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1. INTRODUCTION  
 

1.1. History, natural history and taxonomy 
1.1.1. Distribution in the environment. Bacteria of the Gram-

positive genus Bacillus (type strain Bacillus subtilis Marburg 
ATCC6051) are among the most widely distributed microorganisms 
in nature, with representatives commonly isolated from soil 
and water environments (90). The genus includes a variety of 
commercially important species, responsible for the production 
of a range of products including enzymes, fine biochemicals, 
antibiotics and insecticides (38, 94). Most species are 
harmless to man and animals, and only a few pathogens are 
known. The latter include B. anthracis, the causative agent of 
anthrax, B. cereus, which causes food poisoning, and several 
insect pathogens. Bacilli have also been used in several 
traditional food fermentations including the production in 
Japan of Natto from soybean by B. subtilis var. natto. The low 
level of reported incidence of pathogenicity and the 
widespread use of its products and those of its close 
relatives (B. amyloliquefaciens, B. licheniformis) in the 
food, beverage and detergent industries, has resulted in the 
granting of GRAS (generally regarded as safe) status to B. 
subtilis by the U.S. Food and Drug Administration (FDA). 

The primary reservoir for Bacillus species is the soil, 
where they secrete a variety of biopolymer degrading enzymes 
that allow them to grow at the expense of plant material and 
other nutrients. Most species sporulate well and environmental 
samples are usually prepared by heating at about 80oC for 10 
minutes, followed by germination and outgrowth of spores on 
suitable media. The major soil types are members of the B. 
subtilis and B. sphaericus groups, while representatives of 
the more fastidious B. polymyxa group tend to accumulate in 
soils with a high organic content. Some species of this group 
form a close relationship with plant roots. Several species 
(e.g. B. azotofixans, B. macerans and B. polymyxa) fix 
nitrogen under anaerobic conditions. Certain strains of B. 
subtilis are categorised as plant growth promoting 
rhizobacteria (PGPR), receiving in return nutrients in the 
form of plant exudates (55). 

1.1.2. Taxonomy. Representatives of the genus Bacillus are 
aerobic or facultatively anaerobic, rod-shaped bacteria which 
can differentiate into endospores. The genus was created in 
1872 by Cohn, with B. subtilis as the type species (17). 
Members of the genus show extraordinary metabolic diversity 
and include thermophiles, psychrophiles, alkalophiles and 
acidophiles (91). B. subtilis is a prototroph capable of 
growing at mesophilic temperatures on chemically-defined salts 
media with glucose or other simple sugars as carbon sources. 
In contrast, some insect pathogens are nutritionally 
fastidious and require highly specialised growth media. 

The metabolic diversity of the genus is matched by its 
genetic diversity. The G+C content of the genomic DNA varies 
among different species from about 33 to 67 mol% (94). This 
indicates that the 60-70 currently recognised species of 
Bacillus should be re-assigned to an increased number of more 



 
 5 

clearly defined genera. B. acidocaldarius and some other 
acidophilic thermophiles have already been re-assigned to the 
genus Alicyclobacillus (126).  

The classification of bacteria within the genus Bacillus was 
originally based on the ability to sporulate and the use of 
biochemical, morphological and physiological characteristics. 
However, these criteria do not provide information on the 
cladistic relationships between species. More recent data from 
numerical taxonomic (phenetic) and 16S ribosomal (r)RNA 
(cladistic) analyses (93) show good congruence and have 
resulted in Bacillus species being assigned to at least 6 
groups (94). This approach may eventually form the basis for 
the re-assignment of species to new genera.  

Group I, the so-called B. polymyxa group, is only loosely 
related to other bacilli and includes organisms with 
ellipsoidal spores which distend the sporangium. They are 
facultative anaerobes which exhibit either a mixed or 
butanediol type of fermentation, growing at the expense of 
sugars and polysaccharides. 

Group II, based on B. subtilis, includes many of the better 
known bacilli. They produce ellipsoidal spores that do not 
distend the sporangium. They include facultative anaerobes 
such as B. licheniformis that grow fermentatively in the 
absence of exogenous electron acceptors, and aerobes such as 
B. subtilis, that grow weakly in the absence of oxygen, except 
in the presence of nitrate which they can use as an 
alternative electron acceptor.  

Group III, based on B. brevis, are strict aerobes that 
produce oval endospores that distend the sporangium. Group IV, 
including B. sphaericus and other species which produce 
spherical endospores, are virtually unique among bacilli in 
having the meso-diaminopimelic acid usually present in cell 
walls replaced by lysine or ornithine. Group V includes 
thermophiles with various types of energy metabolism, 
including chemolithotrophic autotrophs. Group VI includes B. 
acidocaldarius and the other acidophilic thermophiles that 
have been re-assigned to the genus Alicyclobacillus (126).  

The development of robust methods for the identification of 
new isolates of Bacillus, whether of commercial or 
environmental interest, has not proved easy. Traditional 
methods, based on morphological features (particularly of 
spores) and dichotomous keys, have largely been abandoned in 
favour of computerized schemes based on biochemical tests. One 
such system (6) is the API 50 CHB test strip system (API, 
Plainview, NY). An alternative scheme (92) uses 30 classical 
phenotypic tests to identify representatives of 44 species.  
 

1.2. Culture conditions and preservation of strains 
1.2.1. Culture conditions. The majority of Bacillus species will 

grow at mesophilic temperatures on commercially prepared 
nutrient media, although in some cases it is necessary to 
modify the pH or salt concentration. Obligate thermophilic 
species, such as B. stearothermophilus, are usually grown at 
60oC. Moderate thermophiles, such as B. coagulans, are grown 
between 45oC and 50oC. The more fastidious insect pathogens, B. 
larvae and B. popilliae, require the addition of thiamine to 
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the growth medium and are usually grown between 25oC and 30oC. 
B. stearothermophilus requires additional calcium and iron, 
while B. pasteuri requires the addition of 0.5-1% urea. 

B. subtilis and many other species are able to grow in 
simple salts media containing ammonium or amino acids as 
sources of nitrogen and glucose or other simple sugars as 
sources of carbon. Commonly used is Spizizen's minimal medium 
(110). B. subtilis is able to use a number of amino acids as 
nitrogen source (e.g. arginine, glutamine, glutamate, 
asparagine and aspartate), the catabolic pathways of which are 
induced by these compounds. Consequently, many amino acids 
recommended to overcome auxotrophy are actually growth 
limiting. Many studies are carried out on B. subtilis strain 
168 which requires tryptophan for growth, even in media with 
acid-hydrolysed casein as the main source of nitrogen. 

Although many Bacillus species sporulate readily, special 
media and growth protocols are required for efficient 
sporulation. Sporulation is induced in response to nutrient 
deprivation, normally carbon, nitrogen or phosphate, and 
occurs after exponential growth. Widely used is Schaeffer's 
sporulation medium (101). 

1.2.2. Preservation of strains. Most strains of Bacillus survive 
well on agar plates, either at room temperature or at 4oC, 
although it is recommended to subculture on a weekly basis. 
Viable cells may even be recovered from severely dehydrated 
plates, particularly from minimal agar plates which encourage 
sporulation. Long-term stocks of Bacillus may be preserved as 
glycerol or lyophilised cultures, in the form of spores or 
vegetative cells (39). Glycerol cultures are prepared by 
scraping cells from the surface of an agar plate (pellets from 
liquid cultures may also be used) and resuspending in nutrient 
broth containing 15% (v/v) glycerol. Suspensions are frozen 
rapidly in 1 ml NUNC tubes and stored at -70oC or in liquid 
nitrogen. It is not necessary to thaw the stock prior to use 
and small amounts of iced culture can be scraped from the 
frozen stock and streaked onto nutrient medium containing any 
required nutrient supplements. It is not advisable to apply 
selection pressure at the resusitation stage. 

Lyophilised cultures are prepared by suspending spores or 
vegetative cells in double-strength skim milk (Difco), 
distributing (0.2 ml) into freeze-drying ampules and freezing 
at -70oC. The contents are then freeze-dried and sealed under 
vacuum. Ampules are stored at 4oC in the dark. Strains that 
sporulate well may also be preserved as a spore suspension. 
Spores need to be washed extensively to remove any nutrients, 
and are stored at 4oC in sterile water. Spore suspensions are 
generally stable for many years. Most Bacillus strains can be 
transported on freshly inoculated nutrient agar slopes (not 
stabs) or as spore suspensions spotted on sterilised filter 
paper disks (25 mm) encased in sterilised aluminium foil. 
 

1.3. Culture collections 
Strains of Bacillus are available from a variety of 
international culture collections and a comprehensive list has 
been published previously (18). The American Type Culture 
Collection (ATCC, 12301 Parklawn Drive, Rockville, ML20852) 
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has a World Wide Web site at "http://www.atcc.org/" and the 
Japan Collection of Microorganisms (JCM; Riken, Wako-shi, 
Saitama 351, Japan) is available at 
"http://www.wdcm.riken.go.jp/wdcm/JCM". General links to 
culture collections are available at the World Data Collection 
for Microorganisms at "http://www.wdcm.riken.go.jp/". 

In addition, the Bacillus Genetic Stock Center (BGSC, 
Department of Biochemistry, The Ohio State University, 484 
West 12th Avenue, Columbus, Ohio 43210-1292, USA; Fax 614 292 
1538) has an extensive collection of mutant B. subtilis 
strains, bacteriophages and plasmids. The collection also 
includes strains of B. cereus, B. licheniformis, B. 
megaterium, B. pumilus, B. stearothermophilus and B. 
thuringiensis. BGSC produces a catalogue that can be requested 
by e-mail at �dzeigler@magnus.acs.ohio-state.edu�.  
 

1.4. Industrial uses 
Bacillus species are an important source of industrial 
enzymes, fine biochemicals, antibiotics and insecticides (38), 
and the ease with which they can be grown and their well 
proven safety, has also made them prime candidates for the 
production of heterologous proteins. 

1.4.1. Enzymes. The world annual sales of industrial enzymes was 
recently valued at $1 billion, with strong growth in the 
paper, textile and waste treatment markets. Three-quarters of 
the market is for enzymes involved in the hydrolysis of 
natural polymers, of which about two-thirds are proteolytic 
enzymes used in the detergent, dairy and leather industries, 
and one third are carbohydrases used in the baking, brewing, 
distilling, starch and textile industries. 

Fermentation from Bacillus accounts for about half of the 
world's production of industrial enzymes; the main classes of 
enzymes and their producer strains are listed in Table 1. Two 
of these enzymes dominate the industrial enzymes market: 
alkaline (serine) proteinase (protease) and "-amylase. The 
catalytic properties of these secreted enzymes vary from one 
producer strain to another. Alkaline proteinases are the 
single largest enzyme market and are used extensively as 
detergent additives. "-Amylases are used extensively in the 
starch industry where they need to be used at high 
temperatures. Industry has sought to obtain thermostable 
amylases by screening for new sources and by improving the 
stability of existing enzymes. Related enzymes from B. 
amyloliquefaciens, B. stearothermophilus and B. licheniformis 
have very different thermostabilities at 90oC, and salt bridges 
are responsible for the stability (113). The homology between 
the genes encoding these amylases has been used for in vivo 
recombination, and subsequent screening for hybrid enzymes 
combining beneficial characteristics (53).  

B. coagulans is an important source of glucose isomerase, an 
intracellular enzyme required for the conversion of glucose 
(0.75 times as sweet as sucrose) to fructose (twice as sweet 
as sucrose) in the production of high fructose corn syrup. 
 
Table 1. Industrial enzymes produced by Bacillus species (reference [ 145]) 



 
 8 

 

Enzyme Producer strains 

α-Amylase B. amyloliquefaciens, B. circulans, B. licheniformis, 

B. stearothermophilus, B. subtilis 

β-Amylase B. polymyxa, B. cereus, B. megaterium 

Alkaline phosphatase B. licheniformis 

Cyclodextran glucanotransferase B. macerans, B. megaterium, Bacillus sp. 

β- Galactosidase B. stearothermophilus 

β-Glucanase B. subtilis, B. circulans 

β-Glucosidase Bacillus sp. 

Glucose isomerase B. coagulans 

Glucosyl transferase B. megaterium 

Glutaminase B. subtilis 

Galactomannase B. subtilis 

β-Lactamase B. licheniformis 

Lipase Bacillus sp. 

Metallo-protease B. lentus, B. polymyxa, B. subtilis, 

B. thermoproteolyticus 

Neutral protease B. amyloliquefaciens 

Penicillin acylase Bacillus sp. 

Pullulanase Bacillus sp., B. acidopullulans 

Serine protease B. amyloliquefaciens, B. amylosaccharicus, 

B. licheniformis, B. subtilis 

Urease Bacillus sp. 

Uricase Bacillus sp. 
 

 
1.4.2. Metabolites. Bacillus species are used for the production 

of a number of primary metabolites for the food and health 
care industries. B. subtilis has been used for the production 
of the nucleotides xanthanylic acid (XMP), inosinic acid (IMP) 
and guanylic acid (GMP), which are of commerical importance as 
flavour enhancers (94). Attempts to develop strains of 
Bacillus for the production of amino acids such as tryptophan, 
histidine and phenylalanine, and vitamins such as biotin, 
folic acid and riboflavin, have given promising results. 

1.4.3. Peptide antibiotics. B. subtilis strain 168 and other 
Bacillus species produce a variety of peptide antibiotics that 
enhance their survival under conditions of nutritional stress 
(132). In most cases these are short (up to about 20 amino 
acid residues) peptides which are synthesised by a non-
ribosomal mechanism within multi-enzyme complexes (peptide 
synthetases). Individual amino acid residues are often 
modified. Peptide synthetases range in size from 100-600 kDa 
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and are among the largest known natural polypeptides. 
Gramicidin-S is a cyclic decapeptide from B. brevis with 
antibacterial and surfactant properties. Bacitracin is a 
branched cyclic dodecapeptide produced by B. licheniformis and 
is used as a topical antibiotic directed against bacterial 
cell wall synthesis. Surfactin, produced by most strains of B. 
subtilis, has both antibacterial and powerful surfactant 
properties. 

A minority of the peptide antibiotics are synthesised on 
ribosomes and modified extensively post-translationally. The 
products are usually somewhat larger than those produced by 
the peptide synthetases. They include subtilin, a 32 residue 
lantibiotic produced by B. subtilis that shows antibacterial 
and anti-tumour activity.  

1.4.4. Heterologous proteins. Despite the high-level secretion of 
certain native enzymes, attempts to use B. subtilis for the 
production of heterologous proteins have met with only limited 
success. While extracellular proteins from close relatives can 
be produced at high concentrations, the yield of proteins from 
unrelated species, including eukaryotes, remains 
disappointingly low. This is, at least in part, due to the 
production of at least seven extracellular (83) and wall-
associated proteinases, and to incompatibilities with the 
Bacillus protein secretion pathway (section 5.5). The 
isolation of strains defective in the identified proteinases 
has helped in some cases (127). B. brevis, naturally producing 
low levels of extracellular proteinases, has a proteinaceous 
crystalline surface (S)-layer that can accumulate in the 
culture medium to concentrations up to 35 grams per liter. 
Attempts have been made to incorporate the expression and 
signal sequences of their genes into secretion vectors (114). 

B. subtilis has also proved useful for the intracellular 
production of outer membrane proteins of Gram-negative 
pathogens that have potential for use as vaccines and immuno-
diagnostics. These proteins are produced in B. subtilis to 
avoid contamination with endotoxins from the native host (96). 

1.4.5. Insecticides. The use of chemical insecticides, with a 
world market worth $5 billion, is increasingly seen as 
suffering from significant disadvantages, including the 
development of resistance in target insect populations, lack 
of specificity, and toxicity to man and other animals. An 
alternative is the use of insect pathogens, most notably B. 
thuringiensis (4). However, even now their use represents less 
than 1% of the insecticide market. B. thuringiensis strains 
have been identified against each of the main groups of insect 
pests and, more recently, against nematodes, mites and 
protozoa. 

The toxicity of B. thuringiensis is due to proteinaceous *-
endotoxins produced during sporulation. The toxins form a 
crystal within the mother cell and are encoded by cry genes 
found on large plasmids. They are approximately 300 times more 
potent than pyrethroid- and 8000 times more potent than 
organophosphate-based insecticides. B. thuringiensis toxins 
therefore combine high toxicity and specificity for their 
target pests with little or no toxicity for non-target insects 
and other animals. A large number of cry genes have been 
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cloned, and chimeric toxins are currently being developed that 
combine the specificity and toxicity regions of different 
natural toxins. As an alternative to the use of whole cells, a 
variety of plant crops, including tomatos, tobacco, potatoes 
and cotton, have been transformed with genes encoding *-
endotoxins, and field trials have confirmed their activity 
against target pests. 
 

2. GENOMICS 
 

2.1. Mutagenesis 
2.1.1. In vivo and in vitro mutagenesis. Excision repair, 

inducible repair and error-prone SOS-like (SOB) translesion 
DNA synthesis have been detected in B. subtilis (129) and many 
of the classical mechanisms for inducing mutations can be used 
with Bacillus. Protocols for whole-cell mutagenesis by 
ultraviolet light and N-methyl-N'-nitro-N-nitrosoguanidine are 
given in Cutting and Vander Horn (21). An alternative approach 
is in vitro mutagenesis on cloned copies of gene(s). Use of a 
Bacillus replicon allows the mutant gene to be maintained 
autonomously in the host (section 4.1.4), or integration 
vectors such as pDY6 (Fig. 1; reference (78) can be used to 
reintroduce the gene into the chromosome (section 2.2.3). pDY6 
has an E. coli origin of replication and antibiotic resistance 
genes for selection in E. coli (ampicillin; Ap) and B. 
subtilis (chloramphenicol; Cm). It also has the lacI gene 
encoding the E. coli Lac repressor and an IPTG-inducible Pspac 
promoter (128; section 3.1.2). Mutations in the target gene 
can be generated with a mutagen such as hydroxylamine and the 
mutagenised plasmid DNA amplified in E. coli. It is then used 
to transform B. subtilis 168 using natural competence (section 
2.2.1). Mutations can be in the upstream (wild-type 
controlled) or downstream (IPTG-inducible) copy of the gene, 
depending on the locations of the lesion and crossover event. 
Selection therefore needs to be made in the presence or 
absence of IPTG. 

Site-specific changes are nowadays introduced by PCR 
techniques, extensive changes being engineered by splicing PCR 
methodologies (e.g. splicing by overlap extension; 47).  

2.1.2. Integrational mutagenesis 
Insertion vectors. The ability to generate chromosomal 
insertion mutations is one of the great technical strengths of 
B. subtilis, and similar techniques may be used for other 
transformable bacilli. A fuller discussion of the technique is 
given in section 2.2.3. 

Transposons. Transposons native to B. subtilis have not been 
discovered; instead transposons for other genera have been 
adapted to function in this bacterium: Tn917 from Enterococcus 
faecalis and Tn10 from E. coli. Although the available genome 
sequence (58) has diminished the value of transposons as a 
tool for the analysis of B. subtilis, transposons remain 
important for other Bacillus species, for example for 
mutagenesis, the cloning of DNA adjacent to the site of 
integration, the generation of transcriptional fusions to 
reporter genes, controlling the expression of adjacent genes, 
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and as phenotypic tags for mapping. 
Tn917, a 5.3-kb Tn3-like transposon (130, 131) has been used 

to generate mutants in B. subtilis, B. amyloliquefaciens, B. 
licheniformis and B. megaterium (94). Tn917 has a number of 
relevant properties including: (i) the ability to insert 
relatively randomly, although a limited preference for 
specific loci has been observed; (ii) a relatively high 
transposition frequency; (iii) the ability to accept DNA 
inserts (at least 8 kb) without influencing the frequency of 
transposition; and (iv) a host range that includes Gram-
positive and Gram-negative bacteria. DNA adjacent to the site 
of integration can be recovered in E. coli by integrating an 
E. coli replicon within Tn917 and using methods analogous to 
those described for integrational vectors (section 2.2.3). 
Vectors have also been developed for generating 
transcriptional fusions to chromosomal genes, using reporters 
such as lacZ and/or cat-86 (sections 3.3.1 and 3.3.2). 

An alternative to Tn917 is a mini-derivative of the E. coli 
transposon Tn10 which consists of a Cm resistance gene flanked 
by 307-bp fragments derived from IS10 (85). The transposase 
gene is incorporated into the delivery vector rather than the 
mini-transposon itself. Tn10-derivatives transpose at a 
significantly higher frequency and insert more randomly than 
Tn917. In conjunction with the temperature-sensitive vector 
pE194Ts, a series of special-purpose delivery systems has been 
developed for gene inactivation, the recovery of adjacent 
chromosomal sequences and transcription fusions (85). 
 

2.2. Transformation systems 
The most frequently used method for introducing DNA into B. 
subtilis is transformation of competent cells, although 
protoplasts of B. subtilis and several other Bacillus species 
can be efficiently transformed by naked DNA. 
Electrotransformation usually results in low efficiencies and 
is not discussed here. DNA can also be introduced in B. 
subtilis by transducing phages (sections 2.3 and 4.2). 

2.2.1. Transformation of competent cells. Transformation of 
competent B. subtilis cells was first described in 1958 by 
Spizizen (110), and several reviews exist (22, 23). Natural 
competence is one of several post-exponential phase phenomena 
that are a characteristic of this bacterium (for review; see 
77), and which also include peptide antibiotic production 
(section 1.4.3), secretion of proteins (sections 1.4.1 and 5) 
and sporulation. 

Maximal competence develops shortly after the transition 
from exponential to stationary phase (2) and high cell 
densities promote the initiation of competence via a quorum 
sensing mechanism in which secreted oligopeptides are involved 
(32). Maximally, only 10 to 20% of the cells in the population 
are able to take up DNA. Natural competence is best documented 
for B. subtilis strain 168 and is known for only a limited 
number of other Bacillus species. The size of DNA fragments 
taken up is about 20-30 kb (23). Transformation frequencies 
with homologous chromosomal DNA amount maximally to a few 
percent of the cells with saturating amounts of DNA (> 1 :g/ml 
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of culture). Under these conditions, the co-transfer of 
unlinked genetic markers is possible. This phenomenon, called 
congression, can be used for the introduction of non-
selectable genes.  

Transformation with plasmid DNA is also possible, although 
the frequency with which free replicons are established is 
usually low; between 0.001 and 0.01% for ccc (covalently 
closed circular) DNA and about tenfold lower for ligation 
mixtures. A major reason for these low efficiencies is that 
donor DNA becomes single-stranded and randomly fragmented 
during entry in the competent cell. As a consequence, only 
plasmid multimers or monomers containing internal repeats, 
required for recircularisation, are effective in plasmid-
mediated transformation. Such molecules are naturally present 
in plasmid preparations, and are also formed during in vitro 
ligations. Another consequence of the processing to single-
stranded DNA is that removal of 5'-phosphate groups from 
linearised vectors, to prevent self-closure, cannot be used 
since the single-stranded gaps that remain after ligation to 
target DNA will prevent recircularisation following DNA 
uptake.  

Competent cell transformation has several advantages. 
Firstly, the method is simple, cheap and efficient enough for 
most applications, in particular single- and double-crossover 
recombinations with the chromosome (section 2.2.3). Secondly, 
competent cells can be stored at -80/C and aliquots from the 
same batch will have known and reproducible levels of 
competence. Thirdly, a wide variety of mutants, including 
restriction-deficient mutants and mapping strains, are 
available from the Bacillus Genetic Stock Center (section 
1.3). 
Strains and protocols. Media and detailed procedures can be 
found in Bron (9). Strains should be derived from B. subtilis 
168 (BGSC 1A1). We prefer to use highly transformable 
derivates of the "G"-type, such as 8G-5 (BGSC 1A437; 12), or 
6GM (BSGC 1A685). The latter lacks the BsuM 
restriction/modification system, which affects plasmid-
mediated transformation, but not transformations with 
homologous DNA (11, 35). 

Several antibiotic resistance genes are available for 
selection in B. subtilis: chloramphenicol (Cm, 5 :g/ml); 
erythromycin (Em, 1 :g/ml); clindamycin (Cli, 1 :g/ml); 
lincomycin (Lin, 25 :g/ml); kanamycin (Km, 10 or 50 :g/ml; 
depending on the origin of the resistance gene); spectinomycin 
(Spc, 100 :g/ml); blasticidin S (Bls, 400 :g/ml); tetracycline 
(Tet, 10 :g/ml); and phleomycin (Plm, 1 :g/ml). An efficient 
procedure for the preparation of competent cells (59) is 
described below. 
Procedure:  
1. Grow a 2 ml preculture overnight at room temperature in LM 
broth.  
2. Use the preculture to inoculate MDCH medium at an OD600 of 

about 0.05 and culture at 37/C with shaking to T0 
(transition from exponential to stationary phase). 

3. Add 1 volume of fresh MD medium without casein hydrolysate 
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to 1 volume of culture and continue shaking at 37/C for 1 
hour. 

4. Add DNA and continue incubation with shaking for 1 hour for 
the expression of antibiotic resistance. 

5. One hundred ml of the culture, and ten- and hundred-fold 
dilutions in LB, are plated on LB agar containing selective 
antibiotics and the plates incubated at 37/C. 

Media and solutions:  
(i) Phosphate-citrate buffer stock solution (10x PC) (per 

liter): 107 g K2HPO4 (anhydrous); 60 g KH2PO4 (anhydrous);  
10 g trisodium citrate.7H2O. Dilute stock solution, check pH 
of 1x PC buffer and adjust (if necessary) to pH 7.0 (1x PC 
corresponds to Spizizen's salts, commonly used in other 
procedures, without ammonium sulfate). 

(ii) MD medium (per 10 ml): 9.2 ml 1x PC buffer; 0.4 ml 
glucose (50 %, w/v); 0.1 ml L-tryptophan (5 mg/ml); 0.05 ml 
ferric ammonium citrate (2.2 mg/ml); 0.25 ml potassium 
aspartate (100 mg/ml); 0.03 ml 1 M MgSO4. Potassium 
glutamate can be used instead of potassium aspartate, but 
is slightly less efficient. 

(iii) Luria-Bertani (LB) broth (per liter): 10 g Bacto-
tryptone; 5 g Bacto-yeast extract; 10 g NaCl; 1.0 ml NaOH 
(1 M).  

(iv) LM broth: LB broth with any required growth factors and 
3 mM MgSO4. 
(v) MDCH: 10 ml MD medium and 0.2 ml casein hydrolysate (5 %). 

2.2.2. Transformation of protoplasts. In the presence of 
polyethylene glycol, protoplasts of bacilli can be stabilised 
and incorporate DNA from the medium. Cell walls can 
subsequently be regenerated and transformed cells selected. A 
protoplast transformation system was developed for B. subtilis 
by Chang and Cohen (15). The plasmid DNA internalized into the 
protoplasts is double-stranded and usually unfragmented. 
Transformation frequencies up to 10% can be obtained with 
plasmid DNA. In this system, plasmid monomers are active and 
the method is applicable to several Bacillus species, such as 
B. subtilis, B. amyloliquefaciens, B. licheniformis, B. 
stearothermophilus, B. anthracis and B. firmus. Removal of 5'-
phosphate groups from linearised vector molecules, to increase 
the frequency of recombinant DNA molecules, is possible. The 
method is, however, laborious and results are difficult to 
reproduce. Moreover, selection for prototrophic markers is not 
possible and the regeneration of cell walls may occur at low 
efficiencies (<1% of the protoplasted cells). 

The "G-type" strains developed for efficient competent cell 
transformation, are not suitable for protoplast transformation 
because they are susceptible to lysis. The restrictionless 
strain 1012 (BGSC 1A447; 11) is preferred. Detailed protocols 
and recommendations for protoplast transformation of B. 
subtilis, B. licheniformis and B. stearothermophilus can be 
found in reference (9). 

2.2.3. Chromosomal integration systems. Chromosomal integration 
systems provide powerful tools for gene technology in B. 
subtilis. The versatility of these systems, together with the 
availability of the entire DNA sequence of the B. subtilis 
genome (section 2.4.1; reference 58), render this bacterium 
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currently one of the best known and most amenable prokaryotes 
for research and commercial exploitation. Transformation of 
competent cells with homologous DNA fragments cloned on 
plasmids that do not replicate in B. subtilis is the preferred 
method. Protoplast transformation is much less efficient. 
Integration can occur by either single-crossover (SCO), or 
double-crossover (DCO) recombination, and we briefly describe 
some of the major applications. For details, specific 
literature is recommended (e.g. 82).   

Single-crossover recombination. In SCO events, also known as 
"Campbell-type" integrations, vectors such as the E. coli pUC 
plasmids are routinely used, although  low-copy-number E. coli 
plasmids (e.g. based on pSC101) can be used for genes that are 
toxic if expressed at high levels in E. coli. In the latter 
case, an alternative is to use pUC plasmids in pcnB mutants of 
E. coli which maintain such plasmids at a copy-number of about 
10 per cell (64). The integration vectors contain antibiotic-
resistance genes (e.g. for Cm, Km, Em, Tet, Plm, or Bls), that 
can be selected in B. subtilis in the single-copy state. A 
fragment of homologous B. subtilis DNA (not smaller than about 
0.15 kb; preferably larger for obtaining higher efficiencies) 
is cloned in the vector. After propagation in E. coli, 
competent B. subtilis cells are transformed with the 
constructs and integrants selected using the cognisant 
antibiotic. The chromosomes of the integrants contain the 
vector and a duplication of the cloned fragment (Fig. 2A). The 
integrated structures are usually stable; reversal of the 
process occurs at a frequency of about 10-4 to 10-5 per cell 
generation. The integrated plasmid plus insert represent an 
amplifiable unit (Fig. 2A), and the selection of cells 
carrying amplifications (up to 50- to 70-fold;  e.g. reference 
71) is favoured if the selection pressure is increased. 
 
SCO has been used for the following applications: 
Directed gene inactivation and mapping of transcription units. 

The outcome of a SCO event with respect to the 
functionality of target genes is dependent on the structure 
of the cloned fragment. If the fragment carries an intact 
gene (or one of its ends), two (or one) functional copies 
will be present in the chromosome (Fig. 2A). However, when 
regions internal to a gene are used, no functional copies 
are formed after integration (Fig. 2B). This is the basis of 
directed gene inactivation, providing an important tool for 
gene function analyses (section 2.4.2). Using nested sets of 
increasingly smaller fragments, transcription units can be delineated. 

Cloning, plasmid walking, and map extension. Integrated vectors and cloned fragments, together 
with adjacent regions, can be excised from the chromosome with restriction enzymes 
and, after ligation, recovered in E. coli. This cycle of integration and excision can be 
repeated to extend the mapping of a particular region, in a process known as "plasmid 
walking" (section 2.3). Extensions of various lengths can be 
obtained if several different restriction enzymes are used. 
If the inserted DNA results in plasmid instability in E. 
coli (section 4.1.2), the use of low-copy number plasmids, 
as discussed above, is recommended. Alternatively, an 
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antibiotic resistance gene can be introduced at the target 
site by DCO recombination (see below; Fig. 3). The marker 
gene with adjacent sequences is then excised from the 
chromosome and ligated to a plasmid which replicates and 
can be selected for in B. subtilis; thereby avoiding the 
need to propagate in E. coli. Suitable vectors for this 
purpose are pHV1431 and pHB201, described in section 4.1.4. 

Gene expression/gene fusion. Special purpose vectors carrying a promoterless reporter gene 
(section 3.3) are suitable for assaying gene expression. A typical example is plasmid 
pMUTIN2, developed for the B. subtilis gene function analysis project (see section 2.4.2 
for a description of this vector). The reporter gene (lacZ) in this vector is preceded by a 
ribosome binding site (RBS) appropriate for B. subtilis and a multiple cloning site (MCS) 
in which part of the target gene is cloned.  
In one application, SCO integration of internal fragments of the target gene results 
in the transcriptional fusion of the reporter gene to the 
target gene�s promoter, the activity of which can then be 
monitored using a suitable assay. In a second application 
the gene, deprived of its own promoter but carrying intact 
5'-sequences including the RBS, is cloned in the MCS. 
Integration will place one chromosomal copy of the gene 
under the control of the Pspac promoter which can be induced 
with IPTG (sections 2.1.1 and 3.1.2). With essential genes, 
cell survival will become dependent on the addition of IPTG 
(conditional mutants). 

Gene amplification. Integrations can be used for the 
amplification of native and foreign DNA. This is often 
preferred to the use of plasmids, which may be unstable 
(section 4.1.2). 

Random and site-specific mutations. The gene of interest is 
subjected to in vitro random or site-directed mutagenesis 
(section 2.1.1). After SCO integration, one copy of the 
duplicated fragment will carry the mutation. Reversal of 
the process, which occurs at a low frequency, may restore 
either the intact gene or leave the mutant copy behind. The 
principle of this procedure is discussed in reference (60). 

Double-crossover recombination. In contrast to the situation in 
SCO integration, DCO integration (also known as "replacement 
recombination") results in only one copy of the target DNA 
fragment. Typically, a region of chromosomal DNA is replaced 
by another, either foreign DNA, or mutationally altered 
homologous DNA. In the integration vector the target gene 
sequence is flanked on both sides by chromosomal DNA sequences 
which, normally, are in close proximity on the chromosome. 
Before being transferred to the host strain, the integration 
vector is linearised at a site outside the flanking homologous 
regions. This forces double- rather than single-crossover 
events since the latter are lethal to the host.  

A special application of DCO recombination is shown in Fig. 
3, where the homologous fragments are the front (5') and back 
(3') ends of the B. subtilis amyE gene, specifying α-amylase. 
Integration places the cloned fragment within the amyE gene. 
The latter is inactivated, providing a selectable phenotype on 
starch plates (section 5.7.1). The integrants are normally 
checked by Southern hybridisation, using chromosomal DNA 
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digested with the same restriction enzyme as used for the 
linearisation of the plasmid (ScaI in the example in Fig. 3). 
With the insert-containing vector as probe, a single 
hybridisation signal should be observed following a DCO event 
if genomic DNA is cleaved with ScaI. In the case of SCO, two 
signals will normally be observed. 
 
DCO has been used for the following applications: 
Cloning. The method is used for the stable introduction in 

single-copy of native and foreign DNA, for instance for 
gene expression studies in the amyE locus. 

Site-specific mutation/gene function analysis. (i) Antibiotic 
resistance genes, or other DNA sequences, can be used to 
disrupt the chromosomal copy of the gene. (ii) Site-
specific mutations can be introduced in the chromosome to 
study, for instance, gene function and structure/function 
relationships. 

Genome engineering. DCO recombination can be used to delete 
genes or larger regions from the chromosome. 

 
2.3. Mapping 

Genetic maps. Detailed genetic maps of the B. subtilis 
chromosome have been available since 1980, and the last one to 
be based primarily on genetic mapping studies was published in 
1993 (1). The B. subtilis genome sequence (section 2.4.1) now 
provides an accurate structure/function map (7, 58) which, not 
unexpectedly, has revealed several errors in previously 
published genetic maps. Two methods have mainly been used for 
genetic mapping in B. subtilis: bacteriophage PBS1-mediated 
transduction and transformation of competent cells. With the 
available genome sequence the need for these procedures in B. 
subtilis will be limited, but similar procedures may be 
valuable for other Bacillus species. Protocols for the large-
scale mapping by PBS1-mediated transduction can be found in 
Hoch et al. (44). Competent cell transformation (section 
2.2.1) provides a good method for fine-structure analyses of 
closely linked genes.  

Physical maps. Several procedures have been used to construct 
physical maps of the B. subtilis chromosome. Although the 
available DNA sequence (58) obviates the need for further 
mapping in this bacterium, methods similar to those described 
below are likely to be valuable for other Bacillus species. 
Plasmid walking and inverse PCR. Plasmid walking, introduced 
in section 2.2.3, can be used to extend existing maps. An 
attractive alternative is to use inverse PCR, which can be 
applied if part of the sequence of a cloned fragment is known. 
Since inverse PCR products can be sequenced directly, this 
technique can be used to overcome problems of plasmid 
instability and/or gene product toxicity (section 4.1.2). The 
method has been applied successfully in the B. subtilis genome 
sequencing project (section 2.4.1), particularly when combined 
with Long-Range PCR procedures. For many purposes, this is the 
recommended walking technique for B. subtilis. Commercial 
kits, such as ExpandTM (Boehringer, Mannheim, Germany), can 
yield amplified products up to about 25 kb. 
Lambda libraries. Suitable lambda vectors for constructing DNA 
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libraries of B. subtilis and probably other Bacillus species 
are the λGEM11 replacement vector (Promega, Madison, WI) and 
λFixII (Stratagene, La Jolla, CA), which accommodate inserts 
of about 9 to 20 kb. Plaque hybridisation can be used to 
identify linking clones for map extension. Since lambda 
libraries are propagated in E. coli, inserts should be checked 
for integrity using Southern hybridisation and/or PCR.  
Ordered pYAC library. A B. subtilis genome library in yeast 
artificial chromosomes (YACs) has been constructed (103). Most 
of the B. subtilis DNA-carrying minichromosomes are stably 
maintained in Saccharomyces cerevisiae; the inserts have an 
average size of 115 kb, and an ordered set of 59 pYAC clones 
has been assembled that covers 98% of the chromosome. 
Individual YAC clones can be purified by pulse-field gel 
electrophoresis. The YAC library has been used for DNA 
sequencing (109), global mapping of DNA fragments, and as 
hybridisation probe (125). 
Long-range restriction maps. A long-range map that was based 
on restriction sites that occur infrequently (49) has been of great 
value in the B. subtilis genome sequencing project and no major deviations from this map 
were observed. 
 

2.4. Genome analysis 
A large number of European and Japanese groups (co-ordinated by F. Kunst [Institut Pasteur, 
Paris]; and N. Ogasawara [Nara Institute of Science and Technology, Nara]) have recently 
jointly published the complete B. subtilis genome sequence (4,124,807 bp; reference 58). The 
project was sponsored by the Commission of the EU and the Japanese government. The 
available sequence will greatly increase our fundamental knowledge of bacteria in general and 
this bacterium in particular. It will also facilitate the directed manipulation of related bacilli 
and other Gram-positive bacteria of industrial and medical importance.  

At the end of 1997, the genomes of several other eubacteria (Haemophilus influenzae, 
Mycoplasma genitalium, Synechocystis sp. strain PCC 6803, Mycoplasma pneumoniae, 
Helicobacter pylori, Escherichia coli K-12, Borrelia burgdorferi; the archeae Methanococcus 
jannaschii and Methanobacterium thermoautotrophicum (references can be found in 58), and the 
eukaryotic yeast Saccharomyces cerevisiae (31) had been sequenced. These sequences, together 
with the nearly completed sequences of over 30 other bacterial genomes, including those of 
Mycobacterium tuberculosis and Vibrio cholerae, will provide invaluable knowledge about, for 
example, gene function, physiology, biochemistry, molecular adaptation, and genome 
evolution. Moreover, genome analysis of wide-spread pathogens will be of paramount 
importance for the development of new therapeutic drugs and diagnostics. A listing of 
microbial genomes that have been published or which are known to be in the process of being 
sequenced can be found at The Institute for Genomic Research�s (TIGR) Microbial Database 
at URL: http://www.tigr.org./tdb/mdb.html. 

2.4.1. Genome sequencing and databases  
Sequencing methodology. High copy-number pUC-, or M13- and phage 8-derived vectors were 

used for obtaining clones, although instability problems (section 4.1.2) were frequently 
observed with particular fragments of B. subtilis DNA. Clones derived from the YAC 
collection were also used (109), but difficulties in obtaining sufficient quantities of DNA 
limited the use of this application. Inverse and Long-Range PCR techniques were ultimately 
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responsible for increasing the rate of sequencing. The amplified DNA was either sequenced 
directly or used to generate shotgun libraries of fragments ranging from 1 to 1.5 kb. The latter 
were obtained by mild DNaseI treatment and cloning in linearised, dephosphorylated pUC-
based vectors (125). Randomly selected clones were sequenced using automated techniques, 
yielding about 90 to 95% of the data. The sequences of the remaining 5 - 10% were obtained 
using PCR-based gap-filling approaches. 

Management of sequence data. The genome sequence of B. subtilis 168 is 
available as a dedicated relational database called SubtiList 
(76; URL <http://www.pasteur.fr/Bio/SubtiList.html>), which is 
managed by A. Danchin and I. Moszer (Institut Pasteur, Paris). It provides a 
dataset of non-redundant sequences, associated to relevant 
annotations and protein sequences. The database can be 
interrogated using various criteria (gene names, keywords, 
location, etc.). DNA and protein sequences can be viewed as 
html files or downloaded as text files, and the annotated 
features can be shown as graphical files. Finally, the 
sequences in SubtiList can be analysed using BLAST, FASTA and 
pattern searching algorithms. A similar site, NRsub, is 
provided in Japan (84; URL <http://ddbjs4h.genes.nig.ac.jp> 
from Japan; URL <http://acnuc.univ-lyon1.fr/nrsub/nrsub.html> 
from Europe). 

General conclusions. This genome has a very high coding 
capacity; at least 87% of the DNA codes for putative ORFs, 
4100 of which have currently been annotated (58). High levels 
of sequence redundancy, such as is found in the telomeres of 
some yeast chromosomes (31), were not observed. Nevertheless, 
a large proportion of the genome (47%) was comprised of 
paralogous genes, some of which were highly expanded; the 
largest class comprising 77 proteins, most of which are likely 
to belong to the family ABC-type transporters. Many of these 
genes have diverged significantly from their progenitor and 
are likely either to be expressed at different times in the 
cell cycle or to encode proteins with distinct functions. 
Another striking feature is the presence of at least 18 genes 
putatively encoding sigma factors (section 3.1.1), and the 
identification of ten prophages or the remnants thereof. 
Several components of the protein secretion apparatus were 
identified (section 5.3). 

2.4.2. Function analysis of B. subtilis genes. In line with the 
observation of other genome sequences of similar size, 40% of 
the identified ORFs of B. subtilis could not have a function 
ascribed to them. Because of the extent of its prior 
biochemical and physiological knowledge and its extreme 
amenability to genetic manipulation, the B. subtilis sequence 
has formed the basis for a systematic functional analysis 
project in which the ORFs of unknown function are 
investigated. The project parallels a similar programme 
established for the yeast sequence (31).  

Structure and management. The B. subtilis Function Analysis 
(BSFA) project, in which about 25 European and Japanese groups 
participate, started early 1996. The project, coordinated by 
S.D. Ehrlich (Jouy en Josas, France) and N. Ogasawara (Nara, 
Japan), is divided into two consortia. The resourse consortium 
has nodes for: (i), the construction and initial 
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characterization of mutants (about 1500 in total) by 
standardised procedures; (ii), the construction of 
transcription maps; (iii), the analyses of cellular proteins 
and cell composition; and (iv), the development of databases.  
The function consortium has nodes for: (i), the metabolism of 
small molecules and inorganics (carbon, nitrogen and 
sulphate); (ii), macromolecule metabolism (DNA, RNA and 
proteins); (iii), cell structures and mobility (cell envelope, 
motility); (iv), stress and stationary phase; and (v), cell 
processes (cell cycle, competence, sporulation, and 
germination). Mutants are characterised at three levels. At 
the primary level, mutants are screened using relatively 
simple high-throughput tests. Mutants showing relevant 
characteristics are then subjected to secondary and tertiary 
level tests of increasing complexity and specificity by groups 
with the required specific expertise. Mutants that can not be 
classified in the primary level tests will be released to the 
scientific community after nine months, through a public 
domain in the Micado database (see below). 

Methodology for the generation of mutants. The mutants are 
constructed using the same basic methodology. Target genes are 
inactivated via SCO integration using plasmid pMUTIN2 (Fig. 
4A; see also section 2.2.3). Internal gene fragments, 
generated by PCR and cloned into pMUTIN2, are propagated in E. 
coli and the constructs integrated into the chromosome of B. 
subtilis 168 (Fig. 4B). The lacZ gene of pMUTIN2 is located 
within the transcriptional unit of the target gene, 
facilitating its activity to be reported via the synthesis of 
$-galactosidase. In the case of polycistrons, any downstream 
gene is placed under the control of Pspac and can be expressed 
by the addition of IPTG to the growth medium to avoid 
potential polar effects of the upstream target gene. Once a 
mutant has been verified by PCR and/or Southern hybridisation, 
growth in nutrient and minimal medium (with or without IPTG) 
is monitored in parallel with the formation of $-
galactosidase. If the target gene appears to be essential, its 
expression can be made conditional, and the phenotype rescued, 
by fusing its 5�-end to the Pspac promoter (sections 2.1.1 and 
3.1.2). 

Progress. By the end of 1997 more than 500 mutants had been 
constructed in the European consortium. Of these, 11 appeared 
to be essential and, based on primary level tests, phenotypes 
were tentatively assigned to a number of the mutants. In 
addition, several 100 kilobases of sequence had been 
transcriptionally mapped, and many proteins identified by 2-D 
gel electrophoresis (section 2.4.3).  

A number of problems that will limit the assignment of gene 
functions have already been identified. For example, the 
existence of paralogs and the limited range of conditions 
which can be applied in high-throughput analyses are both 
likely to limit phenotypic characterisation. 

Functional analysis database. The Micado (MICrobial Advanced 
Database Organization database (<http://138.102.88.140/cgi-
bin/genmic/madbase_home.pl>) is dedicated to the European BSFA 
program (7). It contains a non-public domain for the 
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participants in the project, and includes: (i), contigs and 
gene names (hyperlinked to Swiss-Prot for accessing DNA or 
amino acid sequences); (ii), the coordinates of the fragment 
used for insertional mutagenesis; (iii), hybridisation 
patterns of the integrants; and (iv), growth and expression 
data. The Micado server also contains data on a variety of 
other Gram-positive and Gram-negative bacteria. The 
corresponding public database of the Japanese consortium is 
the BSORF-DB database (http://bacillus.genome.ad.jp/BSORF-
DB.html). The general structure is similar to Micado, but it 
contains some additional features, such as gene category 
classification. 

2.4.3. Protein cataloguing by two-dimensional (2-D) gel 
electrophoresis. B. subtilis encodes a little over 4000 
polypeptides and, as part of the BSFA program, 2-D gel 
electrophoresis is used to catalogue the polypeptides 
synthesised under various growth and stress regimes. In vivo 
radiolabeled polypeptides are separated by gel electrophoresis 
on the basis of net charge and size. The data is stored as 
coordinates which allows polypeptide spots from independent 
gels to be compared and expression profiles to be constructed. 
Individual polypeptides can be excised from the gel and 
identified, after reference to the B. subtilis protein 
database, by N-terminal sequencing or mass spectrometry of 
peptides (e.g. using MALDI [matrix-assisted laser desorption 
ionisation]). This method has been of particular value for the 
identification of components of regulons induced in response 
to various stresses (28, 42). 
 

3. GENE EXPRESSION 
Bacillus species live in heterogeneous environments in which 
the supply of nutrients is discontinuous and its range 
variable. They are also subjected to conditions that are 
potentially life-threatening, e.g. high osmolarity, heat, 
antibiotics, irradiation, oxidation, etc. Exposure to 
starvation and other stresses in their natural environment is 
likely to be the norm rather than the exception and soil-
living bacteria need the capacity to respond in an appropriate 
manner. Bacillus species respond either by switching up/on or 
down/off the synthesis of specific proteins that improve their 
potential to survive, or by differentiating into resistant 
endospores.  

The control of gene expression is achieved through: (i), 
specific regulation, in which  metabolites or catabolites 
regulate genes encoding enzymes involved in their own 
metabolism; (ii), global regulation, in which the cells 
respond to general stimuli such as limitations in nutrient 
sources, or physical or chemical insult (DNA damage, heat 
shock, osmotic shock, etc.); and (iii), temporal regulation, 
in which regulation is coupled to other events, such as the 
cell cycle or differentiation (e.g. sporulation). All three 
types of regulation have been recognised and studied in B. 
subtilis. 
 

3.1. Transcription and transcriptional control 
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Transcription, being the primary means of regulating gene 
expression, has been extensively characterised in B. subtilis. 
The proteins involved in this process are generally well 
conserved between B. subtilis and E. coli,  although details 
of the structure of the RNA polymerase, and the activities of 
transcription regulators,  may differ between the two 
organisms.  

3.1.1. RNA polymerase core enzyme and sigma factors. The core 
enzyme of the B. subtilis RNA polymerase is structurally 
similar to that of E. coli, being composed of four subunits, 
denoted " (x2), $ and $� (75). In addition, B. subtilis encodes 
a 24.4 kDa polyanionic protein, the * subunit (rpoE), which is 
reported to displace RNA from RNA polymerase and may be 
involved in enhancing promoter specificity (63).  

The F-subunit, which associates with the core enzyme to 
generate the holoenzyme of RNA polymerase, determines promoter 
specificity; each F-subunit directing expression from a unique 
set of promoters. At least 10 distinct F-factors (Table 2) 
have been characterised in B. subtilis (37) and another 8 
sigma-like factors have been identified by homology (58).  

FA is the main factor during growth. It shows extensive 
homology with E. coli F

70
, and recognises the same promoter 

consensus sequences: TTGACA (-35) and TATAAT (-10) with an 
optimal spacing of 17 bp. This means that most F

A
-controlled 

promoters are expressed well in E. coli, which may account for 
the toxicity of some B. subtilis genes in this organism. Other 
F-factors in B. subtilis are responsible for the expression of 
genes required for sporulation, the production of flagella, 
the response to certain stresses and the utilisation of levan. 

 
Table 2. Sigma factors characterised in Bacillus subtilis ([references 64, 93a]) 
 

Sigma factor Function 

σA Housekeeping/early sporulation  

σB General stress responses 

σC Post-exponential gene expression 

σD Chemotaxis/autolysin/flagellar synthesis 

σH Post exponential gene expression; competence and 
early sporulation genes 

σL Degradative enzyme gene expression 
Sporulation specific factors:  
σE Early mother cell gene expression 

σF Early forespore gene expression 

σG Late forespore specific 

σK late mother cell specific 

In addition to the sigma factors shown in this table, eight new sigma-like factors were identified from the 
genome sequence ([93a]).  
 

 
3.1.2. Promoters for controlled gene expression. Relatively few 

systems have been developed for controlled, high level 
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expression in B. subtilis. Industry has developed expression 
systems that can direct the synthesis, in some cases over 
several days, of extracellular proteins to about 20 g/liter, 
although for commercial reasons the details of these systems 
are not generally available. Here we review systems that are 
widely used in research laboratories; those based on the Pspac 
promoter and XylR-controlled promoters seem to be preferred in 
most cases.  

Pspac promoter. A widely used system for controlling gene 
expression is based on the Pspac promoter. It was construced by 
fusing the 5'-sequences of a promoter from the B. subtilis 
phage SPO1 and the 3�-sequences of the E. coli lac promoter, 
including the operator (128). The controllability of Pspac is 
dependent on the repressor encoded by the lacI gene, which has 
been adopted to achieve constitutive expression in B. 
subtilis. When present in the same cell as lacI, genes located 
downstream of  Pspac are inducible with 1-10 mM IPTG and a 50-
fold induction can be obtained (128). The promoter has been 
used for the expression of numerous genes, and examples are 
described in sections 2.1.1 and 2.4.2. 
Advantages/disadvantages. This promoter functions in plasmid 
and chromosomal locations and, when present in multi-copy 
situations, can direct the synthesis of a protein to 
significant proportions of total cellular protein. Moreover, 
Pspac is functional in E. coli, and so constructs can be tested 
in this bacterium before transfer to B. subtilis. Potential 
disadvantages are that this promoter is not sufficiently 
strong and its inducer is too expensive for large-scale 
fermentations. Also, IPTG is hazardous and can not be used in 
food-grade applications. Moreover, this promoter directs the 
synthesis of small amounts of protein in the absence of IPTG, 
even when located downstream of a strong transcription 
terminator to prevent transcriptional read-through from 
adjacent genes. This can be reduced by increasing the number 
of copies of lacI, for example by providing it on a multi-copy 
plasmid. 

XylR-controlled promoters. The B. subtilis xylose-inducible 
promoter/operator elements have been used without modification 
to control gene expression (30). A copy of the xylR gene, 
encoding the repressor for this system, is usually included on 
high-copy-number expression vectors to maintain a balance 
between the number of repressor molecules and operator sites. 
As with Pspac, xylR-controlled promoters are active in E. coli, 
where they also respond to the presence of xylose. Although 
genes in the xylose regulon are subject to catabolite 
repression, the catabolite responsive element (CRE) is not 
included in the vectors. 
Advantages/disadvantages. XylR-controlled promoters direct 
moderately high levels of expression. Xylose is a cheap and 
readily available substrate and can be used in large-scale 
fermentations. Potential disadvantages are that xylR-
controlled promoters direct the synthesis of small amounts of 
protein even in the absence of xylose. 

SacB promoters. The inducible expression of sacB, encoding 
extracellular levansucrase, by sucrose involves a number of 
regulatory mechanisms, not all of which are fully understood. 
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This gene is controlled positively by sucrose, the SacY 
antiterminator and the products of degQ and sacU, and 
negatively by sacX, a putative PTS enzyme II

sucrose
 (20). Various 

expression cassettes have been based on the sacB promoter 
(e.g. 127), which is particularly effective in sacU

h
 

backgrounds (134). 
Advantages/disadvantages. This promoter can be induced during 
exponential growth when extracellular proteinase 
concentrations are generally low; moreover, catabolite 
repression does not occur on this promoter. The level of 
induction can be modulated by using different levels of 
sucrose, from 1 mM to 30 mM. Sucrose is a readily available, 
cheap and non-toxic substrate. Potential disadvantages are 
that vector/regulatory elements need to be developed further, 
a process which is hampered by the limited current knowledge 
of the molecular biology of the regulatory pathways involved. 
Another disadvantage is that the sacB promoter is not strong 
enough for very-large-scale protein production.  

Phage vector expression systems. Bacteriophages N105 and PBSX (a 
defective phage of B. subtilis strain 168) have both been 
developed for the production of proteins in B. subtilis (26; 
see also section 4.2). The phages have been modified to make 
them temperature inducible by mutating the genes for the 
immunity repressors. Target genes are introduced downstream of 
a strong prophage promoter via SCO or DCO recombination 
(section 2.2.3). Temperature induction can lead to the 
production of the target gene product to 0.5 mg/ml culture 
supernatant (111). 
Advantages/disadvantages. The constructs are relatively stable 
and maintained as a single copy during growth, while the copy 
number increases at the time of induction. The promoter is 
tightly controlled by the immunity repressor, and induction by 
increasing temperature is cheap and favoured in industrial 
fermentations. The systems can be arranged so as to lead to 
cell lysis if desired. The main disadvantage is that further 
vector development is needed to maximise the potential of this 
system. 

3.1.3. Analysis of transcription. Many of the techniques commonly 
used to measure transcription and translation in bacteria are 
applicable to B. subtilis with only a few modifications. 
Several methods have been reported for the isolation of mRNA 
from B. subtilis (e.g.120) and the standard methods to avoid 
contamination with RNases need to be employed (e.g. use of 
rubber gloves, treatment of glassware with 
diethylpyrocarbonate (99). The RNeasy kit (Quiagen, Hilden, 
Germany) has successfully been used in the laboratories of the 
authors for the isolation of B. subtilis mRNA. Reverse 
transcriptase (RT)-PCR methods, such as the one based on the 
�Access RT-PCR system kit� provided by Promega, can be used for 
the qualitative and quantitative analysis of B. subtilis mRNA. 
Methods for S1 endonuclease mapping and primer extension have 
been reported previously (75, 99). 
 

3.2. Translation and translational control 
The ribosomes of Bacillus species show strong structural and 
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functional similarities to those of E. coli (119). B. subtilis 
has ten rRNA operons with the same organisational structure 
(16S, 23S, 5S) as the rRNA operons of E. coli. 16S rRNA 
sequencing formed the basis for the division of 
representatives of the genus into sub-groups (section 1.1; 
reference 91). Eighty-eight transfer (t)RNA genes have been 
identified (58). 

The large 50S subunit of B. subtilis ribosomes, like that 
in E. coli, has two species of rRNA (5S and 23S) and about 35 
ribosomal proteins. The 30S subunit has a single species of 
rRNA (16S) and 20 ribosomal proteins, but lacks a homologue of 
protein S1 (34). In E. coli, protein S1 has been implicated in 
translation initiation. Its absence in Bacillus spp. may 
account for the high stringency between the RBS and 3'-end of 
the 16S rRNA (average )G ca. -18 kcal/mol, cf -11 kcal/mol for 
E. coli) (98) and, consequently, for the inability of Bacillus 
to translate mRNAs from most E. coli genes. 

RNA- and DNA-directed in vitro translation and coupled 
transcription/translation systems have been developed for 
Bacillus sp. (14, 118), although the presence of many 
proteinases requires additional precautions to avoid ribosomal 
protein degradation. It should also be remembered that 
Bacillus mRNA can usually be translated in commercially-
available E. coli based systems. 

In Bacillus, control of protein synthesis at the level of 
translation is known in a number of cases. Translational 
control permits immediate synthesis of the product in the 
presence of inducer which, in the case of the Cm-resistance 
gene cat-86, is chloramphenicol itself. This reduces the 
potentially fatal (in competitive terms at least) delay 
between challenge and response. The translational attenuation 
mechanism controlling cat-86 has been discussed by Lovett and 
Rogers (65).  

In vivo synthesised proteins can be analysed with a variety 
of techniques including Western blotting, pulse-chase labeling 
with or without immunoprecipitation (section 5.7.2), or by use 
of minicells (section 3.4).  
 

3.3. Reporter genes 
Gene fusion has proved to be an effective means of studying 
gene expression in B. subtilis and several reporter genes from 
other organisms are applicable for use in this bacterium. 

3.3.1. Chromogenic reporters 
LacZ/bgaB. E. coli lacZ, when fused to the 5'-end of plasmid-
borne or chromosomal genes, is a widely used reporter gene for 
monitoring gene expression in Bacillus. This gene has also 
been used to detect gene expression at the single-cell level 
using combined cytochemical and video microscopy techniques 
(62).  

LacZ expression can be detected on solid media using the 
chromogenic substrate X-gal or the fluorogenic substrate MUG 
(4-methylumbelliferyl-$-D-galactopyranoside) (130). In liquid 
cultures the assay of Miller (74) is most commonly used to 
assay $-galactosidase activity. In this system the hydrolysis 
of the colourless substrate o-nitrophenyl-$-D-
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galactopyranoside (ONPG) gives rise to a yellow coloured 
compound which can be assayed colorimetrically. Since B. 
subtilis is impermeable to ONPG, cells must be permeabilized 
using toluene or lysozyme. The use of MUG enables lacZ 
expression to be assayed without cell lysis and is more 
sensitive. 

The lacZ reporter is unsuitable for studying heat-shock 
gene expression, since E. coli $-galactosidase is degraded 
rapidly under these conditions (W. Schumann, personal 
communication). More stable reporters, such as the bgaB gene 
product ($-galactosidase from B. stearothermophilus) and 
chloramphenicol acetyltransferase (section 3.3.2), have thus 
been proposed for this application.  

XylE. The xylE gene from Pseudomonas putida, specifying 
catechol-2, 3-dioxygenase, is a useful reporter gene in 
Bacillus sp. for analysing expression from strong promoters 
(133). Expression is measured spectrophotometrically as the 
production of the yellow compound 2-hydroxymuconic-
semialdehyde upon the addition of the substrate catechol. 
Expression of xylE in colonies may also be visualised by 
spraying plates with a 1% aqueous solution of catechol, which 
leads to the development of yellow colonies after about 5 min. 

3.3.2. Antibiotic resistance genes. Since chloramphenicol 
acetyltransferase (CAT) is relatively easily assayed, and the 
amount of enzyme generally shows a good correlation with the 
level of resistance, cat genes have been used in Bacillus 
species to report expression in a number of contexts. Two cat 
genes are mainly used, cat-86 from B. pumilus (40) and that of 
plasmid pC194 (46). Both genes are induced in the presence of 
Cm by a translational attenuation mechanism (65). CAT is 
assayed by monitoring the change in absorbance at 412 nm when 
free CoA-sulphydryl groups, generated by the action of CAT on 
Cm, react with 5,5'-dithiobisnitrobenzoic acid, releasing a 
molar equivalent of 5-thio-2-nitrobenzoate (104).  

3.3.3. Fluorescent and luminescent reporters. Over the past few 
years reporter systems have been developed based on light-
producing enzymes or fluorescent proteins (41). An advantage 
of the latter is that the uptake of substrates by the host 
cell is not required for activity. Although both types of 
reporter have been used for cytological studies, in practice 
the fluorescence output from a single cell is too low for 
quantitative analyses.  

Luciferase. The luxAB genes of Vibrio harvei code for a 
luciferase which emits light when exposed to a suitable 
substrate (e.g. Decanal). A chromosomally-located luxAB gene 
fusion has been used as a reporter for tracking B. subtilis in 
soil (19).  

Green fluorescent protein (GFP). One of the most versatile 
reporters is GFP, specified by a gene that was isolated from 
the jellyfish Aequorea victoria (89). This small protein (27 
kDa) fluoresces due to an autocatalytic cyclization between 
amino acids 65 (Ser) and 67 (Tyr), and subsequent oxidation 
(43). The wild-type protein is excited at 395 nm and emits 
green light at 590 nm, and blue- and red-shifted fluorescent 
derivatives have been isolated that facilitate dual labelling 
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experiments. GFP has been expressed in B. subtilis to locate 
sporulation proteins (123) and to demonstrate compartment-
specific gene expression by fluorescence microscopy (61).  
 

3.4. Minicells 
In vivo synthesised translation products of genes cloned onto 
high-copy-number Bacillus plasmids can be visualised using 
minicells. Such cells result from aberrant cell divisions and, 
 while they lack chromosomal DNA, they often contain plasmid 
DNA. A number of minicell-producing strains have been isolated 
for B. subtilis (97), and these small cells may be separated 
from normal cells by rate-zonal centrifugation. Minicell 
suspensions retain the ability to synthesise proteins and, 
since bacterial mRNA is relatively unstable, de novo protein 
synthesis is directed from plasmid-encoded genes. Methods for 
studying proteins synthesised by minicells have been described 
by Moran (75). 
 

4. HOST/VECTOR SYSTEMS 
 

4.1. Plasmid-based systems 
B. subtilis 168, the naturally transformable strain (section 
2.2.1), does not contain endogenous plasmids, and most 
plasmids present in other Bacillus strains are cryptic. This 
is why plasmid vectors for B. subtilis were initially taken 
from other Gram-positive bacteria, such as Staphylococcus 
aureus and Lactococcus lactis. Several of these, like pUB110, 
pC194, pE194, and pWVO1 are still in common use (for reviews, 
see 9, 51). More recently, vectors based on endogenous 
Bacillus plasmids have been developed (section 4.1.4). 

4.1.1. Replication of plasmids from Gram-positive bacteria. Most 
plasmids from Gram-positive bacteria use the rolling-circle 
(RC) mode of replication, which is characterised by the 
uncoupled synthesis of leading and lagging strands. Whereas RC 
plasmids are small (usually < 10 kb), theta replicating 
plasmids are generally considerably larger, although 
exceptions to this rule exist. 
Rolling-circle plasmids. RC plasmids are highly interrelated 
and organised in a modular way (for reviews, see 9, 33, 51). 
The primary replication functions consist of the rep gene, 
encoding the replication initiation protein (Rep), and the 
origin of plus strand synthesis (ori+; also called double-
strand origin [DSO]). Rep initiates replication through the 
introduction of a site-specific single-strand (ss) nick in the 
DSO. Characteristic for RC replication is the formation of 
ssDNA intermediates. In the conversion of this DNA to double-
stranded (ds) DNA, the secondary replication function, SSO 
(single-strand origin), serves as the major initiation site 
for synthesis. SSOs are usually active in a limited number of 
hosts and, although these functions are dispensable, they 
affect the efficiency of replication and plasmid stability 
(section 4.1.2). A mob gene, enabling the conjugative transfer 
of the plasmid to other Gram-positive bacteria, is present on 
several RC plasmids. The copy number of RC plasmids in B. 
subtilis can vary from about 5 to 200 per chromosome. 
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Theta plasmids. A number of theta plasmids which replicate in 
B. subtilis are known. One of these is the enterococcal 
plasmid plasmid pAM81 (13, 51). pLS20 is an endogenous B. 
subtilis theta plasmid with a host range which is probably 
limited to Bacillus sp. (66).  

4.1.2. Plasmid instability. Frequently, recombinant plasmids are 
unstable in B. subtilis. Both segregational instability (loss 
of the plasmid population from a cell), and structural 
instability (usually deletions) occur. 
Segregational instability. An important cause of segregational 
instability of RC plasmids is the accumulation of ssDNA and 
linear high-molecular-weight (HMW) plasmid DNA (9, 33). Since 
SSOs are usually host-specific, substantial amounts of ssDNA 
can accumulate with non-native RC plasmids. A possible 
explanation for the reduced stability of, in particular, non-
native RC plasmids is that the accumulation of ss and HMW DNA 
reduces the cell�s growth rate which, because of growth 
advantage of plasmid-free cells, can drastically increase the 
rate of plasmid loss. With native RC plasmids from B. 
subtilis, such as pTA1060 and its derivative pHB201 (section 
4.1.4), these problems can largely be avoided. 
Structural instability. Deletions in plasmids can occur 
between short direct repeats (DRs, 3 to 20 bp), or between 
non-repeated sequences. For details of possible mechanisms the 
reader is referred to (24, 25, 33, 70). One mechanism involves 
copy-choice replication errors due to slippage of the 
replication machinery at short DRs. The generation of ssDNA, 
in particular with RC plasmids, stimulates this event. Copy-
choice errors can largely be avoided with theta plasmids, or 
RC plasmids such as pTA1060 (section 4.1.4) with an efficient 
SSO.  

Errors resulting from aberrant initiation and/or 
termination by the Rep protein of RC plasmids have also 
frequently been observed (33). Furthermore, deletions may 
arise from cleavage of inappropriately modified DNA by the 
BsuR restriction system (35). When this is likely to be a 
problem, it is recommended that restriction-deficient strains, 
such as 1012 (BGSC 1A447), are used. In yet another class of 
deletions, resulting from breakage and reunion between non-
repeated sequences, topoisomerases (72, 81) have been 
implicated. A positive selection system for the analysis of 
deletion formation was developed (RM and SB; 72). 

4.1.3. Methodologies. We globally describe a number of methods for 
the use and isolation of plasmids in B. subtilis. For details 
of procedures see (9) and general textbooks (e.g. 99).  

Isolation of plasmid DNA. Standard procedures for the isolation 
of plasmid DNA frequently give unsatisfactory results when 
applied to B. subtilis, in particular with stationary phase 
cultures: the yields may be low and the purity of the DNA 
insufficient. Details of a suitable mini-scale (1 to about 5 
ml culture) alkaline-lysis procedure have been described 
previously (9). For plasmids with copy-numbers of >20 per 
chromosome, yields are about 0.5 to 5 :g plasmid DNA from 1 ml 
culture; for lower copy-number plasmids these values are about 
0.1 to 2 :g.  
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For plasmid DNA isolations at a midi-scale (5 to about 100 
ml culture), Qiagen-tip-100 columns (Qiagen) can efficiently 
be used, following the protocols provided by the manufacturer. 
The plasmid DNA obtained is suitable for restriction analysis, 
cloning, sequencing and PCR. 

Distinguishing rolling-circle from theta plasmids. The modular 
organisation described in section 4.1.1, and sequence homology 
with known RC plasmids, are characteristic for RC plasmids. 
Further evidence for RC replication is the demonstration, by 
Southern hybridisation, of ss plasmid DNA replication 
products. S1 nuclease is used to reveal the presence of ssDNA 
bands in the gel. Details of this procedure are given in 
reference (9).  

Conclusive evidence for theta replication involves the 
demonstration of  replication intermediates containing 
bubbles. These can be visualised by electron microscopy and 
two-dimensional gel electrophoresis (13). 

Copy-number determinations. Plamid copy-numbers are usually 
given per chromosome equivalent. Since they reflect population 
means, deviations can occur in individual cells. This is 
important for plasmid maintenance, since cells with a lower 
than average number of plasmid copies have a higher 
probability of generating plasmid-free daughter cells. Two 
methods for copy-number determination have mainly been used 
for B. subtilis. In the first, plasmid and chromosomal DNA are 
radiolabeled during cell growth. Total DNA is fractionated by 
agarose gel electrophoresis, plasmid and chromosomal DNA bands 
are cut from the gel, and radioactivities in the fractions are 
measured. After normalization for the difference in molecular 
mass of the plasmid and the chromosome, plasmid copy-numbers 
per chromosome are obtained. The second method involves the 
comparison of total DNA from cells carrying the plasmid of 
interest with a reference DNA mixture (9). 

Assays for plasmid instability. Segregational instability. Cells 
containing the plasmid are grown overnight in batch culture 
under selective conditions so that no plasmid-free cells can 
grow. The culture is then diluted into fresh medium without 
antibiotics and grown for about 100 generations. Samples taken 
as a function of time are plated on non-selective agar, and 
the colonies are tested for antibiotic-resistance by replica-
plating or transfer to selective plates by toothpicking. The 
kinetics of appearance of plasmid-free cells is plotted as the 
fraction of antibiotic-resistant colonies against the number 
of cell doublings (9).  
Precise excision of transposons is a model system for 
measuring deletion frequencies between short DRs. The 
transposon is inserted in an antibiotic resistance gene, and 
recombination between the duplicated target site sequences of 
the transposon will result in precise excision of the 
transposon and restoration of gene activity. This can be 
scored positively by the appearance of antibiotic-resistant 
cells. 

A more general system for the selection of deletions is 
based on plasmid pGP100 (72),  an E. coli/B. subtilis shuttle 
derived from plasmid pGK12 (section 4.1.4). It contains a 
promoterless cat-86 reporter gene, preceded by the highly 
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efficient E. coli rrnB T1T2 transcriptional terminator. 
Deletions removing this terminator result in the transcription 
of the cat-86 gene from a promoter upstream of the terminator 
sequence. The deletion events can be recognised by the Cm 
resistance acquired by the host cell. This system allows the 
identification of several types of deletions, also between 
non-repeated sequences (72). 

A potential problem with these systems is that, eventually, 
the growth advantage of cells carrying deleted plasmids will 
lead to overestimation of deletion frequencies. This can be 
avoided by using a modification of the fluctuation test, such 
as described ChJdin et al. (16). 

4.1.4. Cloning vectors for B. subtilis. Several regularly used S. 
aureus-derived plasmids (e.g. pUB110, pC194, and pE194) are 
frequently unstable in B. subtilis, particularly when carrying 
large inserts (9). Here we describe a number of versatile and 
more stable vectors. 

Rolling-circle plasmids from Lactococcus lactis. pWVO1 is a 
small (2178 bp) cryptic RC plasmid from L. lactis (60), 
replicating in many Gram-positive bacteria (including B. 
subtilis), and even in the Gram-negative E. coli. pGK12 (Fig. 
5A) is the prototype of several special-purpose vectors based 
on pWVO1 (60). The copy-numbers of pWV01 derivatives are low 
(about 5 per chromosome) in B. subtilis and L. lactis, but 
high (50 to 100 per chromosome) in E. coli. Recombinant pGK12 
plasmids are relatively stable in B. subtilis. 

Plasmids from Bacillus. RC plasmids from Bacillus, which in 
their native form are normally devoid of selectable markers, 
were recently reviewed (69). pTA1060 is a 8.6 kb RC plasmid 
from B. subtilis with a copy-number of 5 per chromosome. Its 
SSO is very efficient in B. subtilis (68), and derivatives of 
pTA1060 can stably carry inserts up to at least 30 kb. pTA1060 
is superior to non-native RC plasmids with respect to both 
segregational and structural plasmid stability and has been 
used to develop a series of versatile cloning vectors (9, 10, 
35). A recent variant is pHB201 (Fig. 5B), which is a B. 
subtilis/E. coli shuttle carrying a modified lacZ" gene, which 
is expressed in B. subtilis. An extended MCS is present in the 
lacZ" gene. Read-through transcription from inserts in the 
lacZ" gene is prevented by the E. coli T1T2 transcription 
terminators. If used in combination with the restriction-
deficient host B. subtilis 1012M15 (BGSC 1A447), which carries 
a modified lacZ∆M15 gene, selection of colonies carrying 
recombinant plasmids can be carried out by the convenient 
blue-white assay on X-gal-containing plates. Strains 
containing pHB201 can be obtained from the BGSC (E. coli: 
ECE59; or B. subtilis 1E59). Since the copy-number of this 
plasmid is high in E. coli, this is the preferred host for the 
amplification of plasmid DNA. 

Theta plasmids. Theta plasmids are generally more stable than RC 
plasmids (51). Derivatives of the enterococcal plasmid pAM81 
(section 4.1.1) have been used as the basis of a series of 
vectors for B. subtilis. pHV1431(50; Fig. 6A) is a B. 
subtilis/E. coli shuttle plasmid, carrying the pBR322 
replication functions for E. coli and the pAM81 replication 
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functions for B. subtilis. The plasmid has a very high copy-
number in B. subtilis (about 200), but it is slightly 
unstable. pIL252, another pAM81-based vector (105), is unable 
to replicate in E. coli and lacks the stability-promoting 
resolvase function of the parental plasmid. A variant of 
pIL252, pAMS100 (Fig. 6B), in which the resolvase stability 
function has been reintroduced, together with the strong T1T2 
transcription terminator has been constructed (54). Cloning in 
pHV1431 and pAMS100 is highly efficient and long inserts are 
generally stably maintained. 

Integrative plasmids. Advantages and applications of integrative 
plasmids have been described in section 2.2.3. 
 

4.2. Bacteriophage-based vector systems 
In addition to plasmid vectors, phage vectors have been 
developed for B. subtilis. Single-stranded DNA phages, such as 
M13, are not known for B. subtilis. Most frequently used in 
this bacterium are the temperate phages φ105 and SP8. 
Extensive reviews on this subject, including  protocols, are 
available (26, 27, 87). We briefly summarize these systems and 
their potential uses. 

B. subtilis phage vectors have mainly been used for the 
cloning of homologous genes and the construction of B. 
subtilis genomic libraries. In the lysogenic state, cloned 
genes are very stable and they facilitate complementation 
assays. Two basic approaches can be used with B. subtilis 
phage vectors: direct transfection and prophage 
transformation. 

Direct transfection. In most φ105 vectors the functions for 
site-specific integration are intact, enabling the recovery of 
recombinants as lysogens (26, 27). Close to the phage 
attachment site is a dispensable region which, when removed, 
provides space for inserts up to about 6 kb. About 106 plaque-
forming units/:g of DNA can be obtained when genome libraries 
are constructed. Ligation mixtures are used to transfect 
protoplasts (section 2.2.2), and phage lysates are 
subsequently obtained by plaquing on sensitive (non-lysogenic) 
host cells. 

Prophage transformation. In this procedure, competent φ105-
lysogenic cells are transformed with DNA ligated in φ105 
vectors, which results in a double-crossover replacement in 
the prophage sequences. Standard vectors do not replicate in 
B. subtilis, and they contain only the fragments of φ105 DNA 
which flank the dispensible region in the genome. The 
principle of this method is shown in Fig. 7. Cloned inserts 
become inserted in the prophage, the lytic cycle of which can 
still be induced (26, 27). 

Unlike φ105, SP8 is present as a prophage in nearly all 
derivatives of B. subtilis strain 168. This precludes the use 
of direct transfection methods. Little is known about the 
genomic organisation of this phage, and the size of its genome 
(.120 kb) causes difficulties in the handling of its DNA. 
Despite these limitations, a versatile prophage transformation 
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system has been developed for SP8, which facilitates the 
cloning of fragments of more than 10 kb. An advantage of this 
system is that DNA inserts can be recovered on plasmid 
vectors, both in B. subtilis or E. coli, without the need for 
additional in vitro cloning steps (87). 
 

5. PROTEIN SECRETION 
 

5.1. Protein secretion in B. subtilis 
B. subtilis and related bacilli secrete specific proteins to 
high concentrations into the growth medium. Several secreted 
proteins are enzymes of commercial interest (section 1.4), and 
this is a major motivation for the extensive industrial use of 
bacilli. 

The protein secretion process in B. subtilis can be divided 
into three stages. Early stages, involving the targeting of 
secretory proteins to the plasma membrane; middle stages, 
involving the translocation of these proteins across the 
membrane; and late stages, involving signal peptide 
processing, the release of the secretory proteins at the trans 
side of the membrane, their folding into a native 
conformation, their passage through the cell wall and release 
into the growth medium. 
 

5.2. Properties of secreted proteins 
Signal peptides. Most Bacillus secretory proteins are synthesised 

as precursors with N-terminal signal peptides. These are 
required during the early stages of the secretion process to 
target precursors to the membrane, to keep them in an unfolded 
conformation and to initiate their interaction with the 
secretion machinery. During, or shortly after translocation of 
the precursor across the membrane, the signal peptide is 
removed by signal peptidases (section 5.3), which is a 
prerequisite for the release of the mature protein from the 
membrane. 

Signal peptides from Bacillus species vary in length 
between 18 and 35 amino acid residues (106) and are, on 
average, .5 to 7 residues longer than those from Gram-negative 
bacteria and eukaryotes. As with these other organisms, three 
regions can be distinguished in the signal peptides of bacilli 
(Fig. 8): (i), an N-terminal (n-) region of 2 to 8 amino 
acids, containing at least two positively charged residues; 
(ii), a hydrophobic core (h-region) with, on average, 17 
residues; and (iii), a polar C-terminal (c-) region of .8 
residues. The n- and h-regions are required for the initiation 
of precursor transport across the membrane through 
interactions with phospholipids and the protein transport 
machinery in the membrane (section 5.3; references 95, 121). 
The c-region contains a signal peptidase I recognition 
sequence with the consensus A-X-B (residues -3 to -1), where 
�A� is Ala, Gly, Leu, Ser, Thr, or Val; �B� is usually Ala, 
Gly, Ser, or Thr; and �X� can be almost any residue, although 
Met and Pro are very rare. Cleavage by signal peptidase I 
occurs at the C-terminal side of residue �B�. Signal peptidase 
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cleavage site predictions can be performed on the web site of 
the Center for Biological Sequence Analysis, at URL 
http://www.cbs.dtu.dk/services/SignalP/. 

Lipoproteins remain attached to the trans side of the 
membrane and have different c-regions with different 
structures to facilitate recognition by the lipoprotein-
specific signal peptidase II (88). The consensus signal 
peptidase II cleavage site consists of four residues: the N-
terminal residue is Leu, Val or Ile; the second Ala, Gly, Ser 
or Thr; the third Gly or Ala; and the fourth is invariably 
Cys. Cleavage by signal peptidase II takes place at the N-
terminal side of the Cys residue. Diacylglyceryl-modification 
of the Cys residue is a prerequisite for signal peptidase II 
cleavage (100). 

Pro-peptides. Many exported proteins from Gram-positive bacteria 
are synthesised as pre-pro-proteins. The pro-peptide is 
located between the signal peptide (pre-) and the mature 
protein (Fig. 8). Pro-peptides vary in length from .8 (B. 
subtilis "-amylase) to .200 amino acids (various Bacillus 
neutral proteinases). Pro-peptides are probably not involved 
in translocation of secretory proteins across the membrane, 
but rather in the folding of the mature protein into into its 
native conformation on the trans side of the membrane (5, 
106). Cleavage of the pro-peptide occurs after membrane 
translocation and is catalysed by extracellular proteinases; 
cleavage of the pro-peptide of exported Bacillus proteinases 
occurs autocatalytically (106). 

Mature protein. In addition to signal peptides, certain 
properties of the mature part of exported proteins are 
important for secretion. In the first place, the signal 
peptide, mature region and the export machinery must interact 
to prevent the formation of tertiary structures in the 
secretory protein that would render it secretion-incompetent. 
Secondly, secreted proteins do not usually contain long (8-20 
residues) hydrophobic domains flanked by positively charged 
residues, since such domains act as "stop transfer" or 
"membrane anchor" sequences (122). Finally, relatively few 
Bacillus exo-proteins form disulfide bridges. 
 

5.3. Secretory pathway 
Early stages. In the early stages of protein export molecular 
chaperones and/or elements of the signal recognition particle 
(SRP)-like pathway are usually involved. These assist in 
maintaining precursors of secretory proteins in an unfolded 
conformation, preventing their aggregation and targeting them 
to the secretory machinery. Several chaperones have been 
identified in B. subtilis (DnaJ, DnaK, GrpE, GroEL, and GroES; 
102, 124), but their relevance for protein secretion has not 
yet been demonstrated. Components of the SRP-like pathway have 
been identified in B. subtilis, including: (i), scRNA, a small 
RNA molecule with structural similarity to the 7S RNA of the 
mammalian SRP; (ii), Ffh, a homologue of the 54 kDa subunit of 
the mammalian SRP (79); and (iii), Srb, a homologue of the "-
subunit of the mammalian SRP-receptor (80). 

Middle stages. The middle stages involve the translocase complex 
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in the membrane which consists of at least four subunits: SecA 
(the translocation ATPase), SecE, SecDF and SecY. This complex 
is responsible for the ATP-dependent transport of proteins 
across the membrane (52, 106; Bolhuis, J.M. van Dijl, and S. 
Bron, unpublished results). In addition, a fifth component, 
SecG, is likely to be present, as is the case in E. coli. 

Late stages. Gram-positive bacteria lack an outer membrane and 
generally have thicker (10 to 50 nm) cell walls than their 
Gram-negative counterparts. The anionic polymers (teichoic and 
teichuronic acids) that make up approximately half of the cell 
wall by weight (the other polymer is peptidoglycan) confer a 
high concentration of immobilised negative charge (3). These 
properties profoundly influence the late stages of secretion, 
in which signal peptidases, cell-associated proteases and 
folding factors play an important part. Five distinct 
chromosomally-encoded type I signal peptidases, denoted SipS 
(117), SipT, SipU, SipV and SipW (112), and one type II signal 
peptidase, LspA (88) have been identified in B. subtilis. In 
addition, some strains of B. subtilis contain plasmids 
specifying a type I signal peptidase, denoted SipP (67).  

Metal ions and proteins can act as folding factors for 
secreted proteins. For instance, Fe3+ and Ca2+ act as folding 
catalysts for levansucrase (86). Similarly, the lipoprotein 
PrsA is crucial for the folding of certain secreted B. 
subtilis proteins, such as "-amylase (57). Efficient folding 
of the mature protein is also required to prevent the 
degradation of the translocated protein by the proteinases 
which are secreted by B. subtilis in high amounts. A model 
which combines the known properties of the cellular components 
involved in protein export in B. subtilis is presented in Fig. 
9. 
 

5.4. Rate-limiting steps in the secretion of native 
proteins 
Frequently, the level of transcription constitutes the 
limiting step in the production of native secretory proteins 
from Bacillus strains. This is a complicated phenomenon, since 
the transcription of most genes encoding secreted proteins is 
tightly controlled in this organism. The system usually 
involves regulatory networks (section 3.1) in which several 
transcriptional activators (e.g. DegQ, DegR, DegU and SenS) 
and repressors (e.g. AbrB, Hpr, and Sin; for review: 29) 
participate. Although there is little evidence that components 
of the secretion apparatus can limit protein secretion under 
natural conditions, the situation is different when native 
proteins are overproduced. For example, B. amyloliquefaciens 
pre-"-amylase accumulates in B. subtilis upon overproduction 
of the enzyme (56). Unexpectedly, this accumulation appeared 
to be prevented in strains from which the gene for the type I 
signal peptidase SipS had been deleted, suggesting that the 
interaction of pre-"-amylase with SipS leads to reduced 
efficiencies of processing of this particular precursor (8). 
Furthermore, it was shown that the folding factor PrsA sets a 
limit for high-level secretion of various enzymes, such as "-
amylase and subtilisin (57). 
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5.5. Secretion of heterologous proteins 

In contrast to native proteins, the extracellular production 
of heterologous proteins, especially from eukaryotic sources, 
is frequently inefficient from bacilli. This may, at least in 
part, be due to the inherent properties of the Bacillus 
protein secretion apparatus. 

Strategies for improving the secretion of heterologous proteins. 
To achieve efficient extracellular production of heterologous 
proteins, secretion vectors have been constructed which 
contain a strong promoter, followed by an efficient signal 
sequence and a MCS (38, 106). An alternative strategy involved 
the random selection of signal sequences from the B. subtilis 
chromosome with the help of suitable reporter proteins, the 
secretion of which could be monitored using plate assays (107, 
108). The latter strategy has the advantage that efficient 
signal peptides can be selected for the secretion of a 
particular heterologous protein, provided that an appropriate 
assay for the protein in question is available. 

Secretion bottlenecks. The secretion of heterologous proteins 
can be blocked at various stages. Firstly, precursors may 
accumulate in the cytoplasm as insoluble aggregates, due to a 
failure to maintain them in an export-competent state or due 
to inefficient interactions with components of the host 
secretory machinery (section 5.3). A second problem could be 
the failure of signal peptidases to process the precursor 
correctly, which is likely to be of particular importance if 
the product is a biotherapeutic. A third problem is the 
folding of the processed proteins into their native 
conformation at the trans side of the membrane, an environment 
which is biochemically and physiologically very different from 
that encountered in other organisms. Aberrant or slow folding 
may be due to non-productive interactions with components of 
the cell wall, with the the hosts� folding factors such as 
PrsA, or with disulphide bond oxido-reductases. The absence of 
appropriate folding factors is likely to result in inefficient 
release of the protein from the membrane, increased 
susceptibility to degradation and reduced biological activity. 
Finally, because of its high density of immobilised negative 
charge and limited porosity, the cell wall may form a barrier 
to heterologous protein secretion in Gram-positives (3). 
 

5.6. Optimization of heterologous protein secretion 
Optimization of the secreted protein. Three types of 
modification of the target protein may be considered. Firstly, 
the inclusion of optimal signal peptides, because the 
efficiency of export of proteins fused to different signal 
peptides can vary significantly (107). Secondly, the removal 
of positively charged amino acid residues from the N-terminus 
of the mature protein may be of value (section 5.2). Thirdly, 
degradation of proteins may be avoided by the removal of 
proteinase target sites. 

Optimization of the host. The overproduction of chaperones or 
other components of the secretion machinery should be 
considered, as these may become limiting when exported 
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proteins are produced in large quantities. Overproduction of 
chaperones, such as GroEL, GroES and DnaK, can prevent the 
formation of insoluble aggregates in E. coli, and a 
combination of a mutation in SecY with overproduction of SecE 
resulted in improved export of interleukin-6 to the periplasm 
(45). Furthermore, overproduction of signal peptidase can 
result in improved efficiencies of processing of certain 
hybrid precursor proteins in E. coli and B. subtilis (115, 
117). Alternatively, the yield of some heterologous proteins 
may be increased by the co-production and secretion of 
heterologous folding factors, such as the human protein 
disulphide bond isomerase (PDI; 48). Human PDI may facilitate 
the folding of heterologous secreted proteins into an active 
and proteinase-resistant conformation. An alternative approach 
to solve the problem of degradation is the use of proteinase-
negative strains (114, 127). Finally, the use of strains with 
an altered cell wall composition may improve the release of 
exported proteins from the cells. 
 

5.7. Methods of analysis 
Various assays are available to monitor protein secretion in 
general, or the secretion of specific reporter proteins. The 
simplest and most convenient are plate assays in which the 
activity of secreted enzymes can be visualised as zones of 
hydrolysis around colonies growing on agar plates. More 
refined assays require the subcellular fractionation of cells, 
or pulse-chase labeling of secretory precursor proteins. The 
latter assays facilitate the identification of certain 
secretion bottlenecks, such as the accumulation of secretory 
proteins in the cytosol, membrane or cell wall, inefficient 
precursor processing or slow release into the culture medium. 

5.7.1. Plate assays 
"-Amylase. Standard agars are supplemented with 1% (w/v) potato 
starch (Sigma). Degradation of starch by secreted "-amylase 
can be visualised after exposure to iodine vapour by inverting 
the agar plate over a few crystals of iodine (in a fume hood). 
The iodine stains the starch in the plate blue and zones of 
starch hydrolysis around positive colonies are colourless.  

Penicillinase. Penicillinases catalyze the hydrolysis of 
penicillin to penicilloic acid, which can decolorize a blue-
coloured starch-iodine complex. Cells are plated on LB agar 
(section 2.2.1) containing 0.2% (w/v) starch (Sigma) and 50 mM 
K-phosphate buffer (pH 6.5). After overnight incubation, 6.5 
ml of a deep-blue coloured soft agar medium is poured on the 
plates. After solidification of the overlay agar, the plates 
are incubated for about 15 min at 30/C, after which decolorised 
haloes appear around colonies secreting penicillinase. The 
soft agar assay medium is prepared by mixing (at 60/C) one 
volume of starch-agar medium with one volume of a reaction 
mixture (770 mg I2; 3 g KI; 300 mg ampicillin; 2 ml K-phosphate 
buffer [1 M, pH 6.5], in a total volume of 100 ml H2O). 

Proteinase. To assay the activity of secreted proteinases on 
plates, 1% (w/v) skim milk (Oxoid, Basingstoke, UK) is added 
to agar media. The agar medium and a 10% stock solution of 
skim milk are autoclaved separately (15 min, 20 psi). After 
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overnight incubation at 37/C, haloes are visible around 
proteinase-secreting colonies. 

5.7.2. Subcellular fractionation and pulse-chase labelling. A 
protocol for the subcellular fractionation of B. subtilis 
cells is given in reference (73). Three subcellular fractions 
are obtained, representing the cytosol, plasma membrane and 
cell wall. 

Pulse-chase labelling experiments are performed to 
determine the kinetics of precursor processing. Useful 
protocols for the growth of cells in synthetic media, the 
depletion of intra-cellular methionine pools, the labelling of 
cells with [35S]-methionine, cell lysis, immunoprecipitation of 
the target protein, SDS-PAGE and fluorography have been 
published previously by van Dijl et al. (116). 
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LEGENDS 
Fig. 1. Structure and mode of integration of plasmid pDY6. The 

target gene for mutagenesis is cloned downstream of the Pspac 
promoter. The consequences of a single-crossover recombination 
into the bacterial chromosome for mutations located upstream 
(region "a") or downstream (region "b") of the crossover site 
are shown. In the former case ("a"), the mutation will reside 
in the Pspac-controlled downstream copy of the target gene; in 
the latter case ("b") it will be in the upstream copy of that 
gene under the control of its native promoter. Amp, ampicillin 
resistance gene active in E. coli; Cm, chloramphenicol 
resistance gene active in B. subtilis; lacI, gene encoding the 
E. coli LacI repressor; rep pBR, pBR322 replication functions 
active in E. coli; Pnative, native promoter for the target 
gene; Pspac, IPTG-inducible promoter. 

Fig. 2. Single-crossover integration and delineation of 
transcription units. (A) SCO with intact transcription unit; 
(B) SCO with internal gene fragment.The principle of the 
method is described in the text. For the delineation of 
transcription units, the integrational plasmid should contain 
progressively smaller parts of the cloned fragment, for 
instance nested sets of deletions. The letters (a) and (a') 
indicate intact 5'-ends of the unit on the chromosome and 
plasmid, respectively. Similarly, (b) and (b') indicate intact 
3'-ends on the chromosome and plasmid. Deletions of the 5'-
ends (or 3'-ends) are indicated as ª(a') and (b')ª. Rep: 
replication functions of E. coli pUC-type plasmid; R: 
antibiotic resistance gene. The amplifyable Unit is indicated. 

Fig. 3. Double-crossover recombination. The principle of the method 
is described in the text. The vector is usually an E. coli 
plasmid containing a region of homology with the B. subtilis 
chromosome, which is interrupted by other DNA sequences. The 
integration in the amyE locus is shown here. The two regions 
of homology with the chromosome are provided by the 5'-end 
[amyE(f)] and the 3'-end [amyE(b)] of the "-amylase gene. AbR 
indicates a selectable antibiotic resistance marker, and "X" 
the fragment of cloned DNA between the homologous regions. 
MCS, multiple cloning site. 

Fig. 4. Plasmid pMUTIN2 and its use in insertional mutagenesis. 
(A). pMUTIN2 is an integrational vector used by the European 
B. subtilis Function Analysis (BSFA) group to introduce loss-
of-function mutations in genes of unknown function. It was 
constructed by V. Vagner and S.D. Ehrlich (INRA, Jouy en 
Josas, France) and redrawn with permission from their 
unpublished work. The plasmid is based on the replication 
functions (ori) of pBR322 and carries two selectable markers 
(ApR; for use in E. coli and EmR for B. subtilis and E. coli). 
T0 and T1T2 indicate transcription terminators from phage lambda 
and the E. coli rRNA genes, respectively. Pspac is the LacI-
controlled and IPTG-inducible promoter (section 3.1.2). The 
lacZ reporter gene (section 3.3.1) lacks its own promoter, but 
is preceded by an efficient RBS (from the spoVG gene) for B. 
subtilis.  
(B). Principle of insertional mutagenesis. ORF2 represents the 
gene to be inactivated; it forms part of an operon also 
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including the promotor-proximal ORF1 and distal ORF3. The 
internal fragment produced by PCR from ORF2 is provided with 
HindIII and BamHI sites at its 5'- and 3'-ends, respectively, 
enabling insertion into the corresponding sites of pMUTIN2. 
Single-crossover integration places the lacZ reporter gene 
under the control of the native promoter of the operon, while 
expression of the downstream ORF3 is controlled by the IPTG-
inducible Pspac. 5'orf2ª and 3'orf2ª represent the mutant copies 
of ORF2, missing the 5'- or 3'-end.  

Fig. 5. Plasmids pGK12 and pHB201. (A): pGK12. This plasmid carries 
the replication functions (ori+, repA, and repC) of the 
lactococcal plasmid pWVO1, which is a natural broad-host-range 
plasmid, replicating in many Gram-positive bacteria, including 
B. subtilis. Several unique restriction sites are indicated, 
as are two selectable markers (CmR and EmR). pWVO1 and other 
special-purpose derivatives of this plasmid family are 
described in reference 60. 
(B). pHB201. pHB201 is a shuttle plasmid carrying the ori-pUC 
(for E. coli), and ori-pTA1060 (for B. subtilis) replication 
functions. The plasmid contains two selectable markers (CmR and 
EmR) and a lacZ" gene, the expression signals of which have 
been modified (36) to enable the synthesis of the LacZ" 
peptide in B. subtilis. An extended MCS is present in the 
lacZ" gene. The plasmid contains the highly active palT SSO of 
pTA1060 (9, 68) and the T1T2 transcription terminator. In 
conjunction with host strain 1012M15 (BGSC 1A447), which is 
restriction-deficient and carries a lacZªM15 gene in a non-
essential part (glgB gene) of the chromosome (lower part of 
Fig. 5B; reference 36), the blue-white assay for recombinant 
plasmids on X-gal plates by lacZ" complementation can be used. 
      

Fig. 6. Theta plasmids pHV1431 (A) and pAMS100 (B). These plasmids 
carry the replication functions of the enterococcal plasmid 
pAM81 (ori pAM, repD, and repE), enabling replication in 
several Gram-positive bacteria, such as B. subtilis. pHV1431 
is a shuttle vector that can also replicate in E. coli (using 
the pBR322 replication functions). Selectable markers are: ApR 
(for E. coli), and TcR or CmR (for B. subtilis). Several 
suitable restriction sites are indicated. pAMS100 lacks the 
pBR322 replication functions and its stability is improved 
compared to pHV1431 by the introduction of the resolvase gene 
(res8) and the T1T2 transcription terminator. 

Fig. 7. Prophage transformation. The letters �a� and �b� indicate 
fragments of prophage DNA in a plasmid vector and AbR  a 
selectable marker for B. subtilis, which is present between �a� 
and �b�. The filled line represents a cloned chromosomal DNA 
fragment which, by double-crossover recombination with a 
chromosomal copy of the prophage, can be integrated into the 
host chromosome. Recombinant phage can be obtained by 
induction of the lytic cycle, for instance by thermo-induction 
of phage mutants carrying a thermo-sensitive immunity 
repressor (26, 27, 111). 

Fig. 8. Schematic representation of the precursor of a secretory 
protein. The three regions charisteristic of the signal 
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peptide [positively charged n-region (n), hydrophobic core (h) 
and c-region (c)], pro-peptide and mature protein are 
indicated. The signal peptidase cleavage site is indicated 
with -1/+1. 

Fig. 9. Schematic representation of the secretory pathway of B. 
subtilis. The secretory precursor protein (P) is kept in an 
unfolded, secretion-competent conformation and targeted to the 
membrane by chaperones and targeting factors such as Ffh and 
FtsY. The precursor-chaperone complex interacts with the 
translocation ATPase, SecA (A), which is probably functional 
as a dimer that directs the precursor into the translocation 
channel. This channel consists of at least two components: 
SecE (E) and SecY (Y). In addition, SecDF (DF), YrbF  and, 
probably, SecG (G?) are also associated with the translocase 
complex. Upon translocation, the signal peptide (SP) is 
cleaved by one of the five type I signal peptidases encoded by 
B. subtilis (SipS, SipT, SipU, SipV, or SipW) or, in the case 
of a lipoprotein, by the type II signal peptidase (Lsp). The 
mature protein folds into its native conformation, which may 
be catalysed by folding factors such as PrsA and divalent 
cations. Finally, the mature, folded protein (M) is released 
from the membrane and transported through the cell wall into 
the growth medium.  

 
 


