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3.1
Introduction

Methodological studies have a strong position in soil biology; many of us
are method “freaks” willing to spend the best part of our lives developing
new methods, or finding reasons to discard old ones. This preference is
not entirely unjustifiable; soil is a non-transparent material in more than
one sense, effectively hindering a direct observation of organisms and pro-
cesses. Thus, our observations are very indirect (compared to other natural
sciences); there is always a “method” (or several) involved which provides
us with more or less biased and fragmentary impressions of the biological
reality of interest. Progress in this field will be enhanced by creative in-
ventions of new and partly complementary approaches. For each method
invented, tested, and discarded, small pieces of facts about the life of soil
microbes are provided. For more than two decades, soil ecologists have
analysed nucleic acids in soils for various purposes (Trevors and Van Elsas
1995; Wellington et al. 2003). The tools have developed rapidly, allowing
analyses of community composition, phylogenetic and functional groups,
specific species/strains and functional genes (Nannipieri et al. 2003). Most
work has been done on DNA, but more recent developments include RNA,
which provides information about the active part of the microbial commu-
nity (Moran et al. 1993; Felske and Akkermans 1998; Duineveld et al. 2001)
and gene expression (Bürgmann et al. 2003). Prior to any such analyses, the
soil material must be removed; the nucleic acids or the microbial cells must
be extracted from the soil particles and humic substances which will other-
wise obscure almost any observation. The number of protocols invented is
daunting, reviewed several times over the last two decades (Trevors 1992;
Saano et al. 1995; Torsvik et al. 1995; Van Elsas and Smalla 1995; Staple-
ton et al. 1998; Roose-Amsaleg et al. 2001; Gabor et al. 2003; Robe et al.
2003). Figure 3.1 illustrates the essential steps taken in different protocols to
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Fig. 3.1. Flow charts for direct extraction of nucleic acids (NA) or extraction and purification
of cells prior to NA extraction. The most common operations (in ellipses) and their intended
products (in boxes) are shown

achieve such extraction. The protocols can broadly be divided in two main
categories: (1) direct extraction of nucleic acids (NA) from soil, sometimes
preceded by a mild washing to remove extractable extracellular DNA, and
(2) cell extraction and purification prior to NA extraction/analysis.

From time to time, critical evaluations have revealed that cell lysis and NA
extraction represent the Achilles’ heel of molecular methods in soil biology
(Frostegård et al. 1999; Miller et al. 1999; Westergaard et al. 2001). It has
been shown that the DNA material extracted from soil is not representative
for the entire soil community in question, for a number of reasons; the
presence of extracellular NA (mostly DNA), biased cell lysis, losses due
to shearing and enzymatic degradation, sorption to colloids, and losses
during purification. Further, it has been a recurring experience that humic
substances, which contaminate the extracted NA, may inhibit enzymes that
are essential for the analysis of NA (Stach et al. 2001).

Finally, the success of protocols may be limited to specific target organ-
isms/genes and/or specific soils. It appears unlikely, therefore, that a single
consensus protocol should emerge to replace the plethora currently in use.
It is more likely that protocols will continue to be designed, ad hoc. In
designing such protocols, it is crucial to have an understanding of the



Proof

3 Nucleic Acid Extraction from Soil 51

mechanisms involved in the various steps, and the types of bias they may
create. We hope that the present chapter will provide an updated knowl-
edge of this kind. A leitmotif could be Leonard Cohen’s “there is a crack in
everything, that’s how the light comes in”; a biased method is problematic
(cracks) until we know the extent and the reasons for the bias. With that
knowledge, experiments can be designed to exploit the bias to unravel new
phenomena (... how the light comes in).

3.2
Lysis and Extraction

All protocols for NA extraction from soil microorganisms include treat-
ments meant to achieve lysis of the cells (Robe et al. 2003) since large
molecules, like whole genomes and ribosomes, are unlikely to be released
if the cell sacculus is intact (mRNA, however, is not necessarily retained by
the cell sacculus if the membrane is destroyed). Most protocols combine
chemical and enzymatic means with physical means to achieve cell rupture
and extraction, either in sequential steps or in a single operation.

3.2.1
Cell Rupture Depends on Cell Type and Growth

Physical means to rupture cells are generally more efficient on Gram-
negative than Gram-positive bacteria, due to the thicker peptidoglycan
layer of the latter. The strength of the peptidoglycan layer is not only de-
pendent on its thickness, but also on the degree of the peptide cross-links
(Pisabaro et al. 1985). The number of cross-links can vary between species,
but for each species it also depends on growth rate. Growth will neces-
sarily imply that the wall must be weakened, to allow it to expand (Koch
2001). The degree of cross-linking of the peptidoglycan layer of E. coli is
higher in slow growing than in rapidly growing cells, and maximum in
stationary stage cells (Pisabaro et al. 1985), and stationary stage E. coli and
B. subtilis were found to be much more resistant against sonication than
cells from an exponentially growing culture (Lindahl and Bakken 1995).
Similarly, fast growing Pseudomonas aeruginosa were more susceptible to
EDTA+lysozyme treatment than stationary stage cells (Watt and Clarke
1994). The morphology and cell size of bacteria are also of importance
(Geciova et al. 2002), rods are easier to disrupt by impingement than cocci,
and large cells easier than small ones (Kelemen and Sharpe 1979). Fun-
gal cells are at least as variable as bacteria regarding wall thickness and
strength, and not the least size and morphology. Similar to bacteria, the
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thickness and thus mechanical strength of fungal walls appear to be in-
versely related to growth rate, reaching a maximum at stationary stage
(Smith et al. 2000). Melanin accumulation in aging fungal walls may confer
some increased strength as well as a better resistance against enzymatic
degradation (Kuo and Alexander 1967). Finally, endospores of bacteria and
fungal spores are generally much more resistant against rupture than the
vegetative cells (Kuske et al. 1998). Protozoa have extremely resistant rest-
ing stages compared to their vegetative cells, and as a result harsh methods
such as bead beating have been recommended for extraction of their DNA
(Fedorko et al. 2001; Fredslund et al. 2001).

In conclusion, the composition of the extracted DNA may be severely bi-
ased; metabolically active and/or large cells will tend to be over-represented
compared to stationary stage and/or small coccoid cells. On the other hand,
extending mechanical cell rupturing to include the toughest cells may cre-
ate the opposite bias: the DNA from the most fragile cells may be “lost” by
shearing (see below). The severity of this dilemma clearly depends on the
minimum size of the DNA molecules for the application planned. If DNA
is extracted for polymerase chain reaction (PCR)-based analysis of small
gene segments, the shearing may not be a serious problem. At the other
extreme, for the creation of metagenome libraries, very large pieces of DNA
are desired.

It should also be mentioned that the mechanisms of cell rupture are
not obvious, and this could hypothetically have consequences for the bias
(discussed below). Kleinig and Middelberg (1998) claim that inertial forces
(internal pressure gradients caused by sphere acceleration) may be impor-
tant in high-pressure cell homogenisers (and in sonicators) for large cells
(yeasts), whereas viscous forces are more important for smaller cells (low
Reynold’s number; Purcell 1977). Compression of materials, as in tablet-
ting, is thought to kill cells through viscous shear rather than by heat (Blair
et al. 1991); thus cell rupture/lysis is the cause of observed death. Similar
mechanisms are probably involved in soil grinding in mortars (Frostegård
et al. 1999) and in mortar grinding of frozen soil or cell suspensions (Zhou
et al. 1996; Hurt et al. 2001), although brittle fracturing across the frozen
cells is probably also of importance in that case. Finally, cell rupture by
deformation when pressed between colliding solid surfaces (Smith et al.
2000) is probably the most important factor in bead beating.

3.2.2
Bead Beating, Efficiency and Bias

Bead beating has been a popular component of cell lysis protocols. A soil
slurry (or a suspension of extracted cells) is mixed with small spheres (most
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commonly 0.1 or 0.2 mm spheres, sometimes mixed with larger beads) and
shaken at high frequency. Bead beating exploits the collision between glass
spheres to break the cells; thus deformation is probably the main cause of
cell disruption, although viscous shear may hypothetically be important at
high speeds.

Recognised critical physical parameters in bead beating are the propor-
tions between soil, water and glass beads, the frequency of beating, and the
length of the treatment (Bürgmann et al. 2001). Efficient lysis can obviously
be achieved by extending the treatment over several minutes at the cost of
shearing the released DNA (viscous shear of DNA is negligible as long as
the DNA is packed within a cell sacculus, but significant when the DNA
is freely suspended after cell rupture). The choice of bead beating time is
thus a choice between pest and cholera: short bead beating times will only
lyse the fragile cells while more robust cells may be lysed by prolonged
beating, at the cost of shearing the DNA from the fragile ones. Bürgmann
et al. (2001) conducted a thorough comparison of various versions of bead
beating for PCR. Even bead types were compared: a mixture of different
beads (0.1, 1.4 mm and a single 4 mm sphere) performed better than beads
of equal size; but shearing was aggravated. A plateau in DNA amounts was
reached by a treatment of 6 m s−1 (6,300 rpm) for 45 s; with 1.25 ml buffer,
harsher treatments yielded very little extra. Neither did repeated treatment
(except for lower intensity procedures).

The kinetics of cell lysis and DNA shearing after bead beating or grinding
has been systematically investigated by some researchers (Van Elsas et al.
1997; Frostegård et al. 1999; Bürgmann et al. 2001) while many others
appear to use shear guesswork when deciding their bead beating times,
and they appear to have made widely different guesses, as judged from
the large differences between protocols (Table 3.1). Strict comparisons are
difficult, however, since few authors report the intensity of the bead beating
properly. There are at least two parameters which are of importance: the
frequency and the amplitude, which together determine the frequency and
energy of collisions between the beads. Some authors simply report “full
speed”, some report frequency and some speed (m s−1), neither is adequate.
In addition, the nature of the movements (rotations of reciprocal) may have
some influence on the energy of the collision; such information is seldom
reported, neither by the producer of the equipment nor by the authors of
scientific papers.

We have made a rough calculation of the relationship between cell size
and cell rupture by deformation based on the following assumptions:

1. Deformation of the glass beads at collision is negligible.

2. Hence, each collision will rupture cells within a liquid volume which
can be calculated by straightforward geometry, as a function of the bead
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diameter and the critical deformation, Dc, which is the distance between
surfaces below which the cell will burst.

3. The calculated “rupture volume”, vr (the volume of liquid in which cells
will be ruptured by deformation), is necessarily a function of cell size
and physical characteristics of the wall.

4. The rupture rate (Rs = fraction of cells ruptured by a single stroke) is then
a function of the probability of a single cell to be in one of the “rupture
volumes”, which again is a function of total liquid volume (Vtot) and
the total number of beads (Nb), and the assumed number of successful
collisions per bead for each stroke (Cb): Rs = vr*Nb*Cb/Vtot.

5. The rupture rate has thus been calculated for beads with a diameter
of 100 μm (which is the most frequently used), Vtot = 1 (ml per g of
beads), Cb = 4. The calculation has been done for cells with three critical
deformation distances, Dc: 0.3, 0.5 and 1 μm. The results are shown in
Fig. 3.2.

The results are in reasonable agreement with the observations of Moré
et al. (1994): assuming that their beat speed was 3000 rpm, a 5 min beating
equals 15,000 strokes in Fig. 3.2. It illustrates the dilemma when choosing
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Fig. 3.2. Estimated cell rupture in a bead beater with 1 g liquid per g of 0.1 mm beads, as
a function of the critical deformation (Dc, μm), i.e. the distance between surfaces below
which the cell will burst. The figure shows the fraction of the initial cell numbers (= 1
for each group) remaining intact (unruptured), plotted against the number of strokes. The
calculated rupture rate (stroke−1) depends on bead size. For larger beads, for instance
0.17 mm, as used by Smalla et al. (1993), the calculated rates would be around 20% of the
rates calculated here. In other words, their treatment at 4000 rpm for 10 min would end up
at 40,000/5 = 8,000 strokes in the present figure
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bead beating intensity (time or speed). A nearly complete rupturing of
large/brittle cells can probably be achieved within half a minute at high
speed (as in Borneman et al. 1996).

Bead beating has also been used for lysis of fungi in soil samples. For
example, after addition of Aspergillus fumigatus to soil, higher amounts of
DNA were recovered after bead beating following the protocol of Cullen and
Hirsch (1998) than after grinding in liquid nitrogen (Kabir et al. 2003) while,
in another investigation, liquid nitrogen grinding gave similar recoveries
and was therefore preferred to the more time-consuming method based on
bead beating (Van Elsas et al. 2000). Although the efficiency of different
lysis treatments on indigenous soil fungi has not been well studied, clones
containing 18S rDNA sequences from the main fungal phyla (Ascomycetes,
Basidiomycetes, Zygomycetes and Chytridiomycetes) were obtained after
bead beating and direct DNA extraction (Anderson et al. 2003; Gomes et
al. 2003).

3.2.3
Grinding

Various versions of grinding have been used to rupture cells, either by
grinding dry soil (Frostegård et al. 1999) or a frozen (liquid nitrogen) soil
or cell suspension (Zhou et al. 1996). The protocol developed by the French
group (Frostegård et al. 1999; Courtois et al. 2001) includes a machine
mortar grinding of air dry soil, partly to rupture cells mechanically, partly
to ensure access of the enzymes (lysozyme and achromopeptidase) used
in the next step of the protocol. The grinding of dry soil, whereby the
soil mineral particles are completely pulverised, probably ruptures cells by
viscous shear as well as by deformation between colliding soil particles. The
rupturing efficiency was only moderate; direct microscopic counts revealed
that more than 50% of the cells remained structurally intact (detectable by
acridine orange direct counts) after grinding (Frostegård et al. 1999). The
bias with respect to cell size was not investigated. It appears likely that small
cells survive better than large ones but the calculation of this bias is not as
straightforward as for the bead beating (above).

The grinding of cells in frozen condition (most often in a hand mor-
tar with liquid nitrogen as the freezing agent) will rupture the cells by
brittle shearing as in freeze-fracture/freeze etch techniques for electron
microscopy preparations. The method is not uncommon for NA extraction
from fungi (Nazar et al. 1996; Kabir et al. 2003) but less frequently used
when bacteria are targeted. Zhou et al. (1996) examined its effect on various
Gram-positive species (cultured); cell pellets were mixed with sterile sand
and liquid nitrogen and ground (hand mortar, unspecified intensity and
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length of time), resulting in substantial (2–6 times) increase in extracted
DNA compared to freeze/thaw (liquid nitrogen/microwave heating till brief
boiling), both treatments in 2% sodium dodecyl sulfate (SDS). In contrast,
Kabir et al. (2003) experienced severe shearing by a similar freeze-grinding
of soil seeded with bacteria. To our knowledge, there exists no direct mi-
croscopic investigation of freeze-grinding on cell rupturing, neither on the
total nor on the size-dependent bias. In theory, the size-bias of brittle frac-
turing of frozen cells should be similar to the bias in bead beating, for shear
geometric reasons (a large cell is more likely to be hit by a fracture plane
than a small cell). Consequently, the method is likely to be more efficient
for fungi than for bacteria.

3.2.4
Freeze/Thaw

Freeze/thaw is also a method believed to rupture cells, used in various
combinations with SDS and enzymes. Ice crystal formation during freezing
is well known to cause cell rupture (hence glycerol is added when cultures
are preserved by freezing) but the effect on microbial cells in soil appears
moderate. Smalla et al. (1993) found bead beating to be substantially more
efficient than freeze/thaw (both conducted after lysozyme and cold SDS
treatment). Both Kauffmann et al. (2004) and Zhou et al. (1996) concluded
that freeze/thaw in combination with SDS may be sufficient to lyse Gram-
negative cells but not Gram-positive ones. The main effect of the freeze/thaw
may be to release DNA from already lysed cells (Tsai and Olson 1991).
Thus freeze/thaw treatment has often been used subsequent to lysozyme
treatment and in combination with SDS (Rochelle et al. 1992; Lee et al.
1996), or subsequent to bead beating with SDS (Moré et al. 1994; Ogram et
al. 1995).

3.2.5
Enzymatic Lysis

Enzymes are often used to lyse cells, either alone or in combination with
chemicals and physical means, or simply to permeabilise the cells to allow
transport of materials in and out of the intact cell sacculus (for micro-
scopic analyses such as fluorescence in situ hybridisation, FISH). As a rule,
enzymes are selective which the detailed review below will show.

Lysozyme, by far the most commonly used enzyme, dissolves bacterial
cell walls by hydrolysing the β-1–4 glycoside bonds in the peptidoglycan
in eubacterial walls. The outer membrane of Gram-negative bacteria is
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a barrier which may protect the cell wall against lysozyme, but the pro-
tection appears to be only partial and variable among strains (Masschalck
et al. 2001). Archebacteria are resistant to lysozyme since their walls are
made up of other materials than peptidoglycan. However, even among the
Gram-positive bacteria, there are groups (e.g. Actinomyces) which are rel-
atively resistant to lysozyme (Barsotti et al. 1988). Permeation of the cell
wall of Actinobacteria was shown to be only partial with lysozyme, and the
combination of lysozyme and achromopeptidase was much more efficient
(permeation of fixed cells for FISH; Sekar et al. 2003). Lysozyme is inhibited
by SDS (Smith and Stoker 1949) which is one good reason to use lysozyme
and SDS in sequence rather than in one single step. Lysozyme has also been
used in protocols to extract fungal DNA (Claassen et al. 1996; Landeweert
et al. 2003) which is not as absurd as it may sound: lysozyme has been
demonstrated to have chitinolytic activity (Pooart et al. 2004; Takeshita et
al. 2004), probably by having two different active sites (Takeshita et al. 2003).

Achromopeptidase is a protease extracted from Achromobacter lyticus
which attacks the peptidoglycan layer of bacteria by cleaving its peptide
cross bonds. Commercial bacteriolytic achromopeptidase reagents may
contain both alpha- and beta-lytic proteases and possibly others (Li et al.
2000). The alpha protease attacks the polysaccharide-peptide bond and the
D-Ala-Gly and Gly-Glu bonds (Li et al. 1997); the beta protease cleaves the
glycine-X peptide bond (Li et al. 1998). Achromopeptidase is characterised
by a very high proteolytic activity, broad pH range, and a high stability to
denaturation. For instance, achromopeptidase retains high activity in the
presence of 0.1% SDS and 5 M urea (Tsunasawa et al. 1989). Inhibition by
chelating agents (EDTA and phenanthroline) has been observed, however,
suggesting that achromopeptidases are metalloproteins (Li et al. 2000). It
is probably smart, therefore, to avoid EDTA (or other chelating agents) as
an additive in achromopeptidase cocktails. Although achromopeptidase
appears rather unspecific, the enzyme (in combination with lysozyme)
was shown to leave certain Gram-positive cells (belonging to the genus
Micromonospora) intact while others were efficiently lysed (Frostegård et
al. 1999).

Other enzymes are sometimes used in combination with the peptidogly-
can-targeting enzymes, in order to help the latter to gain access to the
peptidoglycan layers. Thus, protein-rich extracellular material has been
targeted with proteinase K or mutanolysin. Lipase and mutanolysin were
used in combination to lyse spores of Bacillus anthracis (Sjöstedt et al. 1997).
The reason for using lipase is not clear. Mutanolysin is a lytic enzyme with
a high specificity for lysing certain Gram-positive bacteria but not Gram-
negative ones (Yukogawa et al. 1974; Raddadi et al. 2004).

Novozym 234 (Novo, Denmark) is a mixture of chitinolytic enzymes
from Trichoderma harzianum which efficiently lyses fungal cells, and has
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been used to produce fungal protoplasts (Robinson and Deacon 2001)
and to extract DNA from cultures (Varma and Kwonchung 1991) and soil
(Porteous and Armstrong 1991). The mixture contains DNase which will
reduce the DNA yield unless inhibited (Varma and Kwonchung 1991).

3.2.6
Chemical Agents

Chemicals include a range of compounds which are used to permeabilise
and thus to enhance enzymatic attacks and/or physical rupture (Nandaku-
mar et al. 2000). The outer membrane of Gram-negative bacteria protects
the peptidoglycan and can be destroyed/permeabilised by adding EDTA
(Watt and Clarke 1994), detergents like SDS and Triton X-100 (Andrews
and Asenjo 1987), or more specific compounds such as polymyxin B (Katz
et al. 2003). The specificity (at strain or species level) for some of these
compounds is possibly a problem. It is interesting to note that not only
may they be strain-specific, the effects may also depend on the growth
rate of the cells. Watt and Clarke (1994) observed that EDTA effects (in
concert with lysozyme) depended on the growth rate of the cultures; sta-
tionary stage cells were much more resistant than actively growing ones. As
mentioned earlier, the difference may have been due to differences in the
cross binding in the peptidoglycan layer but may also be due to membrane
changes. Many protocols for DNA extraction include a “hot SDS lysis”, in
which a high SDS concentration (1–4%) is used and temperature is either
kept constantly high (65 ◦C; Zhou et al. 1996) or alternating between frozen
(liquid nitrogen) and warm (50 ◦C; Clegg et al. 1997).

3.2.7
Extraction for Metagenome Libraries

To extract bacterial DNA for the creation of clone libraries (metagenome
projects; Rondon et al. 2000; Lorenz and Schleper 2002), it is desirable to
achieve high molecular weight and unbiased DNA (Lorenz and Schleper
2002; Berry et al. 2003). The necessity of large DNA inserts is particu-
larly important when using vectors which can carry large (100 kb) inserts
(BAC, Cosmid) which are used to construct libraries suitable for sequence
homology-based screening. Thus, Ginolhac et al. (2004) use a DNA extrac-
tion protocol which ensures a minimum of physical DNA shearing; cells are
first extracted from the soil (on Nycodenz), then mounted in an agarose
gel plug prior to lysis (by lysozyme and achromopeptidase) and extraction
(100 mM EDTA, 1% lauryl sarcosyl, proteinase K).
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However, even for libraries used for functional screening (using plasmids
or lambda vectors with strong promoters), the size of the insert will affect
the chances of expression (Gabor et al. 2004). Lee et al. (2004) used the
> 25 kb size fraction of soil DNA (extracted by the freeze/thaw enzymatic
method; Zhou et al. 1996) to construct a metagenome library (in Escherichia
coli with a cosmid vector), which was screened for lipolytic activity. Gabor et
al. (2003) used somewhat smaller inserts (4–6 kb, prepared by mechanical
shearing of soil DNA) inserted with the pZero-2 vector (Invitrogen) to
create a gene bank (E. coli) screened for novel amidases.

Based on the foregoing discussion of cell lysis, it appears practically
impossible to achieve an unbiased DNA extract from entire communities
without shearing the DNA. The conflict between efficient lysis and mini-
mum shearing was demonstrated by Kauffmann et al. (2004) who compared
two extraction methods, the method of Zhou et al. (1996; freeze thaw, pro-
teinase K and SDS) and the bead beating procedure of Moré et al. (1994;
bead beating, SDS), for extraction of DNA from a Gram-negative (Pseu-
domonas LU2023) and two Gram-positive species (Arthrobacter LU9144,
Rhodococcus LU9002). Pseudomonas DNA was efficiently extracted with
both methods but the bead beating resulted in substantially more shearing
of its DNA. In contrast, bead beating was the only method able to lyse
and extract DNA from the Gram-positive cells. By using the two methods
in sequence (bead beating extraction of cell remaining after Zhou extrac-
tion), they achieved two “biased” DNA extracts, one dominated by high
molecular weight DNA from Pseudomonas (after Zhou extraction), and one
dominated by DNA from the Gram-positive cells (bead beating extraction
of the cells remaining after the Zhou extraction).

3.3
Purification

The crude DNA extract derived from soil organisms generally contains
humic substances and other compounds which inhibit enzymes such as
polymerases and restriction endonucleases, often used for analysing the
DNA (Tebbe and Vahjen 1993; Wilson 1997). Naturally, DNA obtained after
direct in situ lysis is more contaminated than DNA derived from cells that
have been separated from the soil before lysis. The contamination with
inhibiting substances in direct in situ lysis can be reduced by prewashing of
the soil (buffer and EDTA) prior to lysis (Fortin et al. 2004), but purification
of the extracted DNA is often necessary. For this, a number of strategies have
been adopted, thoroughly reviewed by Robe et al. (2003). Some are time-
consuming and others are quick and easy to perform, some are inexpensive
and others relatively expensive. Often, several methods are combined to



Proof

3 Nucleic Acid Extraction from Soil 61

obtain satisfactory results. The choice of purification method depends not
only on soil type and hence the type of contaminants present, but also
on the goal of the investigation. Moreover, it should be kept in mind that
increasing the number of purification steps will probably lead to increased
losses of target NA.

Inhibitors often originate from the samples, e.g. humic and fulvic acids
from soil DNA extracts, but care should also be taken during the whole
process of sample handling since dust, pollen, glove powder and numerous
other exogenous contaminants may have inhibitory effects (Wilson 1997).
Mechanisms for inhibition are not well understood; it is likely that different
chemical and physical factors interfere in the interaction between DNA and
enzymes, for example, by unspecific blocking of target or primer DNA thus
making it unavailable for polymerase (Wilson 1997). It appears also that
humic substances may reduce the specificity of primers used in PCR (Stach
et al. 2001). In the case of hybridisation, saturation of the membrane by
the contaminants appears to be the problem or, alternatively, interaction
between contaminant and target NA (Alm et al. 2000). In the following we
list the major contaminants of soil-derived NA extracts known today, and
give brief descriptions of the most common ways to remove them.

Humic acids and other phenolic compounds are major contaminants
of soil DNA. Nucleic and humic acids have similar characteristics, and
are therefore difficult to separate. A number of strategies have been tried
(Wilson 1997; Roose-Amsaleg et al. 2001), many dependent either on dif-
ferential binding to a polymeric matrix or fractionation based on size
differences. Polyvinylpolypyrrolidone (PVPP; Holben et al. 1988; Picard et
al. 1992; Frostegård et al. 1999) and hexadecyltrimethylammonium bro-
mide (CTAB; Porteous and Armstrong 1991; Saano et al. 1995; Fortin et al.
2004) are often added to the extraction buffer since they form complexes
with humic acids. Selective precipitation of humus can also be achieved
by AlNH4(SO4)2 (Braid et al. 2003). Very often columns are used through
which the crude DNA extract is passed. The columns can be packed with
PVPP (Kabir et al. 2003), but generally prepacked, commercially available
columns are used, such as Wizard columns (Promega, Madison, WI, USA;
Van Elsas and Smalla 1995; Harry et al. 1999) or Elutip-d columns (Schlei-
cher and Schuell; Picard et al. 1992; Frostegård et al. 1999) all of which are
based on binding to a polymeric matrix. Alternatively, gel filtration resins
can be used, such as Sepharose 4B, Sephadex G-200, G-75 or G-50 (Jackson
et al. 1997; Cullen and Hirsch 1998; LaMontagne et al. 2002) or Sephacryl
S-400 (Frostegård et al. 1999) which are based on size fractionation.

Proteins, polysaccharides and non-target nucleic acids are other con-
taminants that can cause severe inhibition of enzymatic reactions (Tebbe
and Vahjen 1993; Lantz et al. 1997; Wilson 1997). Proteins are often di-
gested by the addition of proteinase K (Porteous and Armstrong 1991),
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a non-specific serine protease, or pronase (Jacobsen and Rasmussen 1992),
which is a mixture of endo- and exo-proteinases. These proteases are active
at the pH and salt levels generally used, and remain stable in the pres-
ence of SDS. Another way to remove proteins which is often employed is
by phenol/chloroform extraction (Sambrook et al. 2004), and yet another
is by precipitation in potassium acetate (1.3 M final conc.; Smalla et al.
1993) and/or cesium chloride (CsCl, 5.3 M final conc.; Van Elsas and Smalla
1995). Polysaccharides are claimed to cause problems and can be removed
by polyethylene glycol (PEG) precipitation (Porteous and Armstrong 1991).
DNA extracts are often treated with RNase to remove contaminating RNA
and, similarly, RNA extracts are treated with DNase.

Alternative ways of separating NA from impurities are purification by
CsCl gradient centrifugation (Courtois et al. 2001) or gel electrophoresis
(Rasmussen and Sørensen 2001; LaMontagne et al. 2002). Moreover, a range
of DNA extraction kits are marketed which contain purifying agents or
provide purification step(s); e.g. FastDNA spin sample kit (for soil; BIO101,
La Jolla, CA, USA) where the Geneclean purification uses Glassmilk which
contains ground SiO2; or the UltraClean Soil DNA kit (MoBio Laboratories
Inc., Solana Beach, CA, USA). When specific NA sequences are targeted,
magnetic beads can be used to “fish” for these in a complex DNA extract
(Jacobsen 1995).

3.4
RNA Extraction

The general principles for DNA and RNA extraction are the same, but the
extraction of RNA requires special precautions to inhibit RNase activity,
in particular if mRNA is the target (Ogram et al. 1995; Ye et al. 2001).
Many different RNases have been reported from various microorganisms
(Nicholson 1999), and the catalytic mechanisms of all these are not yet
fully understood. DNases require metal ions to be active, and thus can be
inhibited by chelating agents such as EDTA. The activity of Rnase A (the
most well known of the RNases) instead depends on histidine residues
which constitute the enzyme’s active site and react with the 2′ hydroxyl
groups, situated close to the phosphodiester linkages in RNA, resulting in
cleavage of the phosphodiester bond of the RNA backbone.

RNases exist in most organisms, and special laboratory procedures are
needed to keep all solutions and equipment free from these enzymes (Blum-
berg 1987). Ideally, a laboratory room, or an area in a room, should be ded-
icated for RNA work. Only sterile disposables should be used, and gloves
should always be worn to avoid contamination of the solutions/equipment
by the introduction of RNases, or bacteria, from the skin. Apart from
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these “common sense” rules, strategies to suppress RNases include de-
naturation of the enzymes, inactivation, or exclusion by ultrafiltration
(http://www.millipore.com). Many RNases can withstand autoclaving and
also long periods of boiling, and there are also indications that RNases
might renature after autoclaving. High temperature over long time is
needed to permanently denature RNases, e.g. all glassware should be baked
at 180 ◦C for several hours. The most common way of suppressing RNase ac-
tivity in solutions is by treatment with diethylpyrocarbonate (DECP). The
molecular mechanism behind the inactivation is not known in detail for
all RNases, but in the case of RNase A the DECP molecules react covalently
with the histidine 12 residues, resulting in a permanent inactivation of the
RNase enzyme. After treatment with DECP (often 0.1% conc.) the solution
should be autoclaved to eliminate excess DECP. During autoclaving, the
DECP molecule is degraded to ethanol and CO2, of which small amounts
will remain in the solution as contaminants. An alternative to this chemical
treatment is therefore ultrafiltration, which efficiently removes RNase from
solutions.

3.5
Cell Extraction

The extraction of intact cells prior to cell lysis and NA extraction is at-
tractive for a number of reasons. Contamination by interfering substances
(humus) can be practically eliminated. Extracellular DNA (or RNA) is also
eliminated, at least with the density-based protocols (see below). Cell ex-
traction will also eliminate the potential problem with losses of NA by
sorption to soil colloids, which appears to be the reason that some proto-
cols are a complete failure for some particular soils. The main argument
against cell extraction is that it is incomplete (normal yield is between 10
and 20% of all bacterial cells), hence potentially biased. Another reason for
not choosing cell extraction has been that it is time-consuming and compli-
cated. This was true for old protocols but great simplification was achieved
by using a single-step dispersion/density-gradient centrifugation (Bakken
and Lindahl 1995). Further improvements have been implemented to pro-
vide cell samples for flow cytometric investigation of reporter organisms
(Unge et al. 1999).

In contrast to the plethora of protocols for NA extraction, only a few
variants of the cell extraction have been invented. The principal scheme is
dispersion of soil and subsequent centrifugation to separate soil particles
from cells, either based on differences in sedimentation rates or buoyant
density.



Proof

64 L.R. Bakken, Å. Frostegård

3.5.1
Dispersion

Physical dispersion can be achieved by using any blender, as long as it does
not seriously rupture the cells in question. Which most blenders will, how-
ever, if given enough time: a 2% decay rate per minute of homogenisation
was recorded for E. coli, Bacillus subtilis (vegetative cells) and methan-
otrophic bacteria, when homogenising 200 ml suspension in a 1,000 ml
container in a Waring blender at full speed (18,000 rpm) with cooling
(Bakken and Lindahl 1995). The respiration rate in a soil homogenate
showed a similar (2% min−1) decay rate (Bakken and Lindahl 1995). It ap-
pears, therefore, that the procedure of 3 min blending (Waring blender),
devised by Fægri et al. (1977), was a reasonable compromise between max-
imising the dispersion at the cost of a marginal (6%) cell rupture of fragile
cells. It is by far the most common way of soil dispersion for cell extrac-
tion, and appears still recommendable as the default procedure. Milder
dispersion procedures have been used for separating reporter bacteria by
density-gradient centrifugation (for flow cytometry), either by vortexing
for 1 min (Unge et al. 1999) or mild sonication (Burmølle et al. 2003). It is
a good idea since such cells are often fragile. It may also be used to extract
the most metabolically active fraction of indigenous soil bacteria (Lindahl
et al. 1996).

Chemical dispersion agents have been discussed by Bakken and Lindahl
(1995) at length. Detergents are thought to enhance cell release by dissolv-
ing extracellular materials but may also damage cells. Other additives have
been tried, such as PEG (Herron and Wellington 1990) and PVPP (Steffan
et al. 1988). The purpose with these two compounds is primarily to precip-
itate humus and other contaminations. Not surprisingly, therefore, PVPP
additions resulted in some decrease in the yield of indigenous soil bacteria
(Steffan et al. 1988). In contrast, PVPP addition improved the extraction
of Pseudomonas cells which had recently been added to the soil (Unge et
al. 1999). The contrasting results would indicate that indigenous cells (at
least a fraction of them) have surface properties which are more similar to
humus (possibly coated by humic compounds) compared to the recently
introduced Pseudomonas cells.

High cation concentration, and in particular di- and trivalent cations, is
disastrous for cell extraction because it may cause flocculation of negatively
charged colloids, and hence coprecipitation of bacteria and soil colloids
(which are both negatively charged). We have stressed earlier that for most
soils a sufficiently low di- and trivalent ion concentration can be achieved by
dispersion in distilled water (Lindahl and Bakken 1995), rather than using
ion exchangers proposed by MacDonald (1986). Thus dilution (less soil per
ml) is an easier solution to the flocculation than adding ion exchangers.
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Low concentrations of di- and trivalent cations help to avoid flocculation
but do not help much in dislodging bacteria that are strongly attached to
soil particles (Bakken and Lindahl 1995).

The pH in the soil slurry during dispersion and separation has an in-
variable effect on cell extraction; within the pH range 5–8 the cell yield
increases substantially with increasing pH. So does the “yield” of humus,
however, and for the same reason; the density of negative charges on humus
and organisms increases as pH is raised, resulting in stronger electrostatic
repulsion within humus colloids, hence expanding and dissolving humus,
desorbing cells and hindering flocculation. Our experience (unpubl. res.)
is that for soils which give a low cell yield (much less than 10–15%), great
improvement can be achieved by a moderate increase in pH (to 7 or some-
what higher). One way to achieve a high pH (most soils are acidic) is to
disperse the soil in weak NaOH (the necessary concentration can be de-
termined beforehand by titration of a soil suspension). Alternatively, the
soil may be dispersed in 20 mM sodium phosphate solution (Na2HPO4, pH
7.5–8.5).

Extracellular structures and polymers participate in establishing irre-
versible attachment of bacteria to surfaces, and the use of enzymes could
help in releasing the cells (Bøckelmann et al. 2003). The problem is that en-
zymes are specific and that the polymers involved in bacterial attachment
in soil are probably very diverse; it is a challenge to find the right mixture!
Another problem is that enzymes may have an adverse effect on bacteria.
Bøckelmann et al. (2003) designed a cocktail of lipase, α- and β-glycosidase
to help in dispersing soil bacteria. The effect on dispersion was substantial
when used in a protocol with only mild physical dispersion (rotary shak-
ing), but the enzymes efficiently killed three (one G+ and two G−) out of ten
tested bacterial cultures. A tentative conclusion is that the use of enzymes
may improve cell yields but much work remains before they can be used,
either for non-selective extraction or for deliberate selective extraction of
certain cells. The latter appears to be the most plausible option.

3.5.2
Separation

Bacteria can be separated from soil particles on the basis of differences in
sedimentation rates, albeit with an ill-defined cut off and moderate success
regarding purity of the bacterial suspension (Lindahl and Bakken 1995).
The method of Fægri et al. (1977) was originally designed for separating
bacteria from fungi, the sedimentation rate chosen to ensure that all fun-
gal spores would sediment together with the majority of the soil particles
(Bakken 1985). For this reason, fungal cells are unlikely to be separable
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from soil on the basis of sedimentation rates. Quantitative separation of
fungi from soil is probably extremely difficult, if possible at all (Bingle and
Paul 1986). Sieving has been used for decades to separate fungal spores
from hyphae in soil, the original purpose being differential isolation (cul-
turing) of fungi derived from spores versus hyphae (Watson 1960; Gams
and Domsch 1967; Fritze and Baath 1993; Mori et al. 2000). It would be
equally feasible with nucleic acid methodology to differentiate between
fungal DNA (or RNA) present in spores and hyphae.

The buoyant density of cells is different from soil particles, and this
has been exploited for separation of cells from soil. All structures that
contain water have a characteristic density that depends on their ability
to exclude the solutes (or colloids) in the surrounding medium. Thus, all
intact cells have a moderately low density and are hence separable from
soil particles, provided that the membrane is able to exclude the solutes
of the medium and that its osmolarity is low enough to avoid plasmolysis
(dehydration of the cytoplasm). Neither CsCl nor sucrose solutions fulfill
this last criterion, in contrast to suspensions of colloidal silica (Bakken
1985) and solutions of the non-ionic and non-toxic large molecular weight
benzoic acid derivative Nycodenz (Bakken and Lindahl 1995). Low viscosity
is another characteristic of the two density-gradient media (Percoll and
Nycodenz) which makes them very useful in separating cells from soil. The
separation of intact cells from soil particles by high-speed centrifugation
(10,000 g for 0.5–2 h) on high-density cushions (Bakken and Lindahl 1995)
is both a simple and robust method to separate “clean” cells from soil
colloids and “dirty” cells (coated by or attached to soil materials). For
unknown reasons, fungal spores, and in particular fungal hyphae, appear
to be virtually absent from the fractions. Protozoa have been observed to
float on top of the Nycodenz cushion (flagellates and amoebae, unpubl.
res.), but not checked in any quantitative way. The possibility to “float” off
protozoa and fungal structures after milder dispersions than those used
till now would be well worth a try!

A one-step dispersion and separation of indigenous bacterial popula-
tions with this method has proved to give a reasonably representative frac-
tion (10–20%) of the total bacterial flora, as tested by quantifying broad phy-
logenetic groups with hybridisation against extracted DNA (Courtois et al.
2001), by physiological profiling with respect to heterotrophic metabolism
(Mayr et al. 1999), culturability and the metabolic activity per cell (Lindahl
et al. 1996). Flow cytometric analysis of indigenous soil bacteria has also
become possible (Christensen et al. 1993, 1995). Further, one-step disper-
sion and separation was shown to extract a near 100% of cultured cells
added to soil suspensions (Lindahl and Bakken 1995), which makes it an
ideal method to extract reporter bacteria for flow cytometric studies (Unge
et al. 1999; Burmølle et al. 2003).
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As stressed before, results of cell extraction should be interpreted with
caution. The extracted cells represent a fraction of the whole community
(except perhaps for organisms recently added to the soil), and it cannot be
taken for granted that they represent the total. However, this bias can be
exploited as a source of new knowledge, rather than just another method-
ological problem. Attempts to extract ammonia- and methane-oxidising
bacteria demonstrated that these numerically minor (but ecologically im-
portant) groups are strongly attached to soil particles (Priemé et al. 1996;
Aakra et al. 2000), but less so for newly grown cells (Aakra et al. 2000).
Targeted extraction of methane-oxidising bacteria was utilised to demon-
strate a much lower pH optimum for indigenous methanotrophic bacteria
than that for any known cultured methanotroph (Amaral et al. 1998). Bi-
ased extraction of bacteria according to their position inside or on the
surface of aggregates was used to demonstrate that cells inside aggregates
are protected against spikes of mercury (Ranjard et al. 2000). Similarly, we
have recently compared strongly and loosely attached cells as to their trace
metal tolerance (Almaas, Mulder and Bakken, manuscript in preparation).
The loosely attached bacteria developed a normal pollution-induced tol-
erance (PICT; Blanck 2002; Diaz-Ravina and Baath 2002) to Zn, whereas
the strongly attached showed no response to Zn pollution. The results shed
light on the importance of positioning in the soil matrix for growth versus
survival of bacteria. The last few examples bring us back to our introduc-
tory citation of Leonard Cohen: The bias of the method (the crack) can
be used rather than avoided, so as to increase our understanding of the
biology of soils (the light comes in).
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