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Abstract 
The interspecific transformation of Bacillus subtilis by both free and clay 

(montmorillonite)-bound DNA, isolated from B. amyloliquefaciens, B. cereus, B. 
licheniformis, B. polymyxa, B. pumilus and B. thuringiensis, and from intergenotes 
obtained in the heterologous exchanges, was investigated in non-sterile soil 
conditions. Transformation by free heterologous DNA from all the species occurred 
at a very low frequency, with the exception of DNA from B. amyloliquefaciens. 
Intergenotic DNA was capable of transforming with a higher efficiency than 
heterologous DNA, similar to that of the homologous DNA. Heterologous 
transformation by clay-DNA complexes was obtained only with DNA from B. 
amyloliquefaciens, while intergenotic DNA bound on clay transformed at a frequency 
about one-two orders of magnitude lower than homologous DNA. Transformation 
frequency in non-sterile soil was similar to that obtained in the absence of non 
sterile soil. The genetic distances among the Bacillus species and the intergenotes 
were determined by the random amplified polymorphic DNA (RAPD) fingerprinting 
technique. The results show that B. subtilis is very similar to the intergenotes and B. 
amyloliquefaciens and more distant from the other Bacillus species. 
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1. Introduction 

Genetic and biochemical studies carried out in recent years on the population 
structure of soil bacteria have revealed the existence of a panmictic (sexual) 
structure of genes and genome, which suggests the occurrence of horizontal gene 
exchange between bacteria in the natural habitat (Maynard Smith et al., 1991; 
Istock et al., 1992; Smith et al., 1992; Maynard Smith et al., 1993; Roberts and 
Cohan, 1993; Duncan et al., 1994). One of the three mechanisms of bacterial 
gene transfer, transformation has recently gained greater credit thanks to the 
observations that most sexual populations are naturally transformable 
(Stewart, 1992) and that transforming DNA can persist for long periods in 
natural habitats as a result of its interaction with soil components (sand and 
clay particles) which appear to protect DNA against nuclease degradation 
(Lorenz and Wackemagel, 1987; Romanowski et al., 1991, Khanna and Stotzky, 
1992; Paget et al., 1992; Chamier et al., 1993; Gallori et al., 1994). Several 
studies based on soil bacteria belonging to Bacillus spp. and Pseudomonas spp., 
both in sterile and non-sterile soil-mimic conditions ("microcosms"), have 
suggested that transformation can take place in this habitat (for review see 
Lorenz and Wakemagel, 1994). Most of these studies were carried out with 
homologous DNA. Limited information is available on interspecific 
transformation (Duncan et al., 1989), even though laboratory studies have 
established that genetic exchange between species can occur (Wilson and Young, 
1972; Harford and Mergeay, 1973; Harris-Warrick and Lederberg, 1978; te 
Riele and Venema, 1982; Cohan et al., 1991; Roberts and Cohan, 1993). The 
purpose of this work was to investigate the occurrence and frequency of 
interspecific transformation within the genus Bacillus by the use of 
chromosomal DNA, either free or complexed with clay mineral 
montmorillonite (M), isolated from six closely related Bacillus species: B. 
amyloliquefaciens, B. cereus, B. licheniformis, B. polymyxa, B. pumilus and B. 
thuringiensis (Priest, 1993). 

2. Materials and Methods 

Bacterial strains and growth conditions 

The strains of Bacillus used in these experiments are reported in Table 1. 
Bacteria were grown in Antibiotic medium No. 3 (Assay Broth, Oxoid) 
supplemented with the appropriate antibiotics (10 µg ml-1) or in minimal 
medium (MM) (Davis and Mingioli, 1950) containing the required amino acids 
at a final concentration of 25 µg mr+. The strains were maintained on slants of 
Nutrient Agar (NA, 1.5%, w /v; Difeo) supplemented with antibiotics (10 µg 
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Table 1. Strains of Bacillus used. 
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Source Strain Genotype 

B. subtilis BD1512 
B. subtilis BD170 
B. amyloliquefaciens PB1824 
B. cereus 6A2 
B. licheniformis 5A2 
B. polymyxa PB1829 
B. pumilus PB1822 
B. ihuringiensis 4A2 
B. subtilis FB310 
B. subiilis FB311 
B. subtilis FB314 
B. subtilis FB315 
B. subtilis FB316 
B. subtilis FB317 
B. subtilis FB318 

hisA1 metBS leuA8 Cm" 
thr-5 trpC2 
prototroph 
prototroph 
prototroph 
prototroph 
prototroph 
prototroph 
metBS leuA8 Cmr 
hisAl metBS Cmr 
metBS leuA8 Crn" 
metBS leuA8 Cm" 
metBS leuA8 Cm" 
metBS leuA8 Cmr 
metBS leuA8 Cm" 

D. Dubnau 
D. Dubnau 
A. Galizzi 
BGSC 
BGSC 
A. Galizzi 
A. Galizzi 
BGSC 
(BD1512) x [PB1824] a 
{BD1512) x [PB1824] a 
(BD1512) x [6A2] a 
(BD1512) x [5A2] a 
(BD1512) x [PB1829] a 
(BD1512) x [PB1822] a 
(BD1512) x [4A2] a 

aBy transformation, general notation: (recipient cell) x [donor DNA]. 

ml-1) and 10-s MnCl2 4H20. The phenotypes of the strains were verified 
regularly. 

Preparation of competent recipient cells 

Recipient cells of B. subtilis strain BD1512 were made competent by the 
method described by Khanna and Stotzky (1992). 

Preparation of DNA 

Chromosomal DNA from donor strains of Bacillus was prepared as described 
by Khanna and Stotzky (1992). 

Preparation of homoionic clay 

The <2-mm fraction of montmorillonite (Crook County, WY, USA), a 2:1 
(Si:Al) swelling clay, was made homoionic to calcium (Ca), as previously 
described (Harter and Stotzky, 1971; Fusi et al., 1989). 
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Preparation of clay-DNA complexes 

The clay-DNA complexes were prepared by reacting chromosomal DNA 
(50 µg) with 100 µl of a suspension of Ca-montmorillonite (M) (22 mg m1-1 
ddH20) in 1 ml of DNA buffer (0.01 M Tris-HCl, 10--4 M EDTA, 4 mM NaCl, pH 
7.5), as previously reported (Khanna and Stotzky, 1992; Gallori et al.. 1994). 
The clay pellets containing tightly bound DNA were used for the 
transformation of competent cells. 

Transformation in liquid culture 

Transformation was performed by incubation of competent cells with 
saturating levels of chromosomal DNA (2 to 10 µg ml=J), as described by Gallori 
et al. (1994). Transformants and total viable cells were plated on media 
consisting of MM agar, 0.5% glucose and 25 µg of the appropriate amino acids 
mr '. The transformation frequency was expressed as the number of His+ or Leu+ 
transformants/number of total viable cells. 

Transformation by clay-bound DNA 

The pellets of bound clay-DNA complexes (2.2 mg of montmorillonite 
containing 8 to 20 µg of chromosomal DNA) were resuspended with 1 ml of 
competent cells and rotated at 70 rpm at 37°C for 30 min. The cells were plated 
on the appropriate selective media, as described above. Transformants and 
total viable cells were enumerated, and transformation frequencies were 
calculated. 

Transformation in non-sterile soil 

One g of non-sterile soil, collected from the plant science farm at the 
Department of Soil Science of the University of Florence (Italy) (Gallori et al., 
1994), was added to the pellets of bound clay-DNA complexes (see previous 
section) contained in centrifuge tubes (polystyrene tubes Ultra Clear™, 
Beckman, 13 x 51 mm) and then resuspended with 1 ml of competent cells. After 
incubation at 37°C for 30 min, serial 10-fold dilutions in saline were plated on 
appropriate selective media, containing cycloheximide (200 µg ml+. to inhibit 
the growth of fungi), for the enumeration of transformants and viable cells. 
Competent cells, not treated with clay-DNA complexes, were plated on the 
same media as controls. All plates were incubated at 37°C for 36 h. 
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RAPD conditions 

Amplifications were performed with DNA extracted from Bacillus strains 
reported in Table 1; 10-mer random primers were used (Table 2). The reactions 
were carried out in a 25 µl volume containing 10 mM Tris-HCl (pH 8.3), 50 mM 
KCl, 3 mM MgC12, 0.001 % (w /v) gelatin, 200 µM of each dNTP, 6.4 µM of 
primer, 1 µl of template, and 0.625 U of AmpliTaq DNA polymerase (Perkin 
Elmer, USA). After incubation at 90°C for 90 sec and at 95°C for 90 sec, the 
reaction mixtures were cycled 45 times through the following temperature 
profile: 95°C for 30 sec (denaturation), 36°C for 1 min (annealing), and 75°C for 2 
min (extension), followed by one extension step at 72°C for 10 min. A Perkin 
Elmer 9600 thermocycler was used. 

Table 2. Oligonucleotides used as primers in the RAPD experiments. 

Primer Sequence C+C (%) Reference 

1247 5' AAC ACC CCC T 60 Paffetti et al., 1996 
1253 5' CCI TCC CCC C 70 Vettori et al., 1996 
RF2 5' CCC CCC CIC T 80 Paffetti et al., 1996 

Amplification products (10 µl per lane) were analyzed by gel electrophoresis 
on 2% (w /v) agarose gels (Boehringer, Mannheim, Germany) at 10 V cm"! for 2 
h in Tris-acetate-EDT A buffer containing 0.5 µg ml"! (w /v) of ethidium 
bromide (Sambrook et al., 1989). The gels were photographed with a UVP gel 
scanner (GDS2000; Ultra Violet Product Ltd., Cambridge, UK). 

RAPD pattern analysis 

The RAPD patterns were analyzed to assess the genetic distance between 
different strains. We used the vector of presence and absence of RAPD markers 
(1 and O indicated that a band was present or not on a gel, respectively) for each 
strain to compute the genetic distance between each pair of strains. The 
measurement used was the Euclidean metric measurement (E) of Excoffier et al. 
(1992), defined by Huff et al. (1993) as follows: 

E = e2xy = n (l - 2 nxy/2 n), where 2 nxy is the number of markers shared by two 
individuals and n is the total number of polymorphic sites. It was calculated 
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by combination of the RAPD markers from all the primers used. The 
relationships among the strains were represented by a dendrogram constructed 
with the E values and the neighbor-joining (NJ) method (Saitou and Nei, 
1987). 

Sta tis tics 

All experiments were performed in triplicate. Statistical analysis include 
standard errors of the means (±S.E.M.) and Student's t-test (P<0.05) is 
considered significant. 

3. Results and Discussion 

Heterologous and intergenotic transformation in liquid culture 

Heterologous transformation (Table 3) of B. subtilis BD1512 (his leu met 
Cm") occurred with a different efficiency according to the donor strain and the 
selected marker. In crosses involving B. amyloliquefaciens as donor strain, the 
prototrophy to his and leu was obtained at a frequency about one order of 
magnitude lower than homologous transformation (Table 3). Transformation 
with DNA from the other Bacillus species (Table 3) occurred at a very low and 
constant frequency (about 10-7 for His"), while no transformants were recovered 
for the leu marker (data not shown). Nevertheless, it was possible to introduce 
genes from all the Bacillus species into B. subtilis BD1512. Since the reversion 
rates in the experiments were less than 1 colony per 109 cells to the his marker 
and no colonies to the leu marker, the selection of revertants instead of 
heterologous transformants was unlikely. 

To increase the low efficiency of heterologous transformation, mostly due to 
sequence non-homology near or within the transformed locus (Wilson and 
Young, 1972; Harris-Warrick and Lederberg, 1978), DNA from transformants of 
heterologous crosses, "intergenote" (Wilson and Young, 1972), was used as donor 
in the intergenotic transformation. Results obtained showed that intergenotic 
DNA from strains FB310, FB311, FB314, FB315, FB316, FB317 and FB318 (Table 
1) was capable of transforming B. subtilis BD1512 with an efficiency 
significantly higher (by about two orders of magnitude) than heterologous 
transformation (Table 3). In particular, intergenotic DNA from B. 
amyloliquefaciens, strains FB310 and FB311, was even more efficient than 
homologous DNA for both his and leu markers (Table 3), as already found for 
the rifampin marker by Wilson and Young (1972). 
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Table 3. Interspecific transformation of B. subtilis BD1512 by chromosomal DNA bound 
on montmorillonite in non-sterile soil. 

Transformation frequency 

Donor Selected Liquid DNA- DNA- 
marker culture a montmorillonitel' montmorillonite b 

+ non-sterile soil 

B. subtilis BD170 His+ 2.1 X lQ-4 7.8 X lQ-5 1.3 X lQ-5 

Leu+ 1.8 X lQ-4 5.2 X 10-6 7.1 X lQ-6 

B. amyloliquefaciens His+ 1.8 X lQ-5 3.8 X lQ-6 8.4 X lQ-7 

Leu+ 6.6 X 10-6 4.5 X lQ-8 5.4 X lQ-8 

B. subtilis FB310 His+ 3.0 X lQ-4 2.3 x 10-S 2.7 X lQ-6 

B. subtilis FB311 Leu+ 2.2 X lQ-4 3.8 X lQ-6 1.3 X lQ-6 

B. cereus His+ 2.3 X lQ-7 ND ND 

B. subtilis FB314 His+ 3.2 X lQ-5 2.1 X lQ-7 1.4 X lQ-7 

B. licheniformis His+ 2.3 X 10-7 ND ND 

B. subtilis FB315 His+ 1.2 X lQ-4 3.3 X lQ-6 7.8 X lQ-7 

B. polymyxa His+ 2.4 X 10-7 ND ND 

B. subtilis FB316 His+ 1.0 X 10-s 5.8 X lQ-7 6.4 X lQ-8 

B. pumilus His+ 1.7 X 10-7 ND ND 

B. subtilis FB317 His+ 1.0 X 10-s 1.8 X lQ-7 3.7 X lQ-7 

B. thuringiensis His+ 2.3 X 10-7 ND ND 

B. subtilis FB318 His+ 6.9 X 10-s 2.7 X lQ-6 2.Q X lQ-7 

ND= no detectable transformants. a 4 to 10 µg DNA mI-1. b 4 to 10 µg DNA mg-1 of clay. 

Transformation by clay-bound DNA in sterile and non-sterile soil conditions 

To provide evidence that interspecies genetic exchange can occur in the soil 
habitat, transformation experiments were performed with DNA bound on M in 
the presence of non-sterile soil. Chromosomal DNA from all the Bacillus 
species and intergenotes were bound on M (see Materials and Methods) and used 
to transform competent cells of B. subtilis BD1512. The heterologous 
transformation was obtained only with clay-DNA from B. amyloliquefaciens 
(Table 3), while clay-intergenotic DNA retained the ability to transform 
competent cells of B. subtilis BD1512, although the transformation frequency 
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Figure 2. Dendrogram based on NJ clustering of the E matrix obtained by joining the data 
from the RAPD produced with the primers 1247, 1253, and RF2. 

was significantly lower (by one-two orders of magnitude) than in liquid culture 
(Table 3). This could be due to the fact that the adsorption and binding of DNA 
on clay can reduce its ability to transform, as previously observed (Khanna and 
Stotzky, 1992; Gallori et al., 1994). The transformation frequency in non-sterile 
soil was comparable to that obtained in the absence of soil (Table 3). 

Analysis of RAPD patterns of transformants 

To investigate the genetic distances among the Bacillus species and the 
intergenotes obtained in the heterologous exchanges, DNA of all the strains 
(Table 1) was subjected to amplification by the RAPD technique using three 10- 
mer random primers of different G-C content (60 to 80%) (Table 2). The 
amplification patterns (Fig. 1) showed that all the primers succeeded in 
differentiating the Bacillus species and the intergenotes, and that different 
degrees of polymorphism of the profiles were obtained according to the primer 
used. 19, 25, and 33 bands of different size (200 to 3000 bp) were produced with 
primers RF2, 1253, and 1247, respectively. The highest level of polymorphism, 
obtained with the primer 1247, could be due to its G-C content which is the 
closest to that of the Bacillus species considered (30 to 45 %) (Priest, 1993). The 
reproducibility of the results was verified in two independent experiments. 

The relationships among the 14 strains studied were represented by a 
dendrogram (Fig. 2) constructed as described in Materials and Methods. The 
unrooted dendrogram shows that the intergenotes and B. amyloliquefaciens are 
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highly similar to B. subtilis, and that there is a high degree of divergence 
between B. subtilis and the other Bacillus species. These data are in agreement 
with the results of the transformation experiments (Table 3). In fact, the 
highest transformation frequencies were obtained with DNA isolated from B. 
amyloliquefaciens and intergenotes. 

These results, obtained in a system simulating a natural habitat (clay-DNA 
complex and presence of non-sterile soil), reinforce the hypothesis that 
transformation can play a key role in the transfer of genetic information among 
bacteria of different species in soil. The presence of intergenotes, reducing the 
genetic distance between the donor and recipient strain, can contribute to the 
reshuffling of genes in the bacterial populations and hence determine their 
panmictic structure. 
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