45.54

a b c c d d

Thysanophora penicillioides Eurotiales 28.0 49.5 28.2 3.8 2.3 0.2 0.0 16.00

a b c c c c

Trichoderma polysporum Hypocreales 0.0 0.5 1.2 31.2 8.5 3.8 2.8 6.85

b b a b b b

Ceuthospora pinastri Helotiales 5.0 10.5 15.2 2.3 0.8 0.2 0.0 4.86

a b c c c c

Mycena galopus Agaricales 0.0 0.0 3.0 10.2 7.8 4.3 3.0 4.05

c bc a ab bc bc

Hormonema dematioides Dothideales 12.0 5.5 3.8 0.2 0.2 0.2 0.0 3.12

a a b b b b

Chalara longipes Helotiales 5.0 11.5 0.3 3.7 0.0 0.0 0.0 2.93

a b b b b b

Trichoderma longibrachiatum Hypocreales 0.0 0.0 0.0 13.7 0.0 0.0 0.0 1.95

b b a b b b

Mycena sp. Agaricales 0.0 0.0 0.0 9.5 0.0 0.5 0.0 1.43

b b a b b b

Chalara piceae-abietis Helotiales 2.0 4.0 0.0 1.8 0.0 0.0 0.0 1.12

a b ab b b b

Trichoderma pleuroticola Hypocreales 4.0 3.2 1.2 0.0 0.0 0.0 0.0 1.19

a b c c c c

Hypocreales sp. Hypocreales 0.0 0.0 0.0 0.0 0.0 0.0 5.6 0.80

b b b b b a

Chalara hyalocuspica Helotiales 0.0 0.0 0.0 1.2 0.0 1.8 1.0 0.57

b b a b a ab

Mucor hiemalis f. corticola Mucorales 1.0 2.3 0.2 0.5 0.0 0.0 0.0 0.57

b a a a a a

Trichoderma viride Hypocreales 1.0 1.0 0.5 0.0 0.3 0.7 0.0 0.50

a ab b ab ab ab

Marasmius androsaceus Agaricales 0.0 0.0 1.2 1.2 0.3 0.0 0.2 0.41

b a a ab b ab

Fusicladium sp. Pleosporales 0.0 0.0 2.7 0.0 0.0 0.0 0.0 0.38

b a b b b b

Cylindrocarpon magnusianum Hypocreales 0.0 0.3 1.8 0.3 0.0 0.0 0.0 0.36

Herpotrichia sp. Pleosporales 0.0 0.0 0.0 0.0 0.0 0.7 1.4 0.30

b b b b ab a

Trichoderma parapilulifera Hypocreales 0.0 0.0 0.0 1.0 1.0 0.0 0.0 0.29

Herpotrichia juniperi Pleosporales 0.0 0.0 0.7 0.0 0.0 1.0 0.0 0.24

b ab b b a b

Helotiales sp. 1 Helotiales 0.0 0.0 0.0 0.0 0.0 1.2 0.2 0.20

b b b b a b

Rhinocladiella atrovirens Chaetothyriales 0.0 0.0 0.2 0.0 1.2 0.0 0.0 0.19

b b b a b b

Rhinocladiella sp. Chaetothyriales 0.0 0.0 0.0 0.0 1.2 0.0 0.0 0.17

b b b a b b

Trichoderma koningii Hypocreales 0.0 0.0 0.2 0.0 0.3 0.0 0.6 0.16
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Fig 3 e Principal component analysis of the composition of the fungal community on decomposing Picea abies needles based

on isolates obtained from needles. (A) Samples from bark-beetle affected plots (open circles) and unaffected plots (filled

circles). Colour of symbol indicates sampling time in months. (B) PCA loads of individual isolates (triangles), times of

decomposition in months (red circles with numbers) and the site characteristics; loads of bark-beetle affected stands (open

green circles) and unaffected plots (filled green circles). Ceu pin e Ceuthospora pinastri, Chal hyl e Chalara hyalocuspica, Chal

lon e Chalara longipes, Chal pic e Chalara piceae-abietis, Cyl mag e Cylindrocarpon magnusianum, Fus sp e Fusicladium sp., Hel

sp1 e Helotiales sp. 1, Her jun e Herpotrichia juniperi, Her sp e Herpotrichia sp., Hor dem e Hormonema dematioides, Hyp sp e

Hypocreales sp., Mar and e Marasmius androsaceus, Muc him e Mucor hiemalis, Myc gal e Mycena galopus, Myc sp e Mycena

sp., Rhi sp e Rhinocladiella sp., Rhi atr e Rhinocladiella atrovirens, Scl sph e Scleroconidioma sphagnicola, Thy pen e

Thysanophora penicillioides, Tri kon e Trichoderma koningii, Tri lon e Trichoderma longibrachiatum, Tri par e Trichoderma

parapilulifera, Tri ple e Trichoderma pleuroticola, Tri pol e Trichoderma polysporum, Tri vir e Trichoderma viride.

Fig 4 e Principal component analysis of the composition of the fungal community on decomposing Picea abies needles based

on the T-RFLP analysis. (A) Samples from bark-beetle affected plots (open circles) and unaffected plots (filled circles). Colour

of symbol indicates sampling time in months. (B) PCA loads of individual T-RFLP fragments (triangles), times of

decomposition in months (red circles with numbers) and the site characteristics; loads of bark-beetle affected stands (open

green circles) and unaffected plots (filled green circles).
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between methods. Succession was initially dominated by

Scleroconidioma sphagnicola, Thysanophora penicillioides, Hormo-

nema dematioides and Ceuthospora pinastri. Scleroconidioma

sphagnicola was present at the first sampling on 82 % of nee-

dles and found at lower density at all of the subsequent

samples. Fragmentation analyses of the DNA from the iso-

lated strains confirmed that the dominant T-RFLP fragments

belonged to the same species. Bothmethods showed a peak of

occurrence of Trichoderma polysporum after 1 yr and Chalara

hyalocuspica after two years. Mycena galopus was first isolated

at 8 months. Similarly T-RFLP analysis indicated the first

appearance of Mycena sp. at a similar time (Fig 6).

Discussion

We generally found a high level of congruence in the pattern

of changes in the fungal community during succession

determined using both methods. The cultivation of needles

and T-RFLP analyses revealed similar dominant taxa and

temporary peaks in the occurrence of other species. The larger

number of species, corresponding to the number of fragments

revealed by T-RFLP analyses, was probably due to the detec-

tion of non-culturable fungal species and the lack of surface

sterilisation of the needles used for DNA extraction prior to

conducting the T-RFLP assay, a result similar to that of Per�soh

et al. (2013). We therefore relied more on the T-RFLP results

when determining the differences in succession at the BB and

C sites, but the molecular method did not allow identification

of members of the fungal community. This goal was at least

partially achieved by identifying the isolated fungi. At the later

sampling times, the reduced integrity of the decomposing

needles resulted in a stronger effect of hydrogen peroxide

used for their surface sterilization, potentially eliminating the

more sensitive fungi present inside the needles. A gradually

shortened sterilisation period would have to be used to

optimise the results. In contrast, DNA-based techniques such

as T-RFLP are affected by certain factors, e.g., by the melting

point of the secondary structure (insufficient denaturation of

fragments) and the G þ C nucleotide content, which can

increase the number of false fragments (Bukovsk�a et al., 2010).

A combination of techniques, thus, represents the most reli-

able means of studying the diversity of microscopic fungi, and

fungal isolation has an irreplaceable role in yielding fungal

strains that may be used for taxonomical or physiological

studies (Koukol, 2011; �Zif�c�akov�a et al., 2011).

The pattern of fungal succession during the decomposition

of the spruce needles followed the expected path of members

of the Pezizomycotina being the early colonists followed by

members of the Agaricomycotina (Frankland, 1998; Lindahl

and Boberg, 2008). Among the Pezizomycotina, representa-

tives of the orders Dothideales and Helotiales were the most

frequently observed (Fig 2). Dothidealean fungi, namely S.

sphagnicola and H. dematioides, dominated during the early

stages. This pattern is comparable to the succession pattern in

pine litter needles reported by Lindahl and Boberg (2008) in

Sweden, who cloned fungal ITS rDNA fragments from

extracted DNA. They observed S. sphagnicola abundantly dur-

ing the first year and found a high incidence ofmembers of the

order Helotiales and Lophodermium pinastri. Dothidealean

fungi were also reported by S€oderstr€om and B�a�ath (1978), who

found that, Aureobasidium pullulans was rarely present in

spruce litter but predominated in the uppermost litter layer of

a pine forest. They also observed unusually high levels of

diversity and density of members of the genus Mortierella

during the early stages of decomposition, which they attrib-

uted to the cooler conditions at the locality. In our study, only

one strain ofMortierella sp. was isolated during the later stages

of decomposition, indicating that cooler conditions do not

entirely explain the high occurrence ofMortierella and that the

method selected for the study might have affected the result.

Helotialean fungi (Chalara longipes and C. pinastri) were regu-

larly observed in our study, but this was not the case for

Lophodermium piceae, the ecological equivalent of L. pinastri on

spruce litter. We found only a few colonies of this species, and

the virtual fragmentation of L. piceae ITS rDNA also showed its

negligible occurrence, which was consistent with its absence

from green needles as an endophyte (Koukol et al., 2012). L.

piceae was regularly found in P. abies litter in the study of

Przyby1 et al. (2008) and it was one of the dominant species

observed by Korkama-Rajala et al. (2008). Different climatic

conditions, namely the higher mean annual precipitation at

our mountain sites, may be responsible for the lack of L. piceae

and the shift to more stress-tolerant fungi. According to

Baldrian et al. (2013), members of the Pezizomycotina also

prevailed in the active fungal community of P. abies litter

decomposers.

Contrary to our results, Treseder et al. (2014) defined a

different active community of microfungi in the decomposing

litter of P. mariana, with members of the Microbotryomycetes

and Cystofilobasidiaceae dominating during the earlier stages

of decomposition. Only one unidentified member of the order

Capnodiales represented the Dothidealean fungi during the

earlier stages of decomposition.

A significant difference between the BB and C sites was

apparent only during the initial stages of colonisation of the P.
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abies litter needles, as revealed by the T-RFLP data (Fig 5).

Although the level of fungal diversity was significantly lower

at the BB sites, the difference was not as profound as in the

study of Przyby1 et al. (2008), in which the foliage loss follow-

ing bark-beetle attack reduced the fungal richness in the

spring samples by more than half compared with that sam-

ples taken during autumn of the previous year. This striking

decline in diversity should be considered cautiously, because

it could be a consequence of factors in addition to the bark-

beetle attack, e.g., the reduced age of the needles and the

effects of the season or the year. We propose that the effect of

the bark-beetle attack at our sites was pronounced in the

absence of the input of fresh needles (i.e. absence of fungi

typical for a given substratum) to the litter but was less dis-

tinct during the later stages of decomposition. In addition, the

higher layers of the soil are more exposed to environmental

changes due to the destructive processes that occur following

a bark-beetle invasion, such as the loss of twigs and bark and

finally, falling trees (�Stursov�a et al., 2014). In the present study,

the BB sites had higher maximal summer temperatures at the

litter surface compared with the C sites. This factor together

with the lower level of soil humidity during the summer may

negatively affect fungal abundance during the autumn. Even

higher temperature can increase rate of decomposition,

though sufficient moisture is more important for this process

(Moore, 1986; Ise and Moorcroft, 2006; Osono and Takeda,

2006). Therefore, we attribute faster decomposition on BB

sites rather to a shift in the fungal community, where basi-

diomycetes such as Mycena spp. could speed the decay (Figs 3

and 6). Nevertheless, the seasonal changes were more pro-

nounced compared with the microclimatic conditions at the

BB and C sites and caused seasonal changes in the level of

fungal diversity; e.g., members of the genus Chalaraweremore

common in the autumn samples, as previously reported by

Tokumasu (1998), who found Chalara spp. only during Oct. and

Nov. in coniferous litter in Japan. A pattern of greater fungal

diversity is sometimes associated with higher humidity

(Przyby1 et al., 2008), but the humidity of the soil and the

needle litter on our plots during the spring was not lower than

that during the autumn (Baldrian, unpublished data). Con-

versely, melting snow in the montane forest could theoret-

ically result in temporary oxygen limitation in the litterbags

during the spring. Another possible explanation is that some

fungi die out during the winter and the substratum is re-

colonised during the next year, so that the amount of inoc-

ulum is larger during the autumn (Tokumasu, 1998).

We conclude that local climatic conditions caused the shift

in the fungal community during the initial stage of decom-

position toward members of the order Dothideales, which

have highly melanised cell walls, and which gain dominance

over Helotialean species. This shift should not affect the

overall rate of decomposition because highly efficient

decomposers from the Agaricomycotina were present in the

lower layers of the litter. The negative effect of the bark-beetle

attack on fungal abundance and succession was apparent

only during the initial stages of succession. Therefore, it

seems that a change in fungal diversity occurs approximately

1 yr after sudden conversion of the spruce forest ecosystem by

bark beetle attach. Although molecular and cultivation-based

techniques are often regarded as contrasting methods for

analysing the composition of a fungal community, we showed

that these techniques can demonstrate similar trends and are

rather complementary.
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ORIGINAL ARTICLE

Active and total microbial communities in forest
soil are largely different and highly stratified
during decomposition

Petr Baldrian1, Miroslav Kolařı́k1, Martina Štursová1, Jan Kopecký2, Vendula Valášková1,
Tomáš Větrovský1, Lucia Žifčáková1, Jaroslav Šnajdr1, Jakub Rı́dl3, Čestmı́r Vlček3

and Jana Vořı́šková1
1Laboratory of Environmental Microbiology, Institute of Microbiology of the ASCR, v.v.i., Vı́deňská, Praha,
Czech Republic; 2Crop Research Institute, Drnovská, Praha, Czech Republic and 3Institute of Molecular
Genetics of the ASCR, v.v.i., Vı́deňská, Praha, Czech Republic

Soils of coniferous forest ecosystems are important for the global carbon cycle, and the identifica-
tion of active microbial decomposers is essential for understanding organic matter transformation
in these ecosystems. By the independent analysis of DNA and RNA, whole communities of bacteria
and fungi and its active members were compared in topsoil of a Picea abies forest during a period of
organic matter decomposition. Fungi quantitatively dominate the microbial community in the litter
horizon, while the organic horizon shows comparable amount of fungal and bacterial biomasses.
Active microbial populations obtained by RNA analysis exhibit similar diversity as DNA-derived
populations, but significantly differ in the composition of microbial taxa. Several highly active taxa,
especially fungal ones, show low abundance or even absence in the DNA pool. Bacteria and
especially fungi are often distinctly associated with a particular soil horizon. Fungal communities
are less even than bacterial ones and show higher relative abundances of dominant species. While
dominant bacterial species are distributed across the studied ecosystem, distribution of dominant
fungi is often spatially restricted as they are only recovered at some locations. The sequences
of cbhI gene encoding for cellobiohydrolase (exocellulase), an essential enzyme for cellulose
decomposition, were compared in soil metagenome and metatranscriptome and assigned to their
producers. Litter horizon exhibits higher diversity and higher proportion of expressed sequences
than organic horizon. Cellulose decomposition is mediated by highly diverse fungal populations
largely distinct between soil horizons. The results indicate that low-abundance species make an
important contribution to decomposition processes in soils.
The ISME Journal (2012) 6, 248–258; doi:10.1038/ismej.2011.95; published online 21 July 2011
Subject Category: microbial population and community ecology
Keywords: bacteria; cellulose decomposition; forest soil; fungi; RNA; transcription

Introduction

Most terrestrial ecosystem functions occur in the
soil, which possesses the greatest amount of bio-
diversity on Earth. Yet, the understanding of how
ecosystem functions are influenced by soil bio-
diversity is far behind our understanding of how
aboveground organisms contribute to these func-
tions (Bowker et al., 2010). Soil microorganisms
represent a considerable fraction of the living bio-
mass on Earth, with 103–104 kg of microbial biomass
per hectare of surface soils (Fierer et al., 2007).
In addition, microbial community composition is

now recognised as an important determinant of
ecosystem process rates (Reed and Martiny 2007;
Strickland et al., 2009). Understanding the structure
and function of soil microbial communities is thus
central to predicting how ecosystems will respond
to future environmental conditions.

While several recent studies have used deep
sequencing approaches to assess the diversity of
soil bacterial components (Roesch et al., 2007;
Lauber et al., 2009), the number of such studies
addressing fungal diversity is still limited. This is
true despite the fact that fungi comprise a large
proportion of soil microbial biomass and have
a dominant role in decomposition and nutrient
cycling in soil (Bailey et al., 2002; Buée et al.,
2009). Only a minor fraction of the estimated
1.5 million fungal species worldwide have been
described (Hawksworth, 2001), and the ecological
roles of most fungal taxa are poorly understood
since the complexity of fungal communities has
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so far limited our ability to estimate diversity and
distinguish individual taxa (McGuire and Treseder,
2010). In order to understand the soil ecosystem
processes, it is essential to address the fungal and
bacterial community at the same time. In addition,
the ecology of total microbial communities is so
far largely derived from the studies on DNA and
no information is available on the relationships
between the diversity of this total community
and community of active microbes assessed, for
example, by targeting the RNA molecules (Anderson
and Parkin, 2007; Urich et al., 2008).

From the global viewpoint, the understanding of
fungal and bacterial diversity is highly important
in the biomes of coniferous forests, where fungi
quantitatively dominate bacteria in decomposing
litter material, while the importance of bacteria
increases with soil depth (Bååth and Anderson
2003). Coniferous forest ecosystems have a promi-
nent role in the global carbon cycle (Myneni et al.,
2001), and knowledge of microbially mediated soil
functions is thus required for estimating global C
fluxes and their potential future changes. Forests
dominated by spruce (Picea spp.) constitute large
ecosystems in boreal forest biomes and are also
widely distributed in higher altitude forests and
plantation forests in the northern temperate zone.

It was recently proposed that the analyses of soil
microbial community composition should be based
on direct analysis of total RNA to avoid PCR bias
(Urich et al., 2008). While this approach may be
feasible for bacterial community analyses, the
sequence information contained in fungal rRNA
molecules is insufficient for species discrimination;
thus, internal transcribed spacer (ITS) regions of the
rRNA are used instead. Because there are 103–104

times fewer fungal ITS sequences than bacterial 16S

rRNA gene sequences in soil (Figure 1), amplifica-
tion of fungal ITS is inevitable to achieve reasonable
sampling depth. Here, we combined the analysis of
DNA-derived bacterial 16S rRNA gene sequences
representing all bacteria present and the RNA-
derived sequences representing the content of
bacterial ribosomes reflecting thus the active part
of the total community. The analysis of fungal ITS1
and ITS2 sequences offers a unique opportunity to
target the precursor rRNA molecules with fast
turnover, thus identifying these species synthe-
sising ribosomes at a given moment and thus likely
metabolically active (Anderson and Parkin, 2007).
The comparison of the DNA and RNA communities
can also help to answer the question how well
are the metabolically active microbial taxa repre-
sented in the common studies using the sequencing
of soil DNA.

The aim of this work was to demonstrate how the
DNA and RNA communities differ and what part of
the total community is metabolically active at a
given moment. The study was performed at the
beginning of winter under freshly fallen snow to
target the period when decomposition processes in
soil prevail. In a mountainous Picea abies forest in
central Europe where mycorrhizal fungi have a
major role, the winter period without photosynthate
flow is expected to show increased activity of
decomposer fungal species. Litter and the organic
horizons were studied separately because fungal
and bacterial communities were previously found to
differ between these horizons due to the differences
in nutrient availability and the presence of root-
associated microorganisms (O’Brien et al., 2005;
Lindahl et al., 2007; Šnajdr et al., 2008).

We expected that during the decomposition period,
decomposer microorganisms will be transcriptionally

L

horizon

H

horizon

L H

pH 3.7 ± 0.0 3.8 ± 0.1

dry mass % 73.9 ± 1.4 46.0 ± 6.5 ***

organic matter % 94.5 ± 0.5 23.5 ± 4.6 ***

C % 51.6 ± 0.3 14.1 ± 4.4 ***

N % 1.93 ± 0.08 0.62 ± 0.22 ***

C : N molar 26.8 ± 1.2 23.0 ± 1.1 ***

C : H molar 0.77 ± 0.02 1.00 ± 0.06 ***

PLFA bacteria nmol g
-1

486.6 ± 106.1 205.3 ± 48.8 **

PLFA fungi nmol g
-1

189.0 ± 32.3 26.7 ± 7.1 ***

fungi / bacteria (PLFA) 0.39 ± 0.03 0.13 ± 0.03 ***

ergosterol µg g
-1

0.509 ± 0.257 0.020 ± 0.012 ***

rDNA bacteria 10
3
 x copy / ng DNA 18.4 ± 3.3 11.3 ± 1.0 ***

rDNA fungi 10
3
 x copy / ng DNA 19.5 ± 4.4 3.4 ± 0.7 ***

fungi / bacteria (rDNA) 1.11 ± 0.27 0.30 ± 0.06 ***

rRNA bacteria 10
5
 x copy / ng cDNA 58.4 ± 23.6 3.8 ± 1.8 ***

ITS fungi 10
3
 x copy / ng cDNA 9.61 ± 0.80 0.11 ± 0.06 ***

β-glucosidase µmol min
-1 

g
-1 

DM

µmol min
-1 

g
-1 

DM

µmol min
-1 

g
-1 

DM

µmol min
-1 

g
-1 

DM

µmol min
-1 

g
-1 

DM

µmol min
-1 

g
-1 

DM

µmol min
-1 

g
-1 

DM

26.5 ± 10.4 11.0 ± 6.6 ***

α-glucosidase 3.2 ± 1.1 1.0 ± 0.7 ***

cellobiohydrolase 5.3 ± 2.2 2.4 ± 2.2 **

β-xylosidase 6.7 ± 1.8 8.1 ± 1.9

N-acetylglucosaminidase 11.4 ± 5.4 4.9 ± 5.6 *

arylsulfatase 0.6 ± 0.1 1.3 ± 0.6 **

phosphomonoesterase 114.4 ± 24.7 90.3 ± 22.4 *

* Significant differences among soil horizons (one-way ANOVA followed by Tukey

post-hoc test, * P < 0.05, ** P < 0.01, *** P < 0.001).

Figure 1 Properties of Picea abies forest soil, abundance of microorganisms and activity of extracellular enzymes involved in organic
matter decomposition in the L and H horizons. The data represent mean values and s.d. from four studied sites.
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active and a large proportion of decomposition-
related genes will be expressed by dominant taxa
of microbial decomposers. In order to specifically
target an important decomposition process, the gene
and transcriptome pools of the fungal cellobiohy-
drolase (exocellulase) gene cbhI sequences were
compared, as its gene product catalyses the rate-
limiting step in the decomposition of cellulose, the
most abundant biopolymer in the ecosystem (Bal-
drian and Valášková, 2008). The cbhI gene occurs
in both Ascomycota and Basidiomycota, and it is
also common in the genomes of saprotrophic fungi
(Edwards et al., 2008; Ohm et al., 2010). While some
recent studies showed that expression of eukaryotic
decomposition-related genes in soils can be ana-
lysed (Luis et al., 2005; Kellner and Vandenbol,
2010), only the DNA/RNA approach can answer the
questions on the diversity of decomposer commu-
nities and the proportion of expressed genes. Since
cellulose is present in both the litter and soil organic
horizon (Šnajdr et al., 2011), the same cellulose-
decomposing microorganisms can be present and
potentially active in both horizons. However, the
higher amount of cellulose in litter likely supports
higher diversity of cellulose decomposers.

Materials and methods

Study site, sample collection and soil analysis
Study area was located in the highest altitudes
(1170–1200m) of the Bohemian Forest mountain
range (Central Europe) and was covered by an
unmanaged spruce (P. abies) forest (49102.64 N,
13137.01 E). Sampling was performed in late
October 2009 under freshly fallen snow (8–12 cm,
3 days after the snowfall) at �5 1C. At four sites,
located 250m from each other, six topsoil samples
located around the circumference of a 4-m-diameter
circle were collected. Litter horizon (L) and organic
(humic) horizon (H) material were separately
pooled. After removal of roots, L material was cut
into 0.5 cm pieces and mixed; H material was passed
through a 5-mm sterile mesh and mixed. Aliquots
for nucleic acids extraction were immediately frozen
and stored in liquid nitrogen. Samples for phospho-
lipid fatty acid and ergosterol analysis were frozen
and stored at �45 1C until analysis. Enzyme assays
were performed within 48h in samples kept at 4 1C
in soil homogenates (Štursová and Baldrian, 2011).
Dry mass content was measured after drying at
85 1C, organic matter content after burning at 650 1C
and pH was measured in distilled water (1:10). Soil
C and N content was measured using an elemental
analyser.

Quantification of microbial biomass
Phospholipid fatty acid was extracted by chloroform–
methanol–phosphate buffer, subjected to alkaline
methanolysis and free methyl esters were analysed

by GC-MS (Šnajdr et al., 2008). Fungal biomass was
quantified based on 18:2o6,9 content, and bacterial
biomass as the sum of bacteria-specific phospho-
lipid fatty acid (Bååth and Anderson, 2003). Total
ergosterol was extracted with 10% KOH in methanol
and analysed by HPLC (Šnajdr et al., 2008). Partial
bacterial and fungal rDNAs were quantified by
qPCR using 1108f and 1132r primers for bacteria
(Wilmotte et al., 1993; Amann et al., 1995) and ITS1/
qITS2* primers for fungi (White et al., 1990; Šnajdr
et al., 2011).

Nucleic acid extraction and reverse transcription
RNA and DNA were co-extracted using the RNA
PowerSoil Total RNA Isolation Kit and DNA
Elution Accessory Kit (MoBio Laboratories, Carls-
bad, CA, USA) combined with the OneStep PCR
Inhibitor Removal Kit (Zymo Research, Irvine, CA,
USA). Three soil aliquots (3� 3 g of material) were
extracted per sample. Extracted RNA was treated
with DNase I and 1 mg was reverse transcribed using
M-MLV Reverse Transcriptase (Invitrogen, Carlsbad,
CA, USA) and random hexamer primers. Samples
were designated as LD¼ litter DNA, LR¼ litter
cDNA, HD¼humic horizon DNA and HR¼humic
horizon cDNA.

Tag-encoded amplicon pyrosequencing and
sequence analysis
The eubacterial primers eub530F/eub1100aR (modi-
fied from Dowd et al., 2008) were used to amplify
the V4–V6 region of bacterial 16S rDNA and the
fungi-specific primers ITS1/ITS4 (White et al., 1990)
were used to amplify the ITS1, 5.8S rDNA and ITS2
regions of fungal rDNA. Primers cbhIF and cbhIR
(Edwards et al., 2008) were used to amplify a partial
sequence of fungal cellobiohydrolase I. Primers for
tag-encoded 454-Titanium pyrosequencing contained
in addition sample tags separated from primers by
spacers and Titanium A or B adaptors (Roche, Basel,
Switzerland). Spacer sequences were designed to
contain a trinucleotide, absent in all GenBank
sequences at this position to avoid preferential
amplification of some targets (Parameswaran et al.,
2007). Primer pairs were designed using OligoCalc
(http://www.basic.northwestern.edu/biotools/oligocalc.
html) and tested by cloning/sequencing. Tags and
spacer sequences of all composite primers used for
tag-encoded amplicon pyrosequencing in this study
can be found in Supplementary Information.

PCR amplifications were performed in two steps.
In the first step, each of three independent 50 ml
reactions per DNA/cDNA sample contained 5 ml of
10� polymerase buffer, 3 ml of 10mgml�1 bovine
serum albumin, 2 ml of each primer (0.01mM), 1 ml of
PCR Nucleotide Mix (10mM), 1.5 ml polymerase
(2U ml�1; Pfu DNA polymerase:DyNAZyme II DNA
polymerase, 1:24) and 2 ml of template DNA. Cycling
conditions were 94 1C for 5min; 35 cycles of 94 1C
for 1min, 62 1C for 50 s, 72 1C for 30 s, followed by
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72 1C for 10min for primers eub530F/eub1100aR;
94 1C for 5min; 35 cycles of 94 1C for 1min, 55 1C for
1min, 72 1C for 1min, followed by 72 1C for 10min
for primers ITS1/ITS4; 94 1C for 3min; 40 cycles of
94 1C for 30 s, 51 1C for 45 s, 72 1C for 1min 30 s,
followed by 72 1C for 15min for primers cbhIF/
cbhIR. Pooled PCR products were purified using
the Wizard SV Gel and PCR Clean-Up System
(Promega, Madison, WI, USA). In all, 100 ng DNA
was used as template in the second PCR performed
under the same conditions except that fusion
primers were used and cycle number was 10. PCR
products were separated by electrophoresis and gel
purified using the Wizard SV Gel and PCR Clean-Up
System. DNA was quantified using ND1000 (Nano-
Drop, Wilmington, DE, USA), an equimolar mix of
PCR products from all samples was made for
each primer pair and the pooled products were
mixed in a molar ratio of 12:4:1 (bacterial:fungal:
cbhI amplicons). The mixture was subjected to
sequencing on a GS FLX Titanium platform (Roche).

The pyrosequencing resulted in 329 820 reads of
sufficient quality and a length 4200 bases. Pyro-
sequencing noise reduction was performed using
the Denoiser 0.851 (Reeder and Knight, 2010) and
chimeric sequences were detected using UCHIME
(Edgar, 2010) and deleted. In fungal community
analyses, sequences 4380 bases were used that
contained the ITS1 region, 5.8S rDNA and a
significant part of the ITS2 region. These sequences
were truncated to 380 bases, clustered using CD-HIT
(Li and Godzik, 2006) at 97% similarity (O’Brien
et al., 2005) to yield Operational Taxonomic Units
(OTUs) and consensus sequences were constructed
for all OTUs. PlutoF pipeline (Tedersoo et al., 2010)
was used to generate best species hits. In bacterial
analysis, sequences of 350 bases were clustered at a
97% similarity and Ribosomal Database Project
(Cole et al., 2009) as well as BLASTn hits against
GenBank were used to generate best hits (Altschul
et al., 1997). DNA/RNA ratio was calculated as sum
of sequences derived from DNA divided by the sum
of all sequences, and the L/H ratio was calculated
similarly. Clusters of cbhI sequences were con-
structed using 400-base sequences at 96% similarity.
Intron positions were recorded and introns removed
from the DNA-derived sequences and DNA and
cDNA-derived clusters were merged. For identifica-
tion, cbhI sequences were retrieved from GenBank
and also obtained by the analysis of isolates or
cultured strains from the studied ecosystem by
cloning/sequencing. Nucleotide sequences of OTUs
with abundances over 0.3% were translated into
amino-acid sequences in Bionumerics 7.0 (Applied
Maths, Sint-Martens-Latem, Belgium).

Rarefaction and diversity analyses on OTUs/
clusters were performed at 8500 bacterial, 1000
fungal or 350 cbhI sequences per sample, to
eliminate the effect of sampling effort and used for
clustering as described above. Richness and diver-
sity indices were calculated using EstimateS 8.00

(http://viceroy.eeb.uconn.edu/estimates) and quality
of Chao1 estimates was evaluated according to Kemp
and Aller (2004).

One-way analysis of variance (ANOVA) with the
Fisher’s LSD post hoc test was used to analyse the
statistical differences among treatments. To analyse
the differences in bacterial and fungal communities
and the cbhI sequences, principal component
analysis was run with abundance data of all OTUs
or clusters with 40.3% abundance. PC1 and PC2
loads were subjected to ANOVA with the Fisher’s
LSD post hoc test. Differences at Po0.05 were
regarded as statistically significant.

Results and discussion

Microbial communities in P. abies topsoil are
diverse and vertically stratified
The topsoil of the P. abies forest was strongly acidic
(pH 3.7–3.8) and consisted of a 1–4-cm-thick litter
horizon (L) and a 2–4-cm-thick organic (humic)
horizon (H). The horizons were significantly differ-
ent with respect to organic matter and C and N
contents, and decreasing nutrient availability was
reflected by a decrease in both bacterial and fungal
biomass contents with depth. The results of qPCR
showed a decrease of fungal-to-bacterial rDNA copy
number ratio from 1.11 in the L horizon to 0.30 in
the H horizon. The cDNA contained 105–106 copies
of the bacterial 16S rRNA gene per nanogram cDNA,
but only 102–104 copies per nanogram cDNA of
fungal ITS region (Figure 1). More rapid organic
matter transformation occurred in the L horizon
than in the H horizon, as documented by higher
activities of several extracellular enzymes, espe-
cially those hydrolysing glucans (a- and b-glucosi-
dase and cellobiohydrolase; Figure 1).

Bacterial communities analysed at 8500 sequences
per sample showed about 1500 OTUs per sample
in the L and H horizon-derived DNA (LD and HD)
and in the L-derived RNA (LR) samples, about 1200
OTUs were identified in the H-derived RNA (HR).
Also, the Chao1 estimator predictions were lower
for HR. The RNA-derived communities were less
diverse and less even than the DNA-derived commu-
nities, particularly in the H horizon (Supplementary
Table 1). Principal component analysis followed by
ANOVA showed significant differences in commu-
nity composition among LD, HD, LR and HR
(Po0.00001 for differences among L and H as well
as among DNA/RNA).

In the DNA community, Steroidobacter (OTU4)
was the most abundant in all L samples. In the
H horizon, Gp1 Acidobacterium (OTU1) was the
most abundant at three sites and Gp2 Acidobacte-
rium (OTU5) at one site (Supplementary Table 2;
Figure 1). Members of 505 genera were found in
the entire pooled community, with most of the
sequences belonging to Gp1, Gp3 and Gp2 Acido-
bacteria (on average 17.2%, 11.2% and 8.4%,
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respectively), the Actinobacteria Actinoallomurus
(7.1%), Conexibacter (1.3%) and Iamia (1.1%), and
Proteobacteria Steroidobacter (5.4%), Rhodoplanes
(3.3%), Phenylobacterium (2.1%), Desulfomonile
(1.7%) and Burkholderia (1.5%; Supplementary
Table 2). Of the most abundant OTUs, 33 (Chondro-
myces), 53 and 20 (Phenylobacterium) and 39
(Caulobacteraceae) were identified as highly en-
riched in the RNA-derived community and several
taxa showed preferential association with either
the L or the H horizon (Figure 2; Supplementary
Table 2).

Bacterial sequences belonged to 21 phyla, but
only 8 were recorded with abundances over 0.1%. In
both horizons, Proteobacteria, Acidobacteria and
Actinobacteria were dominant, comprising 80–90%
of all sequences; this dominance was even stronger
in the RNA (Figure 3). In the L horizon, the RNA
community was enriched in Acidobacteria and

Firmicutes, while most of the minor phyla were less
represented. In the H horizon, Actinobacteria were
more abundant in the RNA community (Supple-
mentary Table 2; Supplementary Figure 1).

Bacterial abundance and diversity have been
reported to decrease with decreasing soil pH (Lauber
et al., 2009; Rousk et al., 2010). Despite this, a highly
diverse bacterial community was found in our strongly
acidic soil. Compared with other soils with pH o4, in
which a high degree of dominance by Acidobacteria,
around 63%, was previously reported (Lauber et al.,
2009), the phyla Proteobacteria, Actinobacteria, Firmi-
cutes and Verrucomicrobia were more represented in
the P. abies forest. The bacterial community in the
soil of the study area is specific in several aspects.
The genus Chitinophaga, which was abundant in a
previous study that compared different soils (Fulthorpe
et al., 2008), was found at a frequency of only 0.1% in
this study; the genera Actinoallomurus and Steroido-
bacter, ranked among the five most abundant genera in
the P. abies forest, were not recovered in the previous
study.

Deep sequencing analyses of bacterial commu-
nities associated with litter have not previously
been reported. Here, we show that the litter hori-
zon exhibited higher phylogenetic diversity and a
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Figure 2 Distribution of major bacterial and fungal OTUs and
cbhI clusters from Picea abies forest topsoil between the L and H
horizons and between DNA and RNA. The data represent mean
values from four sampling sites. Symbol areas correspond to
relative abundance in the combined set of DNA and RNA
sequences from both horizons. (a) Bacteria, identifications:
0¼Actinoallomurus; 1¼Gp1 Acidobacterium; 2¼Rhodoplanes;
3¼Rhodospirillales; 4¼Steroidobacter; 5¼Gp2 Acidobacterium;
6¼Gp1 Acidobacterium; 7¼Rhizobiales; 8¼Gp2 Acidobacterium;
10¼Gp1 Acidobacterium; 11¼Frankineae; 12¼Gp3 Acidobac-
terium; 13¼Afipia; 14¼Gp2 Acidobacterium; 15¼Burkholderia;
16¼Actinomycetales; 19¼Gp3 Acidobacterium; 20¼Phenylobacte-
rium; 21¼Desulfomonile; 22¼Gp3Acidobacterium; 23¼Gp3Acido-
bacterium; 24¼Ferrithrix; 25¼Acetobacteraceae; 26¼Rhizobiales;
27¼Gp3 Acidobacterium; 28¼Gp1 Acidobacterium; 30¼Gp3
Acidobacterium; 31¼Acidisphaera; 32¼Actinoallomurus; 33¼Gp1
Acidobacterium; 34¼Sporomusa; 35¼Chondromyces; 36¼Aceto-
bacteraceae; 37¼Steroidobacter; 38¼Chitinophagaceae; 39¼Caulo-
bacteraceae; 40¼Rhizobiales; 41¼Mycobacterium; 48¼Gp1 Acido-
bacterium; 59¼Phenylobacterium. (b) Fungi, OTU identifications:
1¼Ascomycete; 2¼Tylospora fibrillosa; 3¼Piloderma; 4¼Pilo-
derma; 5¼Ascomycete; 6¼Tylospora asterophora; 7¼Cenococ-
cum geophilum; 8¼Verrucaria; 9¼Hygrophorus olivaceoalbus;
10¼Russula cyanoxantha; 11¼Cortinarius biformis; 13¼ Lecanora;
14¼Tylospora fibrillosa; 18¼Cladophialophora minutissima;
20¼Auriculoscypha; 22¼ Inocybe; 23¼Ascomycete; 24¼Basi-
diomycete; 25¼Ascomycete; 27¼Cryptococcus podzolicus;
28¼Mycocentrospora acerina; 29¼Ascomycete; 30¼Asco-
mycete; 32¼Meliniomyces vraolstadiae; 33¼Amanita spissa;
44¼Phellopilus; 45¼Chytridiomycete; 47¼Alternaria alter-
nata; 49¼Cenococcum geophilum; 50¼Cortinarius gentilis;
52¼Piloderma; 55¼Neofusicoccum; 60¼Russula cyanoxantha;
62¼Trichosporon porosum; 67¼Pseudotomentella; 69¼Russula
cyanoxantha; 70¼Mycoarthris; 88¼Elaphocordyceps; 94¼
Tomentella sublilacina. (c) cbhI, clusters with sequence simi-
larities to genes of known cbhI producers: 0¼Mycena;
1¼Xylariales spp.; 16¼Phacidium; 18¼Mycena; 25¼Phacidium;
28¼Xylariales spp.; 42¼Phialophora; 53¼Xylariales spp.;
72¼Phialophora; 75¼Ceuthospora and 84¼Phialophora sp.
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reduced proportion of Acidobacteria in the total
community. In the most abundant phylum, Acido-
bacteria, the members of Gp1, Gp2 and Gp3
detected were also reported to occur in other low
pH soils (Jones et al., 2009). Genome sequencing of
Gp1 and Gp3 Acidobacteria and isolate culturing
showed that these bacteria are able to decompose
a variety of polysaccharides, including cellulose,
xylan and chitin, and thus may be involved in
decomposition (Ward et al., 2009). Indeed, in our
study, the Gp3 Acidobacteria were preferentially
detected in the RNA, which indicates their activ-
ity during the decomposition period. The ecology
of the other most abundant bacterial genera is
unclear. Members of the genus Actinoallomurus
(formerly belonging to Actinomadura) were repeat-
edly isolated from soils or litter, and some species

from this genus are root endophytes. The genus
Phenylobacterium contains bacteria from upper
aerobic soil horizons capable of phenolic compound
degradation.

Fungal communities sampled at 1000 randomly
selected sequences per sample had between 150 and
220 OTUs with no significant differences between
the DNA and RNA samples. The Chao1 estimates
predicted higher diversity in LD and HD than in
LR and HR (Supplementary Table 1). Principal
component analysis followed by ANOVA showed
significant differences in community composition
among LD, HD, LR and HR (Po0.0005 for differ-
ences among L and H and Po0.044 for DNA/RNA).

In the DNA community, Piloderma sp. (OTU3)
was dominant at two sites and Tylospora fibrillosa
(OTU2) and Cortinarius biformis (OTU11) were each
dominant at one site in the L horizon. In the H
horizon, each of the sites was dominated by a differ-
ent OTU (Tylospora fibrillosa, OTU2; Tylospora
asterophora, OTU6; Russula cyanoxantha, OTU10;
and Piloderma sp., OTU4). OTUs with the closest
similarity to 422 different genera were recorded,
the most abundant being Tylospora (14.8% of all
sequences), Piloderma (12.8%), Russula (4.4%),
Cenococcum (4.2%), Cortinarius (3.9%), Hygro-
phorus (2.9%), Cladophialophora (2.4%), Amanita
(1.8%), Cadophora (1.7%), Mortierella (1.6%) and
Verrucaria (1.6%; Supplementary Table 3). The
distribution of the abundant OTUs among the L
and H horizons and the DNA and RNA communities
shows a strict confinement of many OTUs to either
the L or the H horizon (Figure 2; Supplementary
Table 3). Several of the most abundant OTUs were
highly enriched in the RNA community (Supple-
mentary Table 3).

Fungal sequences belonged mainly to Dikarya
(53.5% Basidiomycota and 41.1% Ascomycota).
Glomeromycota were represented by 2.24% of the
sequences, Mucoromycotina by 1.77%, and Chytri-
diomycota by 0.73 (Supplementary Table 3). For
several groups of phylogenetically related OTUs
abundant in the ecosystem, no close sequence of an
isolated strain was available. Some of these, including
also the putative members of basal fungal lineages,
exhibited high abundance in the RNA samples
(Supplementary Figure 2). Members of the orders
Atheliales, Agaricales, Helotiales, Chaetothyriales
and Russulales were most abundant in the soil
DNA; several minor orders, including Botryosphaer-
iales, Lecanorales and Eurotiales in the L horizon and
Tremellales and Capnodiales in the H horizon, were
infrequent in the DNA communities but highly
abundant among the RNA sequences (Figure 3).

The composition of fungal communities has been
previously shown to differ substantially between
litter and organic horizons, while deeper soil hori-
zons showed greater similarity (O’Brien et al., 2005;
Lindahl et al., 2007). In several forest types, this is
due to the higher abundance of saprotrophic fungi in
litter and the dominance of ectomycorrhizal species
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in deeper soil (Lindahl et al., 2007; Edwards and
Zak, 2010). Although our results showed that ecto-
mycorrhizal fungi were highly dominant in both
horizons (most likely due to the shallow rooting of
P. abies), we also confirmed profound differences
between the two horizons; 42% of abundant species
were only recovered from either the L or the H
horizon (Figure 4). The most abundant genera of
ectomycorrhizal fungi found in this study, Pilo-
derma and Tylospora spp., are also the most
abundant in the boreal P. abies forests in Finland
and Sweden (Rosling et al., 2003; Korkama et al.,
2006; Wallander et al., 2010).

Ecological functions could be reliably assigned
to 64–94% of the abundant members of the fungal
community (Supplementary Table 3). Among these,
ectomycorrhizal fungi dominated all communities,
representing 83% of the sequences in LD, 95% in
HD, 66% in LR and 69% in HR (Supplementary
Figure 2C). During a period when decomposition
processes prevail, a substantial reduction in the
activity of ectomycorrhizal fungi compared with
saprotrophs is expected (Yarwood et al., 2009;
Lindahl et al., 2010). Saprotrophic and parasitic
species were indeed significantly more represented
in the RNA communities, the ratio of mycorrhizal/
saprotrophicþparasitic fungi being 6.9 and 2.9

in the LD and LR and 21.2 and 2.3 in the HD and
HR, respectively. Notably, we found many fungal
sequences belonging to lichen-forming fungi and
detected these preferentially in the RNA community
(9.3% in LR).

Ecology of soil bacteria and fungi is largely different
In agreement with previous studies on the vertical
stratification of soil decomposition processes (Witt-
mann et al., 2004; Šnajdr et al., 2008), we show that
the L and H horizons differ significantly in both the
total and relative amounts of bacterial and fungal
biomasses (Figure 1). According to the phospholipid
fatty acid/biomass C conversion factors (Anderson
and Parkin 2007), the L horizon contained 2.9 times
more fungal than bacterial biomass (10.7 and 3.7mg
biomass C per gram, respectively). In the H horizon,
fungal and bacterial biomasses were equal (1.50 and
1.58mg g�1). The diversity of bacterial populations
was considerably higher than that of fungal popula-
tions. When 1000 randomly selected sequences
were analysed, 302–366 OTUs were found in
bacteria, compared with 141–236 in fungi.

While the diversity estimates for DNA- and RNA-
derived communities of bacteria were similar, the
Chao1 estimators for fungal communities surpris-
ingly showed that a more diverse community is
revealed when RNA is analysed (Supplementary
Table 1). The DNA- and RNA-derived communities
of bacteria largely overlapped, and among the
abundant OTUs none was found exclusively either
in DNA or RNA. By contrast, 18% of fungal OTUs
were found only in the RNA community, and 2%
were found exclusively in the DNA community.
Among cbhI sequences, indicating the presence of
cellulolytic members of the fungal community, 27%
were found only in DNA and 15% only in RNA
(Figure 4). These data show that the DNA sequen-
cing approaches miss a significant and functionally
relevant part of microbial communities and our
current knowledge largely based on this approach is
incomplete. The high RNA/DNA ratios for some
microbial taxa show that species with low abun-
dance can be highly active.

Abundances of the major bacterial and fungal
OTUs in different soils have been reported to be
2–3% and 7–17%, respectively (Fierer et al., 2007;
Buée et al., 2009). In this study, the first to report
on bacteria and fungi from the same soil, bacterial
communities also showed higher evenness than
fungal communities. The most abundant bacterial
OTU accounted for 5–7% of all sequences, while
the dominant fungal OTU in our ectomycorrhiza-
dominated ecosystem represented up to 430% of
all sequences. Between 30 and 60 of the most
abundant bacterial and 6 and 22 of the most
abundant fungal OTUs made up 50% of their
respective communities (Supplementary Table 1).

Most bacterial OTUs with abundance 40.3%
were recovered from all study sites. In contrast,
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majority of fungal OTUs and cbhI clusters were
found only at one to three sites (Figure 5). Also, the
abundance of bacteria across study sites varied
considerably less than that of fungi; the mean
coefficient of variation was 0.56 for bacteria and
1.30 for fungi. This applied even in the case of the
most abundant fungal taxa, for example, the second-
most abundant fungal OTU was absent at one study
site. The uneven spatial distribution of fungi in the
ecosystem is likely a consequence of a combination
of factors including the size of organisms, mobility
and the association of many taxa with large nutrient
patches or plant roots. This is supported by the fact
that fungi forming large mycelial systems (for
example, Russulales and Agaricales) showed higher
variation in abundance than species with limited
mycelia (for example, Mortierellales and Archae-
osporales).

The affinity of microbial taxa and cbhI clusters for
either the L or H horizon and their differential
abundance in DNA versus RNA points to their
different niches and ecological roles (Supplemen-
tary Tables 2–4). Over 60% of dominant fungal
OTUs and as much as 74% of cbhI clusters showed
10-fold enrichment in either the L or H horizons.
In contrast, vertical stratification was less distinct in
bacterial OTUs (Figure 4). This observation further
stresses the importance of fungi in shaping the
spatial structure of the forest floor.

Cellobiohydrolase genes exhibit high diversity in the
soil metagenome and metatranscriptome
Total RNA extracted from soils contains o10%
mRNA (Urich et al., 2008); even after mRNA

enrichment it still contains both rRNA and tran-
scripts of abundant genes such as those encoding
ribosomal proteins (Bailly et al., 2007). This leads to
low recovery of targeted sequences of functional
genes by shotgun sequencing approaches. For
example, only nine gene clusters of denitrification
genes were obtained from 77 000 metagenome-
derived clones (Demaneche et al., 2009). Amplifica-
tion of target sequences is thus the only way to
assess the diversity of functional genes.

Here, we show for the first time that a single
eukaryotic functional gene can be analysed at a
depth that allows diversity estimation; a reliable
Chao1 diversity prediction of 46±9 cbhI clusters per
sample was obtained for the HR sample. When
samples from all sites were analysed together, a total
of 456 clusters were predicted for LD, 344 for HD,
201 for LR and 99 for HR, with sufficient sampling
effort for LR and HR. Approximately 40% and 25%
of sequences present in the DNA were being
transcribed in the L and H horizons, respectively.
Because most of the analysed fungi harbour more
than one cbhI gene (Baldrian and Valášková, 2008;
Edwards et al., 2008), the diversity of cellulolytic
fungi in forest topsoil can be estimated only roughly
at 50–300. This means that a considerable proportion
of the fungal community transcribes or at least
harbours the cbhI gene. Almost all cbhI clusters
showed distinct association with either the L or H
horizons, indicating only a minor overlap of cellulo-
lytic fungal communities between horizons. Princi-
pal component analysis followed by ANOVA showed
significant differences in cbhI pool composition
among LD, HD, LR and HR (Po0.0019 for differences
among L and H and Po0.0054 for DNA/RNA).

Current attempts to assign fungal producers to the
sequences of functional genes derived from soil
metagenomes suffer from a lack of sequence in-
formation in public databases. Because of this, the
closest hits for most cbhI clusters in public data-
bases were rather distant, with only three clusters
showing 496% similarity. By sequencing cbhI
genes from fungi occurring in the soil, we were able
to identify the taxonomic affiliation of producers for
13 additional clusters (Supplementary Table 4).
Some of the most abundant cbhI sequences were
transcribed by fungi with low abundances in the
ecosystem (for example, Mycena sp. and Xylariales),
showing the importance of low-abundance species
for cellulose hydrolysis. Phylogeny trees con-
structed using cDNA and peptide sequences (Sup-
plementary Figure 3) allowed coarse taxonomic
placement of producers for 24–90% of dominant
cbhI clusters into either Ascomycota or Basidiomy-
cota (Figure 3). In the H horizon, where 75–90% of
sequences were assigned, genes of both taxa were
equally present, but the transcripts were mainly of
ascomycetous origin (495% of assigned sequences).

To match the sequences of genes and transcripts,
introns were removed from DNA sequences (Sup-
plementary Figure 3). There were 28 DNA clusters
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containing one intron and one containing four
introns. The internal peptide of cbhI obtained after
intron removal varied in length and contained both
conserved and highly variable regions (Figure 6).
The consensus sequence derived from this study
differed from the one based on published cbhI
sequences from isolated fungal strains at 4 amino-
acid positions out of 101 (Edwards et al., 2008).
Thus, the depth of environmental amplicon sequen-
cing may contribute to the construction and evalua-
tion of better primers and qPCR probes for targeted
functional genes.

Conclusions

Much of what is currently known about the ecology
of soil microbial communities has been inferred
from studies targeting DNA. Despite similar diver-
sity of microbial communities based on DNA and
RNA analysis, the fact that several major fungal
OTUs were found exclusively in the RNA pool and
that several active bacterial OTUs exhibited low
abundance in the DNA pool demonstrates the
limitations of DNA-based surveys, which likely
miss considerable portions of active microbial
populations. In the soil ecosystem, bacterial and
fungal communities differ in their spatial distribu-
tions with fungal taxa more distinctly confined to
either the litter or the organic horizon of soil and
more heterogeneously distributed in the ecosystem.
The diversity and distribution of functional genes
responsible for important biogeochemical processes
and consequently of their producers can be effi-
ciently targeted by amplicon sequencing. Low
abundance of several fungal taxa highly expressing
the cbhI gene suggests that these species are highly
important for decomposition.
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Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z,
Miller W et al. (1997). Gapped BLASTand PSI-BLAST:
a new generation of protein database search programs.
Nucleic Acids Res 25: 3389–3402.

Amann RI, Ludwig W, Schleifer KH. (1995). Phylogenetic
identification and in situ detection of individual
microbial cells without cultivation. Microbiol Rev 59:
143–169.

Anderson IC, Parkin PI. (2007). Detection of active soil
fungi by RT-PCR amplification of precursor rRNA
molecules. J Microbiol Methods 68: 248–253.
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Abstract

Organic matter decomposition in the globally widespread coniferous forests

has an important role in the carbon cycle, and cellulose decomposition is espe-

cially important in this respect because cellulose is the most abundant polysac-

charide in plant litter. Cellulose decomposition was 10 times faster in the

fungi-dominated litter of Picea abies forest than in the bacteria-dominated soil.

In the soil, the added 13C-labelled cellulose was the main source of microbial

respiration and was preferentially accumulated in the fungal biomass and cellu-

lose induced fungal proliferation. In contrast, in the litter, bacterial biomass

showed higher labelling after 13C-cellulose addition and bacterial biomass

increased. While 80% of the total community was represented by 104–106

bacterial and 33–59 fungal operational taxonomic units (OTUs), 80% of the

cellulolytic communities of bacteria and fungi were only composed of 8–18

highly abundant OTUs. Both the total and 13C-labelled communities differed

substantially between the litter and soil. Cellulolytic bacteria in the acidic top-

soil included Betaproteobacteria, Bacteroidetes and Acidobacteria, whereas these

typically found in neutral soils were absent. Most fungal cellulose decomposers

belonged to Ascomycota; cellulolytic Basidiomycota were mainly represented by

the yeasts Trichosporon and Cryptococcus. Several bacteria and fungi demon-

strated here to derive their carbon from cellulose were previously not recog-

nized as cellulolytic.

Introduction

Soils contain one of the largest pools of organic carbon

compounds on the Earth, and soil processes thus play a

major part in the global C cycle. This is especially true

for the forest soils that cover large areas of the northern

hemisphere, where dead plant biomass is not removed

during harvests but accumulates on the soil surface. The

understanding of organic matter decomposition in forest

ecosystems is thus essential for any predictions of carbon

balance now and in the future. Dead plant biomass accu-

mulating on the forest floor is mainly composed of plant

cell wall polymers – cellulose, hemicelluloses and lignin.

Cellulose is the most abundant biopolymer and typically

constitutes 20–30% of the plant litter mass (Berg &

Laskowski, 2006).

Decomposition of cellulose was the subject of intensive

research for decades, and our current understanding

shows that soil microorganisms have a dominant role in

this process (Lynd et al., 2002; Baldrian & Valášková,

2008). Previous studies using cultured microbial isolates

and enzyme activity measurements formed our current

view of the involvement of individual microbial taxa in

cellulose decomposition. It is currently assumed that

while cellulolytic capabilities are restricted to certain

groups of bacteria (Lynd et al., 2002), these capabilities

are common to various fungi and that the latter domi-

nate cellulose decomposition in soils (Kjoller & Struwe,

2002; de Boer et al., 2005).

Although the above assumptions might be essentially

true, the current knowledge has to be revisited for several

reasons. First of all, the current views are largely based on

data obtained with easily culturable species that have been

preferentially studied. This is reflected by the fact that

over 80% of fungal cellulolytic enzymes characterized

were isolated from wood-inhabiting species (Baldrian &
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Valášková, 2008), although the genes encoding these

enzymes are also common in soil fungi (Edwards et al.,

2008; Kellner et al., 2010). Similarly, some recent reports

have demonstrated the ability to degrade cellulose in bac-

terial taxa that were not previously recognized for their

cellulolytic capabilities (Ward et al., 2009; Pankratov

et al., 2011).

Novel molecular approaches, such as stable isotope

probing (SIP) and next-generation sequencing, make it

possible to analyse substrate utilization by microorgan-

isms at sufficient resolution. The first published studies

on cellulose decomposition using 13C-SIP focused on bac-

teria in agricultural soils (Haichar et al., 2007; Schellen-

berger et al., 2010; Lee et al., 2011) and fungi in

hardwood forests (Bastias et al., 2009). None of these

studies, however, covered both fungi and bacteria, and

none used sufficient sequencing effort. Although more

than 85% of cellulose is decomposed in the forest litter

layer, only the rest being available to soil microorganisms

(Šnajdr et al., 2011b), microbial cellulolytic community

in litter has not yet been the subject of targeted analysis.

Compositions of bacterial and especially fungal communi-

ties have been demonstrated to differ significantly

between litter and deeper soil and also the relative

abundances of fungi and bacteria change with soil depth

(Lindahl et al., 2007; Baldrian et al., 2012), but it is unclear

how these differences are reflected in the relative contribu-

tion of fungi and bacteria, and their individual taxa, to the

decomposition of organic matter including cellulose.

The aim of this work was to characterize the composi-

tion of the microbial community that is actively decom-

posing cellulose in topsoil – litter and soil organic

horizon – of Picea abies forest by examining both bacteria

and fungi. In addition, the genes encoding fungal cello-

biohydrolase (exocellulase) gene cbhI sequences were also

analysed. Its gene product catalyses the rate-limiting step

in the decomposition of cellulose (Baldrian & Valášková,

2008), and its activity in fungal cultures correlates with

litter mass loss (Vořı́šková et al., 2011). The fact that cbhI

gene is found in Ascomycota, Basidiomycota and Mucoro-

mycotina (Edwards et al., 2008; Weber et al., 2011) makes

it a suitable tracer of fungi involved in enzymatic cellu-

lose hydrolysis. The relatively large nutrient patches pres-

ent in litter of the size up to the whole needles/leaves can

be better exploited by fungi as larger, filamentous organ-

isms that can more easily colonize it (de Boer et al.,

2005). In soil, the low nutrient content might be insuffi-

cient to support large mycelia of saprotrophic fungi and

the relative content of bacteria, capable of utilizing the

dilute nutrients, is higher (Baldrian et al., 2012). It is thus

likely that the relative importance of fungi and bacteria in

the decomposition of biopolymers, including cellulose,

might differ between litter and soil.

Materials and methods

Study site and sample collection

The study area was located in the highest altitudes

(1200 m) of the Bohemian Forest mountain range (Cen-

tral Europe; 48°59.01 N, 13°35.05 E). The area is nearly

completely covered with P. abies forest, the mean annual

temperature is 5.5 °C and the annual precipitation

1000 mm (Kopáček et al., 2002). Topsoil was collected in

February 2009 at four 100 m2 sites, each located within

250 m from each other. Litter samples (L) and soil

organic horizon (S) material were separately pooled. After

the removal of roots, the litter was cut into 0.5 cm pieces,

the S material was passed through a 5-mm sterile mesh

and both were kept at 4 °C until the construction of

microcosms. Dry mass, organic matter and cellulose con-

tent and pH were determined as previously described

(Šnajdr et al., 2011b; Baldrian et al., 2012).

SIP microcosms

Microcosms were established to permit destructive har-

vesting in three replicate microcosms for each combina-

tion of material (litter or soil) and time point (0, 8, 15

and 22 days). The soil and litter were preincubated for

36 h at the target incubation temperature prior to micro-

cosm set-up. Each microcosm contained 5.0 g wet mass

of either the L or the S material in a sterile 160-mL

serum bottle, and 100 mg of 13C-labelled Zea mays cellu-

lose (97 atom% 13C; IsoLife, Wageningen, the Nether-

lands) was mixed with the whole volume of each sample.

Microcosms were sealed with Teflon stoppers and

aluminium crimp caps to contain the headspace for later
13CO2 sampling. Microcosms were incubated in the dark

at 11 °C, the mean summer temperature in the study area

and destructively harvested after 0, 8, 15 and 22 days.

Microcosm materials were frozen immediately at �80 °C

for DNA extraction.

Concentration and carbon isotopic composition

of CO2

One millilitre of the headspace gas was collected at

microcosm initiation and after 8, 15 and 22 days of incu-

bation using an N2-purged syringe and was stored at

room temperature in 12-mL serum bottles. The carbon

dioxide in the stored bottles was analysed for d13C within

7 days on a Trace Gas system interfaced to an IsoPrime

mass spectrometer (GV Instruments, Manchester, UK) at

the Alaska Stable Isotope Facility (University of Alaska

Fairbanks, Fairbanks, AK) as previously described (Leigh

et al., 2007).
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DNA extraction and 13C-DNA separation

DNA was extracted from 0.5 g aliquots of microcosm

material using the Fast DNA Spin Kit for Soil (MP Bio-

medicals, Solon, OH). DNA yield and purity were

checked on ND1000 (NanoDrop, Wilmington, DE).

Labelled DNA was separated by isopycnic centrifugation

using a caesium trifluoroacetate solution (CsTFA; GE

Healthcare, Piscataway, NJ) with a starting buoyant den-

sity (BD) of 1.60 g mL�1 as previously described (Leigh

et al., 2007). The CsTFA solution was combined with

3 lg DNA and subjected to ultracentrifugation for 48 h

at 141 400 g using 5.1-mL tubes in an NVT 100 rotor

and L-100XP Optima Ultracentrifuge (Beckman Coulter,

Brea, CA). Each centrifugation run included duplicates of

a blank control (no DNA) for BD determination, two

duplicates of microcosm samples and corresponding time

zero samples. Gradients were fractionated into 250 lL

fractions, and the BD of each fraction was determined

gravimetrically using fractions from the blank gradients.

The labelled 13C-DNA and unlabelled 12C-DNA were

separated and formed two distinct peaks as determined

by normalized quantitative PCR (qPCR) data plots with
13C-DNA banding at BD around 1.60 g mL�1 and unla-

belled 12C-DNA at around 1.57 g mL�1. Sample DNA

was precipitated from fractions with 1 mL of 2-propanol

overnight at �20 °C and then centrifuged at 10 000 g.

The pellets were cleaned twice with 0.5 mL 2-propanol,

vacuum dried and re-suspended in EB elution buffer

(Qiagen, Valencia, CA).

The distribution of 13C-DNA in the fractions was

determined with qPCR using 1108f and 1132r universal

primers for bacteria (Wilmotte et al., 1993; Amann et al.,

1995) and ITS1/qITS2* universal primers for fungi (White

et al., 1990; Šnajdr et al., 2011a). For each fraction, qPCR

was performed in duplicate reactions as previously

described (Baldrian et al., 2012). The labelled and unla-

belled fractions were determined by plotting the normal-

ized DNA concentration vs. the fraction number.

Fractions representing the 13C-DNA and the 12C-DNA

were pooled together to form representative samples for

each microcosm. qPCR was also used to determine the

content of fungal and bacterial rDNA sequences in DNA

and for the calculation of fungal/bacterial rDNA copy

ratio (F/B DNA ratio).

Community fingerprinting

Terminal restriction fragment length polymorphism

(T-RFLP) analyses were performed on all 12C-DNA and
13C-DNA samples to examine the changes in community

composition with time. For bacterial DNA analysis, sam-

ples were amplified using primers 27F and 1392R target-

ing eubacterial 16S rRNA genes (Johnson, 1994). For

fungal DNA analysis, primers ITS1f and ITS4 targeting

fungal ITS regions were used (White et al., 1990; Gardes

& Bruns, 1993). Primers 27F and ITS1f were fluorescently

labelled with 5-hexachlorofluorescein (HEX) on the 5′

end. All PCRs were prepared with PPP mix (Top-Bio,

Prague, Czech Republic) at 12.5 lL per reaction and with

0.5 lL of forward and reverse primer (10 lM) and

2–50 ng DNA template in a total reaction volume of

25 lL as previously described (Leigh et al., 2007; Gryn-

dler et al., 2010). Bacterial PCR products were digested

for 60 min with 10 U HhaI and fungal PCR products

digested with 5 U NlaIII were analysed on an ABI PRISM

3100 genetic analyser (Applied Biosystems, Foster City,

CA). T-RFLPs were analysed using GENEMARKER 1.85 soft-

ware (SoftGenetics, State College, PA).

Tag-encoded amplicon pyrosequencing and

sequence analysis

Amplicon pyrosequencing was performed with L and S

samples collected on days 0, 8 and 15 and followed the

previously described protocol (Baldrian et al., 2012).

Samples from day 22 were not analysed owing to the fact

that with the increasing incubation period, the danger of

nonspecifical 13C-labelling of microbial cross-feeders may

increase and affect the identification of cellulose degrad-

ers. The eubacterial primers eub530F/eub1100aR [modi-

fied from Dowd et al. (2008)] were used to amplify the

V4-V6 region of bacterial 16S rRNA gene; the fungi-

specific primers ITS1/ITS4 (White et al., 1990) were used

to amplify the ITS1, 5.8S rDNA and ITS2 regions of fun-

gal rDNA; and the primers cbhIF and cbhIR (Edwards

et al., 2008) were used to amplify a partial sequence of

fungal cellobiohydrolase I. PCR amplifications were per-

formed in two steps, and the products were purified as

previously described (Baldrian et al., 2012). The mixture

was subjected to sequencing on a GS Junior 454-pyro-

sequencer (Roche, Basel, Switzerland).

The pyrosequencing yielded in total 25 968 reads of

sufficient quality and length. Pyrosequencing noise reduc-

tion was performed using the DENOISER 0.851 (Reeder &

Knight, 2010), and chimeric sequences were deleted after

detection using UCHIME (Edgar, 2010). In subsequent

analyses, sequences with > 300 bases were used. Fungal

sequences were clustered using CD-HIT (Li & Godzik,

2006) at 97% similarity (O’Brien et al., 2005) to yield

operational taxonomic units (OTUs). Consensus

sequences were constructed for each OTU in Seaview4.2.10

(http://pbil.univ-lyon1.fr/software/seaview.html). PlutoF

pipeline (Tedersoo et al., 2010) was used to generate best

species hits. In the bacterial analysis, sequences were

clustered at 97% similarity, and the Ribosomal Database
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Project (Cole et al., 2009) was used to generate best hits.

Clusters of cbhI sequences were constructed at 96% simi-

larity. For identification, cbhI sequences were retrieved

from GenBank and also obtained by the analysis of iso-

lates or cultured strains from the studied ecosystem by

cloning/sequencing (GenBank accession numbers

HQ896433-HQ896468 and JF343545-JF343547). All cbhI

sequences were aligned after intron removal in MAFFT

(http://mafft.cbrc.jp/alignment/server/index.html), and a

phylogenetic tree was constructed using PhyML online

(Dereeper et al., 2008) with the GTR substitution model.

Statistical analyses

One-way ANOVA followed by Tukey’s post hoc test was

used to test for statistical differences among treatments in

STATISTICA 9.0 (Statsoft, Tulsa, OK). Differences at

P < 0.05 were regarded as statistically significant. The

abundance of fungal and bacterial OTUs was analysed by

Canonical Correspondence Analysis in CANOCO 4.55

(Biometris, Wageningen, the Netherlands). Treatments

were used as environmental variables, and the relative

abundances of the 50 most abundant genera or cbhI clus-

ters in the entire dataset were used as species variables.

The Monte Carlo test (499 permutations) was exploited

to evaluate the significance of the results (P < 0.05).

Results

Microbial response to the addition of
13C-cellulose to forest litter and soil

The topsoil of the P. abies forest consisted of a 1–4-cm-

thick litter layer and a 2–4-cm-thick organic horizon.

Both were acidic with pH 4.6 and 3.6, organic matter

content of 93% and 57%, and cellulose content of 36 and

11 mg g�1 dry mass, respectively. 13C-cellulose addition

resulted in the final cellulose content of 61 mg g�1 dry

mass in the L and 45 mg g�1 dry mass in the S micro-

cosms. Microbial activity in microcosms was reflected by

a gradual increase in CO2 owing to respiration that was

approximately 109 faster in the L microcosms (Fig. 1a).

The added 13C-cellulose contributed to respiration, espe-

cially in the S microcosms, where the relative content of
13CO2 reached 61%, compared to 31% in the L micro-

cosms (Fig. 1b).

In the beginning of the experiment, L microcosms con-

tained 4.3 ± 1.3 9 109 bacterial and 4.6 ± 1.1 9 109 fun-

gal rDNA copies per g dry mass, several times more than

the S microcosms (1.7 ± 1.3 9 109 and 0.10 ± 0.09 9 109,

respectively). The L and S microcosms differed signifi-

cantly in the F/B DNA ratio, which was 1.1 in L and 0.06

in S. During the experiment, the fungal DNA content in

L microcosms remained unchanged, while the abundance

of bacteria increased significantly after day 15. In con-

trast, the bacterial abundance in the S microcosms

remained unchanged, while the fungal rDNA copy num-

bers increased by a factor of 45 (Fig. 2a). A substantial

part of the microbial community derived their biomass

from 13C cellulose. In the S microcosms, as much as

84 ± 2% of total fungal DNA was in the 13C-fraction

(compared to 17 ± 5% of bacterial DNA), whereas in the

L microcosms, bacteria were more abundant in the
13C-fraction (32 ± 3%) than the fungi (20 ± 1%)

(Fig. 2b). Preferential accumulation of 13C in the fungal

biomass of the S microcosms also resulted in the increase

of F/B ratio in the 13C-DNA from 0.3 to 6.8 (Fig. 2c).

T-RFLP analyses showed a clear distinction of patterns

between samples of unlabelled 12C-DNA and labelled
13C-DNA communities of bacteria and fungi in both
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microcosms. The 13C-DNA communities generally contained

fewer terminal restriction fragments. Sampling at different

times, 8, 15 and 22 days after microcosm set-up, did not

show high variation in the patterns of terminal restriction

fragments and thus indicated stable community composi-

tion over time (Supporting Information, Fig. S1).

Identification of cellulose-decomposing

bacteria and fungi in litter and soil

Pyrosequencing yielded a total of 12 111 bacterial, 7075

fungal and 6782 cbhI sequences. A total of 1164 bacterial

OTUs, 413 fungal OTUs and 297 fungal cbhI clusters

were detected, with 204, 78 and 119 present in the respec-

tive 13C-DNA communities. In the canonical correspon-

dence analysis of the 50 most abundant bacterial genera,

first two canonical axes explained 55% and 17% of spe-

cies abundance variability, and the Monte Carlo test indi-

cated statistical significance of the first canonical axis as

well as of the sum of all four axes. The 12C-DNA and
13C-DNA samples were separated along the first axis,

while the second axis separated the L and S samples

(Fig. 3a). Among OTUs with abundances over 0.5% in

the whole dataset, 22% were strongly associated with L

(at least 109 higher relative abundance), 25% were

strongly associated with the S and 53% showed compara-

ble abundance in both types of microcosms. The total

unlabelled bacterial 12C-DNA communities were relatively

diverse: 80% of the whole community was set-up by

106 ± 23 OTUs in the L and 104 ± 8 in the S. The

10 ± 3 and 18 ± 14 dominant OTUs represented 80% of

total 13C-DNA communities in the L and S microcosms,

respectively. The abundance of the dominant OTU was 2

–3% in 12C-DNA but 10–17% in the 13C-DNA.

In the unlabelled 12C-DNA community from the L

microcosms (days 8 and 15), 98% of the sequences

belonged to five bacterial phyla: the Proteobacteria (44%),

Bacteroidetes (20%), Acidobacteria (16%), Actinobacteria

(12%) and Verrucomicrobia (6%). In the S microcosms,

Acidobacteria were the most abundant (49%), followed by

Proteobacteria (30%), Actinobacteria (11%) and Verruco-

microbia (4%). In the 13C-DNA communities of both the

L and S microcosms, Betaproteobacteria and Bacteroidetes

were the most enriched phyla (Fig. 3c).

The identification of the 50 most abundant bacterial

OTUs is summarized in Table S1. When OTU abundance

data were grouped by genera, the Gp1 Acidobacterium,

Mucilaginibacter, Rhodanobacter, Herminiimonas and

Bradyrhizobium were the most abundant in the L micro-

cosms, whereas Gp1, Gp2 and Gp3 Acidobacteria and

Actinoallomurus were the most abundant in the S micro-

cosms (Table 1). Herminiimonas and Mucilaginibacter

were the most abundant genera in the labelled 13C-DNA

communities in both litter and soil. High enrichment in

the 13C-DNA was also apparent in Pedobacter, Streptacid-

iphilus (both L and S), Cytophaga, Asticcacaulis (L),
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Alkanindiges and Collimonas (in the S microcosms;

Table 1).

In the canonical correspondence analysis of the 50

most abundant fungal genera, the first two canonical axes

explained 30% and 27% of species abundance variability,

and the Monte Carlo test indicated statistical significance

in the first canonical axes and all four axes. Both the 12C-

DNA and 13C-DNA samples and L and S microcosm

samples were clearly separated (Fig. 3b). Among OTUs

with abundances > 0.5%, 42% were strongly associated

with the L and 33% with the S microcosms and 25%

showed comparable abundance in both. The 12C-DNA

communities were more diverse than the labelled ones,

and 80% of the whole community was set-up by 33 ± 1

OTUs in the 12C-DNA from the L microcosms and

59 ± 2 in the S microcosms. These values were only

8 ± 6 and 9 ± 8 in the 13C-DNA communities. The abun-

dance of the dominant OTU was 6–12% in 12C-DNA but

as much as 25% in the 13C-DNA.

The unlabelled 12C-DNA communities differed among

L and S microcosms. Although Ascomycota and Basidi-

omycota were dominant in both, Ascomycota were more

abundant in the S microcosms (88% compared to 56% in

L) and Basidiomycota were more abundant in the L

microcosms (39% compared to 5% in S). In addition to

the ascomycetous orders Dothideales and Helotiales, which
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were highly abundant in both types of microcosms, the L

samples were also rich in the members of the Atheliales,

Russulales and Agaricales orders. The 13C-DNA commu-

nity of the L microcosms contained fewer Basidiomycota

(17%) than the 12C-DNA. The members of the Dothide-

ales order were frequent in the labelled fraction, but also

the abundance of the Leotiomycetes, Tremellales and Chae-

tothyriales increased. The 13C-DNA of the S samples was

dominated by the Ascomycota (94%), with the Dothide-

ales, Leotiomycetes and Helotiales being most abundant

(Fig. 3d).

The identification of the most abundant fungal OTUs

is summarized in Table S2. The Amphinema, Russula,

Oidiodendron and Hygrocybe were the most abundant in

the L microcosms, whereas Cadophora, Geomyces, Lep-

todontidium, Aquapoterium and Diplotomma were the

most abundant in the S microcosms (Table 1). High

enrichment in the 13C-DNA was found for the members

of the following genera: Leptodontidium in both the L and

S, Chaetosphaeria and Hypocrea in the L, and Cryptococcus

and Umbelopsis in the S microcosms (Table 2).

To predict cbhI clusters, individual samples with simi-

lar diversities in L and S and the 12C-DNA and 13C-DNA

were analysed at a sampling depth of 400 sequences. Of

the 80–150 cbhI clusters predicted as Chao1 estimates,

between 30 and 80 clusters were recovered. Among clus-

ters with abundances > 0.5%, 55% were strongly associ-

ated with the L and 30% with the S microcosms. Only

15% showed comparable abundance in both. This was

confirmed by the canonical correspondence analysis on

the 50 most abundant cbhI clusters, which separated clus-

ters from the L and S microcosms along the first canoni-

cal axis. These clusters were then separated from 12C-

DNA and 13C-DNA along the second axis. The Monte

Carlo test indicated statistical significance of the first

canonical axis and the sum of all four axes. The cbhI gene

DNA pools showed similar diversity in labelled and unla-

belled communities; 80% of whole communities were set-

up by 11–23 clusters, and the abundance of dominant

clusters was between 8% and 22%.

We were able to identify the taxonomic affiliation of

producers for 21 cbhI clusters (Fig. S2), and the environ-

mental cbhI sequences showed > 97% similarity with

sequences of known fungi. Most of the identified

sequences belonged to the members of the order Heloti-

ales. Other sequences belonged to the ascomycetous

orders Dothideales, Magnaporthales, Capnodiales, Hypocre-

ales and Leotiomycetes, and two clusters belonged to

basidiomycetous genus Mycena (Agaricales). Clusters 4

and 6, with > 99% cbhI similarity to Cadophora and

Table 1. The most abundant bacterial genera in the 12C-DNA and 13C-DNA communities of the Picea abies forest litter and soil microcosms

based on the abundance of DNA sequences on days 8 and 15 after 13C-cellulose addition

Genus Abundance (%) Genus Abundance (%) 13C/12C*

12C - Litter 13C - Litter

Gp1 Acidobacterium (Ac) 8.2 Herminiimonas (P) 36.4 16.9

Mucilaginibacter (B) 5.0 Mucilaginibacter (B) 21.2 4.2

Rhodanobacter (P) 3.4 Cytophaga (B) 9.0 16.8

Herminiimonas (P) 2.2 Pedobacter (B) 3.5 4.9

Bradyrhizobium (P) 2.0 Burkholderia (P) 3.4 2.0

Burkholderia (P) 1.7 Gp1 Acidobacterium (Ac) 2.3 0.3

Salinicola (P) 1.5 Streptacidiphilus (At) 1.5 4.9

Actinospica (At) 1.3 Asticcacaulis (P) 1.2 10.2

Arthrobacter (At) 0.9 Achromobacter† (P) 0.9 3.1

Pedobacter (B) 0.7 Alkanindiges (P) 0.3 1.3

12C - Soil 13C - Soil

Gp1 Acidobacterium (Ac) 17.3 Mucilaginibacter (B) 29.9 472.1

Gp2 Acidobacterium (Ac) 10.5 Herminiimonas (P) 20.4 54.5

Actinoallomurus (At) 2.3 Gp1 Acidobacterium (Ac) 6.4 0.4

Gp3 Acidobacterium (Ac) 2.2 Alkanindiges (P) 6.3 103.4

Salinicola (P) 1.6 Streptacidiphilus (At) 2.0 13C only

Bradyrhizobium (P) 0.8 Pedobacter (B) 1.3 40.8

Steroidobacter (P) 0.6 Collimonas (P) 1.1 13C only

Skermanella (P) 0.6 Gp2 Acidobacterium (Ac) 1.0 0.1

Conexibacter (At) 0.5 Achromobacter (P) 0.9 4.1

Herminiimonas (P) 0.4 Actinoallomurus (At) 0.4 0.2

Bacterial phyla: Ac, Acidobacteria; At, Actinobacteria; B, Bacteroidetes and P, Proteobacteria.

*Ratio of abundance in the 13C and 12C community.
†Genera with high abundance in the 13C-control (day 0).

FEMS Microbiol Ecol 80 (2012) 735–746 ª 2012 Federation of European Microbiological Societies

Published by Blackwell Publishing Ltd. All rights reserved

Cellulose decomposition in forest litter and soil 741



Ceuthospora, were among the most abundant clusters in
13C-DNA from the S microcosms, each representing 5%

of all sequences. Phylogenetic analysis allowed coarse tax-

onomic placement of 29–65% of the cbhI sequences into

either the Ascomycota or Basidiomycota. In both the L

microcosm and S microcosm, cbhI genes of ascomycetous

origin were dominant, representing 48% of sequences in
12C-DNA from L, 28% in 13C-DNA from L, 65% in
12C-DNA from S and 45% in 13C-DNA from S, com-

pared to only 8.6% assigned to the Basidiomycota in the
12C-DNA and < 1% in all other DNA samples.

Discussion

Although both fungi and bacteria in forest topsoil sub-

stantially accumulated cellulose-derived carbon, their rela-

tive contributions to cellulose degradation in litter and

soil differed. In soil, where polysaccharides were scarce

and bacteria-dominated, cellulose addition was mainly

incorporated into fungal biomass, which resulted in their

proliferation. In contrast, cellulose added to litter rich in

fungal biomass was mainly accumulated by bacteria. This

might reflect the fact that cellulose represents a preferred

substrate for bacteria, whereas fungi are able to utilize a

wider range of litter constituents.

Bacterial growth was previously shown to be promoted

when fungi decomposed lignocellulose (Romani et al.,

2006; Šnajdr et al., 2011a), supposedly supporting bacte-

ria living as mycoparasites or cheaters (de Boer et al.,

2005). Because the degradation products of cellulose (cel-

lobiose and especially glucose) are suitable substrates for

most fungi and bacteria, the ‘cheater’ community theoret-

ically might comprise most microorganisms present. If

cheater microorganisms receive enough 13C, they should

appear in the 13C-DNA. The microorganisms feeding on

the 13C-rich biomass of cellulose decomposers should

appear as labelled later in the experiment. Our results

show that there is a limited subgroup of the total com-

munity accumulating the 13C-label. It comprises a few

highly abundant OTUs whose composition is stable over

time, which indicates that cheating and cross-labelling

were not quantitatively important.

Cellulolytic abilities are only limited to certain,

although phylogenetically diverse, bacterial taxa (Lynd

et al., 2002). In neutral to moderately acidic agricultural

soils, cellulolytic bacteria were recorded in the genera

Arthrobacter, Cellulomonas, Kitasatospora, Micromonos-

pora,Oerskovia, Streptomyces (Actinobacteria), Burkholderia,

Dyella, Fulvimonas, Mesorhizobium, Methylobacterium,

Sphingomonas, Variovorax (Proteobacteria), Bacillus,

Table 2. The most abundant fungal genera in the 12C-DNA and 13C-DNA communities of the Picea abies forest litter and soil microcosms based

on the abundance of DNA sequences on days 8 and 15 after 13C-cellulose addition

Genus Abundance (%) Genus Abundance (%) 13C/12C*

12C - Litter 13C - Litter

Amphinema (B) 26.3 Oidiodendron† (A) 32.5 5.6

Russula (B) 12.6 Trichosporon (B) 27.9 92.0

Oidiodendron (A) 5.9 Chaetosphaeria (A) 13.7 40.2

Hygrocybe (B) 4.7 Geomyces† (A) 4.6 13C only

Rhizophydium (C) 4.1 Hypocrea (A) 3.9 40.7

Cladophialophora (A) 4.1 Mortierella† (M) 3.2 1.1

Ductifera (B) 3.5 Leptodontidium (A) 2.6 2.1

Mortierella (M) 2.8 Hygrocybe (B) 1.0 0.2

Trechispora (B) 2.8 Amphinema (B) 1.0 0.0

Rhizoscyphus (A) 2.7 Cadophora (A) 0.6 0.3

12C - Soil 13C - Soil

Cadophora (A) 18.1 Geomyces† (A) 44.5 5.9

Geomyces (A) 7.5 Oidiodendron† (A) 17.1 21.9

Leptodontidium (A) 7.5 Leptodontidium (A) 14.9 2.0

Aquapoterium (A) 7.1 Cryptococcus (B) 5.4 2.3

Diplotomma (A) 5.8 Umbelopsis (M) 3.3 13C only

Rhizoscyphus (A) 4.1 Aquapoterium (A) 2.4 0.3

Mortierella (M) 3.6 Mortierella† (M) 1.9 0.5

Neofusicoccum (A) 2.5 Rhizoscyphus (A) 1.9 0.5

Phialocephala (A) 2.2 Articulospora (A) 1.6 1.3

Cryptococcus (B) 2.1 Cadophora (A) 1.0 0.1

Fungal divisions: A, Ascomycota; B, Basidiomycota; C, Chytridiomycota and M, Mucoromycotina.

*Ratio of abundance in the 13C and 12C community.
†Genera with high abundance in the 13C-control (day 0).
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Paenibacillus (Firmicutes) and Flavobacterium (Bacteroide-

tes) (Wirth & Ulrich, 2002; Haichar et al., 2007; Ulrich

et al., 2008; Schellenberger et al., 2010). None of the

above genera, with the exception of Burkholderia, were

abundant in our study, in which cellulose decomposers

were mainly identified as Betaproteobacteria, Bacteroidetes

(represented by Cytophaga) and Acidobacteria.

The low abundance of Actinobacteria and the absence

of the genus Streptomyces, which often dominates soil cel-

lulolytic communities, can be explained by the low pH of

forest floor (Lauber et al., 2009). Indeed, a recent study

in which bacteria were recovered after cellulose addition

to acidic Sphagnum peat water with pH 4 revealed several

taxa also recorded in this study: Cytophaga hutchinsonii,

Gp1 Acidobacteria and clones related to Mucilaginibacter

(Pankratov et al., 2011). The community of bacteria

growing on decaying wood rich in cellulose with pH < 4

was also rich in Acidobacteria, Burkholderia spp. and

Pedobacter (Valášková et al., 2009), all of which were also

found in this study. This seems to indicate that pH might

be an important factor that shapes the community com-

position of cellulolytic bacteria, although this assumption

now based on results obtained from a single acidic soil

should be confirmed by screening of a larger set of soils

of various pH.

Among the dominant cellulolytic genera from forest

topsoil recovered in this study, several were previously

not regarded as cellulose decomposers. Mucilaginibacter

spp. reportedly did not grow on cellulose (Pankratov

et al., 2007), and cellulose hydrolysis was not reported for

Alkanindiges. Also, the members of the genus Collimonas

spp. failed to grow on cellulose (Höppener-Ogawa et al.,

2008). It seems that the ecology of several soil bacterial

taxa is more complex than currently reported.

On the other hand, evidence accumulates that Acidobac-

teria, represented here by the Gp1 and Gp2 clusters, are

able to utilize cellulose. Both the genome sequencing and

culturing of isolates showed that some Gp1 and Gp3

Acidobacteria are able to decompose polysaccharides,

including cellulose (Ward et al., 2009; Eichorst et al.,

2011; Pankratov et al., 2011) In a previous study, the Gp3

Acidobacteria were more abundant in RNA than in DNA of

forest topsoil in winter (Baldrian et al., 2012), which also

points to their involvement in decomposition. Considering

the quantitative dominance of Acidobacteria in acidic soils,

their contribution to carbon cycling in this environment

may be significant (Lauber et al., 2009; Jones et al., 2011).

Among fungi, cellulose decomposition abilities are

relatively common, especially among the saprotrophic

Ascomycota and Basidiomycota and many saprotrophic

species were recently reported to contain the cbhI gene

(Weber et al., 2011; Baldrian et al., 2012). In addition to

cord-forming basidiomycetes, many fast-growing nonba-

sidiomycetous fungi that inhabit litter are also able to

efficiently degrade cellulose (Deacon et al., 2006; Baldrian

& Valášková, 2008; Baldrian et al., 2011). Of these fungi,

Geomyces, Umbelopsis and Hypocrea were identified in
13C-DNA in this study. Additionally, the fungi associated

with P. abies needles in various stages of decomposition

were shown to be able to produce cellulases. In this study,

members of the Helotiales and Dothideales orders were

found in the 13C-DNA (Žifčáková et al., 2011). Oidioden-

dron and Geomyces belonged to the most abundant genera

in the heavy-fraction 13C-DNA in forest topsoil. Because

these genera were also abundant in the 13C-DNA from

control samples collected before cellulose addition, it is

unclear whether the incorporated 13C is from the added

cellulose. This is likely, however, because several isolates

of both genera were isolated from litter-degraded cellulose

in culture (Rice et al., 2006; Žifčáková et al., 2011).

This study shows that the involvement of the Basidi-

omycota in cellulose decomposition was low because of

the virtual absence of basidiomycetous cord-formers,

although these did occur in this ecosystem being repre-

sented mainly by the genera Marasmius and Mycena

(Žifčáková et al., 2011; Baldrian et al., 2012). The basid-

iomycetous yeasts of the genera Trichosporon and Crypto-

coccus were the most abundant basidiomycete cellulose

decomposers in the L and S microcosms, respectively.

While Trichosporon was previously reported to degrade

cellulose (Dennis, 1972), Cryptococcus neoformans lacks

exocellulase in its genome (Baldrian & Valášková, 2008),

and members of the genus reportedly did not degrade

cellulose (Dennis, 1972). Recent studies, however,

reported endocellulase production by Cryptococcus S-2

(Thongekkaew et al., 2008) and Cryptococcus was shown

to accumulate 13C from cellulose added to soil (Bastias

et al., 2009). These findings, along with our current

results, are of high importance, considering that the

genus Cryptococcus represents as much as one-third of the

total fungal community in some soils (Buée et al., 2009).

Cellulolytic gene complement of ectomycorrhizal fungi

is usually limited when compared to saprotrophs, and

some species completely lack cellulase genes (Baldrian,

2009). During the screening of soil fungi for cbhI genes in

this study, we identified the presence of two cbhI

sequences in Russula emetica and Russula paludosa and

showed that the cbhI cluster 41 is highly similar to the

R. emetica sequence. Russula emetica was an abundant spe-

cies in L microcosms but showed only low abundance in

the 13C-DNA. In a previous study, members of the Russul-

ales have been found to be inactive during the organic

matter decomposition period (Baldrian et al., 2012). Thus,

their involvement in decomposition is questionable.

This study also showed that fungal communities differ

substantially between soil and litter: as much as 76% of
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dominant fungal OTUs and 47% of bacterial ones were

preferentially associated with a particular component of

the forest floor. The same applies also to cellulose-utiliz-

ing fungi, showing that cellulose transformation in litter

and soil is performed by largely different communities

that are suited for environments with different organic

matter content and quality.

The analysis of the cbhI genes of fungal isolates

obtained in this study confirmed the previous findings of

Edwards et al. (2008) that most fungal species contain

more than one cbhI gene (typically 2–3) and that these

are very often highly dissimilar (Fig. S2). It also con-

firmed that Ascomycota were particularly important for

cellulose hydrolysis, and that the fungal members of the

major orders involved in cellulose decomposition contain

the cbhI gene. Unlike in the bacterial and fungal commu-

nities, the cbhI gene pools in 12C-DNA and 13C-DNA

showed similar diversity. Moreover, all but one of the

cbhI clusters with an abundance of > 1% were present in

the 13C-DNA, which showed that the possession of a cbhI

gene is a reliable indicator of cellulolytic ability.

Contrary to the theoretical expectations, bacteria incor-

porated relatively more cellulose-derived carbon than fungi

in litter, where cellulose decomposition was fast, than in

the soil. Cellulolytic microorganisms represent only a

minor part of the total community and differ between litter

and soil. Several microbial taxa that were previously not

recognized as cellulolytic were now reported. In the case of

fungi, cellulose decomposers belonged mainly to Ascomy-

cota and Basidiomycota (primarily yeasts) rather than cord-

forming saprotrophs with known cellulolytic abilities. This

shows that further research targeting decomposer microor-

ganisms in different habitats is needed to gain sufficient

understanding of this important process.
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total microbial communities in forest soil are largely

different and highly stratified during decomposition. ISME J

6: 248–258.

Bastias BA, Anderson IC, Rangel-Castro JI, Parkin PI, Prosser

JI & Cairney JWG (2009) Influence of repeated prescribed

burning on incorporation of C-13 from cellulose by forest

soil fungi as determined by RNA stable isotope probing. Soil

Biol Biochem 41: 467–472.

Berg B & Laskowski R (2006) Litter Decomposition: A Guide to

Carbon and Nutrient Turnover. Academic Press, Amsterdam.

Buée M, Reich M, Murat C, Morin E, Nilsson RH, Uroz S &

Martin F (2009) 454 Pyrosequencing analyses of forest soils

reveal an unexpectedly high fungal diversity. New Phytol

184: 449–456.

Cole JR, Wang Q, Cardenas E et al. (2009) The Ribosomal

Database Project: improved alignments and new tools for

rRNA analysis. Nucleic Acids Res 37: D141–D145.

de Boer W, Folman LB, Summerbell RC & Boddy L (2005)

Living in a fungal world: impact of fungi on soil bacterial

niche development. FEMS Microbiol Rev 29: 795–811.

Deacon LJ, Pryce-Miller EJ, Frankland JC, Bainbridge BW,

Moore PD & Robinson CH (2006) Diversity and function

of decomposer fungi from a grassland soil. Soil Biol Biochem

38: 7–20.

Dennis C (1972) Breakdown of cellulose by yeast species.

J Gen Microbiol 71: 409–411.

Dereeper A, Guignon V, Blanc G et al. (2008) Phylogeny.fr:

robust phylogenetic analysis for the non-specialist. Nucleic

Acids Res 36: W465–W469.

Dowd S, Callaway T, Wolcott R, Sun Y, McKeehan T,

Hagevoort R & Edrington T (2008) Evaluation of the

bacterial diversity in the feces of cattle using 16S rDNA

bacterial tag-encoded FLX amplicon pyrosequencing

(bTEFAP). BMC Microbiol 8: 125.

Edgar RC (2010) Search and clustering orders of magnitude

faster than BLAST. Bioinformatics 26: 2460–2461.

Edwards IP, Upchurch RA & Zak DR (2008) Isolation of

fungal cellobiohydrolase I genes from sporocarps and forest

soils by PCR. Appl Environ Microbiol 74: 3481–3489.

Eichorst SA, Kuske CR & Schmidt TM (2011) Influence of

plant polymers on the distribution and cultivation of

bacteria in the phylum Acidobacteria. Appl Environ Microbiol

77: 586–596.

Gardes M & Bruns TD (1993) ITS primers with enhanced

specificity for basidiomycetes – application to the

identification of mycorrhizae and rusts. Mol Ecol 2: 113–118.

Gryndler M, Soukupova L, Gryndlerova H, Baldrian P &

Hrselova H (2010) Local distribution of Ectomycorrhizae-

associated Basidiomycetes in forest soil correlates with the

degree of soil organic matter humification and available

electrolytes. Folia Microbiol 55: 454–460.

ª 2012 Federation of European Microbiological Societies FEMS Microbiol Ecol 80 (2012) 735–746

Published by Blackwell Publishing Ltd. All rights reserved
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