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Detection of soil fungal communities in an alpine primary successional
habitat: Does pooling of DNA extracts affect investigations?
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Abstract - Our main aim was to understand whether the use of pooled DNA extracts bias the results of investigations in soil fungal 
communities in an alpine habitat. To avoid bias by DNA extraction methods, we used a commercial DNA extraction kit and consecu-
tively pooled 1-4 DNA extracts from 0.25 g soil, each, before cloning. We expected to detect abundant species in all approaches, and 
the same diversity in clone libraries from pooled extracts. Soil fungal communities of primary successional sites mainly consist of rare 
species. Irrespective of pooling, no significant differences of species richness or diversity were detected between clone libraries. 
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INTRODUCTION

Ecological questions usually require a large, statistically 
relevant amount of representative samples to be analysed. 
This applies also and especially to the study of soil 
communities with molecular tools. One basic problem of 
the analysis of soil fungal communities is the generally 
high spatial heterogeneity of fungal mycelia in the soil 
(Taylor, 2002; Genney et al., 2006; Kang and Mills, 2006; 
Kjõller, 2006). This can be a critical issue especially in 
primary successional sites (Jummponen, 2003). It is 
therefore important to detect the sample size or size range 
that produces the most consistent results and the lowest 
variance (Kang and Mills, 2006). Soil sample size usually 
positively affects the yield of DNA, but strong variations 
were observed between replicates of smaller samples (< 
1 g soil) (Ranjard et al., 2003). Therefore, Ranjard et al. 
(2003) suggested the use of sampling aliquots of � 1 g soil 
for investigations of fungal communities. It is however, not 
always advising to use standard DNA extraction methods, 
especially in soils with generally low DNA concentration, due 
to the low or varying recovery rate (Martin-Laurent et al., 
2001). Moreover, the method of DNA or RNA extraction can 
bias diversity studies (Kirk et al., 2004). Harsh extraction 
methods can shear the nucleic acids, leading to problems 
in subsequent PCR detection (von Wintzingerode et al., 
1997). Even dispersion of soil by gentle shaking can result 
in strong shearing forces as particles grind against one 
another (Giller et al., 1997). Commercial DNA extraction 

kits are usually very efficient, but only small amounts 
(� 0.25 g) of soil can be used per extraction, leading to 
comparable small amounts of DNA extract. As for every 
new soil the best amount of DNA extract for a subsequent 
PCR has to be ascertained, often a higher amount of DNA 
extract is required. Therefore the main aim of our study 
was to understand whether in our comparatively young 
primary successional soils pooling of DNA extracts prior 
to PCR biases the investigations of fungal diversity and 
species richness. DNA pooling prior to PCR has also been 
recommended by other authors (Barrat et al., 2002; Sham 
et al., 2002). To study the effect of pooling on the analysis 
of fungal communities, we pooled up to four DNA extracts 
of soils with different plant cover and of a bare terrain 
sample. We expected to detect abundant and commonly 
occurring species in all approaches.

MATERIAL AND METHODS

Study site. The Rotmoosferner glacier forefront (46°50’N, 
11°03’E) is located in the Ötz valley in the Stubaier Alpen 
(Austrian Central Alps) at an altitude ranging from 2280-2450 m 
a.s.l. The annual mean temperature is -1.3 °C (1997-1998) and 
the mean annual precipitation is 890 mm (1970-1986). Snow 
cover usually lasts from mid October to mid May. The parent 
material of the soil is mainly neoglacial moraine till and fluvio-
glacial sands with soils classified as Leptic and Eutric Regosols 
(Nicol et al., 2005). For our investigations we selected an area 
behind the moraine ridge of 1858 (with a soil development of 150 
years). Kobresia myosuroides, Salix herbacea, and Polygonum 
viviparum occur together in this area in a patchy distribution.
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 The Rotmoosferner glacier forefront is one of the most 
intensively studied areas of its kind in the Austrian Central 
Alps. This site has been subject of several successional and 
ecological studies in recently deglaciated areas. Detailed descrip-
tions of the geology (Hoinkes and Thöni, 1993), soil formation 
(Erschbamer et al., 1999), vegetation development (Raffl, 1999) 
and faunal succession (Kaufmann 2001, 2002; Kaufmann and 
Raffl, 2002; Kaufmann et al., 2002) are available. Below-ground 
microbial processes and enzyme activities have been investi-
gated by Tscherko et al. (2003, 2005). The interactions of plants 
and rhizosphere microorganisms were studied by Hammesfahr 
(2002), ectomycorrhizal fungal communities by Mühlmann and 
Peintner (2008a, 2008b) and Mühlmann et al. (2008). 

Soil sampling. Samples were taken on August 04th 2005. Mean 
soil temperatures were 11.3 °C (SD = 3.5, Min = 3.4 °C, Max = 
19.8 °C) in 10 cm depth in July 2005.
 One plot (1 x 1 m) was selected for each plant (K. myo-
suroides, S. herbacea, and P. viviparum) and from bare terrain 
as a control; from each plot five soil subsamples were taken and 
pooled. Soil samples were sieved using a 2 mm mesh and stored 
on ice until they were processed. 

DNA extraction. DNA was extracted using the PowerSoil DNA 
Isolation Kit (MoBio, USA) according to the manufacturers 
instructions for 0.25 g amounts of soil. For each of the four plots, 
DNA extraction was carried out four times, and then pooled. 
Thereby equal volumes of two (II), three (III) or four (IV) ran-
domly picked DNA extracts were mixed. 

dsDNA concentrations. DNA concentrations were measured 
using the PicoGreen dsDNA Quantification Kit (Molecular Probes, 
Eugene, USA) and a Fluorescence Plate Reader f max (Molecular 
Devices). Measurements were conducted in triplicate. 

PCR amplification and cloning. PCR amplification of fungal 
ITS-rDNA was carried out using the primer pair ITS1F (Gardes 
and Bruns, 1993) and ITS4 (White et al., 1990) using a Primus 
96 thermal cycler (PeqLab) with 50 �l reaction volumes. The PCR 
mixtures contained between 5 �l and 10 �l of extracted template 
DNA, 20 pmol of each primer, 2.0 mM MgCl2, 250 �M each dATP, 
dCTP, dGTP and dTTP, 10X buffer [1.5 mM MgCl2, 10 mM TrisHCl, 
50 mM KCl], 1 �l of a BSA solution (20 mg ml-1) and 2.5 U of 
Taq DNA polymerase (PeqLab). Cycling parameters were 94 °C 
for 3 min followed by 10 cycles of 94 °C for 15 s, 53 °C for 30 s 
and 72 °C for 50 s. Twenty cycles of 94 °C for 15 s, 53 °C for 30 
s and 72 °C for 50 s + 5 s followed the initial cycling, and a final 
extension at 72 °C for 7 min was used. 
 Negative controls (dd H2O) were included in each PCR. 
Amplification products were electrophoresed in 0.8% (w/v) aga-
rose gels (GenXpress) with ethidium bromide (10 �g �l-1, SERVA 
21238, Bioproducts, Boehringer-Ingelheim, Germany). 
 PCR amplification products were purified using ExoSAP-IT 
(USB Corporation, USA) before cloning with the TOPO TA Cloning 
Kit (Invitrogen, USA). Chemically competent Escherichia coli 
(TOP10 cells, Invitrogen) were used for the transformation. After 
24 h of incubation, approximately 40 white colonies for each of 
the 15 clone libraries were picked out randomly and screened for 
the correctly sized inserts by carrying out PCR using the primer 
pair ITS1 (White et al., 1990) and ITS4. Colonies were picked 
with a toothpick and resuspended in 25 �l reaction volumes con-
taining 20 pmol of each primer, 200 �M each dATP, dCTP, dGTP 
and dTTP, Enhancer [1.2 mM TrisHCl, 6.0 mM KCl, 12 mM EDTA, 
50 % Glycerin], 10X buffer [1.5 mM MgCl2, 10 mM TrisHCl, 50 

mM KCl], 1.0 U of Taq DNA polymerase (PeqLab). Cycling param-
eters were 94 °C for 3 min followed by 30 cycles of 94 °C for 1 
min, 50 °C for 45 s and 72 °C for 2 min with a final extension of 
72 °C for 5 min. 
 Twenty-seven colonies with positive inserts from each clone 
library were used for further investigations. Clone libraries were 
designated according to the plant cover (Kobresia, Polygonum, 
Salix and bare terrain) and number of pooled DNA extracts 
(I-IV).

RFLP patterns and sequencing of ITS PCR products. PCR 
products from all clones of each clone library were digested with 
the endonucleases HinfI and EcoRI, respectively. PCR products 
with similar RFLP patterns were digested additionally with the 
endonuclease AluI (all enzymes from Genecraft, Germany). The 
digestion was carried out with a modified protocol of Southworth 
(2000). The digested products were electrophoresed in 2.0% 
(w/v) agarose gels, stained with ethidium bromide (10 �g �l-1) 
and visualised under UV light (Alpha DigiDocTM Imaging System, 
Biozym Scientific GmbH, Hess. Oldendorf, Germany). Patterns 
were distinguished using the GelCompar II V4.01 software 
(Applied Maths, St-Martens-Latem, Belgium) and controlled by 
the naked eye. For each distinct RFLP pattern, PCR products 
were purified using ExoSAP-IT (USB Corporation) and sequenced 
(MWG-Biotech, Germany) using the primer ITS1.

Sequence analysis. 218 clones from fifteen clone libraries were 
sequenced. DNA sequences were controlled and edited, and con-
sensus sequences were obtained, using SEQUENCHER (version 
4.6; Gene Codes Corporation). BLAST searches were performed 
using NCBI (National Center for Biotechnology Information) 
and UNITE (Kõljalg et al., 2005). At least three closely related 
sequences were downloaded as references. 
 Sequenced clones were regarded as identical at a minimum 
match of 97% and a minimum overlap of 90%. Clones with 
the same RFLP-patterns as sequenced clones were also consid-
ered as belonging to the respective operational taxonomic unit 
(OUT). 

Analyses of soil parameters. The measurements of pH and 
the total amount of C and N were carried out using standard 
protocols as described by Schinner et al. (1996).

Statistics. Abundances of OTUs (species) in soils were investi-
gated. Abundances are relative representations of species in dif-
ferent ecosystems. Usually they are specified as the percentage 
of a species (OTU) occurring in a sample (clone library).
To compare how well communities were sampled, rank-abun-
dance curves for every soil sample were plotted. The OTUs were 
arranged based on their abundance in ascending order on the x 
axis, and the abundance of each OTU observed was plotted on 
the y axis (Hughes et al., 2002). 
 For a characterisation of the diversity and the equal distribu-
tion of species in the clone libraries the Shannon-Weiner diversity 
index (H) and equitability (EH) (McCune and Grace, 2002) was 
used. 
 Principal Components Analysis (PCA) was carried out with 
PC-ORD Version 5.0 (McCune and Mefford, 1999) to explore / 
categorize clone libraries based on their species composition 
(abundances of OTUs). 
 A goodness-of-fit test for the normal distribution was car-
ried out using the Kolmogorov-Smirnov test for each dataset. 
Significant differences (p < 0.05) between DNA yields of the 
un-pooled and pooled DNA extracts were determined using the 
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Kruskal-Wallis and Mann-Whitney tests (both non-parametric). 
Statistical significances of H and EH and significant differences 
between the number of OTUs in clone libraries generated from 
unpooled and pooled DNA extracts were calculated with Anova, 
Scheffé’s procedure (p < 0.05). All statistical tests were carried 
out with SPSS (SPSS 14.0, © 2005, SPSS Inc., Chicago, USA).

Accession numbers. Sequences of all clones have been depos-
ited in the GenBank database with accession numbers EF635637 
to EF635844 and EF654512.

RESULTS

Soil parameters
In the four investigated plots, pH values ranged between 6.4 in 
Kobresia soils and 7.0 in bare terrain, while the C/N ratio ranged 
between 13.85 in Polygonum soils and 17.27 in bare terrain. The 

comparatively high alkalinity of these alpine soils is derived from 
the high carbonate content.

Concentration of double stranded (ds) DNA
DNA concentrations of extracts derived from the investigated alpine 
soils were comparatively low. The DNA concentrations ranged from 
3.01 �g (in bare terrain IV) to 11.42 �g (in Kobresia IV) per gram 
dry soil (Table 1). DNA concentrations of all extracts from Kobresia 
soil and bare terrain plots clearly differed (p < 0.001) from the 
other soils. Standard deviations are very low between repeated 
measurements, causing these significant differences (Table 1). 
The differences between Polygonum and Salix soils were not sta-
tistically significant (p = 0.643) (Fig. 1). When comparing DNA 
concentrations of plots separately, concentrations did not differ 
significantly from each other in Salix and bare terrain plots (Salix p 
= 0.186, bare terrain p = 0.715), but in Kobresia and Polygonum 
plots, significant differences between pooled extracts were detect-
ed (Kobresia p = 0.041, Polygonum p = 0.033) (Fig. 1). 

TABLE 1 - Number of clones and OTUs recovered from each clone library

Clone librarya Clones OTUs Hb EH
c Total clones Total OTUs DNAd (�g g-1 dry soil)

Kobresia I 27 17 2.69 0.82

108 37

8.68 ± 0.37
Kobresia II 27 16 2.64 0.80 10.85 ± 0.50
Kobresia III 27 10 1.70 0.52 11.05 ± 0.39
Kobresia IV 27 16 2.59 0.78 11.42 ± 0.19
Polygonum I 27 14 2.31 0.70

108 32

4.87 ± 0.12
Polygonum II 27 16 2.64 0.80 4.62 ± 0.25
Polygonum III 27 11 1.80 0.55 4.20 ± 0.10
Polygonum IV 27 12 1.89 0.57 4.36 ± 0.05
Salix I 27 19 2.74 0.83

81 40
4.79 ± 0.29

Salix II 27 15 2.55 0.77 4.36 ± 0.14
Salix III 27 18 2.79 0.85 4.52 ± 0.41
bare terrain I 27 12 2.08 0.63

108 40

3.21 ± 0.25
bare terrain II 27 14 2.39 0.73 3.05 ± 0.07
bare terrain III 27 14 2.41 0.73 3.08 ± 0.09
bare terrain IV 27 18 2.73 0.83 3.02 ± 0.11

a I-IV = number of pooled DNA extracts. 
b H = Shannon-Weiner diversity index calculated for each clone library using OTUs as a proxy for species. 
c EH = Shannon-Weiner equitability. 
d Amounts of total double-stranded DNA (�g g-1 dry soil) in DNA extracts and pooled DNA extracts. 
Results are mean values and standard deviations for three parallels.

FIG. 1 - Amounts of double-stranded DNA (�g) per gram dry soil in DNA extracts (I) and pooled DNA extracts (II-IV) as found in four 
investigated alpine plots (K = Kobresia, S = Salix, P = Polygonum and N = bare terrain). Results are means and standard 
errors for three parallels. Bars with the same letter are not significantly different at the p < 0.05 level. Lower-case letters 
indicate differences within one plot, upper-case letters within all plots.
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TABLE 2 -  Fungal OTUs (rDNA ITS sequences) detected in the alpine soil samples with their respective GenBank Accession numbers 
and information on the closest Blast match (with Accession number ), Blast-Score, and the number of clones detected in the 
four investigated plots with Kobresia, Polygonum, Salix covering and bare soil. OTUs are sorted based on their abundances 
(total number of clones detected) and then in alphabetical order based on their Blast match

OTU GenBank
Accession 

Closest Blast match Acc. no. Blast-
Score

No. of clones in different soils Total no. 
of clonesKobresia Polygonum Salix Bare terrain

21 EF635637
EF635653
EF635661

unc. ECM Thelephoraceae 2 AJ893305 991 0 39 0 0 39

2 EF635640
EF635667
EF635669
EF635673
EF635675
EF635694
EF635702
EF635705
EF635779
EF635840

Nectria mauritiicola 1 AJ558115 1009 15 2 1 8 26

10 EF635644
EF635650
EF635810

Mycocentrospora acerina AY266155 545b 0 0 0 23 23

9 EF635646
EF635690
EF635740
EF635765
EF635809

Phoma cf. eupyrena AJ890436 948 6 1 2 11 20

25 EF635652
EF635663
EF635695

unc. Helotiales 1 AM181392 870 3 4 5 1 13

1 EF635654
EF635664

Nectria sp. DQ779785 977 12 0 0 0 12

46 EF635676
EF635830

Tetracladium maxilliforme DQ068996 977 9 0 0 1 10

23 EF635678
EF635682
EF635818
EF635822

Tomentella sp. DQ974780 908 0 0 9 0 9

8 EF635645
EF635681
EF635688
EF635699
EF635734
EF635737
EF635766
EF635833

Leptodontidium orchidicola 1 AF486133 991 5 1 2 0 8

3 EF635685
EF635689
EF635693
EF635697
EF635701
EF635710
EF635728

Verticillium sp. AY805596 1007 7 0 1 0 8

30 EF635706
EF635707

Cortinarius rubricosus AY669673 997 0 0 7 0 7

14 EF635709
EF635714
EF635725

Exophiala salmonis 3 DQ344031 416a,b 2 0 4 1 7

19 EF635700
EF635721
EF635722

Mortierella sp. 2 DQ093725 1019 0 7 0 0 7

13 EF635733
EF635808

Ramularia pratensis EU019284 833 0 0 0 7 7

35 EF635756
EF635795

Thelephora caryophyllea UDB000119 1134 0 0 7 0 7

4 EF635749
EF635760
EF635787 

Truncatella angustata AF377300 1068 1 1 2 3 7

29 EF635763
EF635771

Cenococcum geophilum EU427331 850 0 6 0 0 6

5 EF635764
EF635773

Cladosporium cladosporioides EF405864 971 5 0 0 1 6

27 EF635767
EF635794

Mortierella alpina 1 AJ271629 1152 0 1 3 2 6

31 EF635835 Mortierella sp. 3 EF031108 1053 6 0 0 0 6
26 EF635778

EF635783
EF635784
EF635791
EF635793

Sebacina incrustans EF655701 1100 0 0 0 6 6

40 EF635788
EF635796

unc. basidiomycete AM902088 454a,b 0 0 0 6 6

34 EF635797
EF635800
EF635807

ascomycete sp. 1 AY590793 513a,b 1 0 0 4 5
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OTU GenBank
Accession 

Closest Blast match Acc. no. Blast-
Score

No. of clones in different soils Total no. 
of clonesKobresia Polygonum Salix Bare terrain

32 EF635801
EF635832

Fusarium tricinctum AY188923 1007 1 3 0 1 5

37 EF635711
EF635829

Inocybe rufofusca 2 EU326156 396a,b 0 5 0 0 5

12 EF635727
EF635739

Bovista cretacea DQ112610 1241 0 0 0 4 4

36 EF635743
EF635786
EF635827

Inocybe rufofusca 1 EF655704 1215 0 4 0 0 4

38 EF635755
EF635770
EF635790

Sebacina sp. DQ974767 898 0 4 0 0 4

28 EF635772
EF635777
EF635780

unc. ECM Inocybe 2 AY634139 950 0 4 0 0 4

47 EF635816
EF635821
EF635842

Coprinopsis echinospora AB071801 819a 3 0 0 0 3

55 EF635651
EF635662

Cordyceps crassispora AB067714 985 3 0 0 0 3

61 EF635672
EF635687
EF635748
EF635785

Cryptococcus victoriae AF444645 912 2 1 0 0 3

111 EF635746
EF635803

Hebeloma ammophilum AY308585 1065 0 0 3 0 3

11 EF635683
EF635715
EF635720

Phoma sp. EF589893 404a,b 0 0 0 3 3

16 EF635825
EF635826
EF635828

unc. fungus 2 AY970163 827 0 3 0 0 3

7 EF635750
EF635792

unc. Helotiales 3 EU195342 997 2 0 1 0 3

24 EF635752
EF635762
EF635774

unc. Helotiales 3 EU195342 553b 0 0 3 0 3

53 EF635754
EF635759

Cryptococcus aerius AF444376 1168 2 0 0 0 2

41 EF635641
EF635648

Cystodendron sp. DQ914672 908 1 1 0 0 2

92 EF635724
EF635732

Dioszegia hungarica EU286796 864 0 2 0 0 2

103 EF635647
EF635781

Leptosphaeria sp. DQ093682 912 0 0 2 0 2

18 EF635757
EF635776

Myriosclerotinia caricis-ampul-
laceae

Z99694 692 0 2 0 0 2

84 EF635726
EF635731

Physconia muscigena DQ534478 565a,b 0 0 0 2 2

44 EF635708
EF635805

Sarcosomataceae sp. AY465503 795 0 0 1 1 2

54 EF654512 Sporobolomyces inositophilus AF444559 448a,b 2 0 0 0 2
20 EF635658

EF635704
Tetracladium maxilliforme DQ068996 799 0 0 2 0 2

42 EF635638 Tomentella fuscocinerea UDB000776 525b 0 2 0 0 2
39 EF635639 unc. ECM Thelephoraceae 1 AJ893296 1168 2 0 0 0 2
15 EF635642 unc. ECM Thelephoraceae 2 AJ893305 894 0 2 0 0 2
60 EF635643 unc. glomeromycete EF619906 664 2 0 0 0 2
22 EF635649 unc. Helotiales 2 DQ182427 864 0 2 0 0 2
43 EF635655 unc. Sebacinaceae DQ273405 468a,b 0 0 0 2 2
17 EF635656 unidentified fungus 0 2 0 0 2
33 EF635657 unidentified fungus 0 0 1 1 2
99 EF635659 unidentified fungus 0 0 2 0 2

102 EF635660 unidentified fungus 0 0 2 0 2
109 EF635665 unidentified fungus 0 0 2 0 2

6 EF635666 Vermispora fusarina DQ494379 321a,b 2 0 0 0 2
64 EF635668 Aleuria aurantia AF072090 466a,b 1 0 0 0 1
76 EF635670 Amorphotheca resinae EU030275 432a,b 0 0 0 1 1
85 EF635671 ascomycete sp. 2 EF373584 303a,b 0 0 0 1 1
75 EF635674 basidiomycete sp. 1 DQ117964 682a 0 0 0 1 1

110 EF635677 basidiomycete sp. 2 DQ117964 785 0 0 1 0 1
97 EF635679 Cadophora finlandica DQ485204 918 0 0 1 0 1
49 EF635680 Cephalosporium gramineum AY428792 797 1 0 0 0 1
87 EF635684 Cercophora caudata AY999135 589b 0 0 0 1 1
71 EF635686 Cladophialophora sp. EU139132 751 0 0 0 1 1
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Number of OTUs in clone libraries.
A total of 405 colonies from 15 clone libraries were screened. 
Unique RFLP types were identified and sequenced, yielding a 
total of 120 OTUs (Table 2). Thirty-two OTUs were found for soils 

with Polygonum cover, 37 OTUs for soils with Kobresia cover, 
40 OTUs for soils with Salix cover and 40 OTUs for bare terrain. 
Sample Salix IV was excluded from further analyses because it 
was impossible to obtain > 15 positive clones. 

OTU GenBank
Accession 

Closest Blast match Acc. no. Blast-
Score

No. of clones in different soils Total no. 
of clonesKobresia Polygonum Salix Bare terrain

66 EF635691 Cortinarius diasemospermus AJ889970 959 1 0 0 0 1
107 EF635692 Cryptococcus terricola AF444377 1160 0 0 1 0 1
112 EF635696 Diatractium cordianum EU541488 367a,b 0 0 1 0 1
72 EF635698 Entrophospora sp. AY035666 807 0 0 0 1 1
48 EF635703 Exophiala salmonis 1 AM176667 888 1 0 0 0 1

119 EF635712 Exophiala salmonis 2 AY213652 886 0 0 1 0 1
56 EF635713 Geomyces vinaceus AJ608972 1033 1 0 0 0 1
52 EF635716 Helminthosporium solani DQ865090 759 1 0 0 0 1
93 EF635717 Inocybe ochroalba EU326165 1003 0 1 0 0 1

116 EF635718 Laetisaria fuciformis EU118639 870a 0 0 1 0 1
63 EF635719 Lecythophora sp. AY219880 656 1 0 0 0 1
86 EF635723 Leptodontidium orchidicola 1 AF486133 892 0 0 0 1 1
83 EF635729 Mortierella alpina 2 AJ878532 954 0 0 0 1 1

117 EF635730 Mortierella elongata AJ878504 900 0 0 1 0 1
65 EF635736 Mortierella gamsii DQ093723 1094 1 0 0 0 1
67 EF635738 Mortierella sp. 1 AJ541799 375a,b 0 0 0 1 1
70 EF635741 Mycosphaerella phacae-frigidae AY490758 607 0 0 0 1 1
59 EF635742 Nectria mauritiicola 1 AJ558115 670 1 0 0 0 1
57 EF635744 Panaeolus sphinctrinus DQ182503 922 1 0 0 0 1

113 EF635745 Pezizales sp. AF266709 339a,b 0 0 1 0 1
100 EF635747 Phaeococcomyces chersonesos AJ507323 781 0 0 1 0 1
68 EF635751 Phaeosphaeria padellana AF439496 886 0 0 0 1 1
79 EF635758 Phaeosphaeriaceae sp. AY465459 597b 0 0 0 1 1

101 EF635761 Phaeotellus griseopallidus U66436 999 0 0 1 0 1
90 EF635768 Phialophora sp. EF160066 817 0 1 0 0 1
62 EF635769 Resupinatus poriiformis AY571062 339a,b 1 0 0 0 1
58 EF635775 Rhinocladiella sp. EU139137 418a,b 1 0 0 0 1
96 EF635782 Seiridium unicorne AF377299 525b 0 1 0 0 1
78 EF635789 Sporormiella isomera EU551184 385b 0 0 0 1 1

115 EF635798 Stilbella byssiseda AF335453 632 0 0 1 0 1
118 EF635799 Taphrina americana AF492078 807 0 0 1 0 1
89 EF635802 Thelephoraceae sp. U83467 648 0 1 0 0 1
45 EF635804 Tomentella atramentaria DQ974772 1156 0 1 0 0 1

106 EF635806 unc. ascomycete AY970224 636 0 0 1 0 1
98 EF635811 unc. ECM Inocybe 1 AY634114 1197 0 0 1 0 1

105 EF635812 unc. fungus 1 AF504848 444b 0 0 1 0 1
114 EF635813 unc. Helotiales 1 AM181392 720 0 0 1 0 1
80 EF635814 unc. Pezizomycotina DQ182459 398a,b 0 0 0 1 1
51 EF635815 unc. root-associated 1 EU144792 615b 1 0 0 0 1
77 EF635817 unc. root-associated 2 EU144795 886 0 0 0 1 1
73 EF635819 unc. soil fungus DQ421304 1340 0 0 0 1 1
50 EF635820 unidentified fungus 1 0 0 0 1
69 EF635823 unidentified fungus 0 0 0 1 1
74 EF635824 unidentified fungus 0 0 0 1 1
81 EF635831 unidentified fungus 0 0 0 1 1
82 EF635834 unidentified fungus 0 0 0 1 1
88 EF635836 unidentified fungus 0 1 0 0 1
91 EF635837 unidentified fungus 0 1 0 0 1
94 EF635838 unidentified fungus 0 1 0 0 1
95 EF635839 unidentified fungus 0 1 0 0 1

104 EF635841 unidentified fungus 0 0 1 0 1
108 EF635843 unidentified fungus 0 0 1 0 1
120 EF635844 unidentified fungus 0 0 1 0 1

a BLAST matches were partial and did not span over the entire cloned sequence.
b E-value � e-6.
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 Rank-abundance plots for the four soils (Fig. 2) confirmed the 
general trend that most of the observed OTUs occurred with low 
abundances. Therefore, we had to define OTUs as common when 
they either represented > 3% of the respective clone library or 
were detected as � 4 clones per clone library. 

Fungal communities of soils with different plant cover and 
of bare terrain
Soils with Kobresia cover
Out of the 37 detected OTUs in soils with Kobresia cover (Table 
2), eight OTUs occurred with an abundance of more than 3.0%. 

These eight OTUs were: OTU 1 (Nectria sp.), OTU 2 (Nectria 
mauritiicola 1), OTU 3 (Verticillium sp.), OTU 5 (Cladosporium 
cladosporioides), OTU 8 (Leptodontidium orchidicola 1), OTU 9 
(Phoma cf. eupyrena), OTU 31 (Mortierella sp. 3) and OTU 46 
(Tetracladium maxilliforme) (Fig. 3). All eight common OTUs 
were found in the clone library generated from the un-pooled 
DNA extract (Kobresia I), seven of the common OTUs were found 
in Kobresia IV, six OTUs in Kobresia II and four OTUs in Kobresia 
III. OTU 2 showed the highest abundances in soils with Kobresia 
cover. It yielded an abundance of 13.89% in all four Kobresia-
clone libraries together, but it was detected only in two of the four 
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FIG. 2 - Rank-abundance plots. A: Kobresia soil, number of OTUs = 37, number of clones = 108; B: Polygonum soil, number of OTUs 

= 32, number of clones = 108; C: Salix soil, number of OTUs = 40, number of clones = 81; D: bare terrain, number of OTUs 
= 40, number of clones = 108. 
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FIG. 3 - Abundances of the most common OTUs (� 4 clones) for the different clone libraries generated for Kobresia soil (A), Polygonum 

soil (B), Salix soil (C) and bare terrain (D). For identification of the respective OTU number please refer to Table 2.
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clone libraries: in Kobresia I it was detected with an abundance 
of 3.70 %, in Kobresia IV with an abundance of 51.85%. OTUs 
1, 31 and 46 were detected in all four Kobresia-clone libraries. 
OTUs 3, 5 and 55 (Cordyceps crassispora) were detected in 
three Kobresia-clone libraries, whereas OTU 55 was detected in 
three clone libraries with only one individual respectively (3.70% 
respectively). OTUs 2 and 9 were common also in bare terrain; 
all other OTUs were found frequently in soils with Kobresia cover 
only.

Soils with Polygonum cover
Out of the 32 detected OTUs in soils with Polygonum cover (Table 
2), eight OTUs occurred with an abundance of more than 3.0%, 
namely OTU 19 (Mortierella sp. 2), OTU 21 [uncultured ectomyc-
orrhiza (ECM) Thelephoraceae 2], OTU 25 (uncultured Helotiales 
1), OTU 28 (uncultured ECM Inocybe 2), OTU 29 (Cenococcum 
geophilum), OTU 36 (Inocybe rufofusca 1), OTU 37 (Inocybe 
rufofusca 2) and OTU 38 (Sebacina sp.) (Fig. 3). Six of these 
eight common OTUs occurred in all four Polygonum-clone librar-
ies respectively. OTU 21 showed the highest abundances in soils 
with Polygonum cover altogether (36.11% of all clones in soils 
with Polygonum cover) and also in every one of the four clone 
libraries respectively (48.15% of the clones in Polygonum III and 
Polygonum IV respectively, 33.33% of the clones in Polygonum 
I and 14.81% of the clones in Polygonum II). Besides OTU 21 
no other OTU was detected in all four Polygonum-clone libraries. 
Seven OTUs were detected in three Polygonum-clone libraries: 
OTU 16 (uncultured fungus 2), OTU 19, OTU 25, OTU 28, OTU 
36, OTU 37 and OTU 38, whereas OTU 16 was detected in three 
clone libraries with only one individual respectively. OTU 25 was 
common also in Salix soils, all other OTUs were found frequently 
in soils with Polygonum cover only.

Soils with Salix cover
Out of the 40 detected OTUs in soils with Salix cover (Table 2), 
eight OTUs occurred with an abundance of more than 3.0%, 
namely OTU 14 (Exophiala salmonis 3), OTU 23 (Tomentella sp.), 
OTU 24 (uncultured Helotiales 3), OTU 25 (uncultured Helotiales 
1), OTU 27 (Mortierella alpina 1), OTU 30 (Cortinarius rubrico-
sus), OTU 35 (Thelephora caryophyllea) and OTU 111 (Hebeloma 
ammophilum) (Fig. 3). All eight common OTUs occurred in Salix 
II, four of these five OTUs in Salix I and three OTUs in Salix III. 
OTU 23 showed the highest abundances in soils with Salix cover 
(11.11% of all clones in soils with Salix cover). OTUs 23 and 30 
occurred in all three Salix-clone libraries. 

Bare terrain
Out of the 40 detected OTUs in bare terrain (Table 2), eight OTUs 
occurred with an abundance of more than 3.0%, namely OTU 2 
(Nectria mauritiicola 1), OTU 9 (Phoma cf. eupyrena), OTU 10 
(Mycocentrospora acerina), OTU 12 (Bovista cretacea), OTU 13 
(Ramularia pratensis), OTU 26 (Sebacina incrustans), OTU 34 
(ascomycete sp. 1) and OTU 40 (uncultured basidiomycete) (Fig. 
3). All eight common OTUs were found in bare terrain III. Six of 
these eight OTUs were found in bare terrain II and bare terrain 
IV respectively. Only four of the common OTUs were detected in 
bare terrain I. OTU 10 showed the highest abundances in bare 
terrain (21.30% of all clones in bare terrain). It occurred in all 
four bare terrain-clone libraries. In bare terrain I-III it was the 
most frequently detected OTU with abundances of 37.04, 25.93 
and 18.52% respectively. In bare terrain IV it was detected 
with an abundance of 3.70%. Besides OTU 10 also OTU 13 was 
detected in all four bare terrain-clone libraries. OTUs 2, 9, 26 

and 34 were detected in three out of four bare terrain-clone 
libraries.

Species richness and diversity of clone libraries
The respective clone libraries yielded a mean of 14.8 OTUs with 
values ranging between ten and 19 OTUs detected (Table 1). 
Species richness (as number of OTUs) was not affected by the 
number of pooled DNA extracts, nor by dsDNA concentration 
in this low concentration range: clone libraries from bare ter-
rain with very low DNA concentrations yielded the same species 
richness (14.5 ± 2.5 OTUs) as clone libraries from Kobresia soil 
containing twice the amount of DNA (14.8 ± 3.2 OTUs). 
 Shannon diversity indices and equitability values (Table 1) 
did not differ significantly between clone libraries (p = 0.748 
and p = 0.748). EH was > 0.70 in most clone libraries, showing 
that OTUs were comparatively evenly distributed (exceptions: 
Kobresia III with OTU 2 dominating, Polygonum III and IV with 
OTU 21 dominating and bare terrain I with OTU 10 dominating). 
This pattern could be approved by using calculating a Principal 
Components Analysis (PCA; Fig. 4). The PCA showed that all 
clone libraries group together according to the plot. Clone librar-
ies with one dominating OTU (as mentioned above: Kobresia III, 
Polygonum III and IV and bare terrain I) are more distinct from 
the other clone libraries of the same plot. Because of the even 
distribution of all OTUs, Kobresia I, II and IV and Salix I to III 
grouped together.

Comparing OTUs of clone libraries
Most OTUs detected in our clone libraries had low abundances, 
were rare and had a scattered distribution (Fig. 2) consider-
ing all clone libraries from this alpine site, 62 of the 120 OTUs 
(51.67%) were singletons (OTUs detected once). The percentage 
of singletons ranged from 46.88% in Polygonum soils to 67.50% 
in bare terrain, while the percentage of OTUs occurring in all four 
clone libraries from one plot ranged from 3.13% in Polygonum 
soils to 8.11% in Kobresia soils. Only eight OTUs were detected 

FIG. 4 - Principal Components Analysis (PCA) of DNA extracts 
(I) and pooled DNA extracts (II-IV) of four investigated 
soils (K = Kobresia, P = Polygonum, S = Salix, N = bare 
terrain). Axis 1 and axis 3 explain 34.926 and 14.788% 
of variance respectively. 
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frequently (> 3%) for each plot respectively (Fig. 3) and alto-
gether only three OTUs were found frequently in two different 
soils (OTUs 2, 9 and 25). One to three OTUs were detected in 
each of the four clone libraries of a plot (OTUs 1, 31 and 46 for 
the Kobresia plot, OTU 21 in the Polygonum plot, and OTUs 10 
and 13 for bare soil plots), two to four species were detected in 
three clone libraries from one plot (e.g. OTUs 23 and 30 for three 
Salix plots). 

DISCUSSION

Primary successional sites have low concentrations of 
dsDNA
The concentrations of dsDNA in the different investigated alpine 
soil samples ranged from 3.02 �g to 11.42 �g. These DNA con-
centrations are low compared to forest soils (3.0 �g to 240.0 �g; 
O’Brien et al., 2005:), cultivated field soils (10.5 �g to 40.5 �g; 
Ranjard et al., 2003) and other soil types (2.0 �g to 20.1 �g in 
eight different soils; Zhou et al., 1996).
 Kobresia soils showed significantly higher dsDNA concentra-
tions than all other plots. Soil development is most advanced in 
Kobresia soils, and these dense plant cushions were character-
ised by the largest soil thickness (> 5 cm). 
 Spatial heterogeneity of fungal mycelia in the soil was indi-
cated by different DNA concentrations of extracts from the same 
plot. Heterogeneity of DNA concentrations is generally most pro-
nounced in soils with higher concentrations of fungal propagules/
hyphae. 

Does pooling of DNA extracts affect diversity of clone 
libraries? 
To the best of our knowledge, this study is the first to investi-
gate whether pooling of DNA extracts prior to cloning affects the 
analysis of fungal communities of an alpine habitat. Irrespective 
of pooling, no significant differences of species richness (number 
of OTUs) were detected between clone libraries: Species richness 
ranged between ten and 19 OTUs per clone library. Also Shannon 
diversity indices and equitability values were not affected by 
pooling of DNA extracts. Both showed about the same values 
in all clone libraries. In a PCA all clone libraries of the same plot 
grouped together, showing that soil fungal communities were 
similar.
 We expected to find the same most abundant OTUs in all 
clone libraries of un-pooled and pooled DNA extracts of the 
investigated plots. However, due to the unexpected high diversity 
we found few OTUs occurring in all clone libraries from one plot 
(for Kobresia soils OTUs 1, 31 and 46, for Polygonum soils OTU 
21, for Salix soils OTUs 23 and 30 and for bare soil OTUs 10 and 
13). The majority of the 120 detected OTUs were only found in 
two or three subsamples. The most conspicuous was the case 
of OTU 2 in Kobresia soils. It was the most abundant OTU in 
clone libraries originating from this soil, but it was detected just 
in two subsamples: in Kobresia I, where it was found once, and 
in Kobresia III, where it represented approximately 50 % of the 
screened clones (Figure 3). This phenomenon can be explained 
by the generally low abundances of OTUs in these samples. Soil 
fungal communities of primary successional sites mainly consist 
of rare species with scattered distribution, thus, the number of 
clones analysed was probably not enough to completely catego-
rize the community variability of each soil sample (Franklin and 
Mills, 2003). A higher number of clones could probably have lead 
to the detection of common species in all clone libraries.

 Soil fungal communities of old soils with long established 
soil fungal communities, comprise few fungal species occurring 
with high abundances (e.g. Neubert et al., 2006; Peintner et al., 
2007). The abundant, competitive fungal species dominate lead-
ing to comparatively low species richness and a low evenness. 
In soils with highly dominant species, rare species can often be 
masked or are difficult to detect with a reasonable amount of 
analysed clones. In contrast, in soils with mostly rare and no 
dominating species it is more likely to obtain a high number of 
species. The larger the soil sample size containing mostly rare 
species, the higher the number of OTUs detected with several 
cloning approaches (Ranjard et al., 2003). 
 Until better knowledge is available, we interpret our results 
as a characteristic of soils with very low DNA concentrations with-
out dominating species: reproducibility is generally low in com-
munities consisting predominantly of rare species. Summarising 
the above mentioned considerations, we did not see any effect 
on the detection of species richness and diversity by using un-
pooled and pooled DNA extracts.

Rare species predominate in primary successional eco-
systems 
Receeding glaciers are valuable sites for studying primary succes-
sion and establishment of fungal communities. Cherrett (1989), 
who made a list of the 20 most important ecological concepts, 
set succession on position two of this list. He regarded only the 
ecosystem itself as more important. Low DNA concentrations and 
low fungal biomass, as detected in this study, appears to be one 
general characteristic of primary successional soil (Jumpponen, 
2003). Moreover, fungal community assembly of glacier forefront 
ecosystems has a significant component of aerially deposited, 
dormant spore bank in the soil (Jumpponen, 2003). We speculate 
that this is probably the main reason for the predominance of 
“rare” OTUs (singletons) in our alpine soil. This also explains the 
high number of OTUs detected in bare terrain compared to soils 
with plant cover. In forest soil or other old stages of soil develop-
ment with higher total DNA concentrations, such dormant spore 
banks are masked by more abundant, actively growing fungal 
mycelia. 

Fungal lineages without reference sequences - are they 
new?
Detection of fungal lineages with no reference sequences in 
databases could be either unknown/new fungal taxa, or fungal 
taxa with no, inconspicuous or hypogeous fruit bodies. Moreover, 
many representatives of described fungal taxa have never been 
sequenced up to now, and/or are very difficult to collect and have 
therefore never been sequenced. One example is the Ascomycete 
Moserella radicicola, a hypogeous, apothecia-forming taxon 
without known affinities described from Austria (Pöder and 
Scheuer, 1994). Even after a concerted sequencing effort in fungi 
(Blackwell et al., 2006), and several barcoding initiatives (Dooh 
and Hebert, 2005), sequences from many fungal groups are still 
underrepresented in public databases relative to other fungal 
phyla (Vilgalys, 2003).

Conclusion and outlook 
The main aim of the current investigation was to understand 
whether in these alpine soils with low DNA concentration, analy-
sis of un-pooled and pooled DNA extracts would lead to differ-
ent results in the investigation of soil fungal communities. We 
expected to detect the same diversity and abundant species in 
all approaches. Our experiment showed that the most abundant 
species were captured with both un-pooled and pooled DNA 
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extracts. We conclude that pooling of DNA extracts before cloning 
did not affect the diversity or the species richness of the resulting 
clone library. 
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