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Wide application of molecular biological and bio-
chemical techniques in the ecology of soil microorgan-
ism communities has revived interest in the problem of
efficient isolation of microbial DNA from soil samples
[1, 2] for qualitative and quantitative estimates of soil
microbial diversity [3, 4]. Although the content and
composition of nucleic acids in soils of various types
have been studied before [5–7], analyses of the isolated
preparations were complicated by the abundance of
contaminating humic compounds. The recently devel-
oped PicoGreen reagent (Molecular Probes, Inc.)
allows spectrofluorimetric detection of double-stranded
(ds) DNA in highly diluted samples, thus minimizing
the interference from soil extract compounds [8]. As a
result, it became possible to characterize soil microbial
communities by the amounts of extractable DNA. For
one particular soil type, DNA content was shown to
correlate with the respiration rate of soil microorgan-
isms upon substrate addition [9] and could serve as a
proxy of their biomass under steady-state conditions
[10]. However, the sensitivity of this parameter to
changes in the ecophysiological state of microbial com-
munities in other soils remained unclear. Therefore, the
present study was designed to study the correlation
between the amount of extractable DNA in various
soils and the biomass of soil microorganisms, either
actively growing or persisting under steady-state condi-
tions.

MATERIALS AND METHODS

The samples under study came from brown forest
soils of Lower Saxony (Germany) and chernozems of
Voronezh Region (Russia), either primary (forest and

meadow ecosystems) or under arable crops (wheat,
maize, or sugar beet production). The major parameters
of the soils are summarized in Table 1.

The soil samples were taken from a depth of 0–
10 cm, composited, sieved (3-mm mesh size), cleaned
of roots and large plant debris, and kept at 

 

4–6°ë

 

 in cot-
ton-plugged polyethylene containers. One day before
the start of an experiment, the soil samples were trans-
ferred in a 

 

20°ë

 

 incubator.

 

DNA isolation.

 

 On the basis of several published
procedures [2, 8, 10, 11], we developed an optimized
technique for isolation of DNA from soil samples. Soil
suspension (1 g soil in 10 ml of Tris-EDTA (TE), pH 8)
was sonicated for 2 min and a 2-ml aliquot was treated
with 1 mg of aurintricarboxylic acid (ATA), a nuclease
inhibitor. The sample was quickly frozen at 

 

–80°ë

 

 and
thawed at 

 

60°ë

 

, and the freeze-thaw cycle was
repeated. The following enzymatic lysis step was per-
formed for 1 h at 

 

37°ë

 

 with lysozyme (5 mg/ml final
concentration). Proteinase K (0.2 mg/ml), sodium
dodecyl sulfate (SDS, 10 mg/ml) and sterile acid-
washed glass beads (Sigma-Aldrich, Inc.) of three dif-
ferent sizes (710–1180, 212–300, and <106 

 

µ

 

m) were
then added, and the mixture was vigorously shaken on
a Vortex homogenizer for 5 min at 2000 rpm. The sam-
ples were incubated for 30 min in a water bath at 

 

65°ë

 

,
mixed with 2.5 ml of TE and centrifuged for 10 min at
5500 g. The supernatant was aliquoted and stored at

 

−

 

20°ë

 

 until analysis.

 

Quantitation of double-stranded DNA.

 

 The
supernatant was diluted 1 : 100, and 0.5 ml of the dilu-
tion was mixed with 0.5 ml of a 1 : 200 dilution of

 

PicoGreen

 

TM

 

 (Molecular Probes). After a 4-min incu-
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bation, the fluorescence was measured on an SFM-25
spectrofluorimeter (Kontron, Germany) at an excitation
wavelength of 480 nm and an emission wavelength of
523 nm. Bacteriophage lambda DNA was used as a
standard; samples for the standard curve were prepared
in TE in the same way as the experimental samples,
with the addition of all reagents in appropriate concen-
trations.

 

To measure the amount of extracellular DNA,

 

ATA and TE (or water) were added to soil samples, but
mechanical disruption and enzymatic lysis steps were
omitted from the isolation procedure.

 

To determine the rate of degradation of extracel-
lular DNA in soil,

 

 2000 ng of phage lambda DNA was
added to 200 mg of fresh soil, and the samples were
incubated for one day at 

 

22°ë

 

. After 5 h and 24 h, the
extracellular DNA was isolated as described above.

 

Completeness of DNA extraction

 

 was assayed as
follows: pure cultures of fungi (

 

Mortierella ramanni-
ana, Aspergillus niger

 

) and bacteria (

 

Pseudomonas
putida, Bacillus subtilis

 

) obtained from the German
Collection of Microorganisms and Cell Cultures
(DSMZ, Braunschweig) were added to sterile soil sam-
ples, and the DNA isolation procedure was carried out.
The completeness of DNA extraction was 

 

103.6 

 

±

 

 

 

4%
for bacteria and 

 

111 

 

±

 

 

 

13% for fungi.

 

To assay DNA adsorption on soil particles, 

 

com-
pleteness of phage lambda DNA extraction was esti-
mated for brown forest soil and chernozem. The highest
extent of DNA adsorption (2.7% of total DNA added)
was found in brown forest soil.

 

To analyze CO

 

2

 

 emission rate

 

 in glucose-amended
soils, 10-g soil samples, wetted to 60% of total mois-
ture capacity, were mixed with glucose (4 mg C per g
soil) and mineral salts: 

 

(NH

 

4

 

)

 

2

 

SO

 

4

 

 (1.9 mg/g), 

 

K

 

2

 

HPO

 

4

 

(2.25 mg/g), and 

 

MgSO

 

4

 

 (3.8 mg/g). The 

 

CO

 

2

 

 emission
rate was measured using a continuous infrared gas ana-
lyzer [12].

 

Total biomass of soil microorganisms

 

 

 

(C

 

micr

 

) 

 

was
determined using a physiological assay [13] from the
initial rate of substrate-induced respiration, according
to the following relationship:

C

 

micr

 

 (

 

µ

 

g C per g soil) = 40.04 

 

×

 

 

 

µ

 

l CO

 

2

 

 per g 
soil per hour + 0.37

 

The ratio between fungal and bacterial biomass
in microbial communities 

 

was estimated after selec-
tive suppression of growth of eukaryotes and prokary-
otes with, respectively, streptomycin (0.5 or 1 mg per g
soil) and cycloheximide (0.75 or 1 mg per g soil), added
to soil samples together with glucose and mineral salts
[14]. When the change in the soil DNA content during
microorganism growth was assayed the control samples
were supplemented with both antibiotics at 1 mg/g,
which provided for complete inhibition of microbial
growth.

All determinations were performed in three repli-
cates. The results were analyzed statistically by one-
way ANOVA.

RESULTS AND DISCUSSION

 

Optimization of the procedure of dna isolation 
from soil. 

 

Figure 1 shows the fluorescence emission
spectra (arbitrary units of intensity) of standard solu-
tions of bacteriophage lambda DNA and solutions con-
taining DNA extracted from soil samples. The fluores-
cence emission maximum in the standard solutions was
shifted towards longer wavelengths due to addition of
all reagents used in DNA isolation. As expected, this
fluorescence maximum (at 525 nm) coincided with the
maximum observed for soil extracts. Analysis of the
efficiency of different treatment steps showed that
every step of the DNA extraction procedure caused a
statistically significant increase (P < 0.001) in the
amount of isolated DNA. Losses upon omission of var-
ious treatment steps depended on the type of soil under
study (Table 2). The lowest yield of DNA, as deter-

 

Table 1.  

 

Chemical parameters of the soils under study

Soil Ecosystem and/or crop Variants
C

 

org

 

, % N

 

total

 

, % pH

 

aq

 

Intervals

Brown forest Sugar beet Rhizospheric and nonrhizospheric 
soil, chemical fertilizers

1.02–1.17 0.086–0.1 6.8–7.7

Maize Rhizospheric and nonrhizospheric 
soil

1.0–1.02 0.070–0.072 6.7–6.9

Pasture meadow Rhizospheric and nonrhizospheric 
soil

1.15–1.37 0.119–0.188 5.8–6.2

Beech forest 3.3 0.43 7.6

Chernozem Barley field; 10, 46, or 76 years 
of exploitation

Rhizospheric and nonrhizospheric 
soil

1.92–2.3 0.289–0.432 6.3–7.2

Idle land, >100 years of age Mowed, unmowed 2.45–2.50 0.461–0.479 6.4–7.1

Forest strip, >100 years of age 2.65 0.521 6.6
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mined from Duncan’s multiple range test, was obtained
in the shortest isolation protocol, which included two
freeze-thaw cycles and incubation with SDS and ATA.
Sequential incorporation of Proteinase K, glass beads,
and ultrasound treatment steps in the protocol improved
the yield of isolated DNA at each step (Table 2). It is
worth noting that the increase in the amount of extract-
able DNA with additional treatment steps was not addi-
tive but depended on the nature and sequence of the
treatment steps. For example, omission of a single step
from the procedure (sonication, ATA treatment, or
freeze-thaw) caused a decrease in the amount of
extracted DNA by 25, 35, and 35%, respectively. At the
same time, a shortened extraction protocol that
included the same three steps (sonication, ATA treat-

ment, and freeze-thaw) allowed a recovery of 35.5% of
total extractable DNA only. Analysis of the importance
of each treatment step revealed that incubation with
lysozyme contributes most in the efficiency of DNA
extraction from soil. Addition of ATA and quick freeze-
thaw of the samples improved the yield of DNA extrac-
tion to the same extent. Similarly, omission of soil treat-
ment with ultrasound or glass beads decreased the DNA
yield with equal efficiency.

 

Content of microbial DNA in different soils

 

 var-
ied from 32.2 to 147 

 

µ

 

g/g. This value is in good agree-
ment with the results reported for soils and bottom sed-
iments [2, 15, 16]. The yield of DNA per weight of
microbial biomass falls within the interval of DNA con-
tent in cultures of fungal and bacterial soil isolates [17],
varying from 3.8 to 9.3% in different soils. Such varia-
tion may be explained by possible differences in the
extent of cell lysis and by the dependence of DNA
adsorption on soil particles on the physicochemical
properties of the soil [16, 18].

 

Dependence of extractable DNA on the microbial
biomass in the soil

 

 was analyzed by mixing in different
ratios brown forest soil with sterile, acid-washed sand
(Fig. 2a). Dilution of soil with sand allowed us to lower
the microbial biomass gradually without changing the
total sample mass. The amount of extractable DNA
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Fig. 1.

 

 PicoGreen fluorescence spectra: (

 

1

 

) standard solu-
tion of phage lambda DNA (22 ng/ml) supplemented with
all reagents used in the isolation procedure; (

 

2

 

) standard
solution of phage lambda DNA (22 ng/ml) in TE buffer
without adding any reagent; (

 

3

 

) extract of chernozem under
forest; (

 

4

 

) extract of brown forest soil under forest;
(

 

5

 

) extract of brown forest soil under sugar beet.
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Fig. 2. 

 

Changes in the amount of extractable DNA:
(a) brown forest soil under forest, dilutions with sand;
(b) dependence on microbial biomass.
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decreased proportionally to the decrease in microbial
biomass in the soil sample; the regression coefficient
was 0.99 (Fig. 2b).

As samples of native soil differing only in the micro-
bial biomass, we used rhizospheric and nonrhizo-
spheric brown forest soils under agricultural crops
(maize, sugar beet, wheat) and soils from a pasture
meadow. In all samples studied, DNA content corre-
lated with the microbial biomass; the DNA content in
the rhizosphere was significantly higher than in the
nonrhizospheric soil of the same nature (Fig. 3a). We
also found a good correlation (

 

R

 

2

 

 = 0.89) between the
content of extractable DNA and microbial biomass in
several chernozems, both primary and long exploited
for arable crop production (Fig. 3b). We therefore con-
clude that in soils of the same type with similar physic-
ochemical properties, the amount of DNA reflects the
microbial biomass.

Comparison of the amount of extractable DNA in
24 samples of various soils, both similar and different
in their physicochemical properties (Fig. 3c), revealed
a statistically significant correlation (

 

R

 

2

 

 = 0.799)
between microbial biomass values and microbial DNA
pool in different soils under steady-state conditions,
i.e., when the microorganisms are not growing actively.

 

Extracellular DNA content.

 

 We found no extracel-
lular DNA in aqueous soil extracts. When TE buffer
was used for extraction, the amount of extracellular
DNA was 0.46 

 

µ

 

g/g in chernozem and 1.59 

 

µ

 

g/g in
brown forest soil, or 0.43 and 2.8% of the total DNA
content in these types of soils, respectively.

 

The rate of degradation of standard phage
lambda DNA solution in the soil 

 

depended on the
level of microbial biomass (250 

 

µ

 

g C/g in brown forest

soil and 600 

 

µ

 

g/g in chernozem). After a 5-h incuba-
tion, 100% of added standard DNA remained in brown
forest soil, whereas only 64.8% of DNA remained in
chernozem. After a one-day incubation, 39% of added
DNA was degraded in brown forest soil, and 73.5%, in
chernozem. Until now, existence of extracellular DNA
in soil still remained questionable because of its easy
availability for microbial degradation. On the other
hand, there is a theoretical possibility that DNA-like
biopolymers could resist biodegradation as complexes
with clay minerals and humic soil compounds [19]. In
our experiments, the amount of extracellular DNA in
soil did not exceed 5% of the error of measurement, and
the time of existence of added DNA depended on the
biomass and activity of the soil microbial community.

 

Changes in the amounts of microbial DNA dur-
ing the glucose-induced growth of soil microorgan-
isms 

 

were followed in samples of arable brown forest
soil exploited for sugar beet production (Fig. 4a). The
content of fungal and bacterial biomass in this soil, as
determined from substrate-induced respiration, was
69.9 and 30.1%, respectively. In the exponential growth
phase the DNA content correlated with the rate of CO

 

2

 

emission from the soil. After 25 h, when the added sub-
strate had been exhausted, the microbial respiration rate
slowed sharply but the DNA content remained high for
at least ten more hours. Changes in respiration rate and
DNA content in this experimental setup reflects the
total activity of soil microorganisms, with fungal and
bacterial parts of the microbial community competing
for the substrate. Addition of specific inhibitors relaxes
this competition and selectively influences the activity
of soil eukaryotes and prokaryotes. After the addition
of cycloheximide and streptomycin, the amount of

 

Table 2.  

 

Yield of DNA isolated from soils of different types using different extraction protocols

Soil Brown forest Chernozem

Ecosystem
forest meadow

field (maize)

meadow
rhizospheric nonrhizo-

spheric

DNA content, 

 

µ

 

mg/g

Complete DNA extraction procedure 92.4

 

a

 

* 

 

±

 

 3.2 80.4 

 

±

 

 2.7 98.1 

 

±

 

 5.9 85.2 

 

±

 

 7.7 120.1 

 

±

 

 1.8

Steps omitted:

shaking with glass beads (SGB) 69.8

 

b

 

 

 

±

 

 9.9 47.8 

 

±

 

 1.1 98.8 

 

±

 

 1.2

ultrasound 69.1b ± 8.3

ATA 60.2c ± 0.2 53.6 ± 0.3 46.6 ± 8.0

quick freeze 59.6c ± 0.6

ultrasound, lysozyme, Proteinase K 48.1d ± 9.2

lysozyme 43.2d ± 3.2 70.2 ± 0.5 59.8 ± 3.4

ultrasound, lysozyme, SGB 28.9e ± 1.7

ultrasound, lysozyme, SGB, Proteinase K 22.18e ± 2.3

* Mean values falling into the same range by Duncan’s test are denoted by the same letter.
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DNA remained unchanged for the initial 20 h of incu-
bation. This can be explained by the fact that the antibi-
otics used in our experiments are inhibitors of protein
synthesis in eukaryotes and prokaryotes, respectively,
and do not degrade cellular structures (such as DNA)
that already exist [13]. The same explanation can be
given to the observation that during the course of the
experiment the sum of DNA contents determined indi-
vidually after the addition of cycloheximide or strepto-
mycin significantly exceeded the total soil DNA con-
tent (found in the experiments with glucose but without
inhibitors). Only near the end of the incubation, 35 h
after the addition of glucose, the total DNA content
became comparable with the sum of eukaryotic and
prokaryotic DNA. After the beginning of the exponen-
tial growth of microorganisms, the amount of bacterial
DNA increased along with the increase in bacterial res-

piration rate (Fig. 4a). Enhancement of the respiratory
activity of eukaryotes became statistically significant
much later, 28 h after the addition of glucose and strep-
tomycin, and was accompanied by a small increase in
fungal DNA content. Most likely, the maximum of res-
piratory activity and DNA content in soil fungal biom-
ass could not be detected properly in our experiments,
since after 35-h incubation the CO2 emission rate
started to increase even if both antibiotics were present,
making longer incubation times unreliable. Higher con-
centrations of antibiotics could not be used due to their
unspecific activity.

The ratio of microbial respiration rate to the amount
of DNA extracted from the soil was not constant during
microbial growth on glucose (Fig. 4b). This ratio was
minimal at the beginning and at the end of the experi-
ment, when the soil microbial community existed under
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steady-state conditions. During the active microbial
growth, the (respiration rate)/(DNA content) ratio
increased and peaked after 25-h incubation of soil with
glucose. Therefore, the ratio of CO2 emission from the
soil to its microbial DNA content changes along with
the physiological state of the soil microbial community
and, together with the metabolic quotient qCO2, can
serve as a valuable ecophysiological parameter.
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