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ABSTRACT 

Bacillus subtilis DNA was cloned by ligating restriction endo

nucelase-generated fragments to plasmid vectors. The plasmid pUBllO 

was the vehicle in the construction of eight recombinant plasmids, 

pNMl through pNM8. Each bears one or more EcoRI fragment(s) of B. 

subtilis chromosomal DNA. Recovery of the plasmids from host cells 

demonstrated that recombinant plasmids that bear some homology to the 

!· subtilis chromosome may be maintained outside of the chromosome in 

recombination-proficient hosts. The mean size of cloned fragments was 

0.78 megadaltons (Mdal). The recombinant plasmid pNMl interferes with 

the mechanism that blocks chromosomal recombination in B. subtilis 

cells that carry the recE4 mutation. Low-level chromosomal recombi

nation at several loci was demonstrated when chromosomal DNA was 

accompanied by pNMl in the transformation of recE4 recipient cells. The 

recombinant plasmid does not appear to code for recE gene products nor 

does it produce novel proteins when assayed in minicells of B. subtilis. 

An alternative approach to cloning ~· subtilis DNA was success

fully accomplished with the vector plasmid pHV33. The vector functions 

in both B. subtilis and E. coli hosts. B. subtilis chromosomal DNA was 

digested with Bglii, then ligated to the unique BamHI site of pHV33. 

Ligation products were introduced into !· coli by transformation. 

Plasmid DNAs were isolated from transformants, pooled into several lots, 

then used to transform auxotrophic ~· subtilis recipient cells·. 

X 
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The procedure resulted in the construction of two new recombi

nant plasmids, pNM1055 and pNM1326. !· subtilis cells with the aroD120 

mutation restored their ability to synthesize aromatic amino acids when 

pNM1055 was introduced. The same effect was observed in E. coli 

recipient cells that had the equivalent mutation. 

~· coli cells that carried pNM1326 produced granular colonies 

characteristic of the extraordinary filamentous growth exhibited by 

individual cells. The pNM1326 plasmid coded for a 16,000 dalton poly

peptide produced in abundant quantities in !· coli hosts. A deletion 

derivative of pNM1326 did not produce the polypeptide, nor was fila

mentous growth of host cells exhibited. A plasmid-borne fragment of 

B. subtilis DNA affects cell growth and division of E. coli hosts. 



INTRODUCTION 

The recent development of recombinant deoxyribonucleic acid DNA 

technology has provided a new approach for the detailed investigation of 

the genetics, development and physiology of both prokaryotic and 

eukaryotic organisms. It is a technique which can be utilized as an aid 

to the basic understanding of all living organisms, yet may also be 

applied to the production of a multitude of products for medical and 

industrial purposes. A major tool for molecular genetics offers the 

promise of far-reaching applications in the academic and industrial 

sectors. 

The earliest experiments in molecular cloning involved the use 

of a well-characterized bacterium, Escherichia coli, as a recipient for 

biologically active recombinant plasmids (Cohen, Chang, Boyer and 

Helling, 1973). The!· coli Kl2 system appears to be ideal in that a 

a variety of plasmids are known to replicate in this bacterium and they 

express genes which render their host cells resistant to antibiotics 

(Jacob et al., 1977). The plasmids have been used as cloning vehicles 

for the replication and transcription of prokaryotic and eukaryotic DNA 

(Chang and Cohen, 1974; Morrow et al., 1974). Modification of plasmids 

indigenous to !· coli has led to the construction of many vectors suit

able for cloning purposes (Boliver, Rodriquez, Betlach and Boyer, 1977a 

and 1977b). The lambda bacteriophage that infects E. coli has also been 

exploited as a cloning vector (Murray and Murray, 1974; Blattner et al., 

1977). 

1 
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There exist, however, two problems associated with the use of 

~· coli as a cloning system. The first is that E. coli is a natural 

resident of the human gut. Fears have been ex?ressed that recombinant 

plasmids may escape from the laboratory and contaminate the population 

(Berget al., 1975). The concerns for safety led to the development of 

physical and biological containment systems. An enfeebled strain of E. 

coli, xl776, which cannot survive without the stringent cultivation 

procedures of the investigator, was produced (Curtiss et al., 1977). 

Further investigations with the E. coli cloning system led finally to 

the realization that E. coli Kl2 itself is probably a safe host. 

The second consideration concerning cloning in ~· coli pertains 

to the production of substances for human use. If substance produced 

by ~· coli become contaminated with endotoxins, a febrile reaction may 

be initiated upon introduction into humans. Even trace amounts of cell 

wall products from gram-negative organisms can cause such reactions 

(Young, Duncan and Wilson, 1977). Thus in applications of cloning 

methodology for the production of biomedical products gram-negative 

hosts may not be the organisms of choice. 

An alternative to the ~· coli Kl2 cloning system is that of 

Bacillus subtilis. This is a gram-positive, aerobic soil organism 

which differs greatly from the gram-negative, facultatively an aerobic, 

enteric~· coli (Buchanan and Gibbons, 1974). Several points in favor 

of B. subtilis as a bacterial host for cloning merit discussion. 

a. B. subtilis is able to undergo genetic transformation with 

relative ease (Spizizen, 1958). The frequencies of 



transformation can be quite high; as many as 10% of recipient 

cells can be transformed when DNA is prepared from gently 

3 

lysed L-forms (Bettinger and Young, 1975). Plasmid DNAs from 

heterologous hosts can be introduced and maintained in B. 

subtilis recipients (Ehrlich, 1977; Gryczan and Dubnau, 1978; 

Kreft, Bernhard and Goebel, 1978). These plasmids may be used 

as cloning vehicles in the !· subtilis system and may even be 

used to study the process of transformation itself. The intro

duction of small, clearly-defined segments of DNA from homologous 

and heterologous hosts into the recipient bacteria may be 

monitored to investigate the fates of incoming DNA and the 

recipient genome. 

b. The process of transformation and transduction have been used to 

make !· subtilis the most widely studied and thoroughly mapped 

gram-positive microorganism (Henner and Hoch, 1980). The 

familiarity with the genetic map, the large amount of biochemical 

data associated with it, and the large collection of available 

mutant strains provide a good basis for recombinant DNA 

methdology. 

c. The formation of endospores and their germination are a natural 

part of the life-cycle of!· subtilis. These phenomena may 

serve as a model for morphogenesis in higher organisms. The 

characterization of the structure and function of sporulation 

genes is a study that is not available to ~· coli. Steps 

toward the elucidation of the sporulation process are already 



in progress through the use of cloning (Segall and Losick, 

1977). 

d. The use of ~· subtilis as a model system to study cell growth 

and division is well-documented (Mendelson, 1977). Recombinant 

plasmids may be used to create merodiploids which can offer 

insight into the roles of classical dominance and recessiveness 

associated with these processes. Coupled with this is the 

prospect of using recombinant DNA technology to explore the 

genetics of the multicellular, helical macrofibers of !· 

subtilis (Mendelson, 1976 and 1978). The macrofibers represent 

an important step toward the understanding of processes 

fundamental to cell growth, development and organization. 

4 

e. Many of the species in the Bacillus genus are of tremendous 

industrial importance in that they produce a variety of in

dustrial enzymes (Ingle and Boyer, 1976). The Bacillus pro

tease and the Bacillus amylase are important products already 

in production through means of conventional fermentation. With 

cloning methodology, relevant genes from diverse, but phyla

genetically related organisms can be introduced and propagated 

in a B. subtilis system. In this manner, pecularities of un

favorable growth conditions in these related Bacilli can be 

avoided and the more familiar growth conditions of B. subtilis 

can be utilized. 
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f. Of major consideration is the question of potential biohazards 

associated with the B. subtHis cloning system. Unlike ~· coli, 

Bacillus species other than Bacillus anthracis rarely cause 

disease in animal hosts unless those hosts are already severely 

compormised (Farrar, 1963; Ihde and Armstrong, 1973; Pearson, 

1970). Massive doses of B. subtilis released into bhe environ

ment appear to demonstrate no adverse effects. Moreover, high 

human oral consumption of !· subtilis in the form of a spore 

suspension is used in Europe to treat intestional disorders. 

No ill-effects have been observed. In Japan, !· subtilis (natto) 

is used in the fermentation of soy beans for the production of 

natto, a food product with no adverse effects in humans 

(Ehrlich, 1978). 

The development of a !· subtilis cloning system appears to be a 

rather attractive endeavor, but there are some negative features to 

consider. First, the potential bacteriophage vectors such as ~29, SPPl, 

SPOl. and ~105 (Hemphill and Whiteley, 1975) are not as well-character

ized as the lambda bacteriophage of E. coli. Specialized transduction 

by!· subtilis bacteriophages is very rare (Shapiro et al., 1974) and 

this is a limiting factor in the use of bacteriophages as cloning 

vectors. Recent efforts to develop bacteriophage cloning vectors for 

B. subtilis show great promise (Kawamura et al., 1979 and 1980), but 

still lag behind the elegant applications with lambda. 

A second negative point is that plasmids discovered thus far in 

B. subtilis are cryptic (Lovett and Bramucci, 1975). The lack of a 
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suitable marker, such as antibiotic resistance, to detect the presence 

of plasmids in host cells is a serious detriment. Plasmids isolated 

from Bacillus pumilus (Lovett and Bramucci, 1975) are also cryptic, 

thus lack serious consideration as cloning vectors. A tetracycline 

resistant plasmid, pBC16, isolated from Bacillus cereus can be trans-

formed into B. subtilis hosts (Kreft et al., 1978) and might serve as 

a suitable vector were it not for problems with its stability, 

especially when in union with other fragments of DNA. 

Of final consideration is the fact that most strains of B. 

subtilis do not naturally carry plasmids. This lack of endogenous 

plasmids may suggest an intolerance for plasmids in the evolutionary 

development of the species and may indicate that cloning with plasmid 

vectors will be burdened with serious difficulties. In vivo deletion 

events of recombinant plasmids appear to be quite common in B. subtilis 

(Kreft et al., 1978; Tanaka and Sakaguchi, 1978; Gryczan et al., 1980). 

Furthermore, uptake of plasmids by competent cells appears to require 

oligomeric molecules (Canosi et al., 1978; Contente and Dubnau, 1979; 

Mattes et al., 1978). 

Although these difficulties do pose considerable problems to 

cloning in ~· subtilis, the potential of the system outweighs the 

negative aspects. Progress has already been made to circumvent some 

of the problems of cloning in ~- subtilis, and a fair measure of 

success has already been achieved. 

The lack of a suitable plasmid cloning vector was overcome by 

the discovery that plasmids isolated from Staphylococcus aureus can be 
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introduced by direct DNA transformation into !· subtilis (Ehrlich, 1977). 

The S. aureus plasmids replicate and express their genetic information 

in the new host. The plasmid pT127 confers tetracycline resistance to 

B. subtilis recipients at a level higher than25~g/ml, whereas B. 

subtilis strains without the plasmid are growth inhibited at 5 ~g/ml of 

tetracycline. Resistance is a stable trait in that growth for approxi

mately twenty generations without selection results in less than 2% of 

the population losing the capacity for tetracycline resistance. Similar 

results can be obtained with four other~· aureus plasmids (pC194, 

pC221, pC223 and pUB112) that confer chloramphenicol resistance to 

either S. aureus or B. subtilis hosts. In all cases, the plasmid DNAs 

isolated from B. subtilis are indistinguishable from the S. aureus 

plasmid DNA by criteria of size, susceptibility to restriction endo

nucleases, and genetic information. 

The critical question as to whether or not these S. aureus 

plasmids could be used as suitable cloning vehciles in !· subtilis was 

answered by two independent groups (Ehrlich, 1978; Keggins et al., 

1978). The plasmid pC194 has a single Hindiii site which resides 

outside of the gene that encodes for chloramphenicol resistance~ 

Ehrlich (1978) inserted the smallest of the three Hindiii fragments of 

the plasmid pT127 into the Hindiii site of pC194 and established the 

recombinant plasmid pHVll. This new plasmid confers chloroamphenicol 

and tetracycline resistances to !· subtilis hosts and indicates that 

the ~· aureus plasmids are indeed suitable cloning vectors. Further 

confirmation was obtained by the ligation of Hindiii-restricted pBR313, 



pBR322, or pWL7 plasmids from~- coli to the Hindi!! site of pC194. 

The recombinant plasmids can be introduced into ~· coli, where resis

tance to ampicillin, kanamycin or chloramphenicol is expressed. When 

introduced into !· subtilis, however, only chloramphenicol resis

tance is expressed, meaning that several genes derived from~· coli 

plasmids cannot be expressed in!· subtilis. 

The~- aureus plasmid pUBllO, which specifies neomycin or 

kanamycin resistance, was used as a cloning vector of Bacillus DNA 

8 

in~- subtilis (Keggins et al., 1978). When DNAs isolated from strains 

of B. purnilus, ~· licheniforrnis, or~· subtilis were cleaved with EcoRI 

and ligated into the site of pUBllO, several genetically active re

combinant plasmids were produced. These recombinant plasmids, pSLlOl 

through pSL106, are able to complement several mutations in the 

tryptophan operon of!· subtilis. This established, for the first time, 

that DNA derived directly from the bacterial chromosome can express 

its genetic information when in union with a ~· aureus plasmid vehicle. 

Alternative approaches to cloning !· subtilis DNA led to the 

conclusion that several genes of !· subtilis can express their genetic 

information in !· coli. The thyrnidylate synthetase gene carried by the 

temperate !· subtilis bacteriophage phi-3-T is able to transform a 

thymine mutation in ~· coli to prototropy when cloned on the !· coli 

plasmids pSClOl or pMB9 (Ehrlich et al., 1976; Duncan et al., 1977). 

When the recombinant plasmids are isolated from ~- coli cells, they can 

successfully transform !· subtilis thymine auxotrophs to prototrophy 

as well. Surprisingly, the donor DNA from E. coli does not appear to 
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be significantly restricted from entry into ~· subtilis. Furthermore, 

the recombinant plasmid pCDl (Duncan et al., 1977) produces a thymidylate 

synthetase activity in~· subtilis lysogens of phi-3-T, at approximately 

the enzyme level found in ~· subtilis cells after lytic infection with 

a clear plaque mutant. Presumably the level of enzyme activity in

creases as the number of thyP3 genes increases in the cell. In B. 

subtilis, however, it was demonstrated that the thyP3 region, but not 

the vector plasmid, integrates into the chromosome of B. subtilis 

(Ehrlich et al., 1976). Therefore, hybrid plasmids harboring the 

thyP3 gene are not suitable vector candidates for cloning other genes 

in the B. subtilis system. 

The expression of another B. subtilis gene in !· coli, and its 

potential as a cloning vector, was reported by Nagahari and Sakaguchi 

(1978), and Tanaka and Sakaguchi (1978). The leucine genes of B. 

subtilis were cloned ontotheRSF2124 vector plasmid (So, Gill and Falkow 

1975), then introduced into!· coli cells bearing the leuB auxotrophic 

mutation. Direct selection for gene activity in !· coli and in ~· 

subtilis established that the recombinant plasmid RSF2124-B'leu (Nagahari 

and Sakaguchi (1978)) is able to transform the E. ~ leuB and the B. 

subtilis leuB and leuC mutations to prototrophy. The result, in 

tandem with that of Mahler and Halvorson (1977), demonstrated the 

functional expression of ~· subtilis genes in either E. coli or B. sub

tilis hosts when the genes were maintained outside of the host chromosome. 

Curiously, however, the inverse experiment of cloning an E. coli leuB 

gene to RSF2124 demonstrated that E. coli leucine genes can transform 
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E. coli leu auxotrophs to prototrophy but are not able to transform 

B. subtilis leu auxotrophs (Magahari and Sakauguchi, 1978). Clearly 

then, a disparity exists in the gene expression of cloned genes in the 

two bacteria. 

The potential to use RSF2124-B·leu as a cloning vector was 

realized by the ligation of a B. subtilis (natto) plasmid to the former 

resulting in the hybrid plasmid pLS102 (Tanaka and Sakaguchi, 1978). 

Insertion of a foreign DNA into the BamRl site of a derivative of the 

new plasmid (pLS103) inactivates the leuA but not the leuC function in 

B. subtilis. The lossofleuA activity can thus be used as a marker 

that signifies insertion of foreign DNA into the plasmid. Such a plasmid 

is attractive as a cloning vehicle because selection of inserted frag

ments is accomplished without the use of antibiotics. The plasmid 

appears limited in use, however, due to its large size (10.7 megadaltons), 

its relatively low copy number (5 copies per cell) and the very slow 

growth of cells harboring the plasmid. 

A further effort to establish a cloning vector for B. subtilis 

came with the discovery that the plasmid pBC16, originally selected from 

~· cereus, can be transformed into B. subtilis cells. The plasmid con

fers tetracycline resistance to host cells (Kreft, Bernhard and Goebel, 

1978). The size, copy number, sites for restriction enzymes, select

able marker of the plasmid, and the taxonomic proximity of~· cereus to 

B. subtilis make pBC16 a promising vector. However, when the plasmid 

was joined to the cryptic plasmid pBSl of B. subtilis, then intro-

duced into B. subtilis cells, none of the expected hybrid plasmids were 
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recovered. The instability of the recombinant plasmids to become 

established in!· subtilis, as well as the failure of these plasmids to 

express genetic information derived from!. coli indicates that the known 

!· cereus plasmids may not be appropriate cloning vectors. Alternatively, 

the standard B. subtilis 168 strains commonly used in genetic analyses 

may not be suitable recipients for recombinant plasmids. 

In the aforementioned attempts to search for an appropriate !· 

subtilis cloning system, one major difficulty became apparent: the 

introduction of plasmid DNA into competent cells of B. subtilis is very 

inefficient when compared to the highly efficient process of chromosomal 

transformation. The lack of rapid success in cloning foreing genes in 

!· _subtilis may be attributed, at least in part, to the apparent fact 

that covalently closed circular (CCC) plasmid monomeric molecules are 

incapable of transforming intact B. subtilis cells (Canosi, Morelli and 

Trautner, 1978; Mattes et al., 1979). These nontransforming mononters may 

even be competitive inhibitors of B. subtilis transformation (Mattes 

et al., 1979). A further complication arises from the observation that 

nicked, open-circular (OC) forms of plasmid DNA, as well as linearized 

plasmid forms, are inactive in transformation (Contente and Dubnau, 

1979). Only concatemeric forms of plasmid DNA display high biological 

activity in the transformation process (Canosi, Morelli and Trautner, 

1978). It remains unclear as to whether interlocking monomeric plasmid 

DNA molecules are also active in transformation. The conclusion drawn 

from these experiments, then, is that to clone a DNA segment using a 

plasmid vector requires the formation of multimeric forms of the plasmid. 
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The production of multimeric plasmids in vitro requires high con

centrations of the cloning vector in the ligation reaction and reduces the 

possibility of easily constructing a recombinant plasmid. 

At least three alternative approaches have been developed in 

order to circumvent the need to construct multimeric recombinant plasmids 

in vitro, prior to their introduction into B. subtilis by transformation. 

the first of these utilizes protoplasts as the recipients for trans

formation (Chang and Cohen, 1979). Polyethylene glycol (PEG) induction 

of DNA uptake by protoplasts and subsequent cell wall regeneration 

results in a highly efficient transformation of plasmid DNA (4 x 107 

transformants per ~g of plasmid DNA). Linear plasmid DNA, non-supercoiled 

circular plasmid DNA molecules, and monomeric plasmid forms are all taken 

up by recipient cells with high efficiency. A problem with this approach 

is that the viable cell count after regeneration of the cell wall is only 

10-25% that of the starting culture (Chang and Cohen, 1979). 

The second alternative approach involves the cloning of DNA by 

recombination between a plasmid vector and a homologous resident plasmid 

in!· subtilis (Contente and Dubnau, 1979; Gryczan, Contende and Dubnau, 

1980). This system, analogous to the rescue of the bacteriophage 

markers in the transfection system of!· subtilis, occurs by genetic 

recombination between a resident plasmid and a partially homologous re

combinant plasmid constructed in vitro. The requirement for recombi

nation-proficient recipient cells therefore negates the use of this 

system for the cloning of B. subtilis genes in B. subtilis recipients 

(because the homologous genes may become incorporated into the host 
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chromosome. It also makes impossible the use of any vector plasmids 

that carry sequences homologous to the B. subtilis genome. 

The use of E. coli as a cloning intermediate constitutes the 

third alternative approach. The ease and success of cloning foreign 

genes in~· coli makes this system particularly attractive. Foreign 

genes may be ligated to vehicle plasrnids that express their genetic 

information in E. coli and B. subtilis. Selection is first made in 

E. coli by insertional inactivation (Timmis, Cabello and Cohen, 1974) 

of an antibiotic resistance marker. Recombinant plasrnids are then 

isolated from E. coli. This takes advantage of the fact that multi-

rneric forms of the plasrnids are produced by the~· coli cells. When the 

plasmids are then introduced into!· subtilis, they are taken up readily 

and may be stably maintained in thenewrecipient cells. If the recorn-

binant plasrnids are contructed with genes from the !· subtilis genome, 

it then becomes only a matter of selection for prototrophy of a gene 

for which the recipient cells are auxotrophic. The system has the 

advantage of scoring for gene activity in both ~· coli and !· subtilis 

and has already been utilized with promising results (Rapoport et al., 

1979; Hutchison· and Halvorson, 1980). 

The exploration and development of various approaches in order 

to select the optimal system for cloning in !· subtilis carne about 

because of deficiencies in all systems tried. At the outset, the ~· 

aureus plasrnids appeared to be the most promising vectors because they 

can be introduced and selected easily in recipient cells of B. subtilis. 

The plasrnids are stable, exist in multiple copies within the cell, and 



have single restriction sites in which to introduce fragments of DNA 

from another source. The determination of which fragments to clone, 

hmvever, is always the critical choice. 

Of paramount importance to the development of a cloning system 

in B. subtilis is the understanding of the organism itself. Recom

binant DNA technology offers the rare opportunity to dissect a gene 

away from the parental genome, then explore its genetic capabilities 
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when freed from its normal location. The present study was undertaken 

with the objectives to define and refine our basic understanding of the 

genetics of ~· subtilis through exploration of recombinant DNA technology. 

To this end, the ~· aureus plasmids were selected as cloning vectors in 

order to introduce fragments of ~· subtilis DNA back into B. subtilis 

recipients. The vector pUBllO (Keggins, Lovett and Duvall, 1978) was 

chosen for the initial experiments because of its small size (3 mega

daltons) and single sites for the restriction endonucleases BamHl, 

Bglii, EcoRI, and Xbal (Gryczan and Dubnau, 1978). B. subtilis 

chromosomal DNA, when broken into several hundred fragments with the 

EcoRI restriction enzyme, was ligated to pUBllO cut at a single site 

with EcoRI. The so-called "shotgun" cloning approach makes possible 

the formation of hundreds of recombinant plasmids, some of which retain 

genetic activity. The ligation products were introduced into B. 

subtilis by transformation. Selection for recombinant plasmids was 

made by detection of neomycin resistance accompanied by prototrophy for 

a previously characterized auxotrophic mutation in the recipient cells. 

The introduction of ~· subtilis genes into B. subtilis 

and their maintenance on plasmid vectors requires that no genetic 
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recombination occur between the incoming segment and its homologous 

counterpart on the recipient genome. The mutation recE4 is most 

commonly used for these experiments because it has been characterized 

as recombination deficient for transformation and transduction (Dubnau 

and Cirigliano, 1974). Without exception, every attempt to clone B. 

subtilis DNA in B. subtilis has utilized the recE4 mutation as a block 

against chromosomal recombination. This study presents evidence that 

chromosomal recombination can in fact occur in recE4 cells when the in-

coming chromosomal DNA is accompanied by a recombinant plasmid, pNMl, 

constructed with B. subtilis DNA onthe.pUBllO vector plasmid. The 

breakdown of the recE4 system associated with the exposure of a re-

combinant plasmid represents a new concern for cloning in B. subtilis. 

The use of a hybrid cloning vector that is able to replicate in 

~· coli and~· subtilis offers many advantages, thus fortned the basis for 

the second phase of this study. A gene isolated from~· subtilis may be 

introduced and propagated in~· coli on a bifunctional plasmid vector. 

Transcription, translation, post~ranslational modifications, stability 

and regulation of plasmid genes and gene products may then be assayed 

in either host. The bifunctional plasmid pHV33 (Rapoport et al., 1979) 

was chosen for these purposes because its two components, pBR322 from 

~· coli and pC194 from~· aureus are well-characterized. The plasmid 

pHV33 is relatively small (4.6 megadaltons), has single restriction 

enzyme sites for many restriction endonucleases, and expresses genes 

that confer antibiotic resistances to host cells. E. coli cells with 

pHV33 are resistant to ampicillin, tetracycline and chloramphenicol, 
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whereas pHV33-containing B. subtilis cells are resistant only to 

chloramphenicol. 

Many recombinant plasmids were generated by ligating !· subtilis 

DNA restriction endonuclease fragments to pHV33. Two of these plasmids 

are of significant importance in that gene products are active in both 

E. coli and B. subtilis. The experiments directed toward their con-

struction form a basic foundation for the cloning of specific segments 

of the B. subtilis genome and describe a valuable approach for the 

detection of plasmid-coded gene expression in distantly related micro-

organisms. 



NATERIALS AND UETHODS 

Bacterial Strains 

The B. subtilis strains that were obtained from various donors, 

and were not modified for use in this study, are listed in Table 1. 

Most of these bacterial strains were procured from the !· subtilis 

collection of strains in the laboratory of Dr. Neil H. Mendelson at The 

University of Arizona. The Bacillus Genetic Stock Center, under the 

direction of Dr. Donald Dean at the Ohio State University, Columbus, 

Ohio, was the source of two of the strains. The remaining strains of 

B. subtilis were kindly supplied by Drs. Paul Lovett, Charles L. Saxe 

III, and Teruo Tanaka. 

Several of the strains listed in Table 1 were modified by genetic 

transformation. These modified strains (Table 2) were necessary for the 

isolation, construction or expression of recombinant plasmids in B. 

subtilis. 

Most of the ~· coli strains that were used (Table 3) were gifts 

of either Dr. David Haunt or Dr. John Little of the Department of 

Microbiology, College of Medicine, University of Arizona. The remaining 

E. coli strains were graciously donated by either Dr. Barbara Bachmann, 

Curator of the ~· coli Genetic Stock Center at the Yale University 

School of Medicine, New Haven, Connecticut, or Dr. Raymond Dedonder. 

17 



Table 1. B. subtilis strains obtained for use in this study. 

Strain Genotype 

BD224 thr 5 trpC2 recE4 

BR151 

BR15l(pUB110) 

CU403 diviVBl 

CU403 diviVBl tsl34 

JR951 

KS27 

MI112 

QB944 

QB928 

QB934 

QB943 

QB922 

QB935 

QB936 

QB917 

P:1125 

168 tsl34 

lys3 metBlO trpC2 
b lys3 metBlO trpC2 NmR 

thyA thyB metB diviVBl 

thyA thyB diviVBl tsl34 

leuA pheA trpC2 

hisAl cysB3 

arglS leuA8 thrS hsdR hsdM recE4 

purA16 cysA14 trpC2 

aroi906 purB33 dal 1 trpC2 

trel2 metC3 glyB133 trpC2 

pyrDl ilvAl thyAl thyBl trpC2 

gltA292 trpC2 

aroD120 lysl trpC2 

leuA8 aroG932 aldl trpC2 

hisAl thrS trpC2 

arglS leuA8 hsdR hsdM 

thyA thyB trpC2 tsl34 

Source 

BGSCa 

N. H. Mendelson 

P. Lovett 

N. H. Mendelson 

N. H. Mendelson 

N. H. Mendelson 

c. L. Saxe, III 

T. Tanak.l1 

N. H. Mendelson 

N. H. Mendelson 

N. H. Mendelson 

N. H. Mendelson 

N. H. Mendelson 

N. H. Mendelson 

N. H. Mendelson 

N. H. Mendelson 

BGSC 

N. H. Mendelson 

:Bacillus Genetic Stock Center, The Ohio State University, Columbus, Ohio 
Plasmid-determined resistance, 5 ~g/ml final concentration of neomycin sulfate. 



Table 2. B. subtilis strains constructed by transformation for i use n this study. 

Construction 

Strain Genotype Donor Recipient Selection 

RR151 diviVBl metBlO trpC2 diviVBl CU403 diviVBl BR15l lys3+ 

BR151 diviVBl tsl34 trpC2 diviVBl tsl34 168 tsl34 BR151 diviVBl metBlO+ 

BR151 diviVBl 
R BR151 (pUBllO) BR151 diviVBl tsl34 ;;r-

trpC2 diviVBl tsl34 ~ 
tsl34 (pUBllO) 

BZl recE4 BD224• KS27 H isAl+ cysB3+ HMC
9

a 

BZ3 cysB3 recE4 BD224 KS27 II isAl+ HMC
9 

BZ4 hisAl recE4 BD224 KS27 
s 

cysB3+ HHC 

BZ6 diviVBl recE4 BZ4 BR151 diviVBl tsl34 trpC2+ tsl34+ HMC9 

BZ12 trpC2 diviVBl recE4 BD224 BR151 diviVBl metBlO+ HMC
8 

BZ14 leuA8 hsdR hsdM recE4 BD224 RM125 argl5+ HMC
8 

BZ15 thr5 hsdR hsdM recE4 BD224 RM125 leuA8+ HMC
5 

BZ16 aroD120 trpC2 recE4 BD224 QB935 lysl+ HMC
8 

CU403 diviVBl thyAl thyBk diviVBl BR151 (pUBllO) CU403 diviVBl NmR 

tsl34 (pUBllO) t s 13 4 B!!!.__ 
tsl34 

aSensitive to mitomycin C at 0.10 ~g/ml. final concentration. 



Table 3. E. coli strains used in this study. 

Strain 

- + 
C600rK ~ 

CSR603 

DM1202 

GE334 

KL144 

RR1 

SK1592(pHV33) 

Relevant Genotype 

- + thr leu thi rK ~ 

recAl phr-1 uvrA6 

recA+ lexA+ sfiAll 

aroE24 recAl 

aroC4 recAl 
- -rK 1l\( pro leu thi 

hsdR4 hsdM+ 
AJ)P-.,~ and emR (b) 

aEscherichia coli Genetic Stock Center, Yale University 

bPlasmid-mediated resistance to antibiotics: ampicillin, 50 ~g/ml; 
tetracycline, 15 ~g/ml; chloramphenicol, 5 ~g/ml. 

Source 

J. Little 

J. Little 

D. Mount 

E.C.G.S.C. 

E.C.G.S.C. 

D. Mount 

R. Dedonder 

(a) 

N 
0 



Bacterial Growth Media 

B. subtilis 

All ~· subtilis strains were maintained on a semi-solid medium 

rich in nutrients. The medium consisted of, per liter, tryptose ·blood· 

agar base (TBAB, Difco), 33g; supplemental agar (Davis, New Zealand), 

3g; thymine and uracil (Sigma), each at 20 ~g/ml final concentration; 

distilled water (H2o) to 1 liter (£), Plasmid-containing strains were 

supplemented with the approximate antibiotic: neomycin sulfate (Sigma), 

5 ~g/ml; chloramphenicol (Si~na), 5 ~g/ml. 

Growth of cell cultures in a rich liquid medium was in Penassay 

Broth (PAB or Antibiotic Medium No. 3, Difco) prepared with 17.5 g PAB 

powder, thymine at 20 ~g/ml, and H2o to 1 liter. 

Minimal medium consisted of, per liter: (NH
4

) 2so
4

, 2.0 grams 

(g); K2HPo
4

•3H2o, 18.4 g; KH2Po
4

, 6.0 g; sodium citrate, 1.0 g; Mg 

so
4

•7H2o, 0.2 g; glucose, 4.0 g; H20 to 1 liter. Amino acids were 

added as required, all at 20 ~g/ml final concentration. Semi-solid 

minimal medium was prepared as above with the addition of 15 g agar per 

liter. 

All cultures of ~· subtilis were grown at 37°C unless the 

presence of a temperature-sensitive mutation dictated a growth temp

erature of 30°C. After cell cultures were established on semi-solid 

medium, they were maintained at 20°C. All liquid cultures were grown 

at the required temperature with vigorous shaking to allow for aeration. 
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E. coli 

All strains of E. ~ali were maintained on either TBAB semi

solid medium or L-agar. The latter consisted of Bacto-tryptone 

(Difco), 10 g; yeast extract (Difco), 5 g; NaCl, 5 g; agar, 15 g; per 

liter of water. 

Liquid cultures were in L-broth, in which agar was omitted. 

Minimal medium for~· coli consisted of, per liter: Na2HPo
4

, 

70 g; KH2Po4 , 30 g; NaCl, 5 g; NH4Cl, 10 g; 1 Molar (M) Mgso4 , 5 ml; 
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20% (w/v) glucose, 10 ml; H20 to 1 liter. Semi-solid medium was 

prepared as above with the addition of 15 g agar per liter. Amino acids 

as required at 40 ~g/ml final concentration. 

All cultures of E. coli were grown at 37°C, usually with 

aeration. Cell cultures that were established on semi-solid medium were 

stored at 4°C. 

Isolation and Purification of Chromosomal DNA 

Chromosomal DNA from bacterial cells was extracted in the follow

ing manner. Cells were grown at 37°C, with aeration, in an enriched 

liquid medium to the late logarithmic phase of growth. Increase in 

cell mass was monitored with a Spectronic 20 colorimeter (Bausch and 

Lomb, Inc., Rochester, New York) at an absorbance of 660 nanometers 

(A660). Cells were collected by centrifugation, then resuspended in 

10 ml of SSC, which consists of 0.15 M NaCl and 0.015 M sodium citrate. 

Lysozyme (Sigma) was added to a final concentration of 200 ~g/ml, then 

the cells were incubated at 37°C for 60 minutes (min). After this 

time, RNase A (Sigma) was added to a final concentration of 50 ~g/ml 



and incubation was continued at 37°C for 30 min. Trypsin or pronase 

(pre-digested for 90 mi~ at 37°C) was then added to 50 ~g/ml and 

incubation continued for another 30 min. at 37°C, 

The solution was next treated by shaking gently with sse

buffered phenol, then centrifuged in a Sorvall (Dupont) HB-4 rotor 
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spun at 10,000 revolutions per min. (RPM) in a Sorvall RC-2B centrifuge 

refrigerated at 4°C. Phenol extraction was repeated until the upper, 

aqueous phase was clear. The aqueous layer was then gently pipetted 

into a large sterile flask, whereupon 2 volumes of ice cold 95% ethanol 

were slowly added. DNA was precipitated in the ethanol throughout 

overnight incubation at -20°C. 

The DNA was recovered by centrifugation at 10,000 RPM for 10 

min., then resuspended in SSC at approximately 1/lOOth the volume of 

the starting culture. The concentration of DNA was determined by first 

measuring the absorbances of the solution at 260 nm and 280 nm in a 

Spectronic 700 spectrophotometer (Bausch and Lomb). DNA concentration 

was calculated with the aid of a nomograph supplied by the California 

Corpo~ation for Biochemical Research. DNA was stored in SSC at 4°C. 

Isolation of Plasmid DNA: Cleared Lysate Procedure 

Many methods exist for the isolation of plasmid DNA but the 

method chosen depends upon the eventual use,of the DNA, that is, 

whether or not contamination with chromosomal DNA is permissible. Above 

all, the conservation of the covalently closed circular (CCC) form of 

the plasmid is highly desired, as is the retention of genetic activity. 
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Plasmid DNA isolated by the cleared lysate procedure (Guerry, 

. LeBlanc and Falkow, 1973; Meyers, Sanchez, Elwell and Falkow, 1976) 

allows for easy detection of plasmid DNA by agarose gel electrophoresis. 

The plasmid displays good genetic activity, but is always contaminated 

with chromosomal DNA, especially when isolated from!· subtilis. For 

this procedure, plasmid-containing cells were grown in 30 ml PAB by 

shaking overnight in a water bath (New Brunswick Scientific Co.) at 

37°C. Cells were harvested by centrifugation for 15 min. at 5,000 RPM 

in a Sorval.l RC-2B centrifuge equipped with an HB-4 rotor. The cell 

pellet was resuspended in 0.1 volume (3 ml) of 25% (w/v) sucrose in 

10 mM ethylenediaminetetraacetic acid (EDTA). Lysozyme was added to a 

final concentration of 200 ~g/ml, then the suspension was incubated for 

60 min. at 37°C. The viscous solution was brought to 0.08 M EDTA, 1% 

sodium dodecyl sulfate (SDS) and 1 M NaCl, in that order, then stored 

overnight at 4°C. The following morning the solution, in which a heavy 

white precipitate had formed, was centrifuged at 10,500 RPM for 60 min. 

The supernat was collected, then doubled in volume by the addition of 

sterile distilled water (6-7 ml). RNaseA (1 mg/ml in 50 mM sodium 

acetate, pH5.0, heated for 10 min. at 90°C; Sigma) was added to a final 

concentration of 50 ~g/ml, then the solution was incubated for 1 h at 37°C. 

This was followed by phenol extraction with an equal volume of 50 mM 

Tris-saturated phenol, then centrifugation at 10,000 RPM for 20 min. 

Phenol extractions were repeated until the upper, aqueous phase was 

clear, at which time it was removed to a sterile flask. Sodium acetate 

was added to a final concentration of 0.3 M and the DNA precipitated 
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in 2 volumes of ice cold 95% ethanol. Precipitation was allowed to con-

tinue overnight at -20°C. DNA was recovered by centrifugation at 

10,000 RPM for 20 min at 0°C. The air-dried pellet was finally resus-

pended in 200 ~1 plasmid buffer (10 mM Tris-HCl, pH7.5; 4 mM NaCl; 

0.1 mM EDTA) and stored at 4°C until further use. 

Isolation of Plasmid DNA: 
Alkaline Extraction Procedure 

The alkaline extraction procedure (Birnboim and Daly, 1979) is 

the optimal method for the isolation of plasmid DNA from as many as 

100 bacterial colonies in a single day, and the procedure consumes only 

a few hours. The plasmid DNA is virtually free of contaminating chromo-

somal DNA, but a portion of the plasmid preparation becomes single-

stranded. Nevertheless, plasmid DNA can be used as a donor for the 

transformation or maybe cut with restriction enzymes and analyzed on 

agarose gels. 

Cells were inolculated into 1 ml L-broth supplemented with the 

appropriate antibiotic. Cultures were grown in sterile 1.5 ml micro-

centrifuge tubes by overnight incubation at 37°C. Cells were pelleted 

by centrifugation in a Beckman Microfuge (Beckman Instruments) for 2 min., 

then resuspended in 100 ~1 of lysozyme solution (2 mg/ml lysozyme; 

50 mM glucose; 10 mM EDTA; 25 mM Tris·HCl, pHS.O). After 30 min. on 

ice (or at 37°C for B. subtilis), 200 ~1 of the alkaline solution 

[0.2 N sodium hydroxide (NaOH); 1% SDS] were added and the solution 

gently vortexed. After an additional 5 min. on ice, 150 ~1 of a high 

salt solution (3 M sodium acetate, pH4.8) were added and the mixture 
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was gently inverted several times to allow a clot of DNA and protein to 

form. After an incubation period of 1 h at 0°C, the solution was 

centrifuged for 5 min.; the supernatant was collected in a fresh micro-

centrifuge tube, then plasmid DNA was ethanol-precipitated ~ith 1 ml ice 

cold 95% (v/v) ethanol. The tube was kept at -20°C for 20 min., then 

the precipitate collected by centrifugation for 2 min. After the super-

natant was removed with a Pasteur pipette, the pellet was dissolved in 

100 ~1 of 0.1 M sodium acetate, 0.5 M Tris-HCl (pH8.0), then the DNA 

was ethanol-precipitated again with 20 ~1 ice cold 95% ethanol. After 

an additional 20 min period at 20°C the plasmid DNA was collected by 

centrifugation for 2 min and finally resuspended in 40 ~1 plasmid 

buffer. 

Isolation of Plasmid DNA: 
Single Colony Lysates 

The single colony lysate procedure (Barnes, 1977) is the most 

rapid method for isolating plasmid DNA, but the plasmid DNA is always 

contaminated with chromosomal DNA, proteins, carbohydrates, and SDS. 

The preparation may be used only for the visualization of plasmid DNA 

on gels. The advantage of this method is that it offers the quickest 

screening procedure for the detection of plasmid DNA in individual 

colonies. 

A single colony of cells was removed from a selection plate, 

then suspended in 100 ~1 TES buffer (50 mM NaCl; 5 mM EDTA; 30 mM Tris, 

pHB.O). An equal volume of lysozyme solution (1 mg/ml) was added, 

the cell suspension vigorously vortexed, then incubated for 30 min. at 

37°C. Lysis was completed by the addition of 50 ~1 of 5% SDS and 
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EDTA, 0.05% bromphenol blue] and incubation at 70°C for 10 min. The 

sample was then ready for direct application to an agarose gel, 30 ~1 

being an adequate volume for plasmid detection after staining the gel 

with ethidium bromide (0.5 ~g/ml). 

Purification of Plasmid DNA 

Plasmid DNA prepared by the cleared lysate procedure was 

separated from contaminating chromosomal DNA by dye-buoyant density 

ultracentrifugation (Radloff, Bauer, and Vinograd, 1967). 

The DNA was resuspended in 5 ml TES buffer, then poured into 
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a nitrocellulose tube that had been soaked in 1% (w/v) sarkosyl for 

several hours. Cesium chloride (5 g) was added, then the solution was 

allowed to equilibrate to room temperature. Ethioduum bromide was 

added to 400 ~g/ml final concentration and the solution was thereafter 

guarded against light. Centrifugation was for 40-48 h in a SW41 rotor 

(Beckman Instruments) at 30,000 RPM in a Beckman 15-75 ultracentrifuge. 

The temperature was held constant at 20°C. 

After centrifugation, DNA was visualized by illumination with 

long wave ultraviolet light emitted from a UV Transilluminator (LaJolla 

Scientific). Plasmid DNA, represented by the lower of 2 bands, was 

collected by dripping the gradient through a puncture at the bottom 

of the tube. Ethiduim bromide was removed from the plasmid DNA 

solution by extraction with cesium chloride-saturated isopropanol. The 

extraction was repeated 3 to 4 times. Cesium chloride was removed by 
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dialysis of the solution against plasmid buffer. Dialysis was for 

several hours, usually overnight, and required at least three changes of 

buffer and a total of 4 £. Purified plasmid DNA was stored at 4°C 

until further use. 

Transformation: B. subtilis 

The introduction of chromosomal or plasmid DNA into B. subtilis 

was by genetic transformation. The procedure was a modification of 

that described by Boylan, Mendelson, Brooks and Young (1972). 

A small inoculum of fresh cells was placed into 10 ml of SP-1 

medium in a side-arm flask. SP-1 medium consists of minimal glucose 

medium supplemented with 0.02% casamino acids, 0.1% yeast extract and 

30 ~g/ml nutritional supplements, as required. The solution was poured 

into the arm of the flask, vigorously vortexed, then left overnight 

at room temperature without aeration. The following morning, the A660 

was determined, then the cells were incubated at 37PC, with aeration, 

in a water bath. The optical density was measured every 30 min in order 

to follow the increase of cell mass in the solution. Ninety minutes 

after departure from the logarithmic phase of growth, the culture was 

diluted ten-fold into SP-2. This medium consists of SP-1 with the 

addition of 0.5 mM calcium chloride (CaC12) and 2.5 mM magnesium 

chloride (MgC12). The cells in SP-2 were incubated 1 hat 37°C 

with agitation. After this time, DNA was added to the competent cells. 

Although the exact amount of donor DNA varied with each experiment, 

saturating amounts of DNA (1-5 ~g/m1) were used when transformation for 
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for a chromosomal marker was desired. This procedure allowed for con-

gression (Nester, Shafe~ and Lederberg, 1963; Boylan et al., 1972) and 

the later isolation of unselected markers. Chromosomal DNA was 

incubated with competent recipient cells for 1 h at 37°C with gentle 

shaking. Appropriate serial dilutions were made, then the cells were 

transferred to minimal medium agar plates for selection. 

In the cases of transformation with plasmid donor DNA, the DNA 

was incubated with recipient cells for 30 min. The culture was then 

diluted 20-fold with PAB and incubation continued for 90 min at 37°C 

with agitation. Cells were pelleted by centrifugation, resuspended in 

1.0 ml of the supernatant, then serial dilutions were made. Samples of 

the culture were then transferred to TBAB plates supplemented with the 

appropriate antibiotic. Transformants were selected after overnight 

incubation at 37°C. 

Transformation: E. coli 

Transformation in B. coli was attempted only with plasmid donor 

DNA. The method utilized a high calcium concentration to attain com-

petence of recipient cells (Morrison, 1977). 

E. coli recipient cells were grown to the mid-logarithmic phase 

of growth in 100 ml L-broth agitated at 37°C. The culture was chilled 

to 0°C, then the cells were collected by centrifugation and washed with 

25 ml O.lM MgC1
2

• After another centrifugation at 0°C, the cells were 

resuspended in 0.1 M Cac12 and placed on ice for 20 min. They were 

collected again by centrifugation and finally resuspended in a mixture 
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of 4.25 ml of 0.1 M CaC12 and 0.75 ml glycerol. 0.5 ml portions were 

dispensed into sterile microcentrifuge tubes, then the cells were 

quickly frozen in a dry ice-ethanol bath. Frozen competent cells were 

stored at -80°C until further use. 

For transformation, recipient cells were thawed in ice water. 

One volume of cell suspension was added to the DNA sample (0.5 to 1 ~g) 

in one-third the volume of 0.1 M CaC1
2

• The solution was kept on ice 

for 60 min, then heated for 90 seconds (sec) at 42°C. The mixture was 

then diluted into approximately 40 volumes of L-broth and incubated with 

aeration at 37°C for 90 min. to allow for gene expression. The cells 

were sedimented, resuspended in 1.0 ml L-broth, and serial dilutions 

were made. Samples were then spread onto L-agar supplemented with the 

appropriate antibiotic. Plates were incubated overnight at 37°C for 

selection. 

Restriction Endonuclease Digestions of 
Chromosomal and Plasmid DNA 

All restriction endonucleases were purchased from New England 

Biolabs, Inc., Beverly, Massachusetts. The assay conditions for each 

enzyme followed those suggested by the manufacturer, except that a 

two-fold to four-fold increase in the concentration of enzyme was used 

for each reaction and bovine serum albumium was omitted. DNA was 

incubated with the enzyme in the appropriate buffer for 60 to 120 min. 

at 37°C. All reactions were terminated by heating the solution to 65°C 

for 10 min. 



The enzymes used for this study, and their respective assay 

conditions, were the following: 

BamHl: 150 mM NaCl, 6mM Tris·HCl (pH7.9), 6 mM MgC12 and DNA 

!glii: 60 mM NaCl, 10 mM Tris·HCl (pH7.4), 10 mM MgC1
2 , 10 mM 

2-mercaptoethanol, and DNA. 

EcoRI: 50 mM NaCl, 100 mM Tris·HCl (pH7.5), 5 mM MgC1 2 , and DNA. 

Hindiii: 60 mM NaCl, 7 mM Tris·HCl (pH7.4), 7 mM MgC12 , and DNA. 

Sali: BamHl buffer, 6mM 2-mercaptoethanol, and DNA. 

Xbai: BamHl buffer and DNA. 

Xhoi: BamHl buffer, 6 mM 2-mercaptoethanol and DNA. 

Ligation of Chromosomal DNA to Plasmid DNA 
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The genome of !· subtilis was fragmented by site-specific 

digestion of the chromosomal DNA by a restriction endonuclease. The 

plasmid vehicle was linearized with the same enzyme used to cut the 

chromosomal DNA, or was linearized by an enzyme that generated cohesive 

termini complementary to the termini on the chromosomal DNA fragments. 

The ligation of the DNA molecules was carried out by addition of 

fragments in 43 ~1 digestion buffer, 5 ~1 of 10-fold concentrated 

ligation buffer (Sisco and Smith, 1979) and 2 ~1 T4 DNA ligase (0.2 

enzyme units; New England Biolabs). The concentrated ligation buffer 

consisted of 300 mM Tris·HCl, pH8.0; 40 mM MgC12; 12 mM EDTA; 2 mM ATP, 

100 mM dithiothreitol (DTT) and 500 ~g/ml bovine serum albumin (BSA). 

The reaction was held on ice for 30 min prior to the addition of T4 DNA 

ligase, then incubated at 4°C for 18 h, followed by incubation at l4°C 

for 24 h. The reaction was terminated by heating the mixture to 65°C 
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for 10 min. The concentration of DNA fragments in the ligation reaction 

depended upon the eventual use of donor DNA for transformation in B. 

subtilis or !· coli, as a higher degree of oligomerization was desired 

for B. subtilis. 

Construction and Isolation of Recombinant 
Plasmids: pUBllO Vehicle Plasmid 

The S. aureus plasmid pUBllO (Keggins, Lovett, and Duvall, 

1978) was used as a cloning vehicle for fragments of the ~· subtilis 

genome. The plasmid was isolated from the ~· subtilis strain BR151 

(pUBllO) by the cleared lysate procedure, then purified by cesium 

chloride-ethidium bromide density gradient centrifugation. The plasmid 

was then introduced into CU403 diviVB~ tsl34 by transformation. 

Selection was for neomycin resistance of host cells. 

The total cellular DNA of the new strain, CU403 diviVBl tsl34 

(pUBllO), was isolated and purified according to the procedure used for 

chromosomal DNA. Chromosomal and plasmid DNA were then dialyzed together 

against TBS buffer (Potter and Newbold, 1976), which consists of 0.15 

M NaCl and 0.05 M Tris, pH7.4. Dialysis was for approximately 18 h with 

3 changes of TBS buffer. Following dialysis, the DNA was precipitated 

with two volumes of 95% ethanol, then kept overnight at -20°C. The DNA 

was collected by centrifugation for 20 min at 10,000 RPM in the Sorvall 

RC-2B centrifuge at 0°C. The pellet was air-dried, then resuspended in 

plasmid buffer. 

EcoRI restriction endonuclease was used to linearize pUBllO 

and to fragment the ~· subtilis chromosomal DNA in the same reaction 



mixture. The final concentration of total DNA was 375 ~g/ml in 80 ~1 

digestion buffer. The mixture was incubated at 37°C for 2 h, then 

terminated by heating to 65°C for 10 min. 
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The digestion mixture was slowly cooled to 4°C, whereupon 43 ~1 

were removed for the ligation reaction, as described previously. The 

final concentration of DNA in the ligation reaction was 320 ~g/ml, a 

concentration that favored production of oligomeric molecules (Dugaiczyk, 

Boyer and Goodman, 1975). 

After the ligation reaction was terminated, 40 1 were used as 

a source of onor DNA for transformation. Recipients were QB917 

(Table 1) and selection was for neomycin resistance at 5 ~g/ml neomycin 

on TBAB plates. Resistant colonies were transferred onto fresh TBAB 

plates with 5 g/ml neomycin, then replica-plated onto minimal medium 

plates supplemented with two of the three amino acid requirements of 

QB917. Only those cells that no longer required either histidine, 

threonine, or tryptophan grew on the minimal medium agar plates. Pro

totrophy for a particular marker indicated the possibility of a re

combinant plasmid within the growing cells. Colonies were removed 

from the plates and subjected to the single colony lysate procedure 

for plasmid size verification on an agarose gel. Potential recombinant 

plasmids were identified by reduced mobility of the plasmid in the gel 

matrix as compared to the vehcile plasmid pUBllO. The recombinant 

plasmids were purified by a cleared lysate procedure scaled up to 200 

ml cell culture followed by cesium chloride-ethididum bromide centri

fugation. A portion of each pruified recombinant plasmid DNA was 
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treated with the EcoRI enzyme in order to demonstrate that a new fragment 

had been inserted into pUBllO. Recombinant plasmids were then intra-

duced into recipient cells that carried the recE4 mutation and one or 

more auxotrophic mutations. Selection was for neomycin resistance 

(5 ~g/ml) and prototrophy for the marker believed to be carried on the 

recombinant plasmid. 

The exact procedure was followed in duplicate experiments, but 

donor DNA was introduced into different recipients, KS27 and JR951 

(Table 1). For the latter, however, donor DNA was derived from strain 

BR151 (pUBllO). 

Construction and Isolation of Recombinant 
Plasmids: pHV33 Vehicle Plasmid 

The bifunctional vehicle plasmid pHV33 (Rapoport et al., 1979) 

confers resistance to ampicillin (50 ~g/ml), tetracycline (15 ~g/ml) 

and chloramphenicol (5 ~g/ml) in !· col~. !· subtilis carrying pHV33 

is resistant only to chloramphenicol (5 ~g/ml). The plasmid pHV33 

was used as a vehicle for the cloning of B. subtilis chromosomal DNA 

with E. c~li as an intermediary host. 

!· coli strain SK1592 (pHV33) was grown at 37°C to the mid-

logarithmic phase of growth in 1 liter L-broth supplemented with 50 ~g/ml 

ampicillin. Chloramphenicol was then added to 150 ~g/ml and incubation 

continued at 37°C for 18 h to induce plasmid amplification. Plasmid 

DNA was recovered and purified by the cleared lysate procedure and 

cesium chloride-ethidium bromide density centrifugation, then kept 

at 4°C in plasmid buffer. 



Chromosomal DNA from the ~· subtilis strain CU403 diviVBl was 

isolated as previously described and stored at 4°C in plasmid buffer. 

The chromosomal DNA of CU403 diviVBl was digested with the 
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Bglii restriction endonuclease in a total reaction volume of 100 ~1. 

Approximately 40 ~g of the DNA was digested to completion, therefore the 

final concentration was 400 ~g/ml. 

The vehicle plasmid pHV33 was digested to completion with the 

restriction endonuclease BamHl. A total of 22 ~g of plasmid DNA was 

digested in 100 ~1 reaction buffer, the final concentration therefore 

being 220 ~ g/ml. 

The BamHl enzyme recognizes tP.e double-stranded form of the DNA 

sequence G-G-A-T-C-C (Wilson and Young, 1975; Roberts, 1976) and cuts 

between the two guanine residues. The BamHl site of pHV33 resides with

in the gene that confers tetracycline resistance to !· ~ali host cells, 

a gene derived from plasmid pBR322 (Bolivar et al., 1977b). Insertion 

of DNA into the BamHl site of pHV33 results in insertional inactivation 

(Timmis, Cabello, and Cohe~ 1974) of the tetracycline resistance gene, 

thus renders host cells sensitive to tetracycline. 

The !glii restriction enzyme recognizes the site A-G-A-T-C-T 

of the double-stranded molecule and cuts the DNA between the first 

adenine and guanine residues (Roberts, 1976). This action generates 

single-stranded termini that are complementary to the single-stranded 

termini of DNA cut by BamHl. 

Bglll-digested ~· subtilis chromosomal DNA (12.0 ~g) was 

ligated to BamHl-digested pHV33 (4.4 ~g) in a total ligation reaction 



volume of 100 ~1. The reaction consisted of 30 ~1 of CU403 diviVBl 

DNA, 20 ~1 of pHV33 DNA, 10 ~1 10-fold concentrated ligation buffer, 

38 ~1 sterile distilled water, and 2 ~1 (0.2 units) T
4 

DNA ligase 

(New England Biolabs). The ligation reaction continued for 18 hat 
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4°C, then 24 h at l4°C before termination by heating to 65°C for 10 min. 

The ligation mixture was adjusted to 150 mM NaCl and 10 mM 

MgC1 2, then digested with the BamHl enzyme. This step assured the 

absence of BamHl sites in the chromosomal DNA and linearized any plasmid 

vehicle DNA that ligated to itself. 

Transformation ensued with 20 ~1 of the ligation mixture as 

the source of donor DNA and ~· coli RRl recipient cells. Approximately 

0.7 ~g of pHV33 DNA and 2.0 ~g of CU403 diviVBl DNA were introduced into 

2 x 108 cells of ~· coli RRl by transformation. 

Selection of transformants was carried out on L-agar supple-

mented with 50 ~g/ml ampicillin. The resistant colonies that arose 

after 24 h incubation at 37°C were picked onto the same selection med

ium with sterile toothpicks. The colonies were then replica-plated onto 

L-agar supplemented with 15 ~g/ml tetracycline in order to identify 

possible insertions into the tetracycline resistance gene of pHV33. 

The tetracycline sensitive colonies were transferred from ampicillin 

plates to fresh L-agar with ampicillin for categorization and sub

sequent plasmid analysis. 

Plasmid DNA was isolated separately from each ampicillin 

resistant, tetracycline sensitive colony by the method of Birnboim 

and Daly (1979) and finally resuspended in 40 ~1 plasmid buffer. 
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The plasmid DNA isolated from 52 colonies was pooled together into a 

number of solutions that consisted of 15 ~1 from each donor. The DNA 

pools were then used as a source of donor DNA for transformation into 

various auxotrophic strains of !· subtilis. Selection was for chlor-

amphenicol resistance (5 ~g/ml on TBAB plates) and/or prototrophy of 

a particular resident marker. When prototrophy was indicated in!· 

subtilis, the plasmid responsible for the genetic activity was identi-

fied in the following manner. 

!· subtilis ~ecipient cells were grown to competence, then 

7 
0.1 ml fractions (approximately 5 x 10 cells) were spread onto minimal 

medium selection plates. Immediately thereafter, 2 ~1 of each donor 

DNA from the positive pool were spotted onto the recipient cells. A 

grid inscribed on the bottom of the selection plate assisted in the 

identification of the source of donor DNA. Only those cells that 

received donor DNA with the genetically active fragment were able to 

grow. Growth was scored after incubation for 24 h at 37°C. The posi-

tive DNA source was then identified and confirmed by a second trans-

formation. Plasmid DNA was isolated and purified by methods previously 

described, then transformation was repeated with recipient cells 

that carried the recE4 mutation as well as the auxotrophic mutation 

presumably corrected by the recombinant plasmid. 

Agarose Gel Electrophoresis 

Plasmid DNA, chromosomal DNA, and restriction enzyme-generated 

fragments of both were resolved on 0.8% agarose gels (Studier, 1973; 



Greene,Betlach, Goodman and Boyer, 1974). The agarose (low electro

endosmosis type; Sigma) was dissolved in Tris-borate buffer (TEB) 

which consisted of 0.089 M Tris, 0.002 M EDTA, and 0.089 M borate 

(Greene, Betlach, Goodman and Boyer, 1974). Occasionally, agarose was 

dissolved in TAE buffer, which consisted of 40 mM Tris, 5 mM sodium 
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acetate, and 1 mM EDTA adjusted to pH7.8 with acetic acid (Hayward and 

Smith, 1972). The agarose was dissolved by heating in a pressure cooker 

just until a pressure of 15 pounds per square inch was reached. The 

solution was then cooled to 55°C in a water bath. Vertical and 

horizontal slab gels were poured. 

The DNA samples to be analyzed were mixed with 8% glycerol 

saturated with 0.1 M EDTA and 0.005% bromphenol blue, then loaded onto 

the gel. Electrophoresis was usually at 35 volts (V), constant voltage 

(2V/cm), for 14 hat room temperature (22°C). In some experiments, the 

tracking dye was monitored until it reached 2 em from the gel bottom, 

whereupon electrophoresis was terminated. The DNA was stained with 

0.5 ~g/ml ethidium bromide and visualized with long-wave ultraviolet 

light from a UV transilluminator (LaJolla Scientific). 

Molecular weights of plasmid DNA and DNA fragments were 

estimated with the use of ACI857s7 DNA (New England Biolabs) digested 

with Hindiii or EcoRI restriction endonucleases to produce molecular 

weight standards (Phillipsen, Kramer and Davis, 1978). 

Agarose gels were photographed on High Contrast Copy film (Kodak) 

with a Minolta SRTlOO camera equipped with a red 25A filter (Vivatar). 

Multiple exposures were taken and varied from 30 sec to 8 min. 



Plasmid Encoded Polypeptide Synthesis 
of Minicells of B. subtilis 

The minicell-producing strains of B. subtilis (Reeve et al., 

1973) were used to detect polypeptide synthesis directed by plasmid 

DNA. The B. subtilis strains BZ6 and BZ12 (Table 2) were constructed 
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by transformation in order to introduce the recE4 mutation into a mini-

cell-producing strain. Plasmid DNA was then introduced into the strain 

and selected for antibiotic resistance of recipient cells. 

A 50 ml culture of cells in minimal medium supplemented with 

the appropriate antibiotic was grown overnight at 30°C with aeration. 

The culture was then used as an inoculum into 950 ml of fresh minimal 

medium. Incubation of the cell culture continued at 30°C, with 

aeration, until the late logarithmic phase of growth (A660 = 0.6) was 

attained. Cells were harvested by centrifugation at 5,000 RPM in the 

Sorvall RC-2B centrifuge equipped with a GSA rotor. The pellet was 

suspended in 4 ml minimal medium, minus glucose and amino acids. 

Fractions of 1 ml were layered onto 35 ml sucrose gradients that had 

been formed by slowly thawing 22% (w/v) frozen sucrose solutions pre-

pared in minimal medium (Reeve, 1979). The diffuse minicell band was 

collected from the top one-third of the gradient, then the minicells were 

sedimented at 10,000 RPM in the HB-4 rotor. The minicells were re-

suspended in 1 ml minimal medium and the sucrose gradient fractionation 

was repeated. The minicell band was collected, pelleted, a third 

fractionation was performed, then minicells were washed twice with 

minimal medium. The minicells were diluted with minimal medium to an 



A660 of 0.20, a density indicative of approximately 2 x 109 minicells 

per ml (Mendelson, Reeve, and Cole, 1974). Purified minicells were 

stored at -80°C after the addition of glycerol to 15% (v/v). 

For the detection of ~rotein synthesis, approximately 2 x 109 

minicells were thawed in ice water, pre-incubated 20 min at 37°C, then 

labeled with 20 micro Curies (~Ci)iml of a 14c.amino acid mixture (New 
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England Nuclear) for 1 h at 37°C. Minicell suspensions were then diluted 

ten-fold with chilled minimal medium, sedimented at 10,000 RPM, and 

washed again. The minicell pellet was then resuspended in 50 ~1 lysozyme 

solution (1 mg/ml) and kept 5 min at 37°C. After the incubation period, 

100 ~1 of 2-fold concentrated lysis medium (Laemmli, 1970) was added and 

the solution heated for 3 min in a boiling water bath. The labeled 

polypeptides in the solution were stored at -80°C prior to their resolu-

tion on a polyacrylamide gel. 

Plasmid Encoded Polypeptide Synthesis 
in Maxicells of E. coli 

The method developed by Sancar, Hock, and Rupp (1979) permits the 

identification of plasmid encoded proteins in whole cells of !· coli 

in which the chromosome is degraded after exposure to UV light. The 

procedure utilized in these studies represents a modification of the 

original method. 

Plasmid DNA was introduced into E. coli strain CSR603 (Table 3) 

by transformation. The cells were grown overnight in 10 ml L-broth 

at 37°C. From the overnight culture, 50 ~1 were taken as an inoculum 

into 10 ml K medium, which consists of 1 ml 10-fold concentrated (lOX) 



41 

M9 salts, 1 ml 10% (w/v) casamino acids, 0.2 ml 50% (w/v) glucose, 

0.1 ml of 0.1 M Mgso4 , 1.0 ~1 of 1% (w/v) thiamine, and 7.7 ml distilled 

water. Cells were incubated in K medium until an A660 of 0.12 was 

reached, at which time 5 ml were removed for irradiation. The cells 

were irradiated with an emittance of 12 Joules per mm2 of UV light 

(254 nm) at a fluence rate of 2 J/m-l sec-1 • After the culture was 

agitated 1 h at 37°C, D-cycloserine (Sigma) was added to a final con

centration of 200 ~g/ml. Incubation was continued for 13 to 15 h at 

37°C. The cells were collected by centrifugation at 8,000 RPM for 10 

min, then resuspended in 5 ml Hershey salts. Hershey salts, two-fold 

concentrated, consist of, per 100 ml, 20 ml 1M Tris·HCl, pH7.4, 5 ml 4 M 

NaCl, 2.5 ml, 3M KCl, 1.5 ml NH4Cl, 0.2 ml 1M MgC12 , 0.04 ml 0.5 M 

Cac12, 0.04 ml 1% Fec13 , 0.128 ml lOx M9 salts, and 70 ml distilled 

water. The cells were centrifuged as before, washed again with Hershey 

salts, then resuspended in 1 nl Hershey medium. Hershey medium consists 

of, per 20 ml, 10 ml 2X Hershey salts, 0.2 ml 20% glucose, 0.01 ml 1% 

thiamine, 0.1 ml each of glycine, isoleucine, phenylalanine and 

tryptophan stock solutions (2 mg/ml), 0.2 ml each of arginine, histidine, 

threonine, proline, and leucine (2 mg/ml) stock solutions), 0.5 ml 

tyrosine (0.4 mg/ml stock solution), and distilled water to a final 

volume of 20 ml. ·The cells were preincubated for-1 h, with aeration, 

at 37°C, then treated with 5 ~Ci/ml 35s-methionine (New England Nuclear) 

for 1 h at 37°C. Excess unlabeled methionine was then added to 

100 ~g/ml, the solution was chilled on ice for 10 min, diluted ten-fold 

with Hershey salts, then centrifuged as before. The cell pellet was 



washed twice with Hershey salts, then resuspended in 105 ~1 sample 

buffer for polyacrylamide gel electrophoresis. The solution was 

heated for 3 min in a boiling water bath, then stored at -80°C prior 

to resolution of the polypeptides on a polyacrylamide gel. 
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Polyacrylamide Gel Electrophoresis 

Radioactively-labeled, plasmid encoded polypeptides were 

visualized by exposure of X-ray film after electrophoresis and fluoro

~raphy of dried gels. 

The SDS-polyacrylamide gel electrophoresis method was used 

throughout (Laemmli, 1970). The system consisted of a stacking gel 

composed of 3% polyacrylamide (Bio-Rad) and 0.08% methylene-bisacrylamide 

(Kodak) in a Tris buffer (0.125 M Tris•HCl, pH 6.8, and 0.1% sodium 

dedecyl sulfate). The separating gel was 10% polyacrylamide and 0.27% 

methylene-bisacrylamide in a buffer of 0.375 M. Tris•HCl, pH8.8 and 0.1% 

SDS. The reservoir buffer was composed of 30 g Tris•HCl, pH8.6, 144 

g glycine and 10 g SDS per liter water. 

Gradient polyacrylamide gels (7.5- 20%) were made with the aid 

of a commercial gradient maker (Hoeffer Scientific) and a peristaltic 

pump (Gibson). 

Gel dimensions were 13 em length, 13 em width, and 0.2 em 

thickness. 
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All gels were run until the tracking dye migrated to within 0.5 

em from the gel bottom. 

After electrophoresis, gels were fixed with 7.5% acetic acid 

and 5% methanol, then treated for fluorography (Bonner and Laskey, 1974). 

Gells were soaked in 2 successive washes of dimethylsulfoxide (DMSO) for 

0.5 h each, then in a solution of 20% (w/v) 2,5-diphenyloxazole 

(Arnersham) in DMSO for 3 h. The gel was re-hydrated in distilled water 

for 1 h, then dried under vacuum at room temperature (22°C). 

The dried gel was placed onto a sheet of Kodak X-omat R 

X-ray film, then kept at -80°C for 3-7 days. 

The molecular weights of polypeptides were estimated with the 

aid of radioactively-labeled marker proteins (Bethesda Research 

Laboratories) by plotting the log of the molecular weight against the 

relative mobility of the polypeptide (Weber and Osborn, 1969). 

Detection of B. subtilis DNA Sequences 

on Recombinant Plasmids 

Recombinant plasmids were radioactively labeled with phos

phorous-32 on the a-phosphate of deoxycytidine triphosphate. A nick 

translation system (New England Nuclear, kit No. NEK-004) was used. 

The labeled plasmid was then used as a probe to detect homologous 

sequences with chromosomal DNA from B. subtilis or E. coli. 

Chromosomal DNA was digested with a restriction endonuclease, 

then resolved, stained, and photographed on an agarose gel. The gel 

was cut into strips, then treated with 2 successive washes in 10 

volumes of 0.25 M HCl for 15 min each. The gel strips were rinsed with 



water, then treated twice with 10 volumes of 0.5 M NaOH, 1M NaCl for 

15 min each. The gel was neutralized with 0.5 M Tris.HCl, pH 7.4 

and 3M NaCl for 1 h. 
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Transfer of single-stranded DNA to nitrocellulose was exactly 

as described by Southern (1975). After transfer for 18 h, the nitro

cellulose strips were rinsed in 2x sse for 20 min, then baked in vacuo 

at 80°e for 2 h. 

Hypridization of the denatured probe to the chromosomal DNA 

embedded in the nitrocellulose strips was done as described by Wahl 

et al. (1979). Hybridization was allowed for 24 hat 42°e in a 

mixture that consisted of 50% formarnide, 5x sse, Denhardt's reagent 

[0.02% (w/v) each of bovine serium albumin, polyvinylpyrrolidone, 

and Ficoll (molecular weight, 400,000)], 20 mM sodium phosphate 

(ph 6.5), 10% (w/v) sodium dextran sulfate 500 (Sigma) and 100 ~g/ml 

sonicated, denatured salmon sperm DNA. 

The nitrocellulose strips were washed 4 times, 5 min each, 

with 250 ml of 2X SSe, 0.1% SDS at room temperature, then twice with 

250 ml portions of 0.1 X SSe, 0.1% SDS at 42°C for 30 min each. 

The strips were air-dried, then placed on Kodak X-omat R film 

backed by a eronex (Dupont) intensifying screen. Films were exposed 

for 16 h to 3 days at -80°e. 



RESULTS 

Construction of Recombinant Plasmids with 
pUBllO Vehicle: pNMl, pNM2 and pNM3 

The plasmid pUBllO is a 3.0 megadalton (Mdal) plasmid that 

confers neomycin resistance to host cells. The plasmid contains 

single sites for the restriction enzymes BamHl, Bglii, EcoRI and Xbai 

(Figure 1). Insertion of foreign DNA into the EcoRI site interferes 

with neither plasmid replication nor neomycin resistance of host cells 

(Keggins, Lovett, and Duvall, 1978; Gryczan and Dubnau, 1978). 

B. subtilis chromosomal DNA is susceptible to digestion 

by the EcoRI restriction endonuclease, but cleavage reduces the bio-

logical activity of most genetic markers. In one study, the trpC and 

hisA markers had a survival of biological activity measured as 11.0% 

and 6.7%, respectively, after EcoRI digestion and transformation into 

B. subtilis. The survival of the marker was not tested (Harris-

Warrick, Elkana, Ehrlich and Lederberg, 1975). 

The B. subtilis strain CU403 diviVBl tsl34 (pUBllO) was used 

as the source of chromosomal DNA and plasmid DNA for the construction 

of several recombinant plasmids. The strain is defective in initia-

tion of chromosomal DNA replication at 45°C due to the tsl34 mutation 

in the dnaB locus (Mendelson and Gross, 1967). Although it has been 

demonstrated that the copy number of pUBllO becomes amplified at 

elevated temperatures in dnaB strains of B. subtilis (Shivakumar and 
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Figure 1. Partial restriction enzyme map of vector 
plasmid pUBllO. 
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Dubnau, 1978), amplification was not induced prior to isolation of DNA 

from CU403 diviVBl tsl34 (pUBllO). Isolation and purification of total 

cellular DNA, as well as restriction enzyme and ligation conditions, 

were as described in Materials and Methods. The EcoRI restriction 

enzyme was used for digestion of DNA and T
4 

DNA ligase was used for 

ligation of chromosomal DNA fragments to pUBllO. 

Both undigested and digested-then-ligated samples of CU403 

diviVBl tsl34 (pUBllO) DNA were used as donors for separate trans

formations into the recipient strain QB917 hisAl thr5 trpC2. The 

recipients were recE4+, thus chromosomal recombination could take 

place upon transformation. Results of the transformation indicate 

that both chromosomal DNA and plasmid DNA were taken up, and genetic 

information expressed, by recipient cells (Table 4). Evidence for 

uptake of chromosomal DNA was recorded by using the trpC2 marker. 

Transformation to trpC2+ was observed only when donor DNA was untouched 

by EcoRI endonuclease and T
4 

DNA ligase. Plasmid DNA, whether digested 

or not, was taken up and expressed by recipient cells, though at a 

lower frequency of transformation than that of undigested chromosomal 

DNA. 

An effort was taken to determine if any genetically active 

fragm~nts of ~· subtilis DNA were ligated to the pUBllO plasmid vehicle. 

Neomycin resistant colonies, from the experiment in which donor DNA was 

cut and ligated, were replica-plated onto three sets of minimal medium 

plates supplemented with threonine and tryptophan, histidine and 

tryptophan, or histidine and threonine. Selection was for his~, thr+, 



Table 4. Results of transformation toward the isolation of recombinant plasmids 
pNMl, pNM2, and pNM3. 

State of Donor DNA 
Transformation Parameters 

Donor DNA: CU403 diviVBl tsl34 (pUBllO) 

Amount of donor DNA (~g/ml) 

Recipient cells: QB917 hisAl thrS trpC2 

Viable recipient cells/ml 

NmR cells/ml, no DNA additiona 

NmR cells/ml, plus DNA addition 

trpc2+ cells/ml, no DNA additionb 

trpc27 cells/ml, plus DNA addition 

-EcoRI, -ligase 

14.0 

1.0 X 108 

o* 
3 4.02 X 10 

0 

4.05 X 104 

aResistance to neomycin sulfate at 5 ~g/ml on TBAB plates. 

bGrowth measured after 24 h at 37°C on minimal medium plates 
supplemented with histidine and threonine, each at 20 ~g/ml 
final concentration. 

* < number based on dilution. 

+EcoRI, + ligase 

12.8 

1.0 X 108 

0 

2.17 X 103 

0 

0 
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+ or ~ , respectively. A total of 1,040 neomycin-resistant colonies was 

transferred to the minimal medium plates. 

After 24 hours at 37°C neither tryatophan-~ndependent nor thre-

onine-inde?endent, but 5 histidine-independent colonies grew on the 

minimal plates. After 48 h at 37°C, sectored colonies began to appear. 

+ + + 
Partial growth of 19 trp , 107 thr , and 64 his colonies had taken 

place after the extended incubation period. Those cells that grew as 

sectored colonies on minimal plates were then transferred to TBAB plates 

supplemented with neomycin, and incubated overnight at 37°C. All grew 

as entire colonies on the neomycin plates. 

The single colony lysate procedure was used to detect the 

presence of recombinant plasmids in those cells for which prototrophy 

of a chromosomal mutation was indicated. Plasmids that migrated more 

slowly than pUBllO into a 0.8% agarose gel, after electrophoresis at 25 

volts for 14 h, were considered possible recombinant plasmids. 

Three plasmids were larger than pUBllO. One of these was from 

+ cells that grew as a sectored thr colony; the plasmid was designated 

pNMl. A second plasmid, pNM2, was derived from cells which were trp+. 

A third plasmid larger than pUBllO originated from cells that grew 

into a sectored + his colony. The plasmid was designated pNM3. 

+ after 24 h of growth None of the 5 his colonies that arose at 

37°C had a plasmid larger in size than pUBllO. All three plasm ids 

larger than pUBllO were extracted from the colonies that grew only par-

tially when replica-plated onto minimal medium selection plates. The 

increased size of these plasmids was verified by agarose gell electro-

phoresis of cleared lysates. The latter were performed on 30 ml 



overnight cultures of plasmid-bearing strains in Penassay broth 

supplemented with 5 ~g/ml neomycin sulfate. Plasmid size was uniform 

within each culture. 

The introduction of uncut and unligated donor DNA into QB917 

+ resulted in the transformation of the !!£C2 marker to !!£ . When 
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checked for neomycin resistance, however, 78 colonies originally selected 

as trp+ were found to be sensitive to the antibiotic. Structurally 

recombinant plasmids were recovered only from those cells that had 

received DNA treated with EcoRI and ligase. 

Construction of Recombinant Plasmids with pUBllO 
Vehicle: pNM4, piD-15 and PNH6 

The strain CU403 diviVBl tsl34 (pUBllO) was also used as the 

source of donor DNA in another set of experiments that generated 

recombinant plasmids. Once again, plasmid copy number was not amplified 

prior to isolation of total cellular DNA. Purified DNA preparations 

that included both chromosomal DNA and plasmid DNA were digested with 

EcoRI. Fragments of chromosomal DNA were ligated to linearized pUBllO 

with T4 DNA ligase. 

Recombinant plasmids pNM4 and pNM5 were isolated from the same 

transformation. The donor DNA, 8.67 ~g/ml of the ligation mixture, was 

introduced into the B. subtilis recipients KS27 hisAl cysB3. Selection 

3 was first for neomycin resistant colonies, of which 2.54 x 10 were 

isolated from 1~20 x 108 viable recipient cells. Then 1,000 neomycin 

resistant colonies were replica-plated onto minimal medium agar to 

select those transformants that were prototrophic for either the hisAl 

or cysB3 genetic markers. No cysteine-independent colonies grew after 
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24 h incubation at 37°C, but 1 histidine-independent colony developed. 

The latter was checked for the presence of a recombinant plasmid, but 

only a plasmid that migrated as pUBllO in an agarose gel was discovered. 

A recombinant plasmid was not indicated. 

The minimal medium selection plates were incubated for another 

24 h at 37°C. After a total of 48 h incubation, sectored growth of 

112 his+ and 8 ~+ colonies was observed. Of the 112 his+ partial 

colonies, 14 were examined for the presence of plasmid DNA. One had a 

plasmid larger in size than pUBllO. This plasmid was designated pNM4. 

+ All of the 8 ~ colonies were checked for plasmid DNA. Only one had 

a plasmid larger than pUBllO and this plasmid was designated pNM5. 

Although only 1,000 neomycin resistant colonies were replica-

plated onto minimal medium agar plates, 2,535 neomycin resistant colonies 

were obtained upon selection after transformation. In an effort to 

collect the plasmid DNA from all 2,535 colonies, the cells from each 

selection plate were resuspended into 66 ml PAB supplemented with 

5 ~g/ml neomycin. The volume was brought to 100 ml with PAB, then the 

culture grew overnight at 30°C. Plasmid DNA was extracted by the 

cleared lysate procedure. 

The heterogeneous mixture of plasmid DNA was used as a donor 

for transformation into BD224 thr5 trpC2 recE4. Approximately 5.25 x 10
4 

neomycin resistant cells were obtained from 1.80 x 108 recipients. 

Selection for cells prototrophic for the trpC2 marker was also attempted, 

but this was on minimal medium selection plates supplemented with 

20 ~g/ml threonine. + Selection for ~ colonies was independent of 

selection for neomycin resistant colonies. 
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+ Selection for ~ yielded 10 colonies that grew on the minimal 

medium after 24 h incubation at 37°C. The 10 colonies were verified 

to be trp·+by transfer again to minimal selective medium. Each colony 

was then transferred to TBAB supplemented with neomycin. One colony 

grew after 24 h incubation at 37°C. The cells were examined for plasmid 

DNA and the results indicated that the plasmid was slightly 

larger than pUBllO. The recombinant plasmid was designated pNM6 and 

was associated with trpC2·+ activity in a recE4 host. 

Construction of Recombinant Plasmids with pUBllO 
Vehicle: pNM7 and pNM8 

The B. subtilis strain BR151 (pUBllO) was used as the source of 

donor DNA in the construction of two more recombinant plasmids. Isola-

tion of DNA, digestion with restriction endonucleases, and ligation 

were as described in Materials and Methods. 

The recombinant plasmid pNM7 was isolated after transformation 

of the ligation mixture into JR951 ~ pheA trpC2. Approximately 

11.5 ~g/ml donor DNA was introduced into 4.4 x 108 recipient cells. 

After overnight incubation at 37°C, 8.15 x 103 neomycin resistant 

colonies arose on TBAB plates supplemented with 5 ~g/ml neomycin sulfate. 

Among these colonies, 624 were transferred to neomycin plates to verify 

antibiotic resistance. After overnight growth at 37°C, the colonies 

were replica-plated onto minimal medium agar plates to select for 

+ + 
pheA or leuA cells. 

No colonies grew on the selection plates after 24 h incubation 

at 37°C. After 48 h, however, partial growth of some colonies was 
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observed. Only 4 leu+ sectored colonies arose, whereas 19 phe+ colonies 

grew on selection plates. All were checked for the presence of plasmid 

DNA by single colony lysis and agarose gel electrophoresis. One 

recombinant plasmid, pNM7, was isolated and this was associated with 

+ phe activity in recipient cells. 

In a similar experiment, BR151 (pUBllO) DNA was digested with 

EcoRI, ligated, then introduced to different recipient cells. In this 

case, 5.6 ~g/ml donor DNA was added to 3.0 x 107 cells of the strain 

QB917 hisAl thr5 trpC2. A very poor transformation frequency was noted, 

as only 7 transformants arose on 4 neomycin-supplemented TBAB plates, 

each having been spread with 0.1 ml cells. The neomycin resistance of 

the 7 transformants was confirmed, then cells lysed by the single 

colony lysate procedure. Plasmids were examined on an agarose gel. One 

plasmid, pNM8, was larger than pUBllO, but no gene activity other than 

neomycin resistance was detected with the recombinant plasmid. 

~RI Digestion of Purified 

Recombinant Plasmids 

The recombinant plasmids pNMl through pNM8 were purified 

through cesium chloride-ethidium bromide gradient centrifugation of 

cleared lysates. A oortion of each purified plasmid preparation was 

subjected to digestion with the EcoRI restriction endonuclease. 

Each recombinant plasmid, when digested with EcoRI, generated 

one or more fragments in addition to the linearized pUBllO (Figure 2). 

The largest recombinant plasmid, pNM4, consists of three EcoRI fragments 



2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

A 8 c 

Figure 2. Agarose gel electrophoretic separation of EcoRI
generated fragments of the recombinant plasmids 
pNMl through pNM8. 

Panels A, B and C represent 3 individual gels. Lanes 
2, 4, 6, 8, 10, 13, 15, 17 and 20 are purified plasmid 
preparations. Lanes 3, 5, 7, 9, 11, 14, 16, 18 and 21 
are plasmid DNAs cut with EcoRI. Lanes 2 and 3, pNMl; 
4 and 5, pNM2; 6 and 7, pNM3; 8 and 9, pNM4; 10 and 
11, pNM5; 13 and 14, pNM6; 15 and 16, pNM7; 17 and 18, 
pNM8; 20 and 21, pUBllO. Arrows indicate B. subtilis 
DNA insertions within appropriate recombinant plasmid. 
Insertion(s) in pNM3 were never resolved, indicative 
of more than one small insert. Lanes 1, 12 and 19, 
Acl357s 7 DNA cut with Hindiii to provide molecular 
weight markers. 
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derived from B. subtilis chromosomal DNA and one fragment representa

tive of pUBllO. All other recombinant plasmids bear a single 

fragment of !· subtilis DNA in addition to that of pUBllO. 

The distance of migration through the agarose gel by each 

fragment was compared to the migration of Hindi!! digestion products 

of lambda DNA. A linear relationship between the logarithm of mole-

cular weight and relative electrophoretic mobility was assumed. 

Molecular weight standards of lambda DNA digested with Hindi!! were 

those described by Phillipsen et al (1978). 
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In general, !· subtilis chromosomal DNA fragments that had been 

ligated to pUBllO were small (Table 5). Molecular weights of the 

inserts ranged from 0.2 Mdal of pNM2 to 1.38 Mdal of pNM7. The mean 

molecular weight of all inserted fragments was 0.78 Mdal. 

Association of thr5+ Gene Activity and pNMl 

The recombinant plasmid pNMl was isolated from QB917 (pNMl) 

cells by the cleared lysate procedure. The cells were thrs+. An-

alysis of the cleared lysate on an agarose gel revealed heavy con

tamination of chromosomal DNA in the plasmid preparation. A portion of 

this cleared lysate, approximately 46 ~g in toto, was used as donor 

DNA for transformation into 1 ml of competent cells of BD224 thr5+ 

trpC2 recE4. Selection was for·neomycin resistance and thr+ proto

trophy of recipient cells. Each was selected separately. 

More than 1 x 104 neomycin resistant colonies arose from 

1 x 107 recipient cells on neomycin-supplemented selection plates. 



Table 5. Characterization of fragments generated by EcoRI digestion of 
recombinant plasmids constructed with pUBllO vector. 

Plasmid Fragment Size (Mdal) Total Mtol (Mdal) Original Selection 
A B c D 

pUBllO 3.00 3.00 NeaR 

pNMl 3.00 0.90 3.90 NeaR, thr5 + 

pNM2 3.00 0.20 3.20 NeaR, tq~C2 + 

pNM3 3.00 0.30 3.30 NeaR, hisAl + 

pNM4 3.00 1.35 1.15 0.30 5.80 NeaR, hisAl + 

pNM5 3.00 0.60 3.60 NeaR, cysB3 + 

pNM6 3.00 0.50 3.50 NeaR, trpC2 + 

pNM7 3.00 1.38 4.38 NeaR, EheAl + 

pNM8 3.00 1.10 4.10 NeaR 
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Selection on minimal medium plates yielded 3.05 x 103 cells that were 

prototrophic for the thr5 chromosomal marker. From this population of 

phototrophic colonies, 260 colonies were transferred again to minimal 

medium agar plates supplemented with 20 ~g/ml tryptophan. All 260 

colonies grew overnight at 37°C. They were then transferred to TBAB 

plates supplemented with neomycin. All 260 thr+ colonies were resistant 

to neomycin at 5 ~g/ml final concentration. The results indicated that 

the thr5+ prototrophy and neomycin resistance were associated with the 

presence of pNMl plasmid DNA in resident cells. All neomycin resist

ant colonies from a primary selection could not have been thr+, however, 

as more transformants to neomycin resistance than thr+ prototrophy 

were observed after transformation. 

Hybridization of pNMl to B. subtilis 

Chromosomal DNA 

A· subtilis CU403 diviVBl tsl34 DNA was digested to 

completion with the EcoRI restriction enzyme. The DNA was isolated 

from cells isogenic to those used in the construction of pNMl, but 

plasmid DNA was absent in the former. EcoRI-generated chromosomal DNA 

fragments were resolved on a 0.8% agarose gel. An adjacent lane carried 

pNMl digested with EcoRI. The DNA in the gel was stained with ethidium 

bromide and visualized with the aid of long wave UV light emitted from 

a transilluminator. A ruler was placed along the side of the gel to 

assist in determination of fragment mobility, then the gel was photo

graphed. The chromosomal DNA was then denatured, transferred to 



nitrocellulose, and hybridized to a radioactively-labeled probe of 

denatured pNMl. This Southern hybridization procedure was performed 

as described in Materials and Methods. 

Hybridization of the probe to chromosomal DNA fragments took 

place at only one location on the nitrocellulose strip (Figure 3). 
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The band indicative of hybridization was coincident with the lower of 

the two bands generated by EcoRI digestion of pNMl. The probe there

fore hybridized only to chromosomal DNA representative of the 0.9 Mdal 

fragment ligated to pUBllO in the construction of pNMl. Homology of 

the insert in pNMl to B. subtilis chromosomal DNA was evident. 

Polypeptides Encoded by pNMl and pNM4 

The recombinant plasmids pNMl and pNM4 were introduced into BZ12 

trpC2 diviVBl recE4, a minicell-producing strain of B. subtilis. The 

strain had been constructed for the purpose of preventing recombina

tion between the chromosome and plasmid-borne homologous sequences. 

Plasmids may segregate into the minicells whereupon synthesis of poly

peptides occurs. 

Radioactively-labeled polypeptides coded from plasmids within 

minicells were resolved on SDS-polyacrylamide gels and visualized by 

fluorography. The molecular weights of the polypeptides were calculated 

by comparing the relative mobility of the bands against a standard 

curve. The latter was derived from relative mobility of standard protein 

markers plotted against the logarithms of their known molecular weights 

(Weber and Osborn, 1969). The markers and corresponding molecular 
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Figure 3. Hybridization of pNMl to B. subtilis chromosomal DNA. 

Lane 1, pNMl digested with EcoRI. Lane 2, B. subtilis 
cu403 diviVBl tsl34 chromosomal DNA digested with EcoRI. 
Lane 3, hybridization of pNMl to chromosomal DNA. 
Arrow indicates area of hybridization. 
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weights were bovine serum albumin, 67POO daltons; ovalbumin, 43,000; 

chymotrypsinogen, 25,000 and ribonuclease A, 13,700. 
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The vector plasmid pUBllO produced three major polypeptides 

in minicells of B. subtilis (Figure4). Molecular weights were 58,000, 

34,000 and 11,000 daltons and were in close agreement with previously 

published results (Shivakumar et al., 1979; Sadaie et al., 1980). 

The recombinant plasmid pNMl produced two sharp polypeptide 

bands at 34,000 and 11,000 daltons. These correspond to 2 of the 3 

pUBllO polypeptides. The largest polypeptide of pUBllO, that of 

58,000 daltons, was missing. The EcoRI. site of pUBllO resides within 

the DNA that codes for this protein (Shivakumar et al., 1979), thus 

its disappearance or shift in mobility was expected. Three very faint 

bands also appeared, but none of these was reproducible. The faint 

bands had molecular weights of 73,000, 50,000, and 23,000 daltons. 

The recombinant plasmid pNM4 does code for one novel poly

peptide. The polypeptide has a molecular weight of 78,000 daltons. 

Another relatively strong band suggests a polypeptide of 23,000 is 

manufactured, but this band has a mobility identical to one of the 

faint bands observed with pNMl. Both may be derived from pUBllO or 

may be the consequence of cloning into the EcoRI site of pUBllO. The 

58,000 dalton protein of pUBllO was also absent from the pNM4 encoded 

polypeptides. 

The results suggest that pNM4 codes for a reproducible, novel 

protein product as assayed in minicells of ~· subtilis. The plasmid 

pNMl, however, does not code for a new polypeptide that is detectable 
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~ 78K 

~ 58K 

~ 34K 

~ 23K 

~ 11K 

Figure 4. Polypeptides coded by pNMl and pNM4 in minicells of 
B. subtilis. 

Polypeptides produced by pNMl, Lane 1; pUBllO, Lane 2; 
pNM4, Lane 3. Arrows indicate approximate molecular 
weights. 
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in the minicell system. In both recombinant plasmids the 58,000 dalton 

polypeptide of pUBllO was lost upon ligation of foreign DNA into the 

EcoRI site of the vector plasmid, confirming that the insert is located 

in the gene coding for this protein. 

Loss of Gene Expression in pUBllO-Derived 
Recombinant Plasmids 

All recombinant plasmids generated with the pUBllO vector plasmid 

were re-introduced into various strains of B. subtilis by transformation. 

The procedure, designed to verify the ~· subtilis gene activity associ-

ated with each recombinant plasmid, required, where possible, the use of 

recE4 containing recipient cells. Such cells have been demonstrated to 

be unable to undergo transformation and transduction of chromosomal 

markers (Dubnau and Cirigliano, 1974). Plasmid DNA, however, is taken 

up and its genes are expressed in recE4 strains of !· subtilis (Keggins, 

Lovett, and Duvall, 1978; Gryczan, Contente, and Dubnau, 1978). 

Purified recombinant plasmids pNMl, pNM2 and pNM6 were intro-

duced into strain BD224 thrS trpC2 recE4 by transformation. Selection 

was for thr+ cells with the pNMl donor DNA and trp+ cells with pNM2 

and pNM6 donors. Neomycin resistant cells were selected separately on 

TBAB medium supplemented with neomycin sulfate. In all cases, greater 

than 104 neomycin resistant colonies arose from 10
8 

viable recipient 

cells. Transformation for chromosomal markers, however, was not 

observed. 

Purified plasmids pNM3 and pNM4 were introduced into strain 

BZ4, hjaAl,recE4. Transformation was achieved only for neomycin re

sistance, not for his+ prototrophy in recipient cells. 



The purified pNM7 plasmid DNA was introduced again into JR951 

leuA pheA trpC2, the strain from which it was originally isolated. 

+ Recipients, free of plasmid DNA, were recE4 , thus recombination could 

take place after transformation. Selection was first for neomycin 

resistance of the recipient cells. Those cells that were confirmed to 
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be noemycin resistant were transferred to minimal medium agar plates to 

+ + select phe prototrophic cells. No ~ colonies were observed from 52 

neomycin resistant colonies. 

The results indicate that there is no linkage between genes that 

confer neomycin resistance and genes that confer prototrophy for 

requirements coded for by chromosomal mutations. The neomycin resistance 

is plasmid directed, but gene activity for prototrophy, formerly cor-

related with recombinant plasmid DNA, was now apparently lost. 

Plasmid-Enhanced Chromosomal Recombination in 
recE4 Strains of B. subtilis 

Prototrophy for the thr5 marker was associated with pNMl only 

when contaminating chromosomal DNA was present in donor material used 

for transformation into recE4-bearing recipient cells. The results 

suggested that a breakdown in the recE4 block to chromosomal re-

combination had taken place and that the recombinant plasmid pNMl 

contributed to this process. 

Verification was sought through multiple transformations of 

recE4 strains of B. subtilis. Chromosomal recombination did not 

take place when chromosomal DNA or plasmid DNA were used separately 
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as donors for transformation (Table 6). When the two types of DNA were 

isolated from cleared lysates of the same cells, however, transformation 

+ to thrS prototrophy took place. The efficiency of transformation was 

low, but was ten-fold to one-hundred-fold higher than controls. No 

difference in results was found when cleared lysates were derived from 

'h + e1t er rec or rec cells. 

The recombinant plasmid pNMl contributed to the chromosomal 

recombination of arglS and hisAl markers as well (Table 6). In all 

instances, prototrophy for a chromosomal marker was dissociated from 

neomycin resistance of recipient cells. Transformation to prototrophy 

took place only when donor DNA was derived from cells prototrophic for 

the marker under scrutiny. Reversion of auxotrophic mutations to 

prototrophy could not have been the sole source of prototrophic cells 

due to their high frequency upon transformation. Augmentation of the 

reversion frequency was also not indicated as hisAl donors could not 

convert hisAl cells to prototrophy in the presence of pNMl. Reversion, 

in this case, was separated from transformation. 

The results suggest that chromosomal recombination may take 

place in recE4 strains of B. subtilis when donor DNA is accompanied 

by the recombinant plasmid pNMl. The plasmid itself does not appear to 

carry the wild-type recE4 gene because chromosomal recombination did 

not take place when plasmid-less donor DNA was introduced into cells 

that already carried pNMl. 



Table 6. Plasmid-enhanced chromosomal recombination after transformation into recE4 
recipients of B. subtilis. 

Relevant Relevant 
Transformants/108 cells Donor Phenotype Recipient Phenotype ONeoR/IColonies Tested 

KS27 thrs+, NeoS BD224 thr5, recE4. thrs+ = 7.50 x 10° N.T.* 
---"MenS-- NeoR = 0 0/7 (0.00%) 

pNMl NeoR BD224 thr5, ~. thrs+ = 1.16 x 10° 
NeoS NeoR 1.16 X 10° 

QB917 (pNMl) thrs+, NeoR BD224 thrS, recE4, NeoR = 1. 96 X 104 16/371' (4.31%) --Neo_S __ 

QB917 (pNM1) thrs+, NeoR BD224 thrS, recE4 thrs+ = 6.20 x 102 23/237 (9.70%) --Neo_S __ NeoR = 6.40 X 104 

RM125(pNM1) thrs+, NeoR BD224 thr5, recE4 thrs+ = 1.90 X 10~ 3/76 (3. 95:) --Neo_S __ NeoR = 4.46 X 104 

BD224(pNMl) thrsf", recE4, 'BD224 thr5, recE4 thrs+= 1.30 x 10~ 0/65 (0.00%) --Neo_R __ --Neo_S __ NeoR = 4.82 x 10 

QB917 (pNM1) thrs+, NeoR BZ15 thrS, recE4, thrs+ .. 2.12 X 102 6/99 (6.06%) --Neo_S __ NeoR = 8.15 X 1Q3 

BZ4 thrs+, NeoS BD224 thr5, ~:ecE4 thrs+ = 2.20 X 101 N.T. 
(pNMl) --Neo_R __ 

QB917(pNMl) at"g15+, NeoR MI112 arglS, recE4 arg15+ = 6. 75 x 10~ 42/133 (31. 58%) 
NeoS NeoR = 4.05 x 10 

QB917 (pNM1) arg15+ NeoR MI112 argl5, recE4 arg15+ = 2.65 x 102 5/53 (9.43%) 
NeoS NeoR = 3.52 X 104 

QB917(pNM1) hisAl, NeoR BZ4 hisAl, recE4 hisA1+ = 2. 00 X 101 N.T 
NeoS NeoR = 2.59 X 104 

hisA1+, 
. 2 

BD224(pNM1) NeoR BZ4 hisA1, recE4 hisA1+ = 1.98 X 104 N.1'. 
NeoS NeoR = 4.86 X 10 

* Not tested 

0' 
1..11 



Construction of Recombinant Plasmids 
with pHV33 Vehicle 
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The alternative approach to cloning ~· subtilis genes in an ~· 

coli host was successfully accomplished with the composite plasmid 

pHV33 as the vector. The plasmid has single restriction enzyme sites 

for Psti, BamHl and Sali, all of which reside in that part of pHV33 

derived from pBR322. The BamHl and Sali sites are in the structural 

gene that confers tetracycline resistance to host cells, whereas the 

Psti site lies within the S-lactamase gene that confers resistance to 

ampicillin (Figure 5). 

The strategy was first to determine the feasibility of using 

Bglii-digested ~· subtilis chromosomal DNA as the donor material for 

cloning onto pHV33. DNA from CU403 diviVBl thyA thyB metB was digested 

to completion with Bglii. In a parallel experiment, chromosomal DNA 

wastreated with the Bglii buffer but no enzyme was added. Both DNA 

samples were then used as donors for transformation into JR951 pheA 

leuA trpC2 competent cells. 

In both instances, 10 ~g of DNA was introduced to approximately 

108 recipient cells. Selection was for prototrophy of each auxotro-

phic mutation in JR951 and each was assayed separately. The results 

of the transformation (Table 7) indicate that greater than 50% of the 

donor DNA remains genetically active for transformation of the pheA 

marker after digestion of donor DNA with Bglii. Transformation 

frequencies for the leuA and trpC2 markers were appreciably lower. 
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Figure 5. Partial restriction enzyme map of vector plasmid 
pHV33. 

The enlarged area represents the pC194 moiety of 
pHV33. The single horizontal line indicates the 
pBR322 moiety. 
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Table 7. Survival of the~· subtilis pheA, leuA and trpC2 markers 
after digestion of CU403 diviVBl thyA thyB metB chromosomal 
DNA with Bglii restriction endonuclease and transformation 
into JR951 pheA leuA trpC2. 

Selection Transformants/10 8 ReciEient Cells % Marker Survival 

Donor DNA(-Bglii) Donor DNA(+Bglii) digested 
X 100 undigeste"d 

pheA + 6.45 X 104 3.76 X 104 58.26 

leuA 
+ 

5.82 X 104 8.10 X 103 13.93 

trpC2 
+ 

6.65 X 104 5.5 X 101 0.08 
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Selection of pheA positive cells was pursued due to the proximity of the 

pheA marker to the diviVBl locus .(Reeve et al., 1973) in~· subtilis. 

The cloning of ~· subtilis DNA was carried out in the following 

manner. Chromosomal DNA from CU403 diviVBl thyA thyB metB was again 

digested to ~ompletion with Bglii. The vector plasmid pHV33 was 

digested with BamHl, then chromosomal Bglll fragments were ligated to 

the identical cohesive termini on the linearized plasmid (Materials 

and Methods). Ligation products were digested with BamHl, then intro-

duced into E. coli RRl by transformation. 

The transformation resulted in 1.15 x 104 ampilillin resistant 

colonies from a total of 2 x 108 recipient cells. Transformation 

attempted without any donor DNA failed to produce colonies resistant to 

an1picillin. When approximately 0.7 ~g of pHV33 was introduced to the 

5 RRl cells, the transformation efficiency was 1.64 x 10 transformant 

colonies per 1 ~g of donor DNA. Ampicillin resistant colonies were 

selected on ten separate L-agar plates supplemented with 50 ~g/ml 

ampicillin, each plate having received 0.1 ml of the cell suspension 

after transformation. 

Colonies from 8 of the 10 original selection plates were 

examined further. A total of 4,730 colonies, 41.1% of the original 

transformants, was transferred again to ampicillin-supplemented 

selective media. All colonies grew after overnight incubation at 37°C. 

The ampicillin resistant colonies were then transferred to L-agar 

supplemented with 15 ~g/ml tetracycline. After·24 h incubation at 37°C, 
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395 colonies from 4,730 did not grow on the new medium. Thus 11.97% 

of the ampicillin resistant colonies that had been selected for further 

examination were found to be tetracycline sensitive. These colonies 

were identified from the ampicillin-supplemented plates, then trans-

ferred to fresh ampicillin plates. The latter were sectioned with a 

grid below the Petri dish in order to identify individual colonies by 

reference numbers. The presence of a plasmid within each colony was 

assumed on the basis of ampicillin resistance. Each of the 395 plasmids 

were given designations of pNMlOOl through pNM1395. The process of 

identifying recombinant plasmids within this collection was then pursued. 

Each ampicillin resistant, tetracycline sensitive colony was 

treated separately by the alkaline extraction procedure for the 

isolation of plasmid DNA (Materials and Methods). The plasmid DNAs 

were resuspended in 40 ~1 of plasmid buffer, then stored at 4°C prior 

to analysis on argarose gels or transformation into B. subtilis. 

Altered Colony and Cell Morphologies of ~- ~ 

Associated with the Presence of Recombinant 
Plasmid pNM1326 

Most of the colonies in the ampicillin resistant, tetracycline 

sensitive collection had the typical colony morphology of E. coli: 

smooth border and smooth, raised, glistening surface. There was one 

striking exception. This colony had an irregular, wavy border, a 

granular interior, and a flattened, dull surface. Examination of the 

cells within this colony by phase contrast microscopy revealed a 

heterogeneous population of long, filamentous cells together with cells 



slightly larger than the normal!· coli (Figure 6). The plasmid DNA 

was recovered from the cells and examined on an agarose gel. The 

piasmid, considerably larger than pHV33, was designated pNM1326. 

The plasmid DNA was isolated from the RRl cells by the cleared 

lysate procedure, then transformed again into RRl. All transformants 

to ampicillin resistance had the same colony and cell morphologies as 

the original isolate. The altered morphologies were associated with 

the presence of pNM1326. 

Verification of the plasmid-associated phenomenon was sought 

through transformation into several different !· coli recipient cells. 

- + These included C600 rK ~ , CSR603 and DM1202 (Table 3). In all 

cases, transformants had the altered colony morphology indicative of 

filament-forming cells. The sfiAll mutation in DM1202 suppresses 

induction of filament formation in E. coli (George, Castellazzi, and 
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Buttin, 1975) but did not prevent cell elongation in those recipients of 

pNM1326. When the vector plasmid pHV33 was the source of donor DNA 

for transformation, filamentation of cells was not observed. The 

phenomenon was unique to the presence of pNM1326. 

The plasmid pNM1326 does not appear to be stable in !· coli. 

Cells with the plasmid were maintained under selection for ampicillin 

resistance on L-agar plates supplemented with the antibiotic. The 

third passage of cells onto fresh media resulted in two colony 

morphologies, one characteristic of pNM1326-containing cells and the 

other a normal!· coli colony morphology. Cells from the latter type, 

smaller and characteristic of normal E. coli, were treated by the 
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Figure 6. Recombinant plasmid pNM1326 induces filament 
formation in E. coli. 
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cleared lysate procedure, then plasmid was purified by cesium chloride-

ethidium bromide gradient centrifugation. Analysis of the plasmid on 

an agarose gel demonstrated that a new smaller derivative of pNM1326 

was isolated. This new plasmid was designated pNM1326S, so-named for 

the associated smooth colony morphology. Cells with pNM1326S were 

ampicillin resistant, chloramphenicol resistant, and tetracycline 

sensitive. 

Restriction Enzyme Analysis of pNM1326 and 
its Deletion Derivative pNM1326S 

A partial restriction map of pNM1326 was established through 

the use of several restriction enzymes (Figure 7). The enzymes BamHl, 

Bglii and Xbai failed to cut the plasmid. The plasmid was linearized 

by Sali digestion due to the single Sali site in the pBR322 moiety of 

the vector pHV33 plasmid. The B. subtilis insert of pNM1326 has single 

sites for Avai, EcoRI, Hindiii and Xhoi. The pHV33 vector plasmid con-

tains no Xhoi sites, therefore the single Xhoi site within the B. 

subtilis insert is unique for the entire pNM1326 recombinant plasmid. 

A limited comparison was made between pNM1326 and its deleted 

derivative pNM1326S. The latter is not cut by BamHl nor Bglii, but 

had two sites for EcoRI. One of these sites is on the original vector, 

the other is within the insert. The smaller of the two fragments 

generated by EcoRI digestion of pNM1326S does not comigrate with the 

smaller of the two EcoRI fragments of pNM1326. Hindiii digestion 

results in only one fragment, a linearized pNM1326S. 
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Figure 7. Partial restriction enzyme map of pNM1326. 

The B. subtilis DNA insert lies between the 
two BqmHl/Bglii junctions. 
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The results indicate that the DNA deleted from pNM1326 to form 

pNM1326S was partially within the pC194 segment of pHV33, but not with-

in the gene that codes for chloramphenicol resistance. This conclusion 

is drawn from the fact that pNM1326S-containing cells are chloro-

amphenicol resistant. A portion of pC194 and a portion of the original 

B. subtilis insert on pNM1326 had been lost, however, because 2 Hindiii 

sites were simultaneously removed. The deleted segment therefore spanned 

from a site outside of the chloramphenicol resistance gene of pC194 

to a site proximal to, the EcoRI recognition sequence in the B. subtilis 

insert. The deletion of a major portion of pNM1326 was associated with 

reversion to normal cell morphology in ~· coli. The results clearly 

suggest that a B. subtilis gene or gene product is able to induce fila-

ment formation in E. coli. 

Recombinant Plasmid pNM1055 Confers Pro
totrophy to Cells with the aroD Mutation in 

B. subtilis 

The plasmids isolated from the collection of 395 ampicillin 

resistant, tetracycline sensitive colonies were used as donors for 

transformation into several different strains of ~· subtilis. Selection 

was for chloroamphenicol resistance or prototrophy of an auxotrophic 

mutation associated with each recipient strain. Prototropy for six-

teen markers was attempted: leuA and pheA from JR951; purAl and 

cysA14 from QB944; aroi906, purB33, and dall from QB928, metC3 and 

glyB133 from QB934; pyrDl and ilvAl from QB943; aro_Dl20 and lys 1 from 

QB935; hisAl and thr5 from QB917, cysB3 from KS27 (see Table 1). 
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Uptake of plasmid DNA was assured by recovery of chloramphenicol 

resistant ~· subtilis cells on complex medium. One of the 16 auxo-

trophic markers was converted to prototrophy upon introduction of 

plasmid DNA: pNM1055 was associated with aroD120+ activity in recipient 

cells. 

The pNM1055 plasmid DNA was purified from the ~· coli resostant 

cells and used again as donor DNA for transformation into B. subtilis 

strain QB935. + AroD120 activity was confirmed. 

The strain BZ16 aroD12crtrpC2 recE4 was then constructed to be 

a host strain for pNM1055. The recombinant plasmid was introduced into 

these cells which have the capacity to greatly reduce the chance of 

chromosomal recombination. In parallel, the vector plasmid pHV33 was 

introduced into BZ16 cells as a control. Selection was for chloro-

amphenicol resistance and prototrophy for the aroD mutation. 

When pHV33 was introduced into BZ16, all chloramphenicol 

resistant cells remained aroD . Chloramphenicol resistant cells that 

+ harbored pNM1055, however, were aroD for 99.61% of the colonies 

tested (Table 8). + In the situation where aroD cells were selected 

' first, then counterselected for chloramphenicol resistance, all colonies 

were resistant to the antibiotic. 

The results demonstrate that the gene that encodes for chlor-

amphenicol resistance is very closely linked to the gene that confers 

+ aroD prototrophy to recipient cells. Both genes reside on plasmid 

pNM1055. 



Table 8. Association of aroD +activity and pNM1055 in B. subtilis host cells. 

Donor DNA Recipients Primary Number of Secondary Number of 
Selection Colonies Selection Colonies 

pHV33 BZ16 aroD120 CmR 102 a roD+ 0 (0%) 
trpC2 recE4 

pNM1055 BZ16 aroD120 CmR 517 a ron+ 515 (99.61%) 
trpC2 recE4 

pNM1055 BZ16 aroD120 a roD+ 312 CmR 312 (100.0%) 
trpC2 recE4 · 



Recombinant Plasmid pNM1055 Confers 
Prototrophy to Cells with the aroE24 

Mutation in E. coli 
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The aroD marker in B. subtilis codes for shikimate dehydrogenase 

(E.C. 1.1.1.25), an enzyme utilized in the biosynthesis of aromatic 

amino acids (Hock and Nester, 1973; Henner and Hoc, 1980). The enzyme 

catalyzes the conversion of 5-dehydroshikimic acid to shikimic acid 

(Nasser and Nester, 1967). The corresponding gene in _g_. coli, aroE, 

codes for the enzyme that catalyzes the same reaction (Yaniv and 

Gilvarg, 1955; Pittard and Wallace, 1966; Bachmann and Low, 1980). In 

_g_. coli the enzyme has a molecular weight of 25,000 daltons but the 

corresponding enzyme in!· subtilis has a molecular weight of 44,000 

daltons (Berlyn and Giles, 1969). 

The E. coli strain GE334 carries the aroE24 mutation (Andresson, 

Magnusdottir and Eggertason, 1976). The strain KL144 carries the aroC4 

marker, a mutation in the enzyme dehydroquinate dehydratase (Bachmann and 

Low, 1980). The aroC gene product is an enzyme that acts in the bio-

synthesis of aromatic amino acids but is not related to the aroD product. 

The aroC and aroD genes are not linked in E. coli. 

A purified preparation of pNM1055 was introduced into E. coli 

strains GE334 and KL144 by transformation. Selection was first for aro+ 

f 48 . 0 + cells on minimal medium. A ter h incubation at 37 C, no aroC 

colonies arose. + Transformation to aroE , however, was observed. Ten 

of these colonies were transferred to L-agar supplemented with 50 ~g/ml 

ampicillin. All ten colonies proved to be ampicillin resistant. The 



results suggest that there is a positive correlation between residence 

+ of pNM1055 and aroE prototrophy in E. coli. 

The purified pNM1055 was again introduced into E. coli strain 

GE334, but selection was first for resistance to ampicillin. The 

transformation efficiency was very low, approximately 1.28 x 103 
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transformants per ~g of donor DNA. A total of 104 ampicillin resistant 

colonies was transferred again to ampicillin-supplemented L-agar. After 

incubation at 37°C for 48 h, all 104 colonies grew on the selection 

medium. These were then transferred to minimal medium supplemented with 

all amino acid requirements, except the aromatic amino acids. After 

+ 48 h incubation at 37°C, 103 of the 104 colonies grew, thus were aroE • 

A small sample of 15 colonies was treated for plasmid isolation by the 

alkaline extraction procedure, then analyzed on an agarose gel. All 15 

plasmid DNA's were the same size as purified pNM1055. 

Restriction Enzyme Analysis of 
Recombinant Plasmid pNM1055 

A pruified preparation of pNM1055 was digested with several re-

striction enzymes. As expected, BamHl and Bglii did not cut the 

recombinant plasmid. There is one Hindi!! site within the insert, as 

digestion of pNM1055 produces 3 fragments. The plasmid is linearized by 

Sal! due to the single site for this enzyme on the pBR322 moiety of 

the pHV33 vector plasmid. The linearized plasmid was used to estimate 

that the molecular weight of pNM1055 approximates 5.5 Mdal. The plasmid 

therefore consists of a small 0.9 Mdal insert ligated to the 4.6 

Mdal vector. 



Hybridization of pNM1055 and pNM1326 
to B. subtilis Chromosomal DNA 

Two recombinant plasmids generated with the pHV33 vector were 

demonstrated to produce an effect in E. coli recipient cells. The 

presence of !· subtilis DNA was implied to exert either filamentation 
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of E. coli by pNM1326 or conversion of the aroE mutation to prototrophy 

by pNM1055. Hybridization of both plasmids to chromosomal DNA from 

B. subtilis demonstrated that each plasmid bore homologous sequences 

to the !· subtilis genome. 

B. subtilis CU403 diviVBl thyA thyB metB, free of plasmid DNA, 

was digested to completion with Bglii. Fragments were resolved on a 

0.8% agarose gel in a lane adjacent to ~II-digested chromosomal DNA 

from E. coli strain RRl. Replicates of these digestion products, as 

well as lamba DNA-Hindiii molecular weight standards, were also run 

on the same gel. The gel was stained and photographed, then chromo-

somal DNA was denatured and transferred to nitrocellulose strips. 

Nick-translated, radioactive pNM1055 and pNM1326 denatured probes were 

used for hybridizations to the chromosomal digests. 

Both pNM1055 and pNM1326 hybridized to !· subtilis DNA, but 

neither hybridized to E. coli DNA (Figure 8). Hybridization occurred 

at those locations on the gel that corresponded in molecular weight to 

only the inserted fragments on each recombinant plasmid. Hybridization 

to pHV33 was not indicated. The hybridization results indicate that 

pNM1055 and pNM1326 consist of B. subtilis DNA ligated to the pHV33 

vector plasmid. 
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Figure 8. Hybridization of pNM1055 and pNM1326 to ~- subtilis 
chromosomal DNA. 

Lanes 1 and 6, ~- subtilis CU403 diviVBl DNA digested 
with ~II. Lanes 3 and 8, nitrocellulose strips of 
DNA transferred from Lanes 1 and 6, respectively. 
Lanes 2 and 7, ~- coli RRl DNA digested with Bglii. 
Lanes 4 and 9, nitrocellulose strips of DNA trans
ferred from Lanes 2 and 7, respectively. Lane 5, 
Aci8s 7s7 digested with Hindiii. Arrows indicate areas 
of hybridization which occurred only between chromo
somal DNA originating from B. subtilis. 
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strain 

• 

Synthesis of Polypeptides Coded 
by pNM1055 and pNM1326 

The plasmids pNM1055 and pNM1326 were introduced into E. coli 

- + 
C600 rK ~ by transformation. This step ensured plasmid DNA 
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modification as a precaution against restriction upon entry into other 

E. coli hosts. Both plasmids were purified by the alkaline extraction 

procedure, then introduced into E. coli CSR603 by transformation. 

This strain allows easy detection of plasmid-coded polypeptides by the 

so-called "maxicell" method (Sancar, Hock and Rupp, 1979). 

Polypeptide~ were labeled with 35s-methionine in the !· coli 

maxicells, then resolved on 7.5% to 20% gradient SDS-polyacrylamide 

gels. Radioactive proteins were used to expose Kodak X-omat R film. 

Exposures were amplified with a Dupont intensifying screen. 

When maxicells were free of plasmid DNA, no polypeptides other 

than very low molecular weight presumed degradation products were 

observed. The pHV33 vector plasmid coded for 2 prominent polypeptides 

with molecular weights of 28,000 and 31,000 daltons (Figure 9). These 

bands correspond to the polypeptides associated with the amp gene of 

pBR322. The tet gene product of pBR322, previously observed as a 

37,000 dalton protein in E. coli maxicells (Sancar, Hock and Rupp, 1979) 

was not observed. This may have been due to the insertion of pC194 

into the tet promoter in the construction of pHV14, the precursor to 

pHV33. The latter confers tetracycline resistance to E. coli hosts, but 

the level of activity might be too low to detect in maxicells. Faint 

bands were observed at 24,500 and 22,500 daltons from pHV33-containing 
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Figure 9. Polypeptides produced by pNM1055 and pNM1326 in 
maxicells of E. coli strain CSR603. 

Polypeptides produced by CSR603 (pHV33), Lane 1; 
CSR603 (pNM1055), Land 2; CSR603 (pNM1326), Lane 3; 
CSR603 (pNM1326S), Lane 4. Arrows indicate approximate 
molecular weights. 
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maxicells. The 22,500 product corresponds to a pC194 polypepti4e 

observed in minicells of B. subtilis (Shivakumar, Hahn and Dubnau, 
. 

1979). The product is thought to be the staphylococcal chloramphenicol 

acetyl transferase. 

Polypeptides coded by pNM1055 did not differ from those pro-

duced by pHV33. The production of the 25,000 dalton shikimate dehydro-

genase enzyme from B. subtilis was not observed. 

A new polypeptide was produced, however, in maxicells with 

pNM1326. The four polypeptides from the vector appeared as faint bands, 

whereas a very prominent band of 16,000 daltons appeared on the fluoro-

gram. The heavy band, also observed in pNM1326-containing maxicells 

labeled with a mixture of 14c-amino acids, indicates that pNM1326 codes 

for a new polypeptide that is produced in large quantities in E. coli 

cells. 



DISCUSSION 

Recombinant plasmids that carry fragments of the ~· subtilis 

genome were successfully constructed during the course of the present 

investigation. The ~· aureus plasmid pUBllO was the vector for the 

generation of eight recombinant plasmids, pNMl through pNM8. Each of 

these plasmids was constructed by ligating EcoRI-digested chromosomal 

DNA from~· subtilis to the single EcoRI site of pUBllO. Ligation 

products were introduced into competent ~· subtilis cells by genetic 

transformation. Selection was first for neomycin resistance of host 

cells, then for prototrophy of one of several auxotrophic mutations. 

All of the recipient cells used for the initial isolation of 

plasmids were recombination proficient. Incoming homologous DNA was 

able to recombine with the chromosomal DNA of the host but recovery 

of recombinant plasmids from cleared lysates of recipient cells 

indicated that these plasmids existed in the extrachromosomal state. 

Although chimeric plasmid DNA can be incorporated into a homologous 

region of the ~· subtilis chromosome by a Campbell insertion mechanism 

(Duncan, Wilson and Young, 1978), this does not exclude the possibility 

that recombinant plasmids that bear some homology to ~· subtilis DNA 

can be maintained outside of the chromosome in recombination proficient 

hosts. 
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Most of the recombinant plasmids constructed with the pUBllO 

vector carry a single EcoRI fragment from the ~· subtilis genome. The 

one exception is pNM4 which has three separate EcoRI-generated fragments. 

It remains to be clarified whether these three fragments are contiguous 

on the genetic map of B. subtilis. The size of the inserts from the 

eight plasmids has a mean molecualr weight of 0.78 Mdal. The mean size 

of cloned fragments in a similar, direct approach to cloning in~· 

subtilis was 1.1 Mdal for EcoRI-digested DNA and 0.9 Mdal for Hindiii

digested DNA (Michel, Palla, Niaudet and Erlich, 1980). These sizes 

reflect preferential cloning of small segments on the vehicle plasmid. 

The specific activity of plasmid DNA in transformation of B. 

subtilis is greatly dependent on the degree of oligomerization of: the 

plasmid DNA molecules (Canosi, Morelli, and Trautner, 1978; Contente 

and Dubnau, 1979a; Mattes et al., 1979). The reduced size of cloned 

fragments may be the result of the ligation of chromosomal DNA to the 

vector plasmid, a process that requires a high concentration of DNA in 

order to favor formation of oligomers. 

Chromosomal DNA that is bound to competent cells during trans

formation is subject to endonucleolytic cleavage followed by single 

strand formation (Piechowska and Fox, 1971; Dubnau and Cirigliano, 

1972; Venema 1979). Smaller recombinant plasmids may escape the 

endonucleolytic cleavage or may be the end-products of larger plasmids 

that were cleaved upon entry into recipient cells. 

Several hybrid plasmids have been reported to be unstable in 

B. subtilis hosts (Gryczan and Dubnau, 1978; Kreft, Bernhard and 

Goebel, 1978). A large insert may make a recombinant plasmid more 



susceptible to deletion events in B. subtilis. In this case smaller 

plasmids would be preferentially selected. Alternatively, smaller 

plasmids may avoid host-controlled restriction of DNA. Restriction 

specific to plasmid DNA has recently been demonstrated in B. subtilis 

(Tanake, 1979). 

One of the major objectives in cloning ~· subtilis DNA in a 

B. subtilis host is to observe the long term performanGe of closely 

linked genes or related gene products in the host. This study, as 
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well as others, suggests that difficulties may be encountered in 

reaching this objective. The preferences for small recombinant plasmids 

in a ~· subtilis host hints that the recipient cells may have to be 

genetically altered before they can accommodate the more favorable 

large recombinant plasmids. 

The recombinant plasmids produced with the pUBllO vehicle were 

extracted from cells that were prototrophic for a particular genetic 

marker. The concurrence of prototrophy and neomycin resistance 

suggested that both were associated with the presence of plasmid DNA. 

Purification of the plasmids and re-introduction into similar hosts 

proved otherwise. Recombinant plasmids pNMl through pNM7 became dis

associated from prototrophic activity in host cells after these plasmids 

were purified, then used as donors for transformation. Cells that 

served as recipients for pNMl remained thr5-. Host cells remained 

hisAl after transformation with pNM3 and pNM4, trpC2- after trans

formation with pNM2 and pNM6, cysB3- after transformation with pNMS, 
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and pheA after transformation with pNM7. Purified plasmid DNA could 

transform cells to neomycin resistance, but previously associated 

activities were no longer present. Either those activities were lost 

or were never actually present on the plasmid DNAs. The latter proved 

to be the most plausible explanation when a series of experiment was 

undertaken with the recombinant plasmid pNMl. 

A unique phenomenon occurred in the case of pNMl. The 

association of neomycin resistance and prototrophy for the thr5, 

hisAl or argl5 markers was apparent only when plasmid DNA was accom

panied by chromosomal DNA in transformation. The critical observation 

was that transformation for a chromosomal marker took place in cells 

that carried the recE4 mutation of B. subtilis. This mutation has been 

previously described as an effective block against chromosomal re

combination upon transformation or transduction in B. subtilis (Dubnau, 

Davedoff-Abelson, Scher and Cirigli.ano, 1973; Dubnau and Cirigliano, 

1974). The recE4 mutation has been viewed as a prerequisite in all 

experiments designed to prevent recombination between the chromosome and 

plasmid-borne fragments of the~. subtilis genome (Keggins, Lovett 

and Duvall, 1978; Nagahari and Sakaguchi, 1978; Tanaka and Sakaguchi, 

1978; Rap0port et al., 1979; Gryczan, Contente and Dubnau 1980; Takana 

and Kriwano, 1980). The present study demonstrates that a breakdown in 

the barrier against chromosomal recombination in recE4 hosts is evident 

when donor DNA consists of pNMl together with chromosomal DNA. Although 

this demonstration was not pursued with the other recombinant plasmids 

constructed with the pUBllO vector, it may be of consequence in shotgun 
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cloning of ~· subtilis DNA in B. subtilis hosts. The possibility remains 

that plasmids other than pNMl might also contribute to the breakdown 

of the recE4 mechanism. 

Although this breakdown of the barrier against chromosom~l re

combination has been demonstrated, the action behind it remains to be 

explored. It appears that the phenomenon occurs at the cell surface, 

as both types of DNA mustbe.introduced simultaneously and from outside 

the boundaries of the cell. Transformation of a chromosomal marker does 

not take place when pNMl resides within recipient cells and only 

chromosomal DNA is used as donor. It therefore appears that pNMl does 

not code for the recE4 gene product(s). 

The level of transformation that was observed in recE4 hosts was 

low. The number of transformants to prototrophy is 103 to 104 times 

lower than that observed in recombination proficient hosts. The number 

of transformants in recE4 hosts is, however, 100-fold higher than that 

previously reported (Dubnau and Cirigliano, 1974). 

Recombination between tandemly repeated homologous DNA 

sequences on plasmid DNA can occur in recE4 hosts (Tanaka, 1979). Site

specific intramolecular recombination between ~· subtilis (natto) 

and S. aureus plasmids is also independent of the recE function of host 

cells. The present study demonstrates that another type of recombination, 

that which involves chromosomal DNA, can occur in recE4 hosts under cer

tain circumstances. The breakdown of the recE4 barrier is assisted by 

pNMl, a recombinant plasmid comprised of a 0.9 Mdal EcoRI fragment of the 

B. subtilis genome ligated to the EcoRI site of pUBllO. That pNMl 
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carries a fragment homologous to !· subtilis DNA was demonstrated by 

Southern hybridization. A polypeptide product novel to pNMl was not 

observed in radioactively labeled minicells of !· subtilis. The lack 

of one pUBllO polypeptide, the 58,000 dalton protein, in the display of 

pNMl proteins on an SDS-polyacrylamide gel is consistent with the 

fact that the B. subtilis fragment was cloned into the EcoRI site of 

pUBllO. 

Although seven other recombinant plasmids were constructed with 

the pUBllO vehicle, none is associated with detectable gene activity 

derived from the B. subtilis genome. A novel polypeptide was coded 

by pNM4, a 5.8 Mdal recombinant plasmid that has 3 B. subtilis EcoRI 

fragments ligated to the pUBllO vector. The new polypeptide has a 

molecular weight of 78,000 daltons, but no association of this poly

peptide with a known gene activity in!· subtilis was discovered. The 

protein may be a fusion product between the 58,000 dalton poly-

peptide of pUBllO and a polypeptide coded by all or part of the B. 

subtilis DNA on pNMl. The possibility remains, however, that the product 

may be unique to the B. subtilis insert. In any event,it is clear that 

plasmid-directed synthesis of polypeptides does take place in minicells 

of B. subtilis. Transcription and translation of B. subtilis DNA 

cloned to the EcoRI site of pUBllO is a possibility that has been 

realized in the present investigation. 

An alternative approach to cloning !· subtilis DNA was also 

successful. The plasmid pHV33 is a bifunctional replicon that 

replicates in multiple copies, and produces protein products, in both 
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E. coli and B. subtilis. ~· subtilis DNA cut with the Bglii restriction 

endonuclease was ligated to the single BamHl site of pHV33. Ligation 

products were introduced into ~· coli by transformation. Selection was 

for ampicillin resistance and tetracycline sensitivity of host cells. 

A total of 395 colonies met these criteria. Plasmid DNA was isolated 

from each of these colonies, then used as donor DNA for transformation 

in B. subtilis. Selection in the latter host was for chloramphenicol 

resistance concomitant with prototrophy for an auxotrophic mutation in 

recipient cells. 

Within the collection of recombinant plasmids generated with 

pHV33, one plasmid is able to correct the aroD120 mutation in B. subtilis. 

The plasmid pNM1055 carries a 0.9 Mdal fragment of~· subtilis DNA on 

the pHV33 vector. The insert was demonstrated to be B. subtilis DNA 

on the basis of hybridization to a Bglii fragment of the B. subtilis 

genome. A 0.9 Mdal fragment of Bglii-digested chromosomal DNA derived 

from a plasmid-free strain of B. subtilis hybridized to pNM1055. 

Hybridization was not observed when pHV33 was used as a probe against 

chromosomal DNA. ~· coli DNA did not hybridize to pNM1055. 

The aroD product in~· subtilis is the enzyme shikimate de-

hydrogenase (E.C. 1.1.1.25) (Nasser and Nester, 1967; Hoch and Nester, 

1973; Henner and Hoch, 1980). The enzyme catalyzes the conversion of 

5-dehydroshikimic acid to sh~.kimic acid, a precursor of tyrosine, 

phenylalanine, tryptophan, and p-aminobenzoic acid in ~· subtilis, E. 

coli, and other bacterial species (BerlynandGiles, 1969). The enzyme 

catalyzes the same reaction in higher organisms such as Neurospora 
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crassa, Anabaena variabilis, Chlamydomonas reinhardi, Euglenia gracilis, 

Physcomitrella patens, Nicotiana tabacum, Phaseolus mungo, Pisum 

sativum and Zea mays (Berlyn, Ahmed and Giles, 1970; Koshiba and Yoshida, 

1976). 

When pNM1055 was introduced into aroD- cells of B. subtilis, the 

recipient cells no longer required phenylalanine, tyrosine and tryptophan 

for growth on minimal medium. Those same cells were resistant to 

chloramphenicol, this mediated by the pHV33 vector plasmid. Complete 

linkage between aroD prototrophy and chloramphenicol resistance indicates 

that the aroD+ activity is plasmid-borne. Transformation of pruified 
~ 

pNM1055 plasmid DNA into aroD-, recE4 recipients proved that the linkage \· 

remained intact. Failure of the recE4 recipient cells to prevent 

chromosomal recombination was thus removed as a complicating factor in 

the determination of phenotypic expression by recombinant plasmid DNA. 

The aroE gene of E. coli codes for a product similar to the 

aroD gene product of B. subtilis (Bachmann and Low, 1980). Both pro-

ducts act on the same substrate in the biosynthesis of aromatic amino 

acids. Both catalyze the conversion of 5-dehydroshikimic acid to 

shikimic acid. When pNM1055 was introduced into aroE, recA !· coli 

recipient cells by transformation, the recipient cells no longer 

required supplementation of aromatic amino acids to minimal medium for 

cell growth. The GE334 recipient cells grew very slowly on complex 

medium without plasmid DNA and growth was not augmented after plasmid 

DNA was introduced. The slow growth and poor transformation observed 

by these cells appears to be unrelated to the aroE gene product. It is 
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by pNM1055 is genetically active in E. coli. 
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Genes derived from B. subtilis or its bacteriophages have 

previously been shown to express their genetic information in E. coli. 

The thymidylate synthetase gene of the ~· subtilis bacteriophage phi-3-T 

is expressed in E. coli (Ehrlich, Bursztyn-Pettegrew, Stroynowski and 

Lederbert, 1976; Duncan, Wilson and Young, 1977). The S-isopropylmalate 

dehydrogenase gene product from the leuC locus in B. subtilis is also 

effectively expressed in E. coli (Nagahari and Sakaguchi, 1978). The 

present report demonstrates that the ~· subtilis aroD gene product, 

shikimate dehydrogenase, is also expressed in E. coli. 

The molecular weight of the B. subtilis shikimate dehydrogenase 

is 44,000 daltons and this differs appreciably from the 25,000 dalton 

product extracted from ]• coli (Berlyn and Giles, 1969). The products 

produced by pNM1055 were assayed in maxicells of E. coli (Sanca~ 

Hock and Rupp, 1979). Surprisingly, products other than those coded by 

the pHV33 vector were not observed. The results suggest that the 

activity of the ~· subtilis gene on pNM1055 is quite low in ]. coli. 

Several possibilities to explain this low activity can be offered. Firs~ 

the protein is not detected in maxicells of !· coli because the system 

may not be sensitive to low levels of protein synthesis, as warned by 

the authors of the maxicell system (Sancar, Hock and Rupp, 1979). Second, 

the small size of the B. subtilis insert on pNM1055 may not carry its 

own promotor to augment transcription. The B. subtilis gene may depend 

on a pHV33 promoter and thus would most likely result in inefficient 



94 

transcription. Third, the lack of proper termination signals might 

result in an mRNA product that is inefficiently translated into active 

protein. Fourth, E. coli ribosomes and initiation factors may be un-

suitable for accurate, high level translation of B. subtilis-directed 

mRNA. Finally, the maxicells themselves are prototrophic for the aroE 

gene. The aroD gene product of ~· subtilis may be suppressed in its 

production as it is not really needed by resident cells. Enough protein 

is manufactured by !· coli cells to sustain the growth of aroE mutants 

on minimal medium, but not enough is produced for visual inspection of 

radioactively labeled polypeptides from!· coli maxicells. The intro-

duction of the aroE mutation into the E. coli maxicell strain, or the 

use of E. coli minicells may provide a better understanding of the 

transcription and translation of pNM1055 plasmid DNA in E. coli. 

Another recombinant plasmid constructed with the pHV33 vector 

demonstrated an abundant production of protein in !· coli. The re-

combinant plasmid pNM1326 produces a 16,000 dalton polypeptide in E. 

coli maxicells. The polypeptide is unique to pNM1326 and does not 

derive from the pHV33 vector. When pNM1326 is used as a donor for trans-

formation into E. coli, the recipient cells demonstrate altered colonial 

and cell morphologies. The colonies have rough edges, a flat surface, 

and a granular interior. The cells are elongated to a size several 

times that of normal E. coli. Elongation of the !· coli cells is 

associated with the presence of the ~· subtilis chromosomal DNA frag-

ment that resides on pNM1326. When a pNM1326 spontaneous deletion 

derivative, pNM1326S, is used as donor DNA in transformation, all 
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recipient cells are the same length as normal E. coli cells. The 

pNM1326S plasmid has lost a major portion of the B. subtilis DNA 

fragment known to be carried by pNM1326, and loss of this fragment is 

associted with reversion of E. coli to normal cell length. Colony 

morphology is also normal for those cells that bears pNM1326S:. The 
I 

isolation of this spontaneous deletion derivative of pNM1326 suggests 

that pNM1326 itself is unstable in ~· coli. Selection against the 

elongated phenotype is evident. When pNM1326 is introduced into B. 

subtilis, however, recipient cells are of normal length when viewed under 

a phase contrast microscope. The perturbation of cell length that is 

observed when pNM1326 is present is in !· coli is not observed when the 

same plasmid resides in!· subtilis. 

The!· subtilis gene(s) on pNM1326 remains unknown at present. 

Repeated attempts to transform auxotrophic mutations of B. subtilis 

to prototrophy with the introduction of pNM1326 plasmid DNA were un-

successful. 

In summary, the cloning of B. subtilis DNA on plasmid vectors 

has been realized inthe:present investigation. Chromosomal DNA inserts 

on plasmid vehicles tend to be small upon direct cloning into B. subtilis 

recipient cells. A shotgun cloning approach must be viewed with 

caution in the B. subtilis system because chromosomal recombination 

can take place in recE4 recipient cells. The approach of cloning !· 

subtilis genes first in~· coli is a viable alternative. The laborious 

task of isolating plasmid DNA from!· coli cells is minimized by the 

alkaline extraction procedure. Plasmids that are genetically active 
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in B. subtilis are readily identified by transformation that occurs 

directly on minimal medium agar plates. Plasmid-borne chromosomal DNA 

from ~· subtilis may also be expressed in E. coli. Expression of B. 

subtilis genes may be beneficial to the E. coli host, as with pNM1055, 

or may be detrimental to the normal processes involved with cell growth 

and division, as with pNM1326. 

The use of B. subtilis in recombinant DNA technology can be looked 

upon favorably from the viewpoints of both donor and host. The current 

investigation has demonstrated that ~· subtilis DNA can be introduced 

into a distantly related organism wherein the foreign genes are 

expressed. Such a factor may be instrumental to the further under

standing of transcription, translation, post-translation modifications 

and the regulation of gene expression in prokaryotic organisms. on the 

other hand,~· subtilis maybeused as a host for cloned genes. Plasmid 

vectors can be utilized as an effective means to maintain small fragments 

of the ~· subtilis genome within the ~· subtilis host, yet free of the 

chromosome. Investigations of dominance and gene dosage effects are 

therefore possible. B. subtilis, then, is a promising alternative 

host for the propagation of cloned genes that have significant scientific, 

medical, industrial, or economic importance. 
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