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Abstract

Soils harbor a high diversity of ribulose-1,5-bisphosphate carboxylase/oxygenase (RubisCO) large subunit coding genes (cbbL). Real-time
PCR was used to quantify this gene in differently managed agricultural soils and soil microhabitats. We developed primers and a TaqMan probe
that target the ‘red-like’ RubisCO gene cbbL. Primers and probe were developed based on cbbL sequences of selected bacterial pure cultures and
of environmental clones. The amount of cbbL copies in the investigated soils were detected in the range of 6.8×106 to 3.4×107 ‘red-like’ cbbL
copies/g soil. The cbbL genes could be located entirely in the clay and silt fraction, while the coarse sand fractions revealed no detectable level of
bacterial RubisCO genes. These results indicate that bacteria with RubisCO coding genes are numerous and widespread in soils, however the
functional implication of this gene in soils is not yet clear.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

CO2 fixation is the major biogeochemical process in the
carbon cycle as it is the central mechanism of primary pro-
duction in almost all ecosystems. The greater portion of the
terrestrial carbon pool is stored in soil, whereas a minor part is
located in the vegetation. The turnover of carbon during bio-
mass formation and decomposition leads to the release or
sequestration of the greenhouse gas CO2. Consequently, the
formation of soil organic carbon could affect and counteract the
global warming.

The main pathway of CO2 fixation is the Calvin–Benson–
Bassham cycle (CBB cycle); it is shared by diverse organisms
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(Selesi et al., 2005; Shively et al., 1986). The key enzyme of the
CBB cycle is the ribulose-1,5-biphosphate carboxylase/oxyge-
nase (RubisCO) (Ellis, 1997). It is a bifunctional enzyme
controlling the reduction of CO2 and the oxygenolysis of
ribulose-1,5-bisphophate. RubisCO exists in multiple forms,
which differ in structure, catalytic property and O2-sensitivity
(Ashida et al., 2003; Tabita, 1988). However, the most
distributed type of RubisCO is the form I, which occurs in
plants as well as in photo- and chemoautotrophic bacteria. The
form I RubisCO is composed of eight large and eight small
subunits (L8S8). The cbbL gene (Kusian and Bowien, 1997)
encodes the large subunit of the form I RubisCO (Kusian and
Bowien, 1997) and it is especially qualified to be used as
functional marker, because with a size of 1400 bp it is large
enough to be used for significant phylogenetic analyses and
sufficient sequences are deposited at public databases.
Phylogenetic studies based on these cbbL sequences revealed
that form I RubisCO had to be subdivided into two major
groups, ‘green-like’ and ‘red-like’ (Watson and Tabita, 1997).
Recently, Nanba et al. (2004) and Selesi et al. (2005)
investigated the diversity of cbbL genes in terrestrial systems.
The analyses revealed extremely high and unprecedented
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bacterial ‘red-like’ cbbL diversity in tephra and ash deposits
from volcano (Nanba et al., 2004) and in agricultural soils
(Selesi et al., 2005).

Soils provide various microhabitats for the colonization of
microorganisms, which differ in substrate, nutrient and oxy-
gen availability. In this context, the soil structure plays an
important role. It is composed of aggregates of mineral soil
particles and organic matter differing in size and stability
(sand, silt, clay) (Tisdall and Oades, 1982). It is known from
previous studies that bacteria and fungi are located differently
in soil microhabitats (Kandeler et al., 2000; Kanzawa and
Filip, 1986).

In order to elucidate whether the diversity of ‘red-like’
cbbL genes in soils is correlated with the quantity of cbbL
gene copies, we applied quantitative real-time TaqManPCR
(Lee et al., 1993). The TaqMan PCR uses a fluorescence-
labeled probe and measures fluorescence emitted during the
amplification reactions and allows the calculation of the
starting copy number in a sample in comparison with the
fluorescence in standard samples of known target concentra-
tions. In contrast to other quantitative methods like compet-
itive PCR (Jansson and Leser, 1996) or MPN-PCR (Rosado
et al., 1996), the real-time PCR quantifications are based on
the initial exponential phase of PCR. Additionally, the intro-
duction of an internal binding probe makes the TaqMan PCR a
highly specific and sensitive method.

Up to date, no quantitative approach was applied for the
detection of bacterial RubisCO coding genes from environ-
mental samples and microhabitat structures. The aim of this
research was to develop a cbbL targeted TaqMan PCR and to
quantify the genetic potential for RubisCO in soils of an
agricultural long-term field experiment.

2. Materials and methods

2.1. Bacterial strains

Ralstonia eutropha H16 and Sinorhizobium meliloti DSM
30135 were cultured as recommended by the DSMZ type
culture collection (Braunschweig, Germany).

2.2. Soil samples

Top soil samples (from a depth of 0 to 10 cm) were taken
in autumn 2002 from an agricultural long-term field exper-
iment in Halle (Saale), Germany (“Ewiger Roggenbau”, eternal
rye cultivation). The soil is a typical Tschernosem (haplic
phaeozem) and the matrix consists of 8% clay, 23% silt and
69% sand (Okano et al., 2004). This long-term field experiment
started in 1878 and exploits the sustainable applicability of
different fertilization treatments on the cultivation of rye. In this
study, samples from three different treatments were analyzed:
(i) HKO, plot remained unfertilized, (ii) HSM, plot received
farmyard manure (with 12 t ha−1 year−1) and (iii) HNPK, plot
received mineral fertilizer (with 60 kg of N, 24 kg of P and
75 kg of K ha−1 year−1). After sampling soil samples were
passed through a 2 mm sieve to remove plant material. Either
DNA extractions were carried out immediately or soil samples
were stored frozen at −20 °C.

2.3. Extraction of chromosomal DNA from soil and pure
bacterial cultures

Genomic DNA of pure bacterial cultures and soil samples
were extracted and purified by using the FastDNA SPIN Kit for
Soil (Qbiogene, Inc., Carlsbad, USA) according to the manu-
facturer's protocol.

2.4. Physical fractionation of the soils

The procedure involved dispersing particle-size fractions by
a combination of wet sieving and centrifuging. The use of low-
energy sonication for the dispersion should completely disrupt
the macroaggregates (b250 μm), but should prevent the release
of stable organic matter that is physically protected within
microaggregates in natural sites (Poll et al., 2003; Stemmer
et al., 1999). Particle size fractions – 2000–250, 250–63, 63–2
and 2–0.1 μm –were obtained by low-energy sonication of soil:
water suspension, followed by a combination of wet sieving and
centrifuging. Briefly, 30 g of field-moist soil was dispersed in
100 ml of cooled distilled water by an ultrasonic disaggregator
(50 J s−1 for 120 s). Coarse and medium sand (2000–250 μm)
and fine sand (250–63 μm) were separated by manual wet
sieving. Silt-sized particles (63–2 μm) were separated from the
clay fraction (2–0.1 μm) by centrifuging at 150 ×g for 2.0 min.
The supernatants were centrifuged at 3900 ×g for 30 min to
yield clay-sized particles (2–0.1 μm, according to an equi-
spherical diameter and a particle density of 2.65 g cm−3).

2.5. TaqMan quantitative PCR, primers and probe design

The real-time quantitative PCR (TaqMan PCR) method
requires in addition to specific amplification primers an internal
probe that hybridizes to the target sequence and that is dually
labeled with two fluorescent dyes: a reporter and a quencher.
While the probe is intact, the proximity of the quencher reduces
the fluorescence emitted by the reporter dye. During PCR
amplification, the probe is cleaved by the 5′–3′ nuclease activity
of the TaqDNA polymerase. This cleavage of the probe separates
the reporter dye from the quencher dye, and fluorescence is
emitted. Fluorescence intensity is correlated with the number of
accumulated PCR amplicons.

Copy numbers of the cbbL gene were quantified with the
probe and primer sequences shown in Table 1. As forward primer
cbbLR1F of Selesi et al. (2005) was used. The reverse primer
cbbLR1intR and the probe cbbLRpro were designed in this
study with the program package ARB (Ludwig et al., 2004),
(http://www.arb-home.de). All cbbL nucleotide sequences, which
were available from the NCBI sequence database (http://www.
ncbi.nlm.nih.gov, were used to establish a cbbL database with the
program package ARB (http://www.arb-home.de). The se-
quences were translated to amino acids and deduced amino
acids were aligned with the GDE sequence editor implemented
in the software package ARB. Amino acid alignments were
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Table 1
Primers and probe used for the quantification of cbbL genes

Primersa Sequence (5′–3′)b Positionc (nt) Reference

cbbLR1F AAG GAY GAC GAG AAC ATC 634–651 Selesi et al.
cbbLR1intR TGC AGS ATC ATG TCR TT 892–908 This study
cbbLRpro CAT GCAYTG GCG CGA CCG 666–683 This study
aPrimers are named by cbbLR1 targeting genes for ‘red-like’ cbbL; forward and
reverse primers are indicated by F or R as the last letter. Probe is named by
cbbLRpro.
bY=C or T; S=G or C; R=G or A.
cPositions correspond to the ‘red-like’ cbbL gene of Ralstonia eutropha H16
(U20584).

Table 2
Probe and target sequences

Name Sequence (5′–3′)c

cbbLRpro (probe) CATGC AYTGGCGCGA CCG
Targets
R36c (AY572160)a CATGC ACTGGCGCGA CCG
R47c (AY572168)a CATGC ACTGGCGCGA CCG
HKOR22 (AY572114)a CATGC ACTGGCGCGA CCG
HKOR21 (AY572110)a CATGC ACTGGCGCGA CCG
A. faecalis (AY572464) CATGC ACTGGCGCGA CCG
HNPKR5 (AY572117)a CATGC ACTGGCGCGA CCG
HNPKR17 (AY572119)a CATGC ACTGGCGCGA CCG
R. eutropha H16 (U20584) CATGC ACTGGCGCGA CCG
R. eutropha pGH1 (U20585) CATGC ACTGGCGCGA CCG
A. tumefaciens (AY572468) CATGC ATTGGCGCGA CCG
O. anthropi (AY572478) CATGC ATTGGCGCGA CCG
S. fredii (AY572469) CATGC ATTGGCGCGA CCG
S. terangae (AY572470) CATGC ACTGGCGCGA CCG
S. meliloti WSM419 CATGC ATTGGCGCGA CCG
R. azotoformans IFO16436 CATGC ATTGGCGCGA CCG
R. sphaeroides 2R (AY450580) CATGC ACTGGCGCGA CCG
Burkholderia sp. LUP CATGC ACTGGCGCGA CCG
F23 (AY422896)b CATGC ACTGGCGCGA CCG
HKOR6 (AY572134)a CATGC ACTGGCGCGA CCG
HNPKR1 (AY572144)a CATGC ACTGGCGCGA CCG
HSMR2 (AY572148)a CATGC ACTGGCGCGA CCG
R. leguminosarum bv. trifolii (AY572467) CATGC ACTGGCGCGA CCG
HNPKR7 (AY572145)a CATGC ACTGGCGCGA CCG
A. lipoferum (AY572466) CATGC ACTGGCGCGA CCG
R46c (AY572167)a CATGC ACTGGCGCGA CCG
HKOR89 (AY572143)a CATGC ACTGGCGCGA CCG
HKOR3D (AY572133)a CATGC ACTGGCGCGA CCG
R43c (AY572165)a CATGC ACTGGCGCGA CCG
HNPKR10 (AY572146)a CATGC ACTGGCGCGA CCG
Aminobacter sp. COX CATGC ATTGGCGCGA CCG
HSMR139 (AY572154)a CATGC ACTGGCGCGA CCG
HSMR20 (AY572151)a CATGC ACTGGCGCGA CCG
B. japonicum strain USDA 6 CATGC ATTGGCGCGA CCG
Bradyrhizobium sp. CPP CATGC ACTGGCGCGA CCG
F24 (AY422897)b CATGC ATTGGCGCGA CCG

acbbL sequences retrieved from soils by Selesi et al. (2005).
bcbbL sequences retrieved from volcanic deposits by Nanba et al. (2004).
cY=C or T.
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performed manually and nucleotide sequences were aligned ac-
cordingly. Based on these data we designed primer and probe,
which were specific for selected ‘red-like’ cbbL sequences of
bacterial cultures and environmental samples. The probe was
dually labeled with the fluorescent dyes 6-carboxyfluorescein
(FAM) and 6-carboxytetramethyl-rhodamin (TAMRA) at the 5′
and 3′, respectively. Thermo Electron Corporation (Ulm, Ger-
many) synthesized the primers and probe.

2.6. Real-time PCR

Real-time PCR was performed in a total volume of 50 μl
reaction mixture containing 5 μl of 10× reaction buffer A
(containing the passive reference dye 6-carboxy-X-rhodamine),
3.5 mMMgCl2, 2 mM of mixed deoxynucleoside triphosphates,
1.25 U of Ampli Taq Gold DNA Polymerase (PE Applied
Biosystems, Weiterstadt, Germany), 1 μl of template DNA and
primers and probe at the concentrations shown in Table 1.
MicroAmp optical caps and tubes (PE Applied Biosystems)
were used. The PCR protocol for cbbL quantification was as
follows: 10 min at 95 °C, and then 40 cycles consisting of 15 s at
95 °C, and 1 min at 60 °C. Reactions were carried out in an ABI
Prism 7700 sequence detector (PE Applied Biosystems). The
increase in fluorescence emission, due to the degradation of the
probe by the DNA polymerase in each elongation step, was
monitored during PCR amplification. The fluorescence signal
was normalized by dividing the reporter dye (6-carboxyfluor-
escein) emission by the passive reference dye emission. The
parameter CT (threshold cycle) is the cycle number at which the
fluorescence emission crosses a threshold within the logarith-
mic increase phase. The higher the amount of initial template
DNA, the earlier the fluorescence will cross the threshold and
the smaller will be the CT. The CT values obtained for each
sample were compared with a standard curve to determine the
initial copy number of the target gene.

2.7. Standard curve for cbbL quantification

A standard curve that shows the relationship between cbbL
copy numbers and CT values was generated with serial dilutions
of a known copy number of the cbbL gene. A standard curve
was generated by PCR amplification with the primers cbbLR1F
and cbbLR1intR and total DNA extracted from Sinorhizobium
meliloti DSM 30135. The PCR product was cloned with the
TOPO TA Cloning Kit (Invitrogen, San Diego, USA) according
to the manufacturer's protocol. Plasmid DNAwas isolated using
the High Speed Plasmid Midi Kit (Qiagen, Hilden, Germany).
Plasmid DNA was linearized with BamHI and checked elec-
trophoretically on a 1% agarose gel. The concentration was
measured spectrophotometrycally. Since the sequences of the
vector and insert are known, we calculated the copy numbers of
cbbL directly from the concentration of extracted plasmid DNA.

2.8. Quantification of cbbL genes

Extracted DNA from Ralstonia eutropha H16 was serial
diluted to 0.1 ng/μl and used as positive control to test the
specificity of the primer-probe set. Extracted DNA from the
three different soil treatments was diluted to 0.1 ng/μl, and 1 μl
of these dilutions were used in the 50 μl reaction mixtures of the
real-time PCR. Triplicate PCR samples for each soil sample
were used to calculate cbbL copy numbers.
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2.9. Data analysis

Triplicate results of real-time PCR measurements were aver-
aged, and the standard error was calculated.

3. Results

3.1. CbbL specific oligonucleotides for quantitative TaqMan
PCR

Recently, Selesi et al. (2005) recovered a huge diversity of
‘red-like’ cbbL sequences in agricultural soils. In order to quantify
these terrestrial ‘red-like’ cbbL genes via TaqMan PCR it was
necessary to select small cbbL amplicons for high-efficiency
amplification. Thus, new specific oligonucleotides had to be
designed. The newly designed reverse primer cbbLR1intR and
the TaqMan probe cbbLpro were used in combination with the
forward primer cbbLR1F (Selesi et al., 2005) (Table 1). The
comparison of each designed oligonucleotide to known cbbL
sequences from public databases revealed that the oligonucleo-
tides were exclusively specific for bacterial cbbL genes. Addi-
tionally, the specificity was checked by amplification of DNA
extracted from the bacterial cultures Ralstonia eutropha H16 as
well as from Sinorhizobium meliloti DSM 30135. In theory as
well as in practice primers and probe match entirely with the ‘red-
like’ cbbL sequences of these representative bacteria. The
sequences of the amplified cbbL fragments of R. eutropha H16
and S. melilotiDSM 30135 showed 100% similarity to their cbbL
sequences deposited at public databases (data not shown).

The primers cbbLR1F and cbbLR1intR amplify a fragment
of 270 bp in length, whereas the probe cbbLpro binds about
20 bp upstream of the forward primer cbbLR1F. The probe
perfectly matches the targeted ‘red-like’ cbbL sequence of
numerous cultivated bacteria as well as of cbbL sequences from
environmental samples (Table 2). Especially, the oligonucleo-
tides detect a considerable number of cbbL sequences retrieved
from the agricultural Halle soil (Selesi et al., 2005) and from
volcanic deposits (Nanba et al., 2004).
Fig. 1. Standard curve showing the threshold cycle (CT) values plotted versus log nu
samples (black symbols).
3.2. Standard curve

A standard curve was established with a 10-fold dilution
series of a plasmid-containing cbbL gene ranging from 1.6×107

to 1.6×103 cbbL copies/μl. There was a strong linear (R2 =99)
inverse relationship between CT and the log10 number of cbbL
copies over four orders of magnitude (Fig. 1). The function
describing the relationship is CT=−1.71× log10 (cbbL)+44.5.
Genomic DNA of each bacterial strain used or each soil sample
was tested for its quality by quantification of gene copies in 10-
fold dilutions. Larger quantities of the sample led to nonlinear
amplification due to overloading of the reaction mixture or
problems caused by inhibitory soil compounds. Quantities
smaller than the lowest number of gene copies applied in the
standard (=1000 cbbL copies of plasmid DNA) could be de-
tected, but reliable quantification was not possible.

3.3. Quantification of cbbL genes

For the establishment of the presented quantification assay,
R. eutropha H16, representing a bacterium harboring a ‘red-
like’ cbbL gene, was used as reference strain. We quantified
cbbL genes in 10 ng, 1 ng and 0.1 ng of extracted R. eutropha
H16 DNA. The obtained mean values were 1.04×105, 1.8×104

and 4.4×103 per reaction mixture respectively. A 10-fold
dilution of DNA led to a decrease of cbbL copies of one order of
magnitude.

Due to inhibitory substances coextracted from soils no
amplification could be detected when photometrically deter-
mined amount of 100 ng DNA were applied. An enhancement
of PCR effectiveness could be observed when DNAwas diluted
up to 0.1 ng DNA/PCR mixture. To eliminate inhibitors soil
DNA was used as template in 10-fold dilutions series from
10 ng to 0.1 ng DNA per 50 μl PCR mixture (Fig. 2). The cbbL
quantity detected in the different DNA dilutions of the soil
samples HKO, HSM and HNPK differed slightly (Table 3). The
amount of cbbL copies/g soil accounted for 6.8×106 to
3.4×107 copies/g soil in the investigated soils.
mber of cbbL gene copies from soil samples (grey symbols) and standard DNA



Fig. 2. Increase of fluorescence intensity (△Rn) with cycle number for serially diluted DNA extracted from the soil samples HKO (A), HSM (B) and HNPK (C) with
10 ng (1), 1 ng (2) or 0.1 ng (3) DNA extracted from soil.
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In order to locate bacteria with RubisCO coding genes in the
soil structure, we quantified cbbL in different particle-size frac-
tions of the untreated soil sample HKO. The amount of applied
DNAwas 10 ng and 0.1 ng per PCR mixture. After 40 cycles of
amplification no signal was detectable with DNA extracted from
the coarse (2000–250 μm) and fine (250–63 μm) sand fractions.
In order to test the presence of inhibitory substances DNA of the
sandy fractions was spiked with 1 μl DNA of R. eutropha H16
(data not shown). Under such conditions, the PCR quantification
of standard DNA worked normal. This finding excludes the
influence of inhibitors and underlines the absence of cbbL in the
sandy fractions. In contrast, cbbL could be amplified and detected
in the silt fraction (63–2μm)with up to 1.1×107 copies/g soil and
in the clay fraction (2–0.1 μm) with up to 5.5×106 copies /g soil.

4. Discussion

The application of real-time TaqMan PCR for quantification
of bacterial genes in environmental samples based on 16S
rDNA or functional genes has become a powerful tool (Bach
et al., 2002; Gruntzig et al., 2001; Hermansson and Lindgren,
2001; Kikuchi et al., 2002; Lloyd-Jones et al., 2005; Okano
et al., 2004; Suzuki et al., 2000). This is the first study to
quantify bacterial RubisCO coding genes in terrestrial samples.



Table 3
cbbL quantification via TaqMan PCR in soil

Sample Amount of DNA/50 μl reaction cbbL gene copies/g soil

HKO 10 ng 1.0×107±1.5×106

1 ng 2.4×107±1.8×106

0.1 ng 3.4×107±8.7×106

HSM 10 ng 6.8×106±1.2×106

1 ng 1.1×107±1.2×106

0.1 ng 2.1×107±3.5×106

HNPK 10 ng 8.1×106±1.2×106

1 ng 1.0×107±1.2×106

0.1 ng 6.3×106±6.5×105

Silt fraction 10 ng 6.1×106±1.6×106

0.1 ng 1.1×107±3.2×106

Clay fraction 10 ng 2.4×106±8.2×104

0.1 ng 5.5×106±7.0×105
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Quantitative investigations dealing with cbbL as the target were
limited to the detection of diatoms and pelagophytes as well as
of the dinoflagellate Karenia brevis in phytoplankton commu-
nities (Casper et al., 2004; Wawrik et al., 2002). The published
real-time PCR assays are not suited for cbbL gene quantification
from soil samples, because they have no specificity for bacterial
cbbL sequences from terrestrial environments. Therefore, we
developed a TaqMan PCR based assay to quantify cbbL genes
in soil samples. The newly designed primers and probe detect
specifically cbbL sequences from selected bacterial pure
cultures and from cbbL sequences retrieved from agricultural
soils as well as from volcanic deposits (Nanba et al., 2004;
Selesi et al., 2005). Due to highly variable sequence positions, it
was not possible to develop oligonucleotides, which match all
known ‘red-like’ cbbL sequences. Nevertheless, the developed
real-time PCR system detects a vast number of bacterial cbbL
genes that were phylogenetically distributed all over the ‘red-
like’ cluster of cbbL sequences.

We were able to quantify ‘red-like’ cbbL sequences in
differently managed agricultural soils as well as in small particle
size fractions of this soil. Based on the assumption that the DNA
extraction from soils takes place with 100% efficiency, we
quantified 106 to 107 cbbL gene copies/g soil. Since the number
of cbb operons in bacteria differs between 1 and 2, it is not
possible to calculate precisely the number of cbbL bearing cells
from the amount of gene copies (Hugendieck and Meyer, 1991;
Husemann et al., 1988). Since additional data concerning
bacterial cbbL abundance in other environmental samples are
not available yet, it remains open if other habitats are even
richer in RubisCO coding genes. Nevertheless, compared to
studies dealing with the quantification of other soil relevant
bacterial functional genes, we conclude that bacteria with ‘red-
like’ cbbL genes are numerous and widespread in soils and that
their importance in the ecosystem soil could be underestimated
up to date. However, the activity of bacteria with these genes is
open until in situ transcript studies are conducted. Okano et al.
(2004) quantified ammonia-oxidizing bacteria via the ammo-
nia-monooxygenase gene amoA and detected up to 2.2×109

copies/g soil. Since ammonia-oxidizing bacteria play an im-
portant role in the soil habitats, the high amount of amoA genes
is not surprising. Another process of great importance in agri-
cultural soils is denitrification. Henry et al. (2004) quantified
denitrifiers having the copper nitrite reductase gene in various
soils with up to 3.9×106 nirK genes/g soil. Bach et al. (2002)
detected up to 2.4×106 subtilisin protease coding genes (sub) in
soil. Slightly higher amounts of gene copies of the functional
gene pmoA of methanotrophic organisms were quantified in
rice field soils (Kolb et al., 2003). Clearly, these examples
showed that the number of detected cbbL genes in soils is high
and comparable to important genes in nutrient turnover. There-
fore, it can be speculated that ‘red-like’ cbbL genes contributes
significantly to the function of bacterial population in soils.

‘Red-like’ cbbL genes were only detected in the small size
clay and silt fractions and not in the coarse particle size
fractions. These results agree very well with other investigations
studying microbial distribution in the soil structure showing a
close link of bacterial cell numbers to the smaller silt and clay
fractions (Kandeler et al., 2000; Kanzawa and Filip, 1986; van
Gestel et al., 1996). Furthermore, the activities of bacterial soil
enzymes as urease, invertase, and alkaline phosphatase were
highest in the silt and clay fractions, whereas the activity of the
fungal indicator xylanase was mostly affiliated with the coarse
fractions (Kandeler et al., 1999, 2000; Stemmer et al., 1999).
Kandeler et al. (2000) supplemented these findings by
phospholipids fatty acid analysis and by denaturating gradient
gel electrophoresis of 16S-rRNA coding genes. They demon-
strated that bacteria accounted mainly for the microbial biomass
in the clay fraction whereas the majority of the microbial bio-
mass in the sand fractions is due to fungal colonization. How-
ever, not only the bacterial biomass but also their diversity is
higher in the small fractions. Sessitsch et al. (2001) recovered a
higher diversity of microbes in small than in coarse size frac-
tions. It was supposed that the smaller pore sizes within the clay
and silt fraction protect bacteria from protozoan grazing
(Postma and van Veen, 1990). Additionally, the amount of
available nutrients is located in the fine fractions, which favors
the development of bacterial biomass and diversity (van Gestel
et al., 1996).

The analysis of functional genes in soils increases our
knowledge and understanding of the microbial role in bio-
geochemical elemental cycling. The rather high abundance of
the RubisCO coding gene cbbL in agricultural soil indicates that
bacterial CO2 fixation may reflect a relevant and hitherto
underestimated process in soils.
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