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The diversity of bacteria in soil is enormous, and soil bacterial communities can vary greatly in structure.
Here, we employed a pyrosequencing-based analysis of the V2-V3 16S rRNA gene region to characterize the
overall and horizon-specific (A and B horizons) bacterial community compositions in nine grassland soils,
which covered three different land use types. The entire data set comprised 752,838 sequences, 600,544 of which
could be classified below the domain level. The average number of sequences per horizon was 41,824. The
dominant taxonomic groups present in all samples and horizons were the Acidobacteria, Betaproteobacteria,
Actinobacteria, Gammaproteobacteria, Alphaproteobacteria, Deltaproteobacteria, Chloroflexi, Firmicutes, and Bac-
teroidetes. Despite these overarching dominant taxa, the abundance, diversity, and composition of bacterial
communities were horizon specific. In almost all cases, the estimated bacterial diversity (H�) was higher in the
A horizons than in the corresponding B horizons. In addition, the H� was positively correlated with the organic
carbon content, the total nitrogen content, and the C-to-N ratio, which decreased with soil depth. It appeared
that lower land use intensity results in higher bacterial diversity. The majority of sequences affiliated with the
Actinobacteria, Bacteroidetes, Cyanobacteria, Fibrobacteres, Firmicutes, Spirochaetes, Verrucomicrobia, Alphapro-
teobacteria, Betaproteobacteria, and Gammaproteobacteria were derived from A horizons, whereas the majority of
the sequences related to Acidobacteria, Chloroflexi, Gemmatimonadetes, Nitrospira, TM7, and WS3 originated
from B horizons. The distribution of some bacterial phylogenetic groups and subgroups in the different
horizons correlated with soil properties such as organic carbon content, total nitrogen content, or microbial
biomass.

Soil is probably the most complex microbial environment on
Earth with respect to species richness and community size. The
microbial richness in soils exceeds that of other environments
(44) and is higher by orders of magnitude than the biodiversity
of plants and animals. Cultivated soil or grassland soil contains
an estimated 2 � 109 prokaryotic cells per gram (12). Soil
microbial communities are an important factor of agricultur-
ally managed systems, as they are responsible for most nutrient
transformations in soil and influence the above-ground plant
diversity and productivity (53).

To analyze the bacterial community in soils, most approaches
target the 16S rRNA gene by PCR amplification and subse-
quent analysis employing sequencing of clone libraries (10, 24),
denaturing gradient gel electrophoresis (DGGE) (38), or ter-
minal restriction fragment length polymorphism (T-RFLP)

(17, 52). Most of these approaches provided limited insights
into the structure of soil bacterial communities, as the survey
sizes and the number of compared sampling sites were small
with respect to the enormous bacterial diversity present in
different soil samples. For example, the reported clone librar-
ies vary considerably in size, but small sample sizes (500 or
fewer 16S rRNA gene sequences) are usually analyzed and
employed for the theoretical estimation of species richness
(39). This provides snapshots of the predominant bacterial
community members, but phylogenetic groups that are present
in a low abundance and which may possess important ecosys-
tem functions are not assessed (47). In addition, it has been
shown that rich sampling (several thousands of clones) of com-
plex bacterial communities is required to perform robust mea-
surements and estimations of community diversity parameters
(37). Thus, the detection bias accompanying analyses of small
sample sizes can lead to invalidated assumptions. Genetic pro-
filing techniques such as DGGE and T-RFLP have high-
throughput capability. These approaches allow researchers to
unravel differences in community structure but are limited for
assessing diversity (23, 40). To deeply survey the diversity and
the composition of the bacterial communities within different
soil samples, large-scale pyrosequencing of partial 16S rRNA
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genes has been employed recently. Previous pyrosequencing-
based studies of soil (1, 30, 34, 43) have generated large data
sets, which comprised 39,707 (30) to 152,359 (34) 16S rRNA
partial gene sequences. Those studies provided comprehensive
insights into the biogeography of bacterial soil communities
and taxa that were present in a low abundance. However, all
those studies focused on the analysis of microbial communities
present in topsoil. The subsoil is also known to harbor an
important part of the soil microbial biomass (18). It has been
shown that the microbial population in the shallow subsurface
is impacted by agricultural production to a similar extent as
that in topsoil (5).

In this study, we performed large-scale pyrosequencing-based
analyses of 16S rRNA genes to assess the bacterial community
composition in topsoil and the corresponding subsoil of nine
different grassland sites in the Hainich region (Thuringia, Ger-
many). To provide a high level of coverage at the species level
(97% genetic distance) and minimize detection bias, we ex-
ceeded the above-described numbers of analyzed 16S rRNA
gene sequences (752,838 in this study). To examine the impact
of land use on bacterial diversity and community composition,
the selected grassland sites covered a range of three different
land use types, including samples from unfertilized pastures
grazed by cattle, fertilized mown pastures grazed by cattle, and
fertilized meadows. In many recent studies, surveys were fo-
cused on comprehensive analyses of a single soil or a few soil
samples (1, 14, 37, 43). This allowed the determination of
overall bacterial species richness and community composition,
but the assessment of spatial patterns and environmental fac-
tors that drive these patterns is hampered by the limited num-
ber of examined soils. To assess spatial distribution and the
impact of soil edaphic factors and land use on community
structure, we used triplicate samples of each land use type from
different locations. In addition, composite samples derived
from five soil cores after the separation of soil horizons were
employed.

MATERIALS AND METHODS

Study sites and soil sampling. Soil samples were collected from nine different
grassland sites of the Hainich region in Germany, which is located in the west of
Thuringia near the border to Hessen (latitude, 51.2167/N 51°13�0�; longitude,
10.45/E 10°27�0�). The Hainich region is one of the three locations investigated
within the framework of the German Biodiversity Exploratories initiative (www
.biodiversity-exploratories.de). The nine sampling sites encompassed the follow-
ing three different land use types: fertilized meadow (plots 1 to 3), fertilized
mown pasture grazed by cattle (plots 4 to 6), and unfertilized pasture grazed by
cattle (plots 7 to 9) (for coordinates, see Table S1 in the supplemental material).
Sampling was performed in April and May 2008. At each sampling site, five soil
cores (8.3 cm in diameter) were sampled with a motor-driven soil column cylin-
der at each corner and in the center of the plot within a given area of 20 m by
20 m. The soil was classified using the World Reference Base of Soil Resources
(27). The predominant soil type in the studied plots is Stagnosol, which is
characterized by a perched water table, strong mottling, and reducing conditions
(27). For each soil core, we determined soil horizons according to the Guidelines
for Soil Description (28). The horizons were homogenized and pooled into one
composite sample per plot and horizon. Coarse roots and stones (�5 mm) were
removed from the samples. In the majority of the samples, the horizons Ah
(topsoil) and Btg (subsoil) were detected. In plots 2 and 3 the top horizon was a
transitional horizon (ABth) that was employed instead of the missing Ah hori-
zon. In plots 7 and 8 only a transitional horizon (ABth) between topsoil and
parent rock material was present. This horizon was employed instead of the
missing Btg horizon. Throughout the study the topsoil horizon and the subsoil
horizon were designated horizon A and horizon B, respectively.

Edaphic properties of the soil samples. For determinations of organic carbon
(OC) content, total nitrogen (N) content, and soil texture, subsamples from the
same composite sample were dried at 40°C and sieved to �2 mm. Total carbon
and nitrogen were measured after grinding subsamples to a size of �100 �m in
a ball mill. The ground samples were analyzed for total carbon and nitrogen by
dry combustion with a Vario Max CN analyzer (Elementar Analysensysteme
GmbH, Hanau, Germany). Inorganic carbon was quantified by measuring the
total amount of carbon after the removal of organic carbon by the ignition of
samples at 450°C for 16 h. To determine soil pH, the subsamples were suspended
at a soil-to-liquid ratio of 1:2.5 (soil/0.01 M CaCl2). Subsequently, pH was
measured in the supernatant with a glass electrode. Soil texture was determined
on 30 g soil according to a method described previously by Schlichting and Blume
(45). The edaphic properties are depicted in Table 1.

Determination of microbial biomass. To determine microbial biomass, we
performed phospholipid fatty acid analysis (PLFA) on soil samples from the A
and B horizons of the sampling sites. The composite samples were kept frozen at
�80°C after sampling and freeze-dried prior to PLFA extractions. PLFA extrac-
tions were performed by using a modified Bligh and Dyer (4) method. Briefly, 2 g

TABLE 1. Physical and geochemical characteristics of the soil samples from two different soil horizons

Horizon Plot Land use type pHa Water
content (%)a

Microbial biomass
(nmol PLFA/g dry soil)

OC content
(g/kg)a

N content
(g/kg)a C-to-N ratioa

Soil texture (%)

Sand Silt Clay

A 1 Fertilized meadow 6.63 38.50 81.85 66.20 6.24 10.61 6.8 45.8 47.4
A 2 Fertilized meadow 7.12 25.97 35.83 32.60 3.34 9.75 8.8 37.1 54.1
A 3 Fertilized meadow 7.20 25.49 53.83 26.02 2.90 8.97 5.6 37.2 57.2
A 4 Fertilized mown pasture, cattle 6.49 45.68 131.00 66.95 6.02 11.11 6.7 51.4 41.9
A 5 Fertilized mown pasture, cattle 6.91 35.96 95.19 53.41 5.09 10.50 7.0 46.5 46.5
A 6 Fertilized mown pasture, cattle 6.03 21.22 24.13 14.24 1.63 8.71 7.0 66.4 26.6
A 7 Unfertilized pasture, cattle 6.91 43.06 117.60 70.08 6.36 11.02 6.2 41.7 52.1
A 8 Unfertilized pasture, cattle 6.97 41.45 139.82 74.84 6.90 10.85 6.7 44.4 48.9
A 9 Unfertilized pasture, cattle 6.62 30.94 119.91 48.27 4.13 11.69 7.9 51.1 41.0
B 1 Fertilized meadow 7.10 23.16 27.99 17.77 2.00 8.88 7.0 46.2 46.8
B 2 Fertilized meadow 7.32 22.47 1.34 4.38 0.58 7.54 22.5 27.2 50.3
B 3 Fertilized meadow 7.40 22.14 5.82 7.19 0.99 7.25 2.9 33.0 64.1
B 4 Fertilized mown pasture, cattle 7.35 23.19 9.43 6.13 0.83 7.34 4.4 36.8 58.8
B 5 Fertilized mown pasture, cattle 7.18 22.32 12.87 10.26 1.19 8.62 8.6 53.3 38.1
B 6 Fertilized mown pasture, cattle 6.30 20.10 5.64 4.23 0.66 6.44 5.6 67.7 26.8
B 7 Unfertilized pasture, cattle 7.26 26.29 60.36 34.39 3.62 9.51 5.3 44.7 50.0
B 8 Unfertilized pasture, cattle 7.28 21.75 17.36 19.12 2.22 8.59 11.1 45.6 43.3
B 9 Unfertilized pasture, cattle 7.35 19.94 7.92 5.02 0.63 7.93 8.5 50.4 41.1

a Statistically significant differences between the A and B horizons (P � 0.01).
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of freeze-dried sample was extracted twice in a chloroform-methanol-citrate
buffer (1:2:0.8), followed by overnight phase separation. Fatty acids in the or-
ganic phase were then separated by using a silica-bonded phase column (silica-
based solid-phase extraction [SPE-SI] Bond Elut, 3 ml, 500 mg; Varian Inc.,
Darmstadt, Germany) to remove glycolipids and neutral lipids. The polar lipids
were then converted to fatty acid methyl esters by mild alkaline methanolysis.
Methyl-esterified fatty acids were analyzed by using a Hewlett-Packard 6890 gas
chromatograph equipped with a DB-5MS column (60-m length; Agilent Tech-
nologies, Böblingen, Germany) and interfaced with an Agilent 5973 mass selec-
tive detector. Peak areas of each lipid were converted to nmol/g soil using
internal standards (19:0 nonadecanoic methyl ester). The total nmol lipid/g dry
soil (sum of all lipids present, 20 or fewer carbons in length) was used as an index
of microbial biomass (19, 25).

DNA extraction, amplification of 16S rRNA genes, and pyrosequencing. Total
microbial community DNA was isolated from approximately 10 g of soil per
sample. For this purpose, the MoBio Power Max soil DNA extraction kit (MoBio
Laboratories, Carlsbad, CA) was used according to the manufacturer’s instruc-
tion. To analyze the taxonomic composition of the soil bacterial community, the
V2-V3 region of the 16S rRNA gene (Escherichia coli positions 101 to 536) was
chosen for the amplification and subsequent pyrosequencing of the PCR prod-
ucts. The V2-V3 region was amplified with the following primer set, containing
the Roche 454 pyrosequencing adaptors (underlined): V2for (5�-GCCTCCCTC
GCGCCATCAGAGTGGCGGACGGGTGAGTAA-3�) (modified from that
described previously by Schmalenberger et al. [48]) and V3rev (5�-GCCTTGC
CAGCCCGCTCAGCGTATTACCGCGGCTGCTG-3�) (7).

For each sample, three independent PCRs were performed. The PCR mixture
(final volume, 50 �l) contained 5 �l 10-fold reaction buffer (MBI Fermentas
GmbH, St. Leon-Rot, Germany), 30 to 70 ng of soil DNA, 0.4 �M each primer,
0.5 U Pfu polymerase (MBI Fermentas), and 800 �M concentration of each of
the four deoxynucleoside triphosphates. In some cases, to achieve amplification
of 16S rRNA genes, a different DNA polymerase was used as recommended by
the manufacturer (PCR Extender system; VWR International, Hannover, Ger-
many). The polymerase was applied to samples derived from the A horizons of
plots 2, 3, 4, and 6 and from the B horizons of plots 4, 6, and 8. Negative-control
reactions lacked template DNA. The following thermal cycling scheme was used:
initial denaturation at 94°C for 2 min and 25 cycles of denaturation at 94°C for
1 min, annealing for 1 min using a temperature gradient ranging from 60.9°C to
68.2°C, and extension at 72°C for 1.25 min, followed by a final extension period
at 72°C for 10 min. Subsequently, the three PCR products per soil sample were
pooled in equal amounts and purified by employing the peqGOLD gel extraction
kit (Peqlab Biotechnologie GmbH, Erlangen, Germany). Quantification of the
PCR products was performed by using the Quant-iT dsDNA BR assay kit and a
Qubit fluorometer (Invitrogen GmbH, Karlsruhe, Germany) as recommended by
the manufacturer. The Göttingen Genomics Laboratory determined the se-
quences of the partial 16S rRNA genes by employing the Roche GS-FLX 454
pyrosequencer (Roche, Mannheim, Germany) and using picotiter sequencing
plates subdivided into 8 parts (1 part per sample). Amplicons were sequenced as
recommended in the instructions of the manufacturer for amplicon sequencing.

Analysis of pyrosequencing-derived data. Sequences that were shorter than
200 bp in length or of low quality were removed from the pyrosequencing-
derived data sets. For taxonomy-based analysis, the Naïve Bayesian rRNA clas-
sifier of the Ribosomal Database Project (RDP) (55; http://rdp.cme.msu.edu/)
was used. In this way, a rapid taxonomic classification of large partial and
full-length rRNA gene sequence data sets according to the new Bergey’s bacte-
rial taxonomy (20) was feasible. The bootstrap value was set to �80%. Rarefac-
tion curves were calculated by using the tools Aligner, Complete Linkage Clus-
tering, and Rarefaction of the RDP pyrosequencing pipeline (11). We calculated
Shannon (50) and Chao1 (8) indices based on the Complete Linkage Clustering
data.

Statistical analyses of the pyrosequencing-derived data were carried out with
STATISTICA 8.0 (StatSoft Inc., Tulsa, OK). P values of �0.05 were considered
significant. Significant effects of soil horizon on edaphic soil properties were
determined by using the Mann-Whitney U test for nonparametric data. Corre-
lations between phylogenetic groups and soil properties were tested for signifi-
cance by using Pearson’s correlation coefficient. The distributions of phyla be-
tween the two soil horizons were calculated by employing the chi-square test.
Microbial community compositions were compared to the land use types by using
a post hoc Tukey honestly significant difference (HSD) analysis of variance. If the
normality test revealed a non-Gaussian distribution, data were transformed.

Nucleotide sequence accession number. The 16S rRNA gene sequences de-
rived from pyrosequencing have been deposited in the NCBI Sequence Read
Archive under accession number SRA020168.1.

RESULTS AND DISCUSSION

General characteristics of the soil samples and the pyrose-
quencing-derived data set. In this study, we assessed and com-
pared the compositions of soil bacterial communities present
in the A and B horizons of nine different grassland sites of the
Hainich region in Germany by a pyrosequencing-based analy-
sis of the 16S rRNA gene sequences. The grassland sites cov-
ered a range of the following three different land use types:
fertilized meadow (plots 1 to 3), fertilized mown pasture
grazed by cattle (plots 4 to 6), and unfertilized pasture grazed
by cattle (plots 7 to 9). The soil type of all samples was Stag-
nosol, except for plot 1, which was a Vertic Cambisol. In
addition, further analysis of the Stagnosols revealed that plot 6
was a Luvic Stagnosol, whereas the other plots were Vertic
Stagnosols (see Table S1 in the supplemental material).

The two analyzed soil horizons showed significant differ-
ences with respect to edaphic properties such as soil pH, OC
content, N content, C-to-N ratio, and water content (Table 1).
The pH in the A horizons ranged from 6.03 to 7.20, and the pH
in the B horizons ranged from 6.30 to 7.40. In general, the pH
value of the B horizon was higher than that of the correspond-
ing A horizon, whereas the water content, the amounts of OC
and N, and the C-to-N ratio showed 1.1- to 2.0-fold, 2.0- to
10.9-fold, 1.8- to 7.3-fold, and 1.2- to 1.5-fold decreases with
depth, respectively.

The microbial biomass in the B horizons of all samples was
lower by 48.7 to 96.3% than that in the corresponding A ho-
rizons (Table 1). A decrease in the total microbial biomass with
soil depth was previously reported (5, 9, 16, 18). The total
microbial biomass was positively correlated with the concen-
tration of OC (r � 0.88; P � 0.01). This supports the assump-
tion reported previously by Blume et al. (5), that carbon avail-
ability is closely associated with microbial biomass. In addition,
significant correlations of microbial biomass with the concen-
tration of N (r � 0.84; P � 0.01) and the C-to-N ratio (r � 0.89;
P � 0.01) were detected.

The pyrosequencing-based analysis of the V2-V3 region of
the 16S rRNA gene was employed for assessments of bacterial
community compositions from the A and B horizons of the
nine sampling sites. Short pyrosequencing reads assess the
microbial diversity almost as reliably as near-full-length se-
quences when appropriate primers are chosen. Primers derived
from V2-V3 region of the 16S rRNA gene were shown previ-
ously to be suitable for this purpose (36). In addition, this
region is the most effective region for universal genus identi-
fication (7, 42). Across all 18 samples, we recovered 752,838
quality sequences with a read length of �200 bp. The average
read length was 262 bp. The number of sequences per sample
ranged from 25,851 to 61,366, with an average of 41,824 (see
Table S2 in the supplemental material). We were able to classify
600,544 (79.77%) of the quality sequences below the domain
level. The percentage of classified 16S rRNA gene sequences was
in the range of those of other pyrosequencing-based studies (35),
but the average number of sequences per sample and the total
number of analyzed sequences exceeded those of other previously
reported studies of pyrosequencing-based determinations of soil
bacterial community composition (34, 43).

Bacterial richness and diversity indices. To determine
rarefaction curves, richness, and diversity, we identified oper-

VOL. 76, 2010 HORIZON-SPECIFIC BACTERIAL COMMUNITY COMPOSITION 6753



ational taxonomic units (OTUs) at sequence divergences of
3% (species level) and 20% (phylum level). The rarefaction
analysis of bacterial communities derived from the A and B
horizons of the nine sampling sites is depicted in Fig. 1. At a
20% genetic distance, almost all curves showed saturation,
indicating that the surveying effort covered almost the full
extent of taxonomic diversity at this genetic distance. In addi-
tion, a comparison of rarefaction analyses with the number of
OTUs estimated by the Chao1 richness estimator revealed that
83 to 100% of the estimated taxonomic richness was covered by
the sequencing effort. At a 3% genetic distance, the observed
richness was 63 to 80% of that predicted by the Chao1 richness
estimator (Table 2). Thus, we did not survey the full extent of
taxonomic diversity at the species level. Taking into account
that at genetic distances below 5%, rarefaction analyses un-
derestimate the bacterial richness whereas Chao1 estimators
overestimate it (43), a substantial fraction of the bacterial
diversity at the species level was assessed by the surveying
effort. It is important that pyrosequencing provides an unprec-
edented sampling depth compared to that of traditional Sanger
sequencing of 16S rRNA genes (51), but the intrinsic error of
pyrosequencing could result in the overestimation of rare phy-

lotypes, since each pyrosequencing read is treated as a unique
identifier of a community member and correction by assembly
and sequencing depth, which is typically applied during ge-
nome projects, is not feasible (26, 32). To ensure per-base
error rates lower than that of conventional Sanger sequencing,
we used quality filtering of the pyrosequencing-derived data
set, such as the removal of reads with atypical lengths (26). In
addition, to minimize the overestimation of rare phylotypes,
clustering and diversity estimates were performed only at ge-
netic divergences of �3% (32).

Acosta-Martínez et al. (1) postulated previously that in man-
aged soils, the maximum number of OTUs is less than 3,400 at
a genetic distance of 3%. This is in contrast to our results, as up
to 4,781 and 6,231 OTUs were predicted for fertilized mead-
ows (plot 3, A horizon) and fertilized mown pasture grazed by
cattle (plot 5, A horizon), respectively (Table 2). The differ-
ences in the results might be explained by the different survey-
ing efforts. Several studies (13, 37, 43, 46, 56) showed that the
number of analyzed sequences per sample has an effect on the
predicted number of OTUs. For example, Roesch et al. (43)
previously plotted the number of observed OTUs against the
sequencing effort using the bacterial community present in a

FIG. 1. Rarefaction curves indicating the observed number of OTUs within the 16S rRNA gene sequences of the A and B horizons, derived
from nine German grassland sites. OTUs are shown at the 3 and 20% genetic distance levels. The rarefaction curves were calculated by employing
the tools Aligner, Complete Linkage Clustering, and Rarefaction of the RDP pyrosequencing pipeline (11). The colored numbers mark the
different sampling sites. A description of the sampling sites is given in Table 1.
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Canadian forest soil sample. The employment of the whole
data set (53,632 sequences) revealed 5,500 OTUs at a genetic
distance of 3%, whereas the reduction of the same data set to
30,000 sequences yielded 3,500 OTUs. In general, fewer se-
quences result in lower curve progression and a lower number
of predicted OTUs. In addition, the comparison of richness
estimates between different surveys might be hampered by the
differences in sequence conservation and sequence length of
the analyzed 16S rRNA gene regions. Recently, Engelbrektson
et al. (15) showed that amplicon length and differences in the
analyzed 16S rRNA gene regions markedly influenced esti-
mates of richness and evenness.

The Shannon index of diversity (H�) was determined for all
samples (Table 2). At a genetic distance of 3%, it ranged from
5.65 to 7.16 in the A horizons and from 5.01 to 6.72 in the B
horizons. The predicted diversity in the topsoil exceeded that
of the corresponding subsoil, except for plot 1 (Table 2). To
our knowledge, no other study assessing bacterial diversity
along a soil profile was conducted with a comparable surveying
effort. However, a significant decrease of bacterial diversity
with soil depth was also recorded by a community analysis
employing terminal restriction fragment length polymorphism
(33) and phospholipid fatty acid analysis (18) of soil profiles
derived from Californian grassland and soil samples of the
Sedgwick Reserve (California), respectively.

The bacterial diversity at a genetic distance of 3% was
strongly related to the content of OC and N as well as to the
C-to-N ratio. Positive correlations between the H� and the OC
content (r � 0.60; P � 0.01), the N content (r � 0.58; P � 0.05),
and the C-to-N ratio (r � 0.65; P � 0.01) were observed.
Similar correlations were detected by analyzing soil samples
from South American grasslands, in which the H� correlated
positively with the microbial biomass C and N (r � 0.53 to 0.58;
P � 0.02 to 0.03) (3). Interestingly, the mean H� was lower in

fertilized meadows (plots 1 to 3), with intermediate values in
fertilized mown meadows (plots 4 to 6) and the highest values
in unfertilized pastures (plots 7 to 9), over both horizons (Ta-
ble 2). Thus, a higher bacterial diversity in samples from un-
fertilized plots, which represent the lowest land use intensity in
this study, is indicated. Nevertheless, within the same land use
types, strong variations in diversity were observed.

Distribution of taxa and phylotypes across all samples. The
600,544 classifiable sequences were affiliated with 23 phyla
across the entire data set. The dominant phyla across all sam-
ples were Acidobacteria, Betaproteobacteria, Actinobacteria,
Gammaproteobacteria, Alphaproteobacteria, Deltaproteobacte-
ria, Chloroflexi, Firmicutes, and Bacteroidetes, representing
26.98, 15.76, 11.62, 11.10, 9.69, 5.09, 3.85, 3.22, and 1.45%,
respectively, of all sequences that were classified below the
domain level (Fig. 2 and see Table S3 in the supplemental
material). In addition, the dominant phyla were present in all
samples. These results are in accordance with results from a
previously reported meta-analysis of bacterial community com-
position in soils (29). In addition, the abundances of the five
dominant phyla, Acidobacteria, Actinobacteria, Alphaproteobac-
teria, Betaproteobacteria, and Gammaproteobacteria, which rep-
resented approximately 75% of all classified sequences, corre-
sponded roughly to those found by other studies (21, 34). Thus,
despite the different surveying efforts and sampling sites used
in the different studies, it is indicated that a variety of soils
contain the same dominant bacterial groups.

The most abundant phylotypes in the A and B horizons were
a member of the Alphaproteobacteria (Acetobacteraceae) and a
member of acidobacterial subgroup 4, respectively. The corre-
sponding sequences represented 0.74 and 2.86% of all classi-
fied sequences in each respective horizon. The most abundant
phylotype within one individual sample (plot 3, B horizon) was

TABLE 2. Species richness estimates obtained at genetic distances of 3% and 20%c

Horizon Plot
Shannon index (H�)a Rarefaction

(no. of OTUs)
Chao1b

(no. of OTUs) Coverage (%)

3% 20% 3% 20% 3% 20% 3% 20%

A 1 5.92 2.67 1,629 103 2,335 124 69.8 83.1
A 2 6.11 4.03 2,730 224 4,084 236 66.9 94.8
A 3 6.76 4.27 3,307 262 4,781 272 69.2 96.2
A 4 6.30 2.93 2,805 57 4,395 59 63.8 96.6
A 5 7.07 4.49 3,937 335 6,231 366 63.2 91.6
A 6 6.15 2.91 2,344 57 3,551 57 66.0 100
A 7 7.16 4.50 4,329 385 6,487 407 66.7 94.7
A 8 5.65 2.51 1,516 63 1,924 68 78.8 93.3
A 9 7.05 4.41 4,056 381 6,232 438 65.1 87.0
B 1 6.72 4.34 3,528 340 5,168 360 68.3 94.5
B 2 5.01 2.64 1,022 84 1,399 94 73.0 89.6
B 3 5.14 2.50 1,122 76 1,509 82 74.4 92.6
B 4 5.57 2.72 1,388 55 1,745 55 79.5 99.4
B 5 6.15 3.98 2,450 237 3,635 252 67.4 94.0
B 6 5.64 2.83 1,741 69 2,420 73 72.0 94.8
B 7 6.51 4.15 2,392 267 3,293 293 72.6 91.2
B 8 5.57 2.88 1,923 54 2,854 57 67.4 94.7
B 9 6.09 4.10 2,402 258 3,606 280 66.6 92.1

a A higher number indicates more diversity.
b Nonparametric richness estimator based on the distribution of singletons and doubletons.
c The estimates were calculated by employing the tools Aligner, Complete Linkage Clustering, and Rarefaction of the RDP pyrosequencing pipeline (11). The results

from the rarefaction analyses are also depicted in Fig. 1.
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the above-mentioned member of acidobacterial subgroup 4,
representing 8.36% of the sequences from that soil.

Distribution and abundance of the predominant phylum
Acidobacteria. Members of the phylum Acidobacteria were pre-
dominant across all samples. This finding is in accordance with
findings of other studies of the composition of soil-derived
bacterial communities from a variety of environments, such as
pristine forest, grassland, and agricultural soils (29). Here,
members of the Acidobacteria form a significant fraction (12.68
to 49.86%) of the 16S rRNA gene sequences in both horizons
from all land use types (see Tables S3 and S4 in the supple-
mental material). Correspondingly, members of this phylum
have been reported to constitute an average of 20% and a
maximum of approximately 50% of bacterial communities de-
rived from various soils (13). Thus, based on their abundance
and their presence in various soil types, the Acidobacteria ap-
pear to play an important role in the ecosystem function of
soils.

The phylum Acidobacteria is divided into 26 subgroups, but
only little is known with respect to the physiological and met-
abolic capabilities of the different subgroups (2). We detected
18 and 22 of these subgroups in the A and B horizons, respec-
tively. Most abundant in both horizons were subgroups 6, 4, 16,
and 7 (see Tables S4 and S5 in the supplemental material). In
the A horizons, these subgroups were represented by 47, 21,
13, and 7% of all acidobacterial sequences, respectively, and in
the B horizons, these subgroups were represented by 26, 38, 5,
and 14% of all acidobacterial sequences, respectively (see Ta-
ble S5 in the supplemental material). These results are in
contrast to a previous study by Hansel et al. (21) of samples
from a continuous watershed soil profile (Oak Ridge), which is
the only other report of acidobacterial diversity with respect to
soil horizon. In the A horizon, those researchers detected
primarily subgroups 3 (21%), 4 (29%), and 6 (29%), whereas
in our samples, these subgroups were represented by 5, 21, and
47%, respectively. In the B horizon, Hansel et al. (21) detected
primarily subgroups 1 (32%) and 2 (61%), which were repre-
sented by less than 1% of all acidobacterial sequences derived

from our soil samples. The predominant subgroups in the B
horizons from the Hainich region were subgroups 4, 5, and 7.
The major differences in the occurrences of acidobacterial
subgroups in the B horizon might be due to the dissimilar pH
values of the samples used in both studies. The pH in our
subsoil samples ranged from 6.30 to 7.40 (Table 1) whereas the
pH of the soil samples studied by Hansel et al. (21) was 4.5. It
was reported previously that the abundance of the phylum
Acidobacteria correlates with the soil pH (22, 30). Lauber et al.
(34) showed previously that acidobacterial subgroups 1 and 2
were most abundant in acidic soils and decreased with the
increase of the pH. Here, no significant correlations of changes
in the abundance of the dominant acidobacterial subgroups
and other phylogenetic groups with pH were observed. A rea-
son for this finding might be that the sampling effort in most of
the other studies was much less than that of this study. Another
possibility is that almost all the pH values of our samples were
near neutral. Correspondingly, a relatively small pH range was
covered by our soil samples (Table 1), so there is simply a
lower pH range from which to determine correlations. Never-
theless, we observed negative correlations between the abun-
dant acidobacterial subgroup 4 and the OC content (r �
�0.84; P � 0.01), N content (r � �0.83; P � 0.01), or C-to-N
ratio (r � �0.77; P � 0.05) in the A horizons (see Fig. S1 in the
supplemental material). In the B horizons, subgroup 4 also
correlated negatively with the C-to-N ratio (r � �0.70; P �
0.05), whereas the relative abundance of subgroup 6 showed a
positive correlation with the C-to-N ratio (r � 0.70; P � 0.05).
Thus, the subgroup distribution varied with respect to the soil
profile (horizon) and soil properties and provided some in-
sights into the conditions that are required by the different
subgroups. For example, low nutrient/OC conditions (B hori-
zons) appear to favor subgroups 4 and 7, whereas higher nu-
trient/OC conditions (A horizons) favor subgroup 16. Interest-
ingly, for members of subdivision 6, a high tolerance to
nutrient/OC availability was indicated, as they constituted a
substantial fraction in the A horizon and the B horizon (8.87
and 9.73% of all classified sequences, respectively).

FIG. 2. Distribution of phylogenetic groups in the A and B horizons derived from the different grassland sampling sites. Plot numbers are given
below the graph. A description of the plots is given in Table 1. A and B indicate the different horizons. Shown are the percentages of the classified
sequences. Phylogenetic groups accounting for �0.25% of the classified sequences are summarized in the artificial group “others.”
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Taxonomic compositions in A horizons and the correspond-
ing B horizons. The compositions of the bacterial community
and the distributions of the phyla varied between A and B soil
horizons. The most frequently present phyla in the A horizons
were Acidobacteria (13 to 23%), Betaproteobacteria (14 to
23%), Gammaproteobacteria (10 to 26%), Actinobacteria (5 to
17%), and Alphaproteobacteria (9 to 14%). The most abundant
phyla in the B horizons were Acidobacteria (28 to 50%),
Betaproteobacteria (10 to 18%), Actinobacteria (4 to 15%),
Chloroflexi (3 to 12%), and Alphaproteobacteria (5 to 10%)
(Fig. 2).

We analyzed the respective abundances of the 15 most rep-
resented phyla in the A and B horizons. For almost all phyla
and land use types, a significant (P � 0.00001) difference in
distribution between the two horizons was apparent (see Table
S6 in the supplemental material). The distribution of selected
phyla in the two horizons is shown in Fig. 3 (see also Fig. S2 in
the supplemental material). The majority of sequences affili-
ated with the Actinobacteria, Bacteroidetes, Cyanobacteria,
Fibrobacteres, Firmicutes, Spirochaetes, Verrucomicrobia, Alpha-
proteobacteria, Betaproteobacteria, and Gammaproteobacteria
were derived from A horizons, whereas the majority of the
sequences related to Acidobacteria, Chloroflexi, Gemmatimon-
adetes, Nitrospira, TM7, and WS3 originated from B horizons.
In many other reports, a pH gradient was identified as a major
factor for changes in soil community structure, but as men-
tioned above, this trend was not observed in this study. There-
fore, other factors appear to control the distribution of the
phyla along the soil profile. As stated above, the total biomass
decreased with soil depth (Table 1). A significant correlation
between the total microbial biomass and the occurrence of
several phyla was recorded. The relative abundance of the
Acidobacteria, Chloroflexi, and Nitrospira, which increased with
depth, correlated negatively with total biomass (r � �0.53 to

�0.79; P � 0.05). The relative abundances of the Actinobac-
teria, Bacteroidetes, Verrucomicrobia, Alphaproteobacteria, and
Gammaproteobacteria, which decreased with depth, showed a
positive correlation with biomass (r � 0.69 to 0.84; P � 0.01).
A positive correlation of some of the dominant acidobacterial
groups (see above) and the alphaproteobacterial order Rhizo-
biales with the concentration of OC (r � 0.77; P � 0.05), the
concentration of N (r � 0.73; P � 0.05), and the C-to-N ratio
(r � 0.87; P � 0.01) was detectable in the B horizon (see Fig.
S3 in the supplemental material). A statistically significant
positive correlation of the Rhizobiales with the C-to-N ratio
(r � 0.80; P � 0.01) was also detected in the A horizon. Taking
into account that the Rhizobiales include the genera Rhizobium
and Bradyrhizobium, which comprise members that are able to
fix nitrogen and are associated with roots of legumes, a positive
correlation was expected (49). In addition, land use and man-
agement regimens seem to have an impact on the Rhizobiales,
as the fertilized plots cluster and the plots with cattle cluster
(data not shown). An impact of fertilization on the structure
and diversity of rhizobial populations was observed previously
in other studies (6, 41). For example, rhizobial populations
differed between cultivated and uncultivated Mexican soils. In
addition, the affinity of host cultivars for different members of
the Rhizobiales influenced the composition of rhizobial popu-
lations (54).

Striking is the distribution of the phyla Fibrobacteres and
Nitrospira, which occurred almost exclusively in the A or the B
horizon, respectively. Members of the Fibrobacteres are part of
the microbial community in the first stomach of ruminant an-
imals and degrade plant-based cellulose (31). Taking into ac-
count that members of the Fibrobacteres hardly occurred in
grassland samples without the presence of cattle (i.e., plots 1 to
3) and almost exclusively in the topsoil, it can be assumed that
members of this phylum were introduced into the samples by
cattle. Members of the Nitrospira are found in interspace soils
and rarely in the rhizosphere (13). In the latter environment,
heterotrophic root-associated microorganisms suppress the
growth of autotrophic Nitrospira. This might explain why in our
samples, members of the Nitrospira occurred in the subsoil,
with less rooting than in the topsoil. In addition, the concen-
trations of OC and N decreased with soil depth (Table 1).
Thus, chemolithoautotrophic organisms adapted to darkness,
like Nitrospira, have a selective advantage in subsoil samples.

Conclusions. Although we recovered an average of 41,824
sequences per sample, we did not survey the full extent of
bacterial richness at the species level within an individual soil
or horizon. Thus, an increase in surveying efforts would prob-
ably result in the identification of more bacterial taxa, which
are present in a low abundance. In most cases, the B horizons
showed a lower estimated bacterial diversity than the corre-
sponding A horizons (Table 2). Correspondingly, a greater
coverage of the bacterial community in the B horizons can be
achieved by using the same surveying effort. In addition, the
identification of bacterial taxa at the finest level of taxonomic
resolution is currently not feasible by applying large-scale
pyrosequencing. However, the advancement of the technology
will result in an increase of the read length, and this limitation
will become less relevant in the near future.

To provide a robust assessment of the impact of land use,
soil factors, or soil depth on bacterial diversity, distribution,

FIG. 3. Comparison of the overall distribution of selected phyla
within the A and B horizons. The black bar represents the sum of all
members of a phylum in the A horizon, while the gray bar represents
the sum of all members in the B horizon. Box-and-whisker plots of the
data are depicted in Fig. S2 in the supplemental material.
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and community composition, we used triplicate samples of
each land use type from different locations. Overall, the abun-
dance, composition, and diversity of the bacterial communities
were strongly depth dependent. The Shannon index of diver-
sity along with the nutrient content (N and OC), water content,
and biomass decreased with depth (Tables 1 and 2). Based on
the sharp decrease of the OC content (up to 10.9-fold) in the
B horizons compared to the corresponding A horizons (Table
1) and other surveys (18, 33, 57), the concentration of OC
appears to be the major driver for the diversity and structure of
bacterial communities along the soil profile at near-neutral pH
values. Nevertheless, we observed a variability of bacterial
communities within an individual land use type, and exceptions
to the above-mentioned general results were found; i.e., a
slightly higher Shannon index was recorded for the B horizon
of plot 1. Thus, it is advisable to survey as many soil samples as
possible for the identification of general patterns and compar-
ison of the results with those of other soil surveys. One caveat
of the latter, however, is the limited comparability of different
surveys, as sampling strategy, survey effort, number and type of
soil factors measured, and approaches used to analyze the
sequence data vary considerably (37). To take full advantage of
the increasing number of data sets on soil bacterial communi-
ties, minimal requirements for sampling and the set of ana-
lyzed soil factors as well as rules for sequence analysis and
phylogenetic assignment should be defined.
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