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Abstract Some soil bacteria are capable of degrading the
nitrification inhibitor dicyandiamide (DCD). One of the
most efficient isolates is strain EK1 ofMycobacteriumsp.
For detecting this and closely related DCD-degrading bac-
teria in soil we developed a non-radioactive DNA probe.
A 1.7-kb EK1 DNA fragment was selected from a genom-
ic library and labelled with digoxigenin. The probe was
highly specific for EK1 and closely related or identical
species of soil bacteria. A method for direct detection of
DNA from soil was developed. The sensitivity of this
methodology allowed detection of 2×103 EK1 cells g–1

soil.
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Introduction

Dicyandiamide (DCD) is applied in agriculture and horti-
culture as a nitrification inhibitor or nitrogen stabilizer
(Hauck 1984; Vilsmeier et al. 1987). An interaction with
metal oxides has been reported to initiate the inorganic de-
gradation of DCD in soil. This mainly depends on soil
temperature, pH, moisture and clay contents (Vilsmeier et

al. 1987). An entirely microbial degradation of DCD by a
soil bacterium (Mycobacterium sp., strain EK1) which
used this compound as single N-source under pure culture
conditions has been demonstrated (Hauser and Haselwand-
ter 1990). It has been shown that this mineralization is in-
deed due to the enzymatic activity of EK1 as determined
by its Michaelis-Menten kinetics (Schwarzer and Hasel-
wandter 1991). The microbial degradation of DCD has
been confirmed by showing that there are at least two dif-
ferent catabolic pathways in two isolates of soil bacteria
(presumablyPseudomonassp. andRhodococcussp.); both
pathways seem to be different from the inorganic catalytic
DCD breakdown involving metal oxides (Hallinger et al.
1990). Rapid microbial degradation of DCD was also
demonstrated clearly by Rajbanshi et al. (1992).

The objective of this study was to develop a non-radio-
active DNA probe for detecting DCD-degrading soil bac-
teria. The non-radioactive DNA probe is shown to be suf-
ficiently sensitive and specific for a study of the epide-
miology of DCD-degrading bacteria such as EK1 in soil.

Materials and methods

Strains and media

The following strains of DCD-degrading soil bacteria were used:My-
cobacteriumsp. strains EK1, EK3–14 and EK3–17, a mixed culture
of Xanthomonas maltophilaand Micrococcussp. (GART-1), a mixed
culture of X. maltophila and Agrobacterium radiobacter(GART-2),
and unidentified strains of soil bacteria (St-1, St-3, St-6 and EK3–10).
All these cultures were isolated in a previous study (Hauser 1988).
The bacteria were cultivated and maintained in minimal medium con-
taining DCD (1.60 g l–1) as single N-source, glucose 5.5 g, Na2HPO4.
12H2O 10.25 g, KH2PO4 5.20 g, MgSO4. 7H2O 0.40 g, ZnCl2
0.01 mg, FeSO4 0.01 mg, MnSO4 0.005 mg, CoCl2 0.005 mg, MoPO4
0.005 mg and CuSO4 0.001 mg l–1 distilled water at pH 7.0 (Hauser
and Haselwandter 1990). Liquid cultures were shaken at 100 rpm and
308C (Psycrotherm, New Brunswick Inc.).

As a host for plasmid preparation and construction of a genomic
library of EK1, Escherichia colistrain JM 105 was used. Transfor-
mants were cultivated on tryptone-yeast extract medium (TY) contain-
ing 50lg ampicillin ml–1 (Maniatis et al. 1982).



Isolation of genomic DNA and preparation of the genomic library

Genomic DNA was isolated from EK1 and other DCD-degrading soil
bacteria using a modified version of the Birnboim and Doly (1979)
method. After the first cell washing step, NaOH and subsequently so-
dium dodecyl sulfate (SDS, final concentration 0.2N and 1.0%, re-
spectively) were added to remove the rigid cell walls of these bacter-
ia. Genomic DNA of EK1 was partially digested with the restriction
enzymeMboI, ligated intoBamHI-treated plasmid pBluescript KSII+
and these constructs transformed into competent cells ofE. coli strain
JM 105 according to the method of Hanahan (1983).

Probe preparation

One clone was selected for extracting a recombinant plasmid (p9)
which contained an EK1 DNA fragment. This plasmid was extracted
by the alkaline-lysis method (Maniatis et al. 1982) and digested with
the restriction enzymesEcoRI and XbaI. The 1.7-kb DNA fragment
was recovered from the electrophoresis gel by using diethylaminoeth-
anol (DEAE) paper, from which it was eluted in a spun-tube with elu-
tion buffer (20 mM TRIS-HCl, 1 mM ethylenediaminetetraacetate
(EDTA), and 1.5M NaCl at pH 8.0) (Dretzen et al. 1981).

For further purification the fragment was extracted with phenol-
chloroform, re-precipitated with 96% ethanol, washed with 70% etha-
nol, dried under vacuum and dissolved in TE buffer (10 mM TRIS-
HCl, 1 mM EDTA, pH 8.0). This fragment was labelled by the ran-
dom primed labelling technique with the digoxigenin non-radioactive
DNA-labelling kit (Boehringer Mannheim, Cat. no. 1175033).

Direct extraction of DNA from soil

Aliquots of 1.0 g of an agricultural soil from the Innsbruck area
(gleyic fluvisol; 3.5% organic matter, pH 7.4, 15% CaCO3, 16 mg
phosphoric acid 100 g–1 soil, 14 mg potassium 100 g–1 soil,
12 mg kg–1 copper, 4 mg kg–1 zinc, 190 mg kg–1 manganese,
250 mg kg–1 iron, 0.30% total nitrogen and 4.40% total carbon) were
mixed with 2.5 ml 0.12M phosphate buffer (pH 8.0) on an end-over-
end shaker for 15 min at room temperature. The slurry was pelleted
by centrifugation at 10000×g and 48C for 20 min. The pellet was
washed again with the same buffer (5 ml). NaOH and polyoxyethy-
lene-20-cethylether (Brij 58) were added to give final concentrations
of 0.2N NaOH and 1.0% Brij 58 for initiating the disintegration of ri-
gid bacterial cell walls and extracting humic substances from soil by
end-over-end shaking for 15 min. The non-ionic detergent Brij 58 was
used to solubilize some cell components prior to cell lysis with lyso-
zyme. After centrifugation at 18000×g and 48C for 20 min the dark-
brown supernatant was discarded. The pellet was extracted 3 times by
adding 2.5 ml 0.12M phosphate buffer (pH 8.0), and centrifugation at
2000×g and 48C for 5 min (Selenska and Klingmu¨ller 1991). The
supernatants from all three extractions were collected in one tube,
which contained 15 mg lysozyme ml–1, incubated in a 378C water
bath for 2 h with 60 rpm agitation (Tsai and Olson 1991). Subse-
quently, 2.0 ml SDS (10%) containing proteinase-K (2.5 mg ml–1)
was added. Three cycles of freezing in liquid nitrogen at –1968C
and thawing in a 708C water bath were conducted to break bacterial
cells (Bollet et al. 1991). After freezing and thawing, the solution was
extracted twice with phenol-chloroform (Maniatis et al. 1982). DNA
from the aqueous phase was precipitated with 96% ethanol; the pellet
was washed again with 70% ethanol before it was dried under vac-
uum and re-suspended in 0.5 ml TE buffer containing 100lg ml–1

RNase A. For further purification, the nucleic acids were adsorbed
onto a Nensorb column 20 (NEN Research Products, Biotechnology
System Division, Du Pont). DNA was recovered from the column as
suggested by the manufacturer. DNA concentration was estimated on
the basis of the relative fluorescence compared with DNA standards
that were stained with ethidium bromide. For determination of viable
soil bacteria at each step of the DNA extraction procedure, 0.1 ml
suspension was plated (three replicates) on TY medium (bacteriologi-
cal peptone 8.0 g, yeast extract 5.0 g and NaCl 2.5 g in 1.0 l deion-
ized water). The sensitivity of the EK1 DNA probe was determined

as follows: between 2×107 and 2×101 cells of EK1 ml–1 were added
to aliquots of 1.0 g soil. Subsequently DNA was extracted from soil
as described above.

The recovery rate was determined by adding 2×107 EK1 cells sus-
pended in 2.5 ml 0.12M phosphate buffer to 1.0 g autoclaved soil.
This was followed by shaking on an orbital shaker at 350 rpm at
room temperature for 1 h to equilibrate and allow for binding of EK1
cells to soil colloids (Pillai et al. 1991). The number of viable EK1
cells was determined by plating (three replicates) 0.1 ml suspension
of TY medium.

Gel electrophoresis and Southern blot hybridization

DNA which was extracted and purified from soil was digested with
restriction enzymes (PstI, BamHI, EcoRI or HindIII) applying stan-
dard procedures (Maniatis et al. 1982). Gel electrophoresis was car-
ried out in 1.0% agarose at 70 V for 2.5 h, followed by capillary
transfer of the DNA from agarose gel to nitrocellulose membranes
(BA85; Schleicher & Schuell; see Dalgleish 1987). A non-radioactive
digoxigenin-labelled 1.7-kb fragment of EK1 DNA was used as
probe. DNA hybridization was carried out at 688C for 24 h in the
presence of 5×SSC (1×SSC is 0.15M NaCl plus 0.015M sodium ci-
trate). The membrane was washed twice for 5 min at 688C with
0.1×SSC and 0.1% (w/v) SDS. The hybridized DNA was detected on
the membranes with an anti-digoxigenin-alkaline phosphatase conju-
gate and a colour reaction specific for alkaline phosphatase (Boehrin-
ger Mannheim, Cat. no. 1093 657).

Results and discussion

Probe specificity for DCD-degrading bacteria

A genomic library of EK1 was constructed by limited di-
gestion of EK1 DNA with the restriction enzymeMboI
and ligation of the fragments into pBluescript KSII+.
From 1.3×105 colonies, one clone containing a plasmid
with an insert of 1.7 kb (p9) was isolated and labelled
with digoxigenin. By Southern blot analysis of EK1 DNA
digested with the restriction enzymesPstI, BamHI, EcoRI
andHindIII with the 1.7-kb DNA fragment, a specific hy-
bridization pattern for each restriction enzyme was found
(data not shown). Applying this technique the DNA probe
proved to be highly specific for EK1 and closely related
strains such as EK3–14 and EK3–17, and discriminated
other DCD-degrading strains of soil bacteria.

To detect the specificity of the 1.7-kb EK1 DNA probe,
the genomic DNAs from other DCD-degrading soil bacter-
ia andE. coli JM105 as a representative for non-DCD-de-
grading bacteria were isolated and digested with the re-
striction enzymePstI. Figure 1 shows the Southern blot
after hybridization and colour reaction. DNA digests from
the DCD-degrading bacterial strains EK1, EK3–14 and
EK3–17 show the same specific hybridization pattern,
whereas in DNA digests from other DCD-degrading soil
bacteria andE. coli JM105 no specific fragment was de-
tected. This suggests a close relationship of EK1 with
EK3–14 and EK3–17 but not with the other DCD-degrad-
ing strains of soil bacteria.

To investigate a possible inhibition of specific hybridi-
zation by excess ofE. coli JM105 or DNA from other
non-related soil bacteria, mixtures of EK1 DNA with a
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tenfold amount of competitive DNA were analyzed.
Strains GART-1 and St-6 were used as they represent dif-
ferent genera of soil bacteria which are also able to de-
grade DCD; their DNA, however, did not show any signal

with the probe. As depicted in Fig. 2, a specific restriction
fragment could be detected in EK1 DNA digested with the
restriction enzymeBamHI by the 1.7-kb DNA probe even
when mixed with DNA from other soil bacteria andE.
coli JM105. Addition of DNA extracted from EK3–14,
which is closely related to EK1, enhanced the EK1-specif-
ic signal (Fig. 2, lane 7). In all the lanes containingE. coli
JM105 DNA, a signal in the high molecular weight range
was observed, indicating cross-hybridization of the 1.7-kb
DNA probe with E. coli DNA. However, this did not in-
terfere with the specific detection of EK1 DNA by South-
ern blot analysis. Furthermore, DNA extracted from soil
containing approximately 8.35×1010 viable bacterial cells
g–1 neither showed any signal nor interfered with the
EK1-specific signal (see Fig. 3).

Efficiency of bacterial recovery from soil and sensitivity
of the detection system

When 2×107 EK1 cells were added to 1.0 g autoclaved
soil and treated with 0.2N NaOH solution, about 4.7×106

viable cells (25%) were recovered. This recovery rate is
somewhat lower than that reported in previous studies for
recovery of viable soil bacteria. The reported rates were
34.9% and 27.8%, respectively (Holben et al. 1988; Stef-
fan et al. 1988). The main purpose for including an NaOH
treatment in the extraction protocol was to initiate the dis-
integration of the rigid cell wall of EK1. Another advan-
tage of the alkaline treatment was that some humic sub-
stances could be extracted from the soil sample (Wand et
al. 1967). Elimination of humic acids is a prerequisite for
further purification of the extracted DNA and restriction
enzyme analysis (Holben and Tiedje 1988; Trevors and
van Elsas 1989; Sayler and Layton 1990).

In the present study a Nensorb column 20 was used for
final DNA purification. DNA purified by means of glass-
milk (Geneclean II kit, Bio 101), Wizard DNA clean-up
system (Promega) (van Elsas and Smalla 1995) or the gel
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Fig. 1 Hybridization of 1.0lg genomic DNA from DCD-degrading
soil bacteria andE. coli JM105. The genomic DNA was digested with
the restriction enzymePstI and hybridized with 1.7-kb EK1 DNA
probe. Assignments:lane 1EK1, 2 GART-1, 3 EK3–10,4 ST-3,5 St-
6, 6 EK3–14, 7 St-1, 8 EK3–17, 9 GART-2 and10 E. coli JM105.
Brief characterization of strains is given in “Materials and methods”

Fig. 2 Hybridization of mixtures of genomic DNA, digested with the
restriction enzymeBamHI, with the 1.7-kb EK1 DNA fragment. As-
signment of lanes as follows:

Lane Strains (lg)

EK1 E. coli
JM105

GART-1 St-6 EK3–14

1 0.1 1.0 – – –
2 0.1 – 1.0 – –
3 0.1 – – 1.0 –
4 0.1 0.5 0.5 – –
5 0.1 0.5 – 0.5 –
6 0.1 0.33 0.33 0.33 –
7 0.1 – – – 1.0
8 0.1 0.25 0.25 0.25 0.25
9 – – – – –

10 1.1 – – – –

Fig. 3 Hybridization of DNA extracted directly from 1.0 g soil, di-
gested with the restriction enzymeEcoRI with the 1.7-kb EK1 DNA
probe. Lane 1 control (uninoculated soil),2 soil inoculated with
2×107 EK1 cells,3 inoculated with 2×103 EK1 cells



purification method (Myrold et al. 1995) gave results simi-
lar to those obtained with Nensorb column 20.

By the procedure developed here, approximately 25lg
DNA could be recovered from 1.0 g soil. This is approxi-
mately 30% assuming a mean DNA content of a bacterial
cell of 6 fg (Ingraham et al. 1983), and a DNA content of
an E. coli cell of 9 fg (McCoy and Olson 1985). This
amount of DNA recovery was somewhat higher than that
estimated from direct extraction using lysozyme (10%)
(Hilger and Myrold 1991) and the direct lysis method
(22%) (Holben et al. 1988). On the basis of total DNA re-
covered (25lg g–1 soil), the recovery rate achieved in this
study was intermediate to that reported by Selenska and
Klingmüller (1991; 50lg g–1 soil) and van Elsas and
Smalla (1995; 15–20lg g–1 soil) or Saano and Lindstro¨m
(1995; 10lg g–1 soil).

The detection limit of this method was estimated by add-
ing EK1 cells to a soil sample containing a total number of
viable bacteria (estimated by plating on TY agar) of about
8.35×1010 cells g–1, none of which were able to grow on
DCD minimal medium. DNA extracted from 1.0 g of such
a soil showed no specific signal afterEcoRI digestion, elec-
trophoresis and transfer to nitrocellulose membrane. The de-
tection limit of this probe by using non-radioactive labelled
DNA was approximately 2×103 cells g–1 soil (Fig. 3, lane 3),
thus rendering this method useful for detecting DCD-de-
grading soil bacteria in enrichment cultures.

The detection limit in the present study was almost in
the same range as the studies employing PCR-based tech-
niques for specific detection of soil microorganisms. For
genetically modifiedPseudomonas fluorescensand Bacil-
lus amyloliquefaciens, the detection limit was at 103 cells
g–1 soil, whereas forMycobacterium chlorophenolicumit
was 102 cells g–1 soil when a 16S ribosomal RNA-based
PCR amplification system was applied (van Elsas and
Smalla 1995). For a further increase in sensitivity, linking
DNA hybridization with the most probable number meth-
od (MPN) could be envisaged. In previous studies this
approach has allowed the enumeration of bacteria present
at population densities of 10–100 cells g–1 soil (Fredrick-
son et al. 1988; Sayler and Layton 1990).
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