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Abstract We used polymerase chain reaction-denatur-
ing gradient gel electrophoresis (PCR-DGGE) to com-
pare bacterial community patterns obtained with target
DNA extracted from a soil by direct and indirect meth-
ods. For this purpose, two direct extraction methods,
i.e. cell lysis by bead beating and cell disruption by
grinding in liquid N, and two indirect methods, i.e. cell
extraction followed by DNA extraction, and combined
RNA/DNA extraction from the bacterial cell fraction,
were performed. Crude extracts were purified and am-
plified using universal bacterial primers. PCR products
were then analysed by DGGE, and similarity between
the profiles obtained was determined by unweighted
pair group with mathematical averages clustering. The
results showed clear profiles that presumably repre-
sented the dominant bacterial fractions in the samples.
The profiles generated by all four methods were simi-
lar, indicating that the methods were of approximately
equal efficiency in the extraction of target DNA repre-
sentative of the soil bacterial community. However, the
patterns of clustering also indicated that different pop-
ulations of bacteria could be detected in the same soil
using different soil DNA extraction methods. The ap-
plication of two dilution levels of DNA in PCR-DGGE
showed that the most stable profile of the soil bacterial
community could be generated by the direct methods.
The indirect methods gave clustered profiles at both di-
lution levels. It is likely that these methods extracted
DNA from a major, easily desorbed, bacterial fraction,
consisting of low-density populations. PCR-DGGE was
found to be a suitable technique with which to assess
differences in methods for DNA extraction from soil,

which can be further used for the determination of mi-
crobial community diversity at the molecular level.
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Introduction

Soil is a complex and heterogeneous habitat where a
vast diversity of microorganisms exist. However, until
recently, this diversity has been underestimated be-
cause the majority of studies were based on methods
for culturing organisms, which can characterise only a
small fraction of all bacteria living in soil due to the fact
that a large proportion of soil bacteria is not culturable
(Torsvik et al. 1996). Selectivity of media and the lack
of knowledge of the real conditions under which most
bacteria grow in soil, difficulties with soil sampling and
detection of bacteria because of small cell size and bac-
terial viability are critical limitations when trying to
gain an understanding of bacterial diversity and com-
munity structure in soil (Trevors 1998).

Recently, molecular techniques based on total com-
munity DNA extracted from soil have been widely ap-
plied for assessing the structural diversity of microor-
ganisms (Head et al. 1998; Muyzer 1998; Muyzer and
Smalla 1998). These include reassociation analysis of
DNA (Clegg et al. 1998; Ovreas and Torsvik 1998),
community DNA hybridisation (Griffiths et al. 1999),
percentage G plus C profiling (Clegg et al. 1998), re-
striction digestion and sequence comparison (Yap et al.
1996), single-strand-conformation polymorphism
(SSCP) analysis of polymerase chain reaction (PCR)
products of 16S rDNA (Lee et al. 1996; Schwieger and
Tebbe 1998), restriction fragment length polymorphism
(RFLP) and terminal RFLP (T-RFLP) of 16S rDNA
(Liu et al. 1997; Dunbar et al. 1999), amplified riboso-
mal DNA restriction analysis (ARDRA) of 16S rRNA
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genes (Smit et al. 1997), repeated extragenic palin-
dromic sequence PCR (Ovreas and Torsvik 1998), den-
aturing gradient gel electrophoresis (DGGE) and tem-
perature gradient gel electrophoresis (TGGE) of 16S
rDNA (Heuer and Smalla 1997, 1999; Duarte et al.
1998; Felske et al. 1998; Kowalchuk et al. 1998; Smit et
al. 1999).

The major limitations of these techniques are quan-
tity and quality, and consequently, the representativity
of the DNA extracted for the total microbial commu-
nity. Two intrinsically different approaches are used for
DNA extraction from soil, i.e. direct in situ lysis fol-
lowed by extraction and a cell extraction/cell lysis ap-
proach (Trevors and van Elsas 1995; van Elsas et al.
1998). Critical features of direct soil DNA extraction
are the efficient lysis of microbial cells in soil, the sepa-
ration of the microbial DNA from extracellular DNA,
and the contamination of extracted DNA by humic
acids, proteins, polysaccharides, metals and other inhi-
bitors of PCR (Liesack et al. 1997). A range of lysis
treatments has been used in the different protocols, in-
cluding enzymatic (lysozyme, proteinase K) treatment,
sodium dodecyl sulphate (SDS), microwaves, ultrasoni-
cation and bead beating, as well as different combina-
tions of these treatments (Trevors and van Elsas
1995).

The second approach to soil DNA extraction, called
the indirect method, can be advantageous in the assess-
ment of the numbers (diversity) of specific DNA se-
quences (targets) present inside bacterial cells. Howev-
er, a major obstacle in most protocols is the efficient
extraction of bacterial fractions from soil (van Elsas et
al. 1998). A rapid protocol was developed recently,
which combined the efficiency of sodium pyrophos-
phate in resolving soil aggregates with the efficient cell
lysis and DNA extraction (purification) provided by
the direct method (van Elsas et al. 1997).

DGGE and TGGE of PCR-amplified 16S rDNA
fragments seem to be very useful for comparing the ef-
ficiency and reproducibility of different DNA extrac-
tion protocols (Heuer and Smalla 1997; Liesack et al.
1997). Therefore, the aim of this study was to compare
the community fingerprints obtained by PCR-DGGE
based on target DNA extracted from a soil by direct
and indirect methods. For this purpose, two direct
methods, i.e. cell lysis by bead beating (van Elsas et al.
1997) and cell disruption by grinding in liquid N (Vo-
lossiouk et al. 1995), and two indirect methods, i.e. cell
extraction and lysis according to van Elsas et al. (1997)
and combined RNA/DNA extraction from the bacterial
cell fraction (Duarte et al. 1998), were performed.

Materials and methods

Soil

Soil samples were collected from the surface layer (0–10 cm) of
Flevo silt loam soil contained in a microplot near the IPO-DLO
in Wageningen. The soil was described by Richaume et al. (1992).

Briefly, it was a silt loam with about 2% organic matter and
pH 7.2. The soil samples were sieved (2-mm mesh) and stored
moist at 4 7C. Prior to analysis, the soil samples were acclimatised
for a few (5–7) days at room temperature.

DNA extraction and analysis

Two direct and two indirect methods were used for DNA extrac-
tion from bacterial communities. The first direct method used for
DNA extraction from soil was the method proposed by van Elsas
et al. (1997), based on the original protocol of Ogram et al.
(1987). Briefly, 2 g soil in 3 ml phosphate buffer (120 mM
Na2HPO4/NaH2PO4, pH 8) with 3 g of 0.1-mm-diameter glass
beads was processed in a bead beater (Brown, Germany), fol-
lowed by SDS treatment, cold phenol extraction and sequential
CsCl and KAc precipitation steps. Final purification was perform-
ed using a Wizard spin column (Wizard DNA cleanup system,
Promega, USA). The second direct method used in this study was
based on the method applied by Volossiouk et al. (1995) and ori-
ginally developed for fungal DNA. Briefly, 2 g soil was ground
with liquid N by using a mortar and pestle for about 5 min until a
fine powder remained. The powdered soil was suspended in milk
powder solution followed by centrifugation, treatment with SDS
extraction buffer, phenol (pH 8.0) extraction, CsCl precipitation
and final purification using Wizard spin columns.

For DNA extraction from bacterial cells, the indirect method
of van Elsas et al. (1997) was used. Briefly, bacterial cells were
separated from soil particles (2 g) by blending in 0.1% sodium
pyrophosphate (NaPP) buffer followed by differential centrifuga-
tion (pelleting of soil particles for 3 min at 121 g, harvesting of
bacterial fraction for 20 min at 20,200 g). The bacterial fraction
was lysed in phosphate buffer by bead beating followed by SDS
treatment, cold phenol extraction, first purification with hexade-
cyltrimethyl ammonium bromide/NaCl solution and final purifi-
cation with glassmilk (GeneClean II kit; La Jolla, USA). The sec-
ond indirect method for DNA extraction from bacterial cells was
adapted from the protocol proposed for rRNA extraction from
soil (Duarte et al. 1998). In this protocol, the bacterial fraction
was dispersed from soil (4 g) by blending in 0.1% NaPP buffer
followed by differential centrifugation (pelleting of soil particles
for 3 min at 121 g, centrifugation of the bacterial fraction for
20 min at 21,000 g). The bacterial pellet was resuspended in phos-
phate buffer (pH 5.8), and, after addition of glass beads (0.1 mm
diameter), SDS and acid phenol (pH 5.0), lysed by bead beating
(twofold, separated by incubation at 60 7C). The slurry was then
sequentially extracted with acid phenol and a mixture of acid phe-
nol:chloroform:isoamyl alcohol (25 :24 :1), pH 5. Nucleic acids
were precipitated with 3 M NaAc (pH 5.5) and isopropanol.
DNA was purified by precipitation with CsCl followed by purifi-
cation using the Wizard spin column clean-up system. Absorben-
cy measurements at A260 and A280 to calculate the A260/A280 purity
ratio of DNA samples (Crecchio and Stotzky 1998) were deter-
mined with a GeneQuant RNA/DNA calculator (Pharmacia,
Sweden) using a small-volume quartz cuvette. DNA quality (size)
and quantity was checked by electrophoresis in 0.8% (w/v) hori-
zontal agarose gel run in 0.5% Tris-borate-ethylenediaminete-
traacetate (TBE, pH 8.3) TBE buffer and stained with 0.9 mg ml–1

ethidium bromide (Sambrook et al. 1989). A molecular size mark-
er (1-kb ladder) was used as the reference.

A 1-ml volume (roughly 5–10 ng in undiluted form) of each
DNA preparation was amplified by PCR with a Peltier thermal
cycler PTC 200 (MJ Research, USA). The PCR mixture used con-
tained 0.2 mM of each primer, 200 mM of each deoxynucleotide
(dNTP) dNTP, 5 ml of 10! Stoffel buffer (Perkin-Elmer, USA),
5 U of AmpliTaq Stoffel fragment (Perkin-Elmer, USA),
3.75 mM MgCl2, 0.5 ml of 1% (v/v) formamide, 0.25 mg T4 gene 32
protein (Boehringer, Mannheim, Germany) and sterile Milli-Q
water, to a final volume of 50 ml. The primers for PCR were spe-
cific for conserved bacterial 16S rDNA sequences (Heuer and
Smalla 1997). PCR with primers R1401 (5b GCG TGT GTA
CAA GAC CC-3b) and F968GC (5b GC clamp-AAC GCG AAG
AAC CTT AC-3b) amplified a bacterial 16S rDNA fragment
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from positions 968 to 1401 (Escherichia coli numbering). The GC-
rich sequence attached to the 5b end of primer F968GC pre-
vented complete melting of the PCR products during subsequent
separation on a denaturing gradient during DGGE (Muyzer et al.
1993). PCR amplification was performed for 40 cycles in a touch-
down scheme (Duarte et al. 1998) as follows: after initial denatu-
ration of 4 min at 94 7C, each cycle consisted of denaturation at
94 7C for 1 min, primer annealing at the annealing temperature
(TA) for 1 min, and primer extension at 72 7C for 1 min. In the
first ten cycles, TA decreased by 2 7C every second cycle from
65 7C in the first cycle to 57 7C in the tenth. In the last 30 cycles,
TA was 55 7C. Cycling was followed by final primer extension at
72 7C for 10 min. PCR products were visualised by electrophoresis
in 1.2% (w/v) agarose gels after ethidium bromide (0.9 mg ml–1)
staining (Sambrook et al. 1989). Strong bands of the expected size
(450 bp) were subjected to DGGE analysis.

DGGE (Muyzer et al. 1993; Heuer and Smalla 1997) was per-
formed with an Ingeny phor U-2 system (Leiden, The Nether-
lands). Samples of 20 ml of PCR product were loaded onto 6%
(w/v) polyacrylamide gels in 0.5 strength Tris-acetate-ethylene-
diaminetetraacetate (TAE, pH 8.0) TAE buffer. The polyacryl-
amide gels were prepared with a denaturing gradient ranging
from 45% at the top of the gel to 65% at the bottom (where 80%
denaturant contained 5.6 M urea and 32% formamide). The elec-
trophoresis was run for 16 h at 60 7C and 100 V. After the runs,
gels were removed from the set-up and stained for 60 min with
SYBR green I nucleic acid gel stain (Molecular Probes, The Ne-
therlands). The stained gels were immediately photographed on a
UV transillumination table with a CCD camera and scanned
(Biozym, The Netherlands). Digital images of the gels showed
banding patterns that were analysed by the Molecular Analyst
Fingerprinting software (BioRad, The Netherlands). To obtain
clustering trends among the soil samples analysed, cluster analysis
using the unweighted pair group with mathematical averages
(UPGMA) was performed using the 1/0 clustering method of the
NT-SYS program (Exeter Software, New York).

Results

Different methods were used for the extraction of bac-
terial DNA from soil. These can be divided into two
categories, i.e. direct and indirect methods. The direct
methods (i.e. bead beating or cold disruption lysis of
cells) extracted the highest amounts of crude DNA
from the soil (data not shown). After purification and
gel electrophoresis of the pure extracts, bands of high
molecular weight (10–40 kb) DNA were observed for
all methods, with the highest band intensities being re-
corded for the bead beating-based methods. This ob-
servation was supported by estimation of DNA concen-
trations in the gel (comparison to standard), as well as
assessment of the A260 values. The direct bead beating
method yielded 53.0B19.9 mg DNA g–1 soil, the direct
cold disruption method 16.3B2.5 mg DNA g–1 soil, the
indirect bead beating method (van Elsas et al. 1997)
25.1B8.3 mg DNA g–1 soil, and the indirect RNA/DNA
method 8.3B5.9 mg DNA g–1 soil. Although the highest
yield of DNA was obtained with the direct bead beat-
ing method, the highest purity of DNA (A260/A280 1.62)
was obtained by the indirect method (van Elsas et al.
1997). By comparison, the A260/A280 ratio was 1.52 in
the case of DNA extracted by the direct methods. All
DNA extracts obtained after Wizard purification were
sufficiently pure for PCR amplification, and no traces
of brown colour (i.e. humic contaminants) were ob-

Fig. 1 Denaturing gradient gel electrophoresis (DGGE) patterns
of 16S rDNA fragments from soil after image analysis by Molecu-
lar Analyst Fingerprinting (MAF-2) software. DNA was ex-
tracted by two direct and two indirect methods. Percentages indi-
cate the percentage of denaturant at each position. M 1-kb DNA
ladder marker (Gibco BRL), 1 bead beating (direct method) soil
sample (A), 2 bead beating (direct method) soil sample (B), 3
DNA extraction (indirect method) A, 4 DNA extraction (indirect
method) B, 5 RNA/DNA extraction (indirect method) A, 6
RNA/DNA extraction (indirect method) B, 7 cold disruption (di-
rect method) A, 8 cold disruption (direct method) B

served. Electrophoresis of PCR products in all cases re-
vealed bands of approximately 450 bp.

Samples (around 5 ng per reaction) of the undiluted
soil DNA extracted by different methods showed little
variation in banding patterns when analysed by PCR-
DGGE. In all patterns, 17–26 bands of various intensi-
ties were detected per sample, with about 12 bands
shared among all samples (Fig. 1). UPGMA cluster
analysis (dice coefficient of similarity) of the profiles
revealed that all profiles were about 82% similar, with
distinct separation of the profile obtained with the indi-
rect RNA/DNA method (as one cluster) from those ob-
tained with the other methods, which composed the
second group. In this latter group, clustering of the pro-
files obtained with the direct and indirect bead beating
methods was noticed, with separation of the profile ob-
tained with the direct cold disruption method (Fig. 2).
Replicates of the same DNA extraction method
showed the highest similarity. A strong band around
55% denaturant was found in both replicates extracted
with the indirect RNA/DNA method. In the profiles
generated with DNA from the direct methods, bands
that occurred at low denaturant concentrations, pre-
sumably of low GC content, were more numerous than
in the profiles of the indirect methods (Fig. 1).
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Fig. 2 Genetic similarity of microbial-community profiles ob-
tained with polymerase chain reaction (PCR)-DGGE from the
target DNA extracted by four methods from soil. Numbers corre-
spond to the same methods described for Fig. 1

Fig. 3 DGGE patterns of 16S rDNA fragments from soil after
dilution of the target DNA. DNA was extracted by two direct and
two indirect methods from the soil. Percentages indicate the per-
centage of denaturant at each position. Successive lanes (two per
method) in each group represent bead beating (direct method),
cell extraction followed by DNA extraction (indirect method; van
Elsas et al. 1997), RNA/DNA extraction (indirect method), and
cold disruption (direct method), respectively. M 1-kb DNA lad-
der marker (Gibco BRL), lanes 1–8 1 :10 dilutions of target soil
DNA, lanes 9–16 1 :50 dilutions of target soil DNA

Fig. 4 Genetic similarity of microbial-community profiles ob-
tained with PCR-DGGE from the diluted target DNA extracted
by four methods from soil. 1–8 soil DNA dilutions of 1 :10; 9–16
soil DNA dilutions of 1 : 50; 1, 2, 9, 10 bead beating (direct meth-
od); 3, 4, 11, 12 DNA extraction (indirect method; van Elsas et al.
1997); 5, 6, 13, 14 RNA/DNA extraction (indirect method); 7, 8,
15, 16 cold disruption (direct method)

Dilution of target DNA generated significant varia-
tion in banding patterns when analysed by PCR-
DGGE. In the profiles, 17–28 bands were visible for
the different samples (i.e. extraction method, and dilu-
tion), with only a limited number of bands being shared
among all samples. However, about 12 bands in the
same position occurred in the tracks that represented
target DNA diluted 1 :10, while only five bands were
common at dilution 1 :50 (Fig. 3). The highest number
of bands (i.e. 26B2) was found in the tracks repre-
senting target DNA obtained with the cold disruption
method and diluted 1 :10. Clustering of the profiles
showed that replicates invariably were closely related,
at 190% similarity. Moreover, two broad clusters, cor-
responding to the extraction method and soil DNA di-
lution applied, were distinguished, at a similarity level
of 51%. In contrast to the profiles obtained with both
direct methods, in which the dilutions clustered at
about 80%, a higher similarity (i.e. 85%) was found be-
tween the profiles of the indirect extractions at the
same dilution than between the same method at differ-
ent dilution (Fig. 4). The profiles of the direct cold dis-
ruption method clustered closer to those of the indirect
extractions than those of the direct bead beating meth-
od. The highest numbers of, and generally stronger,
bands were found in the profiles of bacterial commu-
nity DNA extracted by the direct methods. In addition,
a substantial number of bands, comprising a large part
of the profiles, were present at the same denaturant
concentrations when comparing both dilutions of the
bacterial DNA extracts (Fig. 3).

Discussion

The first step in soil microbial community characterisa-
tion by molecular methods is the extraction of nucleic
acids from soil (Bej and Mahbubani 1996). Then, the
extracted DNA or RNA has to be pure enough for
PCR amplification and subsequent cloning, sequencing,
restriction analyses (e.g. RFLP, ARDRA, T-RFLP),
DGGE/TGGE or SSCP profiling, and hybridisation.
The two intrinsically different approaches (i.e. direct

and indirect) for DNA extraction from soil used in this
study generated yields of DNA comparable to those re-
ported in other papers (Saano et al. 1995; Smalla and
van Elsas 1995; Zhou et al. 1996; Clegg et al. 1997; van
Elsas et al. 1997; Yeates et al. 1997; Duarte et al. 1998;
Gelsomino et al. 1999). A major, critical step in direct
soil DNA extraction is the efficient lysis of the micro-
bial cells in soil. The bead beating method used for cell
lysis in soil gave a higher DNA yield than that gener-
ated by cell disruption with liquid N followed by mortar
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and pestle grinding. However, this difference was not
statistically significant. Van Elsas et al. (1997) found up
to 35 mg DNA g–1 dry soil in different soil types using
the same bead beating procedure. They also applied
various steps for purification of the crude DNA de-
pending on the soil type and organic matter levels. In
this study, the complete procedure, including a Wizard
spin column clean-up step, was performed. In this way,
relatively pure DNA ready for PCR amplification was
obtained. By comparison, another procedure for the di-
rect extraction of DNA from soil by high-salt/SDS/heat
treatment recovered 2.5–26.9 mg DNA g–1 soil, with
A260/A280 ratios between 1.17 and 1.23 according to the
purification treatment (Zhou et al. 1996). An improved
yield and higher purity of DNA after bead beating in
comparison with hot-SDS extraction, three freeze-thaw
cycles or a combination of treatments were also found
by Cullen and Hirsch (1998). It is likely that the bead
beating method is quite effective in establishing bacte-
rial cell lysis, whereas the brown humic compounds ex-
tracted together with DNA from soil can be readily re-
moved in subsequent purification steps. Also, in an-
other study, cold disruption of cells with liquid N in soil
and suspension of the soil particles in the presence of
skimmed milk enhanced lysis of cells and protected
crude DNA from severe humic contamination, respec-
tively (Volossiouk et al. 1995).

An indirect soil DNA extraction method, which
combined sodium pyrophosphate solubilisation of cells
and soil aggregates with efficient cell lysis by bead beat-
ing followed by DNA extraction and purification, was
recently developed (van Elsas et al. 1997). As expected,
the DNA yields obtained with this method were some-
what reduced compared to those obtained by the direct
bead beating extraction method, suggesting the DNA
obtained with the former might have been more repre-
sentative of the bacterial communities in soil. The sec-
ond indirect (RNA/DNA) extraction method used in
this study was even less efficient with regard to the
amount of DNA obtained. This might have been due to
the acid phenol treatment, which tends to be favoura-
ble for RNA rather than DNA extraction (Duarte et al.
1998).

Several authors have reported that the efficiency of
PCR amplification of target soil DNA depends on the
relationship between the level of target DNA and that
of contaminants in the crude extract, which in turn is
affected by the efficacy of the purification procedure
(Saano et al. 1995; Bej and Mahbubami 1996; Yeates et
al. 1997; Cullen and Hirsch 1998). Positive PCR amplif-
ication of soil-extracted DNA is a good indicator of
purity of the sample, as Taq polymerase can be inhi-
bited by quite low amounts (e.g. ~1 mg ml–1) of humic
acids (Tsai and Olson 1992; Tebbe and Vahjen 1993).
All four methods used to obtain DNA from the soil re-
sulted in successful amplification of 16S rRNA genes.
Thus, the community DNA yielded by all methods was
pure enough for further DGGE analysis. Also, physical
treatment by bead beating to lyse the microbial cells

did not result in heavily sheared template DNA as re-
ported by others (Dijkmans et al. 1993; Zhou et al.
1996; Clegg et al. 1997; Porteus et al. 1997).

The results obtained with PCR-DGGE performed
on soil DNA extracted by different methods showed
clear profiles that likely represented the dominant bac-
terial fractions in the samples. Taking into account the
scarcely detectable specific genome numbers, the total
microscopic cell count and estimated losses of cells and
DNA, Gelsomino et al. (1999) suggested that these
fractions represent at least 0.5–1.5% of the total micro-
scopically detectable bacterial community. They also
suggested that the bacterial PCR-DGGE system will
generally detect a limited number of dominant, ubiqui-
tous and ecologically recalcitrant bacterial types in a
given soil. Grossly speaking, the profiles generated by
all four extraction methods were largely similar (i.e. re-
vealed 82% similarity), indicating that the methods
were of similar efficiency in the extraction of the target
DNA underlying these consistent bands in the DGGE
patterns. Also, Duineveld et al. (1998) recognised 82%
similarity between profiles as an indicator of the lack of
significant difference in community structure. However,
the differences that were apparent above this level (i.e.
118% difference) indicated that varying populations of
bacteria were detected in the same soil by the different
methods of soil DNA extraction. Heuer and Smalla
(1997) applied TGGE analysis of 16S rDNA fragments
amplified from DNA extracted and purified with differ-
ent protocols. They reported that fingerprints gener-
ated with DNA extracted after harsh lysis of cells were
different from those obtained after a soft lysis proce-
dure. Also, Liesack et al. (1997) reported that environ-
mental DNA extracted from the same soil sample using
different lysis protocols (e.g. bead beating homogenisa-
tion alone versus a combination of methods) produced
different 16S rDNA profiles when analysed by DGGE.
The aforementioned results indicate that the relative
composition of DNA extracted from the same soil sam-
ple can be strongly influenced by the lysis procedure
applied. In this respect, it should be noted that due to
the very nature of the PCR-DGGE approach, compari-
sons between DGGE profiles based on clustering are
obviously of relative value. First, bands below detec-
tion, even though they might represent substantial bac-
terial populations, will not be scored. Secondly, the
conditions in the PCR reaction that determine the rela-
tive rate of amplification of each band can be slightly
different between different extracts, resulting, after
30–45 cycles, in widely divergent profiles. Thirdly, the
primer-product versus product-product competitive ef-
fect that is often observed in later stages of the PCR
might be different in the different PCR reaction mixes
due to different amplification efficiencies and target
DNA amounts. Nevertheless, the relative similarities
observed by us between the profiles obtained by four
methods seemed to indicate that, for the most part,
very similar bacterial populations were being extracted
and amplified.
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The dilution of template DNA extracted by the var-
ious methods resulted in divergent fingerprints gener-
ated by PCR-DGGE. Various bacterial populations
could be detected depending on the dilution level of
the total target soil DNA. Presumably, populations that
were less dominant might have become apparent by
PCR-DGGE when the dominant groups were diluted
out. The application of two dilution levels allowed the
finding that the most stable profile of the soil bacterial
community was generated by the direct methods. Thus,
direct lysis of bacterial cells by bead beating or grinding
in liquid N generated the highest numbers of different
16S rDNA fragments which were most stable upon di-
lution of the template DNA. By contrast, the profiles
obtained with the indirect methods clustered together
in different groups, and were separated by dilution lev-
el. It is likely that these methods both preferentially
yielded DNA from a major, easily desorbed, bacterial
fraction, which consisted of low density populations.
Also, Gelsomino et al. (1999) reported the separate
clustering of DGGE profiles obtained with direct ver-
sus indirect extraction methods. They indicated that
this difference was based entirely on the presence or
absence of weak bands, suggesting that less numerous
bacterial types might have been differentially ex-
tracted.

The differences observed between the profiles ob-
tained should be explained very carefully, as they are
the result of competitive PCR followed by DGGE sep-
aration of the amplicons. It is often assumed that the
number and intensity of the bands observed reflects the
relative dominance of the targets (i.e. bacteria). How-
ever, several problems can distort this interpretation,
and these include problems inherent in the extraction
methods. First, each soil DNA extraction method yields
different levels of inhibitors, which may affect the na-
ture of the competition in the PCR reaction and, final-
ly, the patterns. Secondly, albeit apparently infrequent,
each single band can theoretically have different ori-
gins, i.e. relate to different underlying organisms (dif-
ferent sequences with similar melting behaviour).
Thirdly, one organism might produce more than one
band in the DGGE profiles due to the presence of sev-
eral copies of the rrN operon with slightly differing se-
quences (Muyzer and Smalla 1998). Fourth, some of
the bands in the profiles might be, in reality, chimeric
forms produced during PCR. Moreover, if certain tar-
gets amplify more readily than others, the distribution
of band intensities is distorted. Finally, the dilution ef-
fect may shift the balance to a quite different competi-
tive PCR with a different outcome due to, for example,
different primer-product versus product-product an-
nealing competition (Gelsomino et al. 1999).

In conclusion, the aim of this study was to assess to
what extent the procedure used for soil DNA extrac-
tion would affect the profiles representing the composi-
tion of the bacterial community, i.e. which method
would yield the most representative pattern? Presuma-
bly, the answer is equivocal, if only because of the vir-

tual impossibility of extracting and lysing all bacterial
cells present in a given soil. Moreover, problems of soil
heterogeneity at the microscale level play a role. The
methods selected should, therefore, be used bearing in
mind the soil type and the aim of the study, acknowl-
edging that, much like plating of soil bacteria, a magical
method which allows the visualisation of the total bac-
terial diversity is impossible to achieve. However, the
results of the PCR-DGGE analysis carried out here, es-
pecially those obtained with the diluted target DNA,
allowed us to arrange the methods for DNA extraction
from soil with respect to the decreasing diversity (re-
flected in numbers of bands) of bacterial populations
found, as follows: direct cold disruption6direct bead
beating1 indirect cell extraction/lysis method1 indirect
RNA/DNA extraction. PCR-DGGE was found to be a
suitable technique with which to find the best method
for DNA extraction from soil, which could be used fur-
ther for the determination of microbial community div-
ersity at the molecular level.
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