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ABSTRACT 

The physiological role of the teichoic acid polymers found in 

Gram-positive bacterial cell walls is not known. Studies of Bacillus 

subtilis hybrid strains implicate a defined chromosomal region, which 

includes the tag-l locus, as necessary for teichoic acid 

biosynthesis. A set of ten mutants carrying lesions in this region 

was identified from among forty-four temperature-sensitive (ts) 

mutants generated by nitrosoguanidine mutagenesis and bacteriophage 

~29 selection. This protocol gave a population enriched for ts, 

versus auxotrophic, mutants. 

For each of the ten mutants, the frequency of genetic 

reconstruction, or correction, of the ts phenotype indicated that it 

was due to change(s) in a single gene. Results of two-factor 

transformation crosses sorted the mutants into three complementation 

groups; all ten could complement tag-I. Mutants in two 

complementation groups were transformed to ts+ with cloned rodC DNA. 

The map order of the newly isolated ts markers was determined from 

the results of two factor crosses. Orientation with respect to the 

hisA marker was inferred from transduction experiments. 

The newly isolated strains were shown to be conditional rod 

mutants. Growth at 48 DC resulted in reduced growth rates and 

spherically shaped cells. Additional phenotypes seen for some 

mutants, namely 029 phage resistance and ts spore outgrowth, appeared 

closely associated with the ts rod mutation. Wall phosphate content 

for two of the mutants, following growth at 48 DC, was found to be 
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reduced in comparison to the wild-type control. Taken together these 

results lend support to the argument that the ~ region of the 

chromosome, which most likely directs teichoic acid biosyathesis, is 

important for establishment and maintenance of the normal bacillary 

morphology seen for ~ subtilis. 

The importance of other gene products to the organization of 

newly synthesized wall was examined using ~ subtilis macrofibers. 

Left- and right-handed macrofibers were converted to spheroplasts and 

the multi-celled structures regenerated under the two sets of 

conditions conducive for production of the original, and inverse 

hand. The helix hands observed for the regenerated structures always 

corresponded to those expected on the basis of the parental genotype. 
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CHAPTER 1 

INTRODUCTION 

The observation by Christian Gram, in 1884, of the 

differential staining of bacterial species came more than a half 

century before techniques were available to begin to understand a 

basis for the reaction. Forty years later the academically and 

medicinally important discoveries of lysozyme (Fleming 1922) and 

penicillin (Fleming 1929) were reported. Both of these compounds 

proved to be valuable tools in the biochemical analysis of their 

target: the bacterial cell wall (Ghuysen 1968). Studies conducted 

in the 1940's and 1950's demonstrated chemical differences between 

walls f rom organisms staining "Gram-posi ti ve" and those appearing 

"Gram-negative". In this same time frame and with the development of 

the electron microscope, variations in surface ultrastructure were 

seen between the two classes (Costerton 1979). During the years 

since these discoveries various experiments have been directed at 

correlating the information on the biochemical nature of the cell 

wall with the observations of wall ultrastructure, understanding the 

mechanism of penicillin action, and elucidating the structure, 

synthesis and function of the bacterial cell surface. This organelle 

has continued to be a subject of scientific interest and periodic 

reviews and monographs (Salton 1964; Lieve 1973; Tipper and Wright 

1979; Rogers, Perkins and Ward 1980). 
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The Bacterial Cell Surface 

In Gram-positive bacteria the majority of the weight of the 

wall can be attributed to peptidoglycan and one or more anionic 

polymers. Originally called mucopeptide (Perkins and Rogers 1959), 

peptidoglycan is unique to and ubiquitous in bacteria. The backbone 

of this macromolecule is a polymer of N-acetylglucosamine-(BI-4)-N

acetylmuramic acid. Short peptide chains of alternating L- and D

amino acids, covalently attached to the C3 residue of the latter 

sugar, serve to bridge adjacent glycan molecules. Each glycan strand 

is on the order of 80 to 150 disaccharide units long and cross

linkage of these results in a three-dimensional network, 

approximately forty layers thick, surrounding the cell. In 

consideration of the chemical and macromolecular nature of this 

structure, it has been referred to as the murein sacculus (Weidel and 

Pelzer 1964). 

When visualized in the electron microscope the surface of 

Gram-positive cells appears tripartite; two thin electron dense bands 

border a thick, homogeneously staining region. Attempts to find a 

biochemical basis of the banded appearance have proven unsuccessful. 

While it has been argued that the appearance of different layers is 

an artifact introduced in preparing the cells for microscopy (Glauert 

and Thornley 1969), there is also evidence that it reflects 

differences in the packing or in the organization of the surface 

polymers (Millward and Reavely 1974; Tsien, Shockman and Higgins 

1978). The anionic polymers are covalently attached to the 
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peptidoglycan backbone and studies of the syn~hesis of Gram-positive 

walls suggest that the two polymers are codistributed throughout the 

cell surface (Pooley 1976; Anderson et a1. 1978). 

Both peptidoglycan and the anionic polymers are synthesized 

in a three step process generalized as follows. First, the building 

blocks are assembled in the cytoplasm. Secondly, intermediate 

structures are built on lipid carriers associated with the plasma 

membrane. Finally, polymerization takes place at the external face 

of the plasma membrane, following translocation of the building 

blocks or intermediate structures, across the lipid bilayer. 

An additional reaction, occurring post-synthesis, concerns 

the wall polymers of both Gram-positive and Gram-negative organisms. 

Acid hydrolases produced by the bacterial cell recognize and cut the 

peptidoglycan molecule (Ghuysen, Tipper and Strominger 1966; Brown 

1977). This reaction is presumed necessary for expansion (growth) of 

the murein sacculus, allowing for insertion of newly synthesized 

material (Goodell 1983). The action of these enzymes may also allow 

the cell to reuse wall polymer (Grant 1979; Goodell and Higgins 

1987). 

Two properties of Gram-positive cell walls, autolysis and 

turnover, are attributed to acid hydrolases. Autolysis, or breakdown 

of the cells, occurs when cultures of these organisms are left under 

conditions nonconducive for growth. Turnover is the growth-

associated loss of wall material, presumably from the outer wall 

layer (Mauck and Glaser 1970; Pooley 1976). Both a glucosaminidase, 
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which cuts the peptidoglycan backbone, and an amidase, which cleaves 

the peptide linkage, have been found in Bacillus subtilis strains 

(Brown, Fraser and Young 1970; Brown 1977). An enzyme which cleaves 

the anionic polymer has also been purified (Wise et ale 1972; Kusser 

and Fiedler 1983). Presumably this teichoicase allows the cell to 

recycle phosphate when conditions of phosphate limitation are imposed 

(Grant 1979). 

A major function of the bacterial cell wall, by location, 

involves mediating the interaction of the organism and its 

environment. In this way it acts as a kind of molecular sieve, 

collecting and concentrating essential metabolites and protecting the 

cell against harmful agents. To a large extent, the quantitative 

difference in protein content between Gram-positive and Gram-negative 

walls can be attributed to the presence of porins in the latter 

(Osborn and Wu 1980). These proteins form channels which allow 

hydrophilic molecules to cross the outer lipid membrane. This 

function is presumably not necessary in Gram-positive organisms which 

lack an outer membrane and for which an exclusion size limit of 105 

daltons has been estimated (Scherrer and Gerhardt 1971). 

Another function assigned to the cell surface is that of shape 

maintenance. The cross-linked peptidoglycan network is thought to 

limit the swelling and thus prevent the lysis which would otherwise 

occur as the result of the uptake and concentration of solutes into 

the cell. The shape of a growing bacterium, without the constraint 

imposed by the murein layer presumably would be that seen when the 
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wall is removed from cells, in a hypertonic envi.ronment, Le., a 

sohere. However, with this geometry, the surface area ~o volume 

ratio eventually becomes critical to the process of nutrient uptake 

necessary for continued growth. It is of importance to the bacterial 

cell to be able to maintaj.n, from generl'ltion to generation, a shape 

w~ich maximizes nutrient uptake while mi.nimizing biosynthetic cost. 

It would seem that maintenance of shape as mediated hy the cell wall 

ful fills this requirement. The relative roles of oentidogl ycan and 

anionic polymers 1n this process remain to he more clearly 

established, although the importance of both surface components is 

implied, from several different experiments. 

In one approach, the electroohoretic mobility of Staphylococcus 

aureus (James and Brewer 1968) and Bacillus sllbtili.s (Neihof and 

Nichols 1968) cells was determined as a function of oH. The olots 

which were obtai.ned demonstrated a sharp oeak in mobility between pH 

4 and 5: the peak was not seen for cells from which anionic polymer 

had been removecl. This bE'havior was interpreted as indicative of 

changes in the configuration of the negatively charged oolymer, as a 

func~ion of pH. 

Changes in peptidoglycan configuration are impliecl from 

studies of ~ subtilis mutants defective in cell separation. The 

organi.zati.on o~ the multi celled structures (macrofibers) made by 

these mutan~s are thought to reflect the molp.cular organization of 

the cell surface (Mendelson ]978: Mendelson et al. 1984). Macrofibp.r 

structure was found to be sensiti.ve to changes in temperature, ions, 
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and growth media; was not seen after growth with a sub-lethal amount 

of penicillin; and could be altered by changes in pH, or by the 

addition of lysozyme (Mendelson et al. 1985; Favre et al. 1986; 

Mendelson and Favre 1987). The results from all of these experiments 

were taken as evidence of changes in peptidoglycan configuration. 

Presumably such changes can lead to alterations in cell surface 

structure and thus potentially influence cell shape. 

The grouping of bacteria into the Kingdom Procaryotae was 

based on differences seen in cellular structures and the organization 

and compartmentalization of these (Murray 1974). Bacterial cells do 

not contain a golgi apparatus; alternatively, ribosomes are found 

associated with the plasma membrane. The bacterial chromosome is a 

single, covalently closed molecule, which is not bounded by a nuclear 

membrane. Neither histone proteins nor cytoskeletal structures have 

been found in these organisms. Differences in ribosome structure are 

also seen between procaryotes and eucaryotes. 

In light of the absence of a mitotic apparatus Jacob, Brenner 

and Cuzin (1963) proposed that the cell wall might playa role in 

chromosome segregation in bacteria. This suggestion has been tested 

in various ways. Evidence for attachment of the bacterial chromosome 

to the cell membrane is now quite strong (Winston and Suoka 1982) and 

different studies have demonstrated co-segregation of DNA and cell 

wall units (Schlaeppi, Pooley and Karamata 1982; Schlaeppi, Schaeffer 

and Karamata 1985). More recently the idea that the cell wall acts 
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as a bacterial clock in the division cycle has been put forward 

(Mendelson 1984). 

Other properties of bacterial surface components involve, or 

are important to, interactions with bacteriophage, genetic exchange, 

immunogenicity and colonization of and competiveness in natural 

habitats. To a large extent these interactions involve surface 

components showing species variations: lipopolysaccharides in Gram-

negative bacteria, anionic polymers in Gram-positive organisms, and 

wall proteins, capsules, flagella, fimbriae (Hammond et al. 1984) and 

proteinaceous surface layers (Sleyter and Messner 1983) in both. 

Anionic Polymers in Gram-Positive Bacteria 

Descriptions of anionic polymers which had been extracted 

from Gram-positive cells were first given by Armstrong, Baddiley, and 

co-workers (1958). Their discovery was the result of a search for 

the biological significance of the CDP-ribitol and CDP-glycerol 

isolated from Lactobacillus arabinosus (Baddiley et a1. 1956). Walls 

prepared from ~ arabinosus, ~ subtilis and ~ aureus were all found 

to contain a polymer held covalently in the wall and consisting of 

ribitol residues linked by 1,5-phosphodiester bonds. The polymer 

represented 40 to 60% of the wall by weight and was substituted with 

alanine and glucose residues. A glycerophosphate containing polymer 

was isolated from all three organisms following extraction and 

analysis of whole cells. The properties of this latter polymer 

suggested that it was partially hydrophobic. The researchers 

proposed that the nucleotide alcohols were precursors of both of 
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these macromolecules and suggested that they be called "teichoic" 

(from the Greek "wall") acids. 

Types and Structure 

In the 30 years since this first report, virtually all Gram-

positive organisms examined have been found to contain one or more 

anionic wall polymers. The structure, biosynthesis and function of 

these have been reviewed (Baddiley 1970, Archibald 1974, Rogers et 

a1. 1980, Ward 1981). In addition, all contain the "intracellular" 

glycerophosphate compound, lipoteichoic acid (LTA) (Lambert, Hancock 

and Baddiley 1977). This polymer is associated with the plasma 

membrane, covalently attached to a diglyceride molecule. Both the 

presence and structure of LTA is relatively invariant from one Gram-

positive species to another. The only differences seen are slight, 

involving the D-alanine and glucose substitution at C2 of the 

glyce rol molecule. 

In contrast, much variation is seen in the wall anionic 

polymers (Archibald and Baddiley 1966; Ward 1981). Two types of 

these have been found. Teichoic acids are described as "all wall and 

membrane polymers that possess phosphodiester groups, polyol and/or 

sugar residues and usually but not always D-alanine ester residues" 

(Baddiley 1970). The second type of polymer, teichuronic acids, do 

not contain phosphate but owe their negative charge to the carboxyl 

moieties of mannosaminuronic or glucuronic acid. These polymers are 

constitutively synthesized in certain species such as Bacillus 

lichenformis (Janczura et al. 1961) and are induced in others by 
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conditions of phosphate limitation, replacing teichoic acid (Ellwood 

and Tempest 1972). A given species may contain several different 

anionic polymers. Only poly(ribitol phosphate) has been found in ~ 

subtilis W23 while strain 168 contains predominately poly(1,3-

glycerol phosphate) along with a minor amount of glucosyl-N-acetyl 

galactosamine teichoic acid (Shi baev et ale 1973). 

Although much chemical diversity is seen for the 'main chain' 

wall teichoic acid, a common structure, or linkage group, is used for 

attachment to peptidoglycan (Coley et ale 1978). This was first 

suggested as an explanation for the small amounts of glycerol 

detected in teichoic acid preparations from strains having what had 

appeared to be exclusively ribitol or sugar-1-phosphate wall 

polymers. More recently, small amounts of mannosamine were found in 

wall preparations from several Gram-positive organisms (Yoneyama et 

a!. 1982, Kaya et a!. 1984). These researchers have determined that 

the structure of the linkage unit in a variety of different species, 

including ~ subtilis is (glycerol)2_3:N-acetyl-mannosaminyl-B(1,4)

N-acetyl-glucosamine. Carbon 1 of the glucosamine and terminal 

glycerol residues are used for attachment of the linkage group to 

peptidoglycan and the 'main chain' teichoic acid, respectively. 

Synthesis 

The suggestion that the original molecules of interest, CDP

ribitol and CDP-glycerol, are the biosynthetic precursors of the 

teichoic acid polymers was found to be correct. This conclusion was 

reached when membrane preparations incubated with the radiolabeled 
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nucleotide-alcohol precursors were shown to synthesize polymers 

identical to the teichoic acid obtained from the bacterial cell walls 

(Burger and Glaser 1964; Glaser 1964). 

As mentioned previously, synthesis of the teichoic acid 

polymer begins in the cytoplasm. The appropriate alcohol- and sugar

phosphates are synthesized and covalently attached to CDP and UDP, 

respectively, in reactions catalyzed by pyrophosphorylases (Shaw 

1962). The membrane stage of teichoic acid synthesis begins with 

construction of the linkage unit on the lipid carrier, polyisoprenyl 

phosphate (Bracha and Glaser 1976; Ward 1981). This carrier is also 

used in construction of peptidoglycan and thus may play a key role in 

the regulation of wall synthesis (Watkinson et al. 1971; Anderson et 

a1. 1972). Synthesis of the linkage unit occurs by sequential 

addition of N-acetylglucosamine, N-acetylmannosamine and 2 or 3 

glycerol residues, from their nucleotide precursors, to the lipid 

intermediate. The main chain teichoic acid is then constructed by 

addition of 35 to 40 alcohol- or sugar-I-phosphates. For the final 

stage of synthesis, the completed polymer is linked to carbon 6 of 

the muramic acid residue of a peptidoglycan chain (Liu and Gotslich 

1967). 

Results from several studies suggest a coordination between 

peptidoglycan and teichoic acid synthesis. One investigation (Mauck 

and Glaser 1972) took advantage of the change from synthesis of 

teichoic to teichuronic acid, as the result of phosphate limitation. 

Cells were grown under conditions of limiting phosphate, in the 
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presence of 3H-glucosamine, then transferr.ed to media containing 

phosphate and 14c-glucosamine. Newly synthesized teichoic acid 

polymer was found associated with 14C-Iabeled peptidoglycan, 

suggesting concomitant synthesis of these two polymers. 

In another experiment, synthesis of peptidoglycan and 

teichoic acid, in cells grown in the presence of penicillin, was 

examined (Fischer and Tomasz 1985). This antibiotic inhibits the 

peptidoglycan cross-linking reaction (Tipper and Strominger 1965; 

Blumberg and Strominger 1974). The concentration of pencillin used 

by Fischer and Tomasz allowed some cross-bridges to be made. 

However, incorporation of teichoic acid polymer into this relatively 

uncross-linked murein was infrequent. The authors concluded that the 

enzymatic attachment of teichoic acid to peptidoglycan may only occur 

at wall sites having a high concentration of peptidoglycan cross-

linkage. 

Properties and Function 

With the elucidation of the structure of teichoic acid came 

an appreciation of the polyelectrolyte nature of this macromolecule 

and the suggestion that it may play an important role in cation 

assimilation (Archibald et a1. 1961). One cation important to the 

bacterial cell is the magnesium ion which is required for many of the 

reactions occurring at the plasma membrane, the integrity of this 

membrane and the association of ribosomes with the lipid bilayer. 

Removal of teichoic acid was shown to greatly reduce the amount of 

wall bound magnesium and thus the amount of this cation available at 
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the plasma membrane (Heptinstall et al. 1970). Removal of only the 

ester bound D-alanine residues enhanced the binding of the cation. A 

model was suggested whereby the phosphate and D-alanine groups 

mediate the movement of Mg2+ through the wall to the plasma membrane. 

In another study the influence of teichoic acid on the 

biosynthetic capacity of cell free membrane preparations was examined 

(Hughes et al 1973). The polymer appeared to act as a cation buffer; 

when it was present, synthetic reactions occurring at the membrane 

were less sensitive to changes in magnesium concentration of the 

media. In vivo, changes in the anionic polymers under phosphate and 

magnesium limiting growth conditions also support the role of 

teichoic acid in cation assimilation. The replacement of teichoic by 

teichuronic acid, under conditions of phosphate limitation, does not 

occur if magnesium is simultaneously limited (Ellwood and Tempest 

1972). The teichuronic acid polymer does not chelate Mg2+ as well as 

its phosphate containing counterpart. 

A series of experiments with Streptococcus pneumoniae suggest 

a role for teichoic acid as a ligand for wall-bound autolytic enzyme 

(Holtje and Tomasz 1975; Guidicelli and Tomasz 1984; Garcia-Bustos 

and Tomasz 1986). The anionic polymer found in the cell wall of this 

bacterium carries choline residues. Replacement of the choline with 

ethanolamine renders the cells resistant to autolysis due to the fact 

that the autolysin is no longer held in the cell wall. 

Alterations of the teichoic acid polymer also lead to changes 

in activity of the autolytic enzyme found in Streptococcus zymogens 
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(Davie and Brock 1966). It was shown that the walls of this organism 

serve as substrate to the enzyme only when D-alanine residues are 

removed from the teichoic acid polymer. 

Mutants and Genetics 

Some properties and possible functions of the anionic 

polymers have been shown or implicated from studies of mutants. The 

importance of teichoic acid for bacteriophage adsorption in ~ 

subtilis was first demonstrated by Glaser (1966). B. subtilis 

strains W23 and 168 are differentially infected by several phages, 

including PBSX and PBSZ (called mu and pi, respectively, by Glaser). 

Teichoic acid prepared by partial lysozyme digestion of W23 walls 

blocked PBSZ infection of 168. Infection was not prevented using 

polymer isolated by acid hydrolysis of W23 walls. This latter method 

separates teichoic acid from peptidoglycan, by cleavage within the 

linkage unit. In contrast, lysozyme cleaves the glycan backbone, 

maintaining the teichoic acid:peptidoglycan association. PBSX 

resistant mutants of W23 were found to have chemically altered 

teichoic acid. Walls from the 13 mutants isolated had more teichoic 

acid than the parent strain, but the polymer lacked glucose residues. 

Phage resistant mutants of B. subtilis strain 168 have also 

been isolated and studied (Reilly and Spizizen 1965; Young 1967). 

These mutants are resistant to several bacteriophages including 029, 

025, SP02 and SP10. The mutants were designated ~ (glucosylated 

teichoic acid) mutants when it was found that the teichoic acid 

polymer from these cells is not glucosylated. Class gtaA and ~ 
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mutants are deficient in the enzymes UDP-glucose polyglyceroJ 

glucosyl transferase and phosphoglucomutase, respectively. The 

latter enzyme is required in order to make glucose-I-phosphate, 

precursor to UDP-glucose, which is then used by the former enzyme to 

glucosylate teichoic acid. No enzymatic defect could be found for 

the gtaB class of mutants, but walls prepared from these did have 

less galactosamine than was seen for strain 168. In this study the 

importance of the native teichoic acid configuration was once again 

implicated. Isolated teichoic acid polymer could not block 

adsorption of the phage being used. 

Genetic analysis in B. subtilis uses the techniques of 

transformation, originally reported by Spizizen (1958) and 

transduction, discovered independantly by Thorne (1961) and Takahashi 

(1963). The ,frequently used, generalized transducing phage, PBSl, 

carries large pieces of host DNA, with a molecular weight of 2 X 108 

daltons, or 5 to 6% of the Bacillus chromosome (Dubnau and 

Goldthwaite 1967). For this reason it is the method of choice in 

determining the relative position of new markers on the ~ subtilis 

chromosome. Finer mapping is done by transformation in which 

recipient cells have been made receptive, or competent for the uptake 

of exogenous DNA. In comparison to the size of PBS I-transducing DNA, 

the size of the DNA molecule incorporated in transformation is much 

smaller, estimated at 10 to 30 Kbp (Henner and Hoch 1980; Dubnau 

1982), less than 1% the size of the genome. 
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PBS I-mediated transductions were used for genetic analysis of 

the ~ markers (Young et a!. 1969). Cotransduction frequencies of 

44 and 47% were seen for hisA and the gtaA and gtaB markers, 

respectively. The gtaC marker was shown to be linked to the argC 

locus, with cotransduction of the two markers seen in 9% of the 

recombinants. 

Following the studies of the ~ strains a different kind of 

B. subtilis mutant was reported (Boylan and Mendelson, 1969). 

Isolated following nitrosoguanidine treatment of strain 168, the 

cellular morphology of the mutant was altered by incubation 

temperature, being rod shaped upon growth at 30°C but spherical after 

growth at 45°C. Incomplete separation of daughter cells and 

irregular orientation of the septal wall, at the higher temperature, 

resulted in the production of "grape-like clusters" of cells. At 

30 C the rod-shaped cells also tended to be separation-deficient as 

chains were frequently seen. 

Examination of the mutants by electron microscopy revealed 

gross differences in wall ultrastructure between cells grown at the 

permissive and restrictive temperatures (Cole et a!. 1970). Cells 

grown at 45°C had greatly thickened, homogeneously staining walls. 

The tripartite appearance described above and seen in walls from 

cells of the mutant grown at 30°C had disappeared. If the mutant was 

grown first at 30°C and then 45°C the first change seen was a loss of 

width control; the cells appeared to swell and to round out. With 
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longer incubation, the electron dense outer layer was lost, the walls 

thickened and aberrations in cross walls became apparent. 

Subsequent chemical analysis suggested that the defect in the 

temperature-sensitive (ts) rod mutant was related to teichoic acid 

production (Boylan et al. 1972). A strain carrying the ts mutation 

was grown for 5 hours at 3D· C or 45·C and walls then isolated for 

chemical analysis. The wall phosphate content from cells grown at 

45·C was found to be less than 9% of that seen after growth at 30 ·C. 

The content (of any particular wall component) is measured as the 

molar concentration of that component found in a given weight of 

wall. If one of the wall constituents is lost, or its content 

reduced, then one would expect the difference in wall weight to be 

seen as an apparent increase in the remaining constituents. Such an 

increase in peptidoglycan content was observed for the ts mutant 

following incubation at 45·C. 

Cells grown at 45·C were checked for activity of the teichoic 

acid biosynthetic enzymesi COP-glycerol phosphoglycerol transferase, 

and COP-glycerol pyrophosphorylase. Membrane preparations from cells 

grown at ei ther 3D· C or 45·C were able to polymerize the glycerol 

polymer from radiolabeled COP-glycerol. Soluble cell extracts were 

able to synthesize the COP-glycerol precursor from COP and glycerol. 

These experiments were done before knowledge of the linkage unit, 

however, so that enzymes necessary for its synthesis were not 

examined. 
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Genetic experiments demonstrated linkage of the ts lesion to 

hisA. A strain carrying the hisA marker was transduced using PBS1 

prepared on the ts strain. Approximately 40% of the his+ 

transductants had also become ts. In a transduction with recipients 

carrying the ts and hisA markers, and a gtaA mutant as the donor, 

exchange between the ts and gtaA markers was seen least frequently. 

Such recombinants were his+ gtaA and ts. The remaining his+ 

transductants were either gtaA ts+ or gtaA+ ts. When DNA extracted 

from strains carrying the gtaA or gtaB marker was used to transform 

the ts mutant to temperature independance, 50 and 10% of the 

recombinants, respectively, had also acquired the phage pattern of 

the donor. 

From the results of the biochemical and genetic studies, the 

researchers concluded that the ts phenotype was the result of a 

change in a gene necessary for synthesis of teichoic acid polymer. 

The lesion was designated tag-1 (teichoic acid glycerol) and a map 

order: hisA gtaB gtaA tag-1 suggested. 

Further studies with the tag-1 mutant indicated that the ts 

phenotype was influenced by genetic background (Reeve and Mendelson 

1972). In the original background, as well as one other, growth of 

the strains on solid media at 4SOC was not observed. Expression of 

the ts marker in three other backgrounds resulted in the growth of 

small colonies on plates at this temperature. The other phenotypic 

properties were retained in all of the backgrounds. These include 

the change from rod to spherical morphology, thickening of the cell 
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wall, separation deficiency of daughter cells, aberrations in cross

wall formation and loss of the electron dense wall layers, following 

g row t hat 45°C. 

In another study, an attempt was made to measure the rate of 

peptidoglycan and teichoic acid biosynthesis, in the tag-1 mutant, as 

compared to the rate of protein synthesis (Rogers et al. 1974). 

Incorporation of radionuclides into the cell wall polymers and into 

protein was measured using 14C-N-acetylglucosamine, 14C-D-alanine and 

3H-leucine. An increase in the relative amount of peptidoglycan was 

seen immediately following a temperature upshift and continuing until 

a maximum of approximately 6 times that found in a 30°C culture. 

Only a very small increase was seen for the wild-type strain. It was 

argued that the change in wall teichoic acid (phosphate) content 

reported for tag-l could be accounted for by this change in the rate 

of peptidoglycan synthesis. That is, teichoic acid synthesis 

continued but the polymer was effectively diluted out as a result of 

derepression of murein synthesis. 

The isolation of conditionally coccoid B. subtilis mutants 

was described in another report (Rogers, McConnell and Burdett 1968). 

These researchers hoped to isolate mutants defective in peptidoglycan 

synthesis, using an approach which had worked with ~ coli 

(Mangiarotti et a1. 1966). A D-alanine requiring strain of E. coli 

had been found by screening for mutants viable only on high sucrose 

media. For isolation of B. subtilis mutants, Rogers and co-workers 

plated nitrosoguanidine-treated 168 cells onto media containing 0.8 M 
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Colonies unable to grow, or growing poorly without the 

additional NaCl were subsequently identified. (Sodium chloride was 

used since initial attempts with sucrose had resulted in the 

isolation of intractable mutants.) 

For these mutants the wild-type rod morphology was seen only 

in the presence of a minimum salt concentration of 0.8 M. A 

conversion to spherical morphology occurred at lower salt levels. 

Cells grown on low salt media were sensitive to degradation by 

lysozyme and growth on this media was inhibited by penicillin. These 

results were taken as evidence that peptidoglycan was synthesized and 

present in the cells grown on the restricti ve media. When viewed 

under the electron microscope, the cellular ultrastructure seen in 

the coccoid cells was reminiscent of that observed for tag-I. 

A subsequent report divided the mutants into two classes 

(Rogers, McConnell and Burdett 1970), one consisting of nine salt 

correctable mutants and the second containing four mutants whose 

morphology was not salt-correctable. All thirteen mutants grew 

poorly at 45°C, with or without additional NaCl, as compared to the 

wild type strain. Walls prepared from two of the salt-correctable 

mutants, rod-4 and rod-S, and the wild-type parent, grown wi th and 

without 0.8 M NaCl, were analyzed biochemically. Some differences 

were seen in the molar proportions of peptidoglyan and teichoic acid 

constituents, under the two conditions, but tended to be small. The 

only difference seen between growth of the strains with or without 

added NaCl was in the degree of cross-linking in the wall and in 
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autolyis. Growth on NaCl supplemented media rendered both the mutant 

and the wild-type strain resistant to autolysis. The cells could be 

digested, however, with exogenously supplied autolysin. The walls of 

all the strains, grown under conditions of high salt, appeared to 

have fewer cross-links than was seen after growth without additional 

NaCl. 

Genetically, the members of the salt-correctable rod mutants 

formed two linkage groups (Karamata, McConnell and Rogers 1972). 

Five of the nine mutants formed a linkage group near the pheA locus 

as demonstrated in the following manner. One member of the group, 

rod-4, was used in a transduction in which 85% of the recombinants at 

the pheA locus also showed exchange of the ts marker. (The ts 

phenotype of these mutants was used as an indicator of the rod-

phenotype). This member was then used in transformations with the 

remaining mutants in the group. In every case ts+ transformants were 

found, but at a frequency much reduced with respect to that seen in a 

transformation with the wild-type strain. Thus, it was concluded 

that these mutants formed a linkage group and they were designated 

rodB mutants. RodA was reserved for the ~ mutant isolated by 

Boylan and Mendelson. 

In PBS1-mediated transductions linkage of the ts marker to 

hisA and ~ was demonstrated for the second group of 4 mutants. 

The cotransfer index of the ts and hisA markers ranged from 0.12 to 

0.18. Members of this group were designated rodC mutants and from 

the results obtained a map order of cysB hisA rodC was implied. One 
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member of this group was used to transform a strain carrying the tag-

1 lesion to temperature independance. The cellular morphology of the 

ts+ recombinants, after growth at 45°C, was then checked. Since only 

rod shaped cells were seen in the 102 colonies examined, it was 

concluded that rodC and ~ (rodA) were not closely linked. It 

should be noted that the wall analysis described previously did not 

include a rodC mutant. 

In another report, additional wall defective mutants were 

described (Shiflett et a1. 1977). The mutants were isolated by 

nitrosoguanidine mutagenesis of ~ subtilis strain 168 and 

identification of conditionally viable mutants. These grew at high 

temperature only in the presence of 1 M NaCl. Two mutants were 

obtained as well as f our 'revertants' of these, which formed small 

colonies on solid media at 45°C. Upon chemical analysis, a reduction 

in wall phosphate content after growth at 45°C was seen for all 6 

strains as compared to the wild-type parent. Murein content was not 

determined. The efficiency with which a number of bacteriophages 

adsorbed to the mutant, but not wild-type cells was found to decrease 

following growth at 45°C. 

Scanning electron micrographs were taken to follow the 

morphological transition which occurred when the incubation 

temperature or liquid cultures of the mutants was increased from 30°C 

to 45°C. Regions of increased cell diameter were first observed and 

eventually the cells appeared uniformly rounded. Incomplete 

separation of daughter cells was seen and this ultimately resulted in 
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the formation of a mass of distorted cells, again reminiscent of the 

"grape-like clusters" described for tag-i. 

Genetically, the ts markers in the original isolates were 

shown to be linked to hisA, by PBS1-mediated transductions. 

Cotransduction of the two markers occurred at a lower frequency (6 

and 14%) than had been seen for the tag-l, or rode mutants. The 

transductions were conducted with the recipient strain carrying a 

gtaA, as well as hisA, marker. The map order, hisA gtaA~, was 

implicated based on the numbers seen for the different classes of 

recombinants. Experiments to determine linkage of the ts markers in 

the two isolates were not included in the analysis. In light of 

their resemblance to tag-l, the mutants were designated tag-2 and 

tag-3. In spite of choosing this nomenclature, the authors conclude 

on the note, "it is probable that strains such as the ones described 

in this paper are not deficient in teichoic acid biosynthesis but 

have an excess of peptidoglycan", referencing the experiments of 

Rogers et a1. (1974). 

A relationship between cell shape and presence of anionic 

polymer has also been shown with B. lichenformis phosphoglucomutase-

def icient mutants. This enzyme is required for synthesis of 

teichuronic acid. If the mutants are grown in phosphate limited 

media the wall anionic polymer cannot be made; in this case spherical 

cells develop (Forsberg et a!. 1973). 
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Bacterial Cell Shape 

The problem with drawing conclusions from changes in wall 

chemistry which are correlated with changes in bacterial cell shape 

is one of determining first cause. To a large extent the uncertainty 

can be attributed to the complexity of the issue of cell shape. 

Discussion of this topic should include several considerations 

(Henning 1975; Rogers 1979). First, a distinction need be made 

between processes or factors operating for the development of cell 

shape, that is, involving shape determination, versus factors or 

components important for retention of that morphology. The latter 

involve shape maintenance. A second consideration concerns the 

necessity for a clear statement of the question under examination. 

One shape question deals with the faithful replication of cellular 

morphology from parent to progeny cells, another involves shape 

changes as a response to changes in the environment, and finally the 

question of shape morphogenesis as cells revert from a wall-less 

state can be probed. Care must be taken in extrapolating answers 

between these different kinds of questions, unless such extrapolation 

is justified. 

It is generally assumed that a complete understanding of how 

the bacterial cell surface is synthesized, organized and reorganized 

will answer many, if not all questions concerning cell shape 

determination in the replicative sense. To arrive at such an 

understanding is a formidable challenge. Not only must all of the 

biosynthetic reactions be elucidated, but also understood with 
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respect to time and place of occurrence. Physical properties of the 

molecules involved may play crucial roles which cannot be appreciated 

until a better understanding of these biophysical elements is 

reached. In the final analysis the question will be: how do the 

ultimate biological determinants, genetics and environment, result in 

the construction of the bacterial cell envelope such that a given 

morphology arises and is maintained from generation to generation. 

B. subtilis Teichoic Acid Hybrids 

In the face of the argument that the ~ mutations result in 

a derepression of peptidoglycan synthesis, rather than the depression 

of teichoic acid synthesis, and in spite of the difficulty in 

determining causality of changes in shape, more recent reports 

support the original argument that the tag-l gene product is involved 

in teichoic acid production (Monod, Pooley and Karamata 1983; 

Karamata, Pooley and Monod 1987). These experiments involved the 

correction of the tag-l phenotype, by transformation. A strain 

carrying the tag-l marker, i.e. a derivative of strain 168, was used 

as the recipient, with B. subtilis W23 as the donor and selection or 

screening for ts+ recombinants. Such recombinants were found, albeit 

at a low frequency. 

Initially, the S9 ts+ recombinants obtained were screened for 

sensitivity to bacteriophage PBSZ and PBSX which use, respectively, 

glycerol teichoic acid (found in 168) and ribitol teichoic acid 

(found in W23) for adsorption. Sensitivity to infection by phage 

~2S was also examined. This latter phage can infect strain 168, 
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but not strain W23. None of the transformants retained the phage 

pattern of the tag-1 parent. The majority were sensitive to both 

PBS X and PBSZ, while some were sensitive to ~25 as well. 

Transformants having the former phage pattern are referred to as 

"W23-like" hybrids while those sensitive to 025 are called "mixed 

hybrids". 

Walls isolated from two mixed hybrids and two W23-like 

hybrids were analyzed biochemically. In every case ribitol and a 

reduced amount of glycerol were found. Mixed hybrids had a cell wall 

content of galactosamine similiar to that seen for 168, suggesting 

that the minor, galactosamine-containing polymer was still present. 

Walls from W23-like hybrids had galactosamine in quantities simi liar 

to that seen for strain W23. 

Using the phage-sensitive phenotypes of the hybrids as 

genetic markers, linkage of these to hisA was shown, by PBSt-mediated 

transductions. Transformation experiments were used to further 

delineate the extent of the region exchanged. DNA extracted from the 

hybrid strains was used to correct gtaA and gtaB lesions in strains 

carrying these markers. Recombinants with a 168 (tag-i)-like phage 

resistance were not seen for the gtaA recipient. When a gtaB strain 

was used the tag-1-like phage pattern was seen frequently using a 

mixed hybrid strain as the donor, and less often with a W23-like 

donor. The researchers concluded that the region transferred in the 

hybrids extends at least beyond the gtaA locus. In some W23-like 
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recombinants, the exchange appeared to include the ~ marker as 

well. 

The correction of the tag-l ts phenotype, simultaneous with a 

change from poly(glycerol phusphate) to poly(ribitol phosphate) 

teichoic acid lends strong support to the original hypothesis that 

the genetic information necessary for production of anionic polymer 

is encoded in the tag-l region of the ~ subtilis chromosome. Stated 

another way, the results from the hybrid study predict that a number 

of genes, in addition to the tag-l gene and pertinent to synthesis of 

the teichoic acid polymer, are located in this region. What 

relationship the rode, tag-2, and tag-3 genes have to the ~ 

genetic site, if any, remains to be seen. 

Rationale and Scope of This Investigation 

One goal of this investigation was to isolate and 

characterize additional teichoic acid mutants, specifically those 

unable to synthesize the backbone polymer. If the genetic 

information necessary for production of anionic polymer is encoded in 

the tag-l region of the ~ subtilis chromosome, it should be possible 

to use this knowledge to isolate the desired mutants. Without a 

clear understanding of teichoic acid function and conversely, the 

phenotype of cells lacking this polymer, a means of selecting for 

such cells was not obvious. As an alternative to direct selection 

for such mutants a plan of localized selection for the desired 

mutations was implemented in this investigation. 



40 

Two observations and two assumptions were used as the basis 

of the plan: i) selection for resistance to certain bacteriophage, 

such as ~29, results in the isolation of ~ subtilis 168 mutants 

carrying lesions linked to the tag-l chromosomal region (Young 1967, 

Paschoud 1983); ii) use of nitrosoguanidine (NTG) as a mutagen 

results in the introduction of multiple, linked mutations (Gueroloa 

et al. 1971); iii) the desired mutations will be in the tag-l 

chromosomal region and iv) the anionic polymer plays an essential 

role and cells lacking this wall component can only be isolated as 

conditional mutants. 

The assumption that the anionic polymer plays an essential 

role was founded on a number of observations. Because these polymers 

are found in almost all Gram-positive cells and constitute a 

significant portion of the cell wall, it can be argued that they must 

have an important role in order to justify their biosynthetic cost to 

the cell. This argument is supported by the fact that attempts to 

isolate cells unconditionally lacking the polymer, for example by 

resistance to phage, have not been successful (Young 1967, Paschoud 

1983). In cases where the wall teichoic acid content is reduced, 

Le. for ~ mutants in restrictive conditions, the growth rate of 

tne cells is also greatly reduced. In the competitive environment of 

a bacterial culture (also containing cells wild-type for growth), 

such a reduction in growth rate is, de facto, a lethal trait. 

In the protocol which was followed, NTG was used as the 

mutagen. The treated culture was diluted and incubated overnight at 
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room temperature to allow for expression of any mutations before 

incubation with 1J29 phage. Mutants ts for growth were identified 

from among the survivors. The rationale was that among the phage 

selected cells some would carry mutations in the gtaB or gtaA loci. 

Among these, a proportion would also have the desired lesions, Le. 

in the nearby teichoic acid genes, resulting in a conditional change 

in growth rate. 

This plan was carried out and a set of mutants temperature-

sensitive for growth isolated. The B. subtilis strain chosen to be 

used in the mutagenesis carried the hisA marker. PBS1-mediated 

transductions were used to define a subset of the mutants, in which 

the ts and hisA markers are cotransducible. The subset was 

delineated further on the basis of linkage of the ts lesions to tag-

1, as demonstrated by transformation. Respectively]2 and 10 mutants 

were found in the two subsets. 

For the 10 isolates carrying ts markers linked to the ~ 

locus, an attempt was made to quantify the number of genes which had 

been targeted. This was done by complementation studies which also 

included the tag-1 and rodC mutants. During the course of the 

investigation another group reported the cloning of the rodC gene 

(Honeyman and Stewart 1985). Plasmids carrying the cloned sequences 

were obtained and used to help define linkage groups. A genetic map 

of the groups was then constructed based on two factor transformation 

crosses. 
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Additional experiments were aimed at characterizing the 

mutants phenotypically. Growth rate and cellular morphology in 

liquid culture at the permissive and nonpermissive temperatures were 

examined. Germination of the strains, from spores, at the two 

temperatures was also explored, as well as sensitivity to 029 phage 

infection. In these experiments, an isogenic set of the strains was 

used. The set included strains carrying the tag-1 and rode markers 

and the 12 ts mutants isolated here. The properties of all of the 

strains were then compared to those seen for the wild-type strain 

used in construction of the isogenic set. Wall phosphate content was 

determined for some of the mutants, after growth at the restrictive 

temperature. 

A second goal of the research was to examine the importance 

of several variables on the organization of newly synthesized cell 

wall. Specifically, to examine the importance of genetics and 

environment, as monitored using ~ subtilis macrofibers regenerated 

from spheroplasts. Factors influencing macrofiber structure include 

genetics, temperature, and growth media, among others (Mendelson et 

al. 1985). The question asked here was whether the organization of 

newly generated surface reflects i) the genotype of the strain being 

tested, ii) macrofiber structure before wall removal and 

regeneration, or iii) a random state. 

Macrofibers are helically wound structures and the twist 

states seen constitute a spectrum ranging from tight left-handedness, 

through disorganization, to tight right-handedness. One strain 
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chosen for this study grows as tight left- and right-handed 

macrofibers, at 20°C and 37°C, respectively. In contrast, the second 

strain used forms tight right- and left-handed structures at 20°C and 

48°C, respectively, being disorganized at 37°C. Macrofibers were 

prepared, representing the four possible combinations of genotype 

(strain) and twist state (right- or left-handed), were digested with 

lysozyme to remove the cell wall and then were allowed to regenerate. 

By varying the conditions used for regeneration of the structures, 

and then examining the twist states of the structures produced, it 

was possible to ask if the structures seen reflected the importance 

of genes, environment, or neither on the organization of newly made 

cell wall. 
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CHAPTER 2 

MATERIALS AND METHODS 

The bacterial strains used in this study and obtained from 

others are listed in Table 1. Strains generated or constructed 

during this investigation are described in Table 2. Plasmids pAHIOl 

(Apr Cm r ), pAH120 (Tc r Cmr) and pAHI02 (Apr) were obtained from 

George Stewart and Allen Honeyman at the University of Kansas. 

Laboratory stocks of bacteriophage ~29, a25 and PBSl were used as 

inoculum in preparing fresh stocks (~29 and ~25) or transducing 

particles (PBS1) of these. 

Media 

Liquid media used for the growth and maintenance of strain 

included Penassay Broth (PAB), Tryptose Broth (TB), Luria Broth (LB) 

and supplemented minimal media, SA and SAT. PAB was made with 

Antibiotic Media 1t3 (Ditco), 17.5 g; dissolved in one liter of 

deionized water. TB consisted of tryptose (Difco), 10 g; beef 

extract (Difco), 3 g; and NaCl, 5 g; per liter of deionized water. 

LB was made by dissolving tryptone (Difco), 109; yeast extract 

(Ditco), 5g; and NaCl, 109; in one liter of deionized water. SA and 

SAT have Spizizen's (Spiz) salts as their base. A lOX Spiz salts 

stock contained (per liter of deionized water): (NH4)2S02' 20 g~ 

K2 HP0 4 , 140 g; KH 2 P0 4 , 60 g; Na 3Citrate'H20, 10 g; and MgS0 4 '7H 20, 
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Table 1. Bacterial strains used in this study 

Straina 

168 

BD70 

L5009 

L5028 

S31 

W23 

172ts-200B 

L6546 

L6332 

L6333 

L6334 

M26 tsG 

FJ7 

C6D 

E. coli ---
LE392 

Genotype and/or 
relevant phenotype 

metC3 trpC2, PBSX lysogen 

purA16 leuA8 metB5 hisA 

ura-26 metC3 hisAI argC4 

prototroph, PBSY lysogen 

prototroph, PBSZ lysogen 

rodC purA16 leuA8 ilvAI 

gtaB515 purA16 metB3 ilvAI 

gtaA12 purA16 metB3 ilvAI 

gtaD804 purA16 ilvAI leuA8 

metB ura- divIVBl 

a. ~ subtilis strain, unless stated otherwise 

Source or 
Reference 

BGSC b 

Dubnau and 
Goldthwaite (1967) 

H. Pooley 

H. Pooley 

H. Pooley 

H. Pooley 

H. Pooley 

H. Pooley 

H. Pooley 

H. Pooley 

H. Pooley 

C. Brandt 

N. Mendelson 

N. Mendelson 

A. Honeyman and 
G. Stewart (1985) 

b. BGSC, Bacillus Genetic Stock Center, The Ohio State University 



a. L660X series strains were constructed by congression, arrow 
points to the recipient strain. For example, in construction 
of strain L6600: DNA extracted from the donor, L5009, was used 
to transform L5028. In all cases saturating amounts of DNA 
were used (1-5 ~g/ml) and selection was for uracil prototrophy. 
Where applicable, ts mutants were identified among the ura+ 
recombinants. In the table the designation rod- is given to ts 
mutants having this phenotype. 

b. L650X series of strains were generated by nitrosoguanidine
mediated mutagenesis of L5009. 



Strain 

L6600 

L6501 
L6601 

L6502 
L6602 

L6503 
L6603 

L6504 
L6604 

L6505 
L6605 

L6506 
L6606 

L6507 
L6607 

L6508 
L6608 

L6511 
L6611 

L6512 
L6612 

L6513 
L6613 

L6514 
L6614 

L6615 

L6616 
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Table 2. Strains isolated or constructed in this study 

Genotype and/or relevant phenotype 

purA16 leuA8 metB5 hisA rod out 
metC3 hisA1 argC4 rod- out 

purA16 leuA8 metB5 hisA rod out 
metC3 hisA1 argC4 rod- out-

purA16 leuA8 metB5 hisA rod 
metC3 hisA1 argC4 rod-

purA16 leuA8 metB5 hisA rod 
metC3 hisA1 argC4 rod-

purA16 leuA8 metB5 hisA rod- 029R 

metC3 hisA1 argC4 rod-

purA16 leuA8 metB5 hisA rod 
metC3 hisA1 argC4 rod-

purA16 leuA8 metB5 hisA rod- 029R 

metC3 hisA1 argC4 rod- 029R 

purA16 leuA8 metB5 hisA rod 
metC3 hisA1 argC4 rod-

purA16 leuA8 metB5 hisA ts 
metC3 hisA1 argC4 ts 

purA16 leuA8 metB5 hisA ts 
metC3 hisA1 argC4 ts 

purA16 leuA8 metB5 hisA rod 
metC3 hisA1 argC4 rod-

purA16 leuA8 metB5 hisA rod- 029R 

metC3 hisA1 argC4 rod- 029 R 

How generated 

L5009 ---) L5028 a 

mutagenesis of L5009 b 

L6501 ---) L5028 

mutagenesis of L5009 
L6502 ---) L5028 

mutagenesis of L5009 
L6503 ---) L5028 

mutagenesis of L5009 
L6504 ---) L5028 

mutagenesis of L5009 
L6505 ---) L5028 

mutagenesis of L5009 
L6506 ---) L5028 

mutagenesis of L5009 
L6507 ---) L5028 

mutagenesis of L5009 
L6508 ---) L5028 

mutagenesis of L5009 
L6511 ---) L5028 

mutagenesis of L5009 
L6512 ---) L5028 

mutagenesis of L5009 
L6513 ---) L5028 

mutagenesis of L5009 
L6514 ---) L5028 

L6456 ---) L5028 

172ts-200B ---) L5028 
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2g. SA was made by aseptically mixing Spiz salts, 10 ml of lUX 

stock; casamino acids (Difco), 5 ml of a 20% solution; glucose, 2.5 

ml of a 20% stock; MnS0 4'H 20, 0.13 ml of a 0.75 mg/ml solution; and 

sterile deionized water to a final volume of 100 ml. SAT was 

prepared by the addition of tryptophan, 1 ml of a 2 mg/ml stock, to 

SA (100 ml total volume). 

Solid media used for growth and maintenance of bacterial 

cultures included Luria Agar (LA), Tryptose Blood Agar Base (TBAB), 

DM3 and Schaeffer Agar (Sch). LA was made by the addition of Bacto

Agar (Diico), 20 gil; to LB. TBAB consisted of Tryptose Blood Agar 

Base (Difco), 33 g; and Bacto-Agar, 5 g; per liter of deionized 

water. DM3 was prepared by aseptically mixing the following sterile 

solutions: Bacto-Agar, 8 g in 215 ml of deionized water; sodium 

succinate, M, pH 7.3, 500 ml; vitamin free casein hydrolysate, 100 

ml of a 5% stock; yeast extract, 5U mls of a 10% stock; K2 HP04 , 3.5 

g; and KH 2P0 4 , 1.5 g in 100 ml of deionized water; glucose, lU ml ot 

a 50% solution; MgCI 2 , 20 ml of aIM stock; and BSA, 5 ml of a 2% 

solution. Schaeffer plates were used for the production of spores. 

This media contained: nutrient broth, 8 g; MgS04• 7H20, 0.25 g; KGI, 

19; and Bacto-Agar (Ditco), 20 g in one liter of deionized water. 

After sterilization 1 ml each of MnCI 2 , 0.01 M; FeS04'7H20, 1 mM; and 

Ga(N03)2'4H20, 0.5 M; and 10 ml of a 2mg/ml solution of thymidine 

were added. 

Surface agar was used to titer bacteriophage stocks. A 100 

ml volume of this medium was made to contain: nutrient broth, 0.8 g; 
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NaCl, 0.5 gj and Bacto-Agar, 0.75 g. After sterilization this was 

supplemented with MgS04 , 80 ~l of aIM stock; MnS04' 0.3 ml of a 0.1 

M solution; and CaC1 2 , 1 ml of a 0.1 M stock. 

Liquid media used in transduction expriments were Veal 

Infusion Broth (VIB) and BO. VIB was made by rehydrating 25 g of 

Veal lntusion Media (Difco) in one liter of deionized water. A liter 

of BO medium contained: nutrient broth (Difco), 8 g; tryptone 

(Difco) 5 g; and NaCl 5 g. After sterilization CaCl:!., 10 ml of a 0.1 

M stock; MgC1 2 , 4 ml of a 0.25 M stock; and MnS04' 1 ml of a U.l M 

solution were added. The supplemented media is ret erred to as BO*. 

SAT, SPIZ-I and SPIZ-II were the liquid media used in 

transformation experiments. SAT is described above. SPIZ-I 

contained Spiz salts, 10 ml of lOX stock; casamino acids, 0.1 ml of a 

20% stock; glucose, 2.5 ml of a 20% solution; MnS04' 0.13 ml of a 

0.75 mg/ml solution; tryptophan, 1 ml of a 2 mg/ml stock; all 

required amino acids, 1 ml of 2mg/ml stocks and base requirement(s), 

5 ml ot 2 mg/ml solutions and sterile deionized water in a final 

volume of 100 mI. SPIZ-II was prepared just prior to use by the 

addition of 0.05 ml of 0.1 M CaC1 2 and 0.1 ml of 0.25 M MgCl 2 to 10 

ml of SPlZ-ll. 

Solid media used for selection of recombinants were SA and 

TS. SA was made by preparing SAT without tryptophan and with Bacto

Agar, 20 g per liter of media. TS consisted of (per liter): Spiz 

salts, 100 ml of lOX stock; glucose, 25 ml of a 20% solution; sodium 

glutamate, 25 ml of a 20% stock; MnS04·H20, 1.3 ml of 0.75 mg/ml 
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stock; and yeast extract, 0.2 mis of a 5% stock. When required, 

amino acids, 10 mi of 2 mg/ml stocks and bases, 25 ml of 2 mg/ml 

solutions were added. 

Media used in macrofiber studies included TB for growth of 

the strains, and SMMP and DM3 for generation and regeneration of 

spheroplasts, respectively. SMMP contained equal volumes of 4X PAB 

and 2X SMM (+ 2% BSA). A stock of 2X SMM was made by dissolving 

sucrose, 342.3 g; malate, 4.64 g; and MgCl 2· 6H 20, 8.13 g; in 700 ml 

deionized distilled water, and adjusting the pH to 6.5 with 10% NaOH 

before bringing the final volume to one liter. Arter sterilization, 

bovine serum albumin was added to a final concentration of 2%. 

Growth and Maintenance of Bacteria 

B. subtilis strains were kept for long term storage as spores 

either at room temperature on slants of Sch agar or at 4°C in water. 

As needed, strains were grown on LA or TBAB plates, from the spore 

preparations. 

A standard method was adopted for growth of bacteria in 

liquid media. Liquid cultures used in experiments were inoculated 

from overnight (o/n) liquid cultures; the o/n having been inoculated 

from a TBAB or LA culture less than one week old. The culture media 

used for the o/n depended on the particular experiment. Unless noted 

otherwise, o/n cultures were incubated at room temperature (20 to 

24°C) from late afternoon until the following morning (ca. 16 h). 

Two different methods were used to follow the growth of the 

bacteria in liqUid culture. For experiments conducted in Lausanne, 
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Switzerland, growth was followed nephelometrically and measured in 

units of scattered light (SL). The practical range of these was from 

an SL of 5 to an SL of 500. Overnight cultures were diluted into 

fresh media in order to obtain an SL between 5 and 10. In general, 

SL readings ranging from 20 to 30U represented the exponential phase 

of growth. In these experiments cultures were grown in 18 x 150 mm 

test tubes, or in bottles (for larger cultures), with bubbling 

aeration. 

Growth was followed with a Bausch and Lomb spectrophotometer 

in experiments conducted in Tucson, Arizona. Overnight cultures were 

diluted to an optical density at A660 nm of 0.03 to 0.05. The 

working range of readings in these experiments was 0.01 to 1.3, with 

the exponential growth phase generally falling between 0.07 and 0.7. 

Cultures were grown in sidearm flasks in a rotary water bath shaker 

(New Brunswick Scientific), at ca. 150 rpm. 

In all experiments, an effort was made to avoid subjecting 

the bacteria to sudden shifts of temperature. To this end the water 

bath containing the oln and fresh media was brought to the required 

temperature before diluting the oln and beginning the day's 

experiment. 

Macrofibers were produced in liquid media under static (non

agitated) conditions and the media inoculated by transferring 

structures, using a sterile toothpick, from an established culture to 

the fresh TB media. Macrofibers grown at 20°C, 37°C and 48°C were 

harvested respectively 18, 7 and 3 h after inoculation. 
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Isolation and Initial Characterization of Mutants 

The mutants used in this study were generated by N-methyl-N'

nitro-N-nitrosoguanidine (NTG) mutagenesis and 029 phage selection of 

strain L5009. Isolates obtained following this treatment were tested 

tor their ability to grow at 4tl° C. Those exhibiting a reduction in 

growth as compared to L5009 were kept for further study. 

Mutagenesis 

One ml of an oln culture of L5009 in SAT was used to 

inoculate 22 ml of SAT to an SL of 4. This culture was incubated at 

30°C. At an SL of 144, 20 ml were transferred to a culture tube 

containing 1.5 mg of NTG (final concentration, 75 )lg/ml) and 

incubation at 30°C continued. Just prior to setting up the 

mutagenesis mixture, a fraction of the culture was diluted in PAH and 

samples plated on LA. In addition, a 2 ml sample of the culture was 

filtered onto a 0.45 )lm pore size filter (Millipore Co.). The cells 

were washed by passing two 10 ml volumes of PAB through the filter, 

then resupended in 20 mls of PAB. A 0.05 ml sample ot the 

resuspended cells was used to seed 14.5 mls of PAH and aeration at 

room temperature begun. 

Additional samples were withdrawn from the NTG mix after 30 

and 45 min. One sample was diluted and plated. The second (2 ml) 

sample was filtered as above and the cells washed and resuspended in 

10 ml of PAB. One ml of the resuspended mixture was used to seed 19 

ml of PAB. All three cultures were incubated overnight at room 

temperature. 
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The following morning the incubation temperature was 

increased to 37° C. After 90 min a fraction of each culture was 

withdrawn, diluted and plated. Three ml of each culture was then 

mixed with 1 ml of 029 bacteriophage stock which contained 2.8 X 109 

plaque forming units/ml and which had been prepared as a liquid 

lysate of 15009 in BO*. After a 1 h incubation at 3r C, the cells 

were collected by filtration, washed with and resuspened in PAB, and 

plated. All dilutions were done in PAB, plating of all samples was 

onto 1A and the plates were incubated at 30°C. 

Identification of Mutants 

Colonies which grew up following the mutagenesis were divided 

into three populations. The first consisted of isolates from the 

culture incubated overnight after the 45 min NTG treatment, and 

plated before treatment with phage. These isolates were considered 

mutagenized but not selected. The remaining two populations were 

phage selected as well as mutagenized (45 min in NTG). One of the 

sets of isolates consisted of randomly chosen colonies. Colonies 

picked to make up the second set had been chosen because they grew as 

smaller colonies. 

Purification of the isolates in the three populations was 

performed as fOllows. First, colonies were picked with sterile 

toothpicks and used to inoculate LA master plates. Master plates 

each held 52 colonies in a grid pattern. Two masters were picked ot 

mutagenized, nonselected, isolates. From the phage selected isolates 

six masters were made of randomly chosen colonies and three were made 



5'3 

of small colonies. Masters were inoculated at 30 0 e for 18 to 24 h. 

The isolates were then streaked by loop onto t resh LA, in order to 

obtain individual colonies. These were picked, transferred and 

streaked once more, to purify. finally, new masters were made. 

Throughout this process the plates were incubated at 30°C for 18 to 

24 h. 

The master plates of purified isolates were used in the 

screen tor mutants. After growth at 300 e for 18 to 24 h, these were 

replica-plated onto LA and TS plates. The former had been prewarmed 

for 2 h at 48°C and the latter were supplemented to support L5009, 

Le., with adenine (ade), histidine (his), leucine (leu) and 

methionine (met). Incubation of the LA plates was continued at 4~C 

and growth of the colonies checked after 8 and 16 h. TS plates were 

incubated at 30°C and examined after 24 h. 

Colonies which did not grow up or did not grow well at 48° C 

were considered temperature-sensitive for growth (ts). Those unable 

to grow on TS + ade, leu, met and his were considered auxotrophic for 

some additional marker(s). 

Growth of ts Mutants on Different Media 

Strain L5009 and the ts isolates were used to seed LA master 

plates. After 24 h incubation at 30°C the masters were used to 

inoculate, by replica-plating, duplicate sets of five different 

media. The media used were LA, TBAB, SA, TS and DMB. One set of 

plates had been prewarmed to, and were incubated after replication 

at, 48°C. The second set had been prewarmed at 30° C and incubation 



54 

was continued at that temperature. After 16 h at 48°C or 24 h at 

30°C growth was scored quantitatively by measuring colony size and 

qualitatively by comparison to the ts+ parent, L5U09. 

Sensitivity to Several Bacteriophages 

Preparation of Phage Stocks 

Preparation of stocks of @29 and @25 was as described 

elsewhere (Karamata et aL 1987). Strain L5009 was grown in BO* at 

37°C. At an SL of approximately 40 for 025 and approximately 80 for 

029 infection, phage were added to a multiplicity of infection of 

1U. Incubation was continued until lysis of the cultures appeared 

complete. Bacterial debris was removed by centrifugation at 10,OUU x 

g for 10 min. The supernatant fraction was filtered through a 0.45 

~m pore size Millipore filter and stored at 4°C. 

~ subtilis strains S31 and W23, lysogenic for bacteriophages 

PBSY and PBSZ, respectively, were used to obtain stocks of these 

phages. The method used was adapted from the mitomycin C induction 

described by Haas and Yoshikawa (1969) and polyethylene glycol (PEG) 

precipitation of bacteriophage as given by Yamamoto and Alberts 

(197U). 

Overnight cultures of the strains, in SA, were inoculated 

into 500 ml of SA and incubation was continued at 30°C. When the S31 

culture reached an SL of 40, mitomycin C (Sigma), 5 ml of a 200 ~g/ml 

solution, was added (final concentration, 2.5 ~g/ml). One ml of the 

mitomycin C solution was added to the W23 culture at an SL of 60, to 
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give a final concentration of 1 ~g/ml. After 5 min of incubation 

with the drug cells were collected by centrifugation at 11,000 x g 

for 5 min, then resuspended in 400 ml of pre warmed (37" C) SA. 

Incubation was continued until lysis of the cultures appeared 

complete. 

The lysates were centrifigued for 5 min at 11,000 x g and the 

supernate collected and mixed with NaCl, 1l.68 g and PEG 6000, 40 g. 

The suspensions were lef t overnight at 4°C and then centrifuged at 

11,000 x g for 20 min. The pellets, which contained the bulk of the 

phage particles, were resuspended in 4 ml ot TMK and stored at 4 C. 

TMK contained Tris, 0.01 M, pH 7.2; KCl, 0.01 M; and MgCl 2 , 0.005 M. 

Titering of Phage Stocks 

()29 and ()25 phage stocks were diluted in BO*. Samples 

(0.2 ml) of appropriate dilutions were mixed with melted surface agar 

(2.5 ml at 45-55°C) and spores prepared from strain 168 (0.2 ml of a 

suspension of 2-5 X 109 spores/ml). The mixtures were poured onto LA 

plates. Plaques were counted after incubation at 37°C for 18 to 24 h. 

Test for Phage Sensitivity 

Control strains and ts isolates were streaked onto LA plates. 

Up to seven strains were streaked onto one plate. Each streak was 

spotted with 10 to 15 ~l fractions of the @29, @25 (both used 

undiluted), PBSY and PBSZ (both diluted 1:5 in TMK) phage stocks. 

After 18 h incubation at 30·C the plates were examined. A strain was 

considered sensitive to a phage if no growth was observed in the 
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spotted area, and resistant if confluent growth was seen. Sometimes 

growth was observed in the area with phage, but this growth was not 

as dense as in areas without phage. In this case, the strain was 

considered to have an intermediate phage sensitivity. 

Test for Temperature-Dependant Phage Sensitivity 

These experiments were done essentially as described above, 

but with a slight modification. Strains to be tested were streaked 

onto two LA plates. One plate was incubated at 30° C, the other at 

37°C. After 3.5 and 2 h, respectively, the plates were removed, 

spotted with phage and then returned to the incubators. Results were 

scored as described above. 

Genetic Analysis of Mutants: Transductions 

PBS1-mediated transductions were used to check linkage of the 

ts markers in the isolates, to the hisA locus. Subsequent genetic 

analyses were done by transformation. The methods used in these two 

procedures have been described previously (Karamata and Gross 1970). 

Preparation of a Stock of PBSl Transducing Particles 

An oln culture of strain BD70 grown in SAT at 28° C was used 

to inoculate 50 ml of VIB to an SL of 10. Incubation was continued 

at 37°C. Ten ml samples of the culture were mixed with 0.1 ml of a 

PBSl stock (final phage concentration, 3 x 10 4 PFU/ml) immediately 

and 40, 80 and 120 min after dilution of the o/n. Incubation of the 

subcultures was continued for 12 h at 37°C. Bacterial debris was 

removed by centrifugation of the lysates at 3,000 x g for 10 min. 



57 

Supernatant fractions were collected and treated with DNAse (Sigma 

Chemical Co.), 100 111 of a 2 mg/ml stock, for 30 min at 37°C. The 

mixtures were filtered through a 0.45 J.lID pore size Millipore filter 

and stored at 4°C. The different lysates were then tested for 

transducing activity. The most active preparation was used in 

subsequent transductions. 

PBS1-Mediated Transductions 

Appropriately supplemented TS plates to be used for the 

selection of recombinants were prepared at least 2 days in advance. 

Strains to be transduced were streaked onto LA or TBAB plates, to 

obtain isolated colonies, and incubated at 30°C for 18 h. Eight to 

ten isolated colonies were used to seed 3.5 ml of pre warmed BO* media 

and this was incubated at 30°C for 7 to 8 h. The cultures were 

examined periodically by phase-contrast microscopy to check for 

motile cells. When motility was observed, 0.5 ml of the culture was 

mixed with 0.05 ml of the PBS1 transducing stock. A second 0.5 ml 

fraction was added to 0.05 ml of VIB media, as a control. The 

mixtures were set up in 18 x 150 mm test tubes which were left at 

room temperature, placed horizontally. After 45 to 50 min, samples 

(l00 111) were plated in duplicate onto TS plates supplemented with 

ade, leu and met and onto SA to select for his+ and ade+ recombinants 

respectively. The plates were incubated at 30°C. 
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After 24 to 36 h of incubation recombinants were tested for 

growth at 48"C. This was done by replica-plating from the selection 

media to plates (supplemented TS and SA) prewarmed to 48 "C. 

Incubation at 48"C was continued for 18 h and the plates then checked 

for growth of ts+ colonies. 

Genetic Analysis of Mutants: Transformations 

Transformation of ~ subtilis was first reported in a now 

classic paper by Spizizen (1958). This process of genetic exchange 

has been used for a number of purposes in this study including: 

determination of the linkage of ts markers carried by ts isolates to 

the tag-l markerj construction of an isogenic set of mutantsj 

distribution of the mutants into complementation groups; genetic 

ordering of these groups, and analysis of multiple mutant properties 

of some isolates. 

Extraction of DNA from Donor Strains 

The method used for the isolation of DNA is a modification of 

the one given by Marmur (1961). Strains were grown in 50 ml of SA at 

37"C to an SL between 60 and 70. The cells were collected by 

centrifugation at 12,000 x g for 5 min, resuspended in 4 ml of SSC + 

EDTA and transferred to a glass container having a tightly fitting 

cap. sse + EDTA had been made by dissolving NaCI, 8.77 gj sodium 

citrate, 3.87 gj and Na 2EDTA, 3.36 g; in deionized water, the pH was 

adjusted to 8.0 with HCI and the volume brought to 100 mI. Egg-white 

lysozyme (Sigma Chemical Co.), 100]JI of a 10 mg/ml stock, was added 
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to the resuspended cells. The mixture was incubated at 37 D C until a 

decrease in turbidity was observed, generally occurring within 20 to 

40 min. SDS, 0.5 ml of a 10% stock was added, the solution gently 

swirled and incubation continued for 5 min at 37·C. One ml of 5 M 

NaCl04 and 6 ml of chloroform:isoamyl alcohol (24: 1) were added and 

the container closed securely in order to prevent leakage of the 

solvents. Corex Brand #8446 screw cap centrifuge tubes were found to 

work well. Phases were mixed by forcibly inverting the tube 10 

times. The solution was then placed on its side in a New Brunswick 

G24 incubator shaker set at 25 rpm or was rollamixed for 20 to 30 

min. Phases were separated by low speed centrifugation in a Sorvall 

GLC-l at 3,000 rpm, for 10 min. An inverted 10 ml pipette was used 

to transfer the aqueous phase to a fresh tube and the chloroform 

extraction was repeated. Following the second centrifugation the 

upper phase was delivered into a beaker containing 12 ml of chilled 

(-20·C) ethanol in a beaker on ice. The DNA was spun out on a glass 

rod and resuspended in 4 ml of SSC. SSC had been prepared as for SSC 

+ EDTA, but with the omission of the Na2EDTA. Preparations of DNA 

were stored at 4 DC. 

Estimation of DNA Concentration 

DNA concentration was estimated by one of two methods, either 

the diphenylamine reaction of Burton (1956), or ethidium bromide 

fluorescent quantitation as described by Maniatis et al. (1982). 

Comparable results were obtained with the two methods. 
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The following solutions were used in the diphenylamine 

reaction: diphenylamine, 1.5 g; and concentrated H2S04 , 1.5 ml; in 

100 ml of glacial actic acid; acetaldehyde, 0.1 ml in 5 ml ot 

deionized water; and HCI04 , 3.6 ml in 96.4 ml of deionized water. A 

standard solution of DNA was prepared by dissolving 5 mg of Calt 

Thymus DNA (Sigma Chemical Co.) in 10 ml of deionized water. 

Fractions of 20, 40, 60, 80 and 160 )Jl of the standard were 

placed in test tubes to give 10, 2U, 30, 40 and 80 pg of DNA, 

respectively. Duplicate 100 )Jl samples of the preparations to be 

tested were also set up and the volume in all tubes brought to 0.2 ml 

with SSC. HCl04 , 0.8 ml, was added and the tubes were incubated at 

7UoC for 15 min and then cooled to room temperature. A mixture of 20 

ml of the diphenylamine and 0.1 ml of the acetaldehyde solution was 

prepared (just before use) and 2 ml of this added to each tube before 

incubation overnight (16 to 20 h) at 30°C. Optical density at A600 

was measured in a Bausch and Lomb spectrophotometer. DNA 

concentration in the test samples was estimated from the curve 

obtained with the standards. 

The ethidium bromide method of estimating DNA concentration 

required a standard solution of DNA. This was prepared and diluted 

in SSC to give a set of standards having 5, 10, 15, 20, 25 and 30 )1g 

of DNA per ml. A stock solution of ethidium bromide, 0.05 g in 10 ml 

deionized water was diluted to a final concentration of 50 )1g/ml. 

A 45 )11 drop of each standard was placed in a plastic petri 

dish (Falcon) and 5 )Jl of diluted ethidium bromide mixed in (final 
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ctBr concentration, 5 ~g/ml). Sample preparations of DNA were 

diluted 1:2 and 1:5 in SSC. Five ~l volumes of the undiluted and 

diluted preparations were mixed into drops containing 40 ~ of SSC 

and 5 ~l of the diluted ethidium bromide solution. Fluorescence of 

the drops was visualized with a UV transilluminator (La Jolla 

Scientif ic). DNA concentration was estimated by matching the 

fluorescence of sample and standard drops. 

The transformations in this study were carried out with 

saturating concentrations of DNA (1-5 ~g/ml). DNA preparations were 

diluted in SSC to a final concentration of 3U to bU ~g/ml. The 

diluted solutions were used in the transformation experiments. 

Transformation with Chromosomal DNA 

The general procedure used in transformation experiments was 

as follows. Recipient strains were grown o/n in SAT, at room 

temperature. The SL or optical density at A660 of the o/n was read 

after equilibration to 31.5°C. A calculation was made to determine 

the amount of inoculum needed to obtain an SL of 3 to 5 or an OD 660 

of 0.03 to 0.05, in 20 ml of SPIZ-I. [(Desired reading x 20 

ml)/reading of o/n). If more than 0.5 ml of the o/n was needed, the 

calculated amount was centrifuged and the pellet resuspended in the 

pre warmed SPIZ-l. Growth of the culture with shaking incubation at 

31 to 32°C was followed. One ml was used to seed 10 ml of prewarmed 

SPIZ-II, 60 to 120 min past the exponential phase of growth. 

Incubation was continued for 60 to 130 min before transformation 

mixtures were set up. These contained 9 parts of the SPIZ-II culture 
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(either 0.9 or 0.45 ml) to 1 part of DNA from the donor strain 

(either lOU or 50 ~l). The mixtures were shaken at 31 to 32°C for 45 

to 90 min before plating 100 ~l samples, in duplicate, onto selective 

media. Plates used for the selection of prototrophic markers were 

incubated at 30°C and recombinants scored after 24 to 36 h while ts+ 

recombinants were selected at 48°C and the plates examined after 18 

to 24 h. 

Construction of an Isogenic Set of ts Mutants 

The ts markers were transferred from the original isolates 

into a new genetic background, by congression. Strain L5028 was the 

recipient. The protocol used to prepare competent cells of this 

strain differed from the method described above in the following 

ways: incubation at 37°C in SPIZ-I without additional MgCl 2 , 

dilution into SPIZ-II was performed 70 min after the end of the log 

phase and incubation in that medium was continued for 90 min before 

setting up transformation mixtures. 

Selection was for ura+ recombinants, on TS media supplemented 

with his, arg and met. A set ot recombinants (72 or 78) was randomly 

picked; these were streaked onto supplemented TS plates to obtain 

isolated colonies which were transferred and streaked once more. The 

purified set was replica-plated onto TS plates supplemented with his 

and met and onto TBAB plates. After incubation at 30°C and 48°C, 

respectively, arg+ and ts colonies were identified. A ts, arg 
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derivative was chosen to be used as a recipient in later genetic and 

other studies. 

Conditions for Competence of ts Isolates 

Due to the ts nature of the strains isolated in this study 

preliminary experiments were performed in order to establish 

conditions for development of competency of them. The transformation 

protocol was followed, with different combinations of incubation 

times in SPIZ-I and SPIZ-II. The SPIZ-I culture was diluted into 

SPIZ-II at 90 and 110 min post-exponential growth. The diluted 

cultures were incubated for 60, 90 and 110 or 120 min before setting 

up transformations. Selection was for arg+ recombinants. Conditions 

giving a favorable number of these were used in later 

transformations. 

Extraction of Plasmid DNA 

Plasmid DNA was extracted and used in transformations with 

the ts L5028 derivatives. The method used for plasmid extraction is 

the alkaline extraction method of Birnboim and Doly (1979) as 

reported elsewhere (Rodriguez and Tate, 1983). The following 

solutions were used in the protocol. SET buffer was made by mixing 

sucrose, 20 g; Tris-HCl, 10 ml of a 0.5 M stock, pri 7.6; and Na2EDTA, 

10 ml of a 0.5 M solution in deionized water to a final volume of 100 

ml. Lytic mix was prepared just before use and contained NaOH, 0.6 g; 

and SDS, 0.75 g; in 75 mls of deionized water. K-acetate buffer was 

made with 60 ml of 5 M potassium acetate, 11.5 ml of glacial acetic 
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acid and 28.5 ml of deionized water. RNAse buffer consisted of RNAse 

A, llJ lI\g/ml in 0.1 M NaAcetate; and EDTA, 0.3 mM, pH 4.8. The bufier 

was heated at 80 0 e for 10 min and stored at -2UoC until needed. TEN 

buffer consisted of 10 mM Tris-HCL, pH 7.6; 1 mM EDTA and 10 mM NaCI 

and was prepared from sterile stock solutions. Phenol was distilled 

at 80 0 e and stored in 100 ml aliquots at -20 DC. On the day it was 

required, a sufficient quantity was melted at 70 0 e, saturated with 

T~N buffer, and kept on ice until needed. 

~ coli plasmid hosts were grown for 7 to 8 h at 33 0 e in LB 

(10 ml) containing appropriate antibiotics; chloramphenicol, 2.5 

lJg/ml for isolation of pAHI0l and pAH120; and ampicillin, 10 ~g/ml 

for isolation of plasmids pAHI01 and pAH102. This culture was used 

to inoculate 200 ml of pre warmed LB containing the same 

concentrations of antibiotics as given above. 

continued at 33°C for approximately 14 h. 

Incubation was 

Cells were collected by centrifugation at 6,500 x g for 5 min 

and resuspended in 30 ml of SET buffer. Lytic mix, 65 ml, was added 

and the solution mixed vigorously, then incubated for 30 min in a 

500 G water bath. This was followed by an incubation on ice for 25 

min. K-acetate bufter was added slowly and mixed in by constant 

swirling of the solution. Enough buffer was used in order to 

neutralize the solution, as determined with pH paper. Usually this 

required less than 1U mI. The solution was returned to the ice bath 

and incubation continued for 40 min before centrifugation at 6,50U x 

g at 4 DC for 20 min. The supernatant fraction was passed through a 
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funnel lined with absorbent tissue and then incubated with RNAse (200 

jJl of RNAse Buffer) at 40°C for 2U min. Fif ty mls of 

chloroform: buffer saturated phenol (1: 1) was added and the solution 

mixed by swirling vigorously for 2 min. The phases were separated by 

centrifugation, 7,000 x g for 10 min at 4°C, and the upper layer 

collected and measured. After warming this to room temperature, an 

equal volume of isopropanol was added. The solution was left for 5 

min, then centrifuged at 7,000 x g for 20 min at 20°C. Eight ml of 

TEN buffer was used to resuspend the plasmid pellet and 0.3 ml of 5 M 

NaCl was added. Residual phenol was removed by ether extraction and 

isopropanol precipitation repeated two more times. The pellet was 

washed with 10 ml of 70% ethanol at room temperature, dried under 

vacuum and resuspended in 1 ml of TEN buffer. 

Transformations with Plasmid DNA 

The ts mutants were made competent as described above. Where 

direct selection of ts+ recombinants was feasible, i.e. for L6615, 

L6616, L6601, L6602, L6605 and L6607, transformation mixtures were 

set up using saturating concentrations of plasmid DNA (1-5 lJg/ml), 

plated onto TBAB, and incubated at 4HoC. 

For the remaining mutants, transformation reactions contained 

0.5 ml of recipient cells, 25 jJl of plasmid DNA and 25 111 of 

recipient homologous DNA. Selection was for arg+ recombinants. 

Recipient homologous DNA was the DNA preparation which was used in 

construction of the recipient strain. Arg+ recombinants which were 

obtained were transferred to supplemented TS master plates, incubated 
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at 30° C for 24 h and then checked, by replica plating, for 

congression of the ts+ marker. 

Isolation of ts+ Recombinants 

Strains L6601, L6602 and L6607 were used as recipients in 

transformations with L5009 as the donor strain. L6607 was also 

transformed using the pAH120 preparation. Selection was for ts+ 

recombinants, on TBAB plates incubated at 4SoC. Colonies which grew 

up were purified by subculturing several times onto TBAB plates and 

incubating these at 48°C. When transferring, growth at the outer 

edge of the colonies was picked as inoculum. Recombinants purified 

in this manner were used to test for unselected markers. 

Growth and Cellular Morphology of ts Mutants 

further characterization of the ts mutants involved an 

examination of growth properties and cellular morphology following 

growth at the permissive and restrictive temperatures. Outgrowth 

from spores at the two temperatures was also examined. 

Construction of Growth Curves 

Strains grown overnight in SAT were used to seed SAT media to 

an optical density at A660 of approximately 0.02. Two cultures were 

prepared of each strain and both were incubated at 31.5°C. Optical 

density readings were taken at regular intervals. At an OD660 

between 0.05 and 0.1 the thermostat setting of one of the baths was 

increased to 48°C. The temperature of this bath after 15 and 40 min 
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was 37 and 48°C, respectively. Growth of the cultures was followed 

into late exponential or stationary phase. 

Examination of Cellular Morphology 

Samples of 1.5 ml were drawn from the cultures used in growth 

curve experiments. Samples were taken from the 31.5" C culture 6 h 

after the start of the experiment, and after 5 h from the 48° C 

culture. Cells were collected by centrifugation and resuspended in 

200 illof fixative containing: Spiz salts, 1 ml of a lOX stock; 1 

ml of a 37.9% formaldehyde solution; and 8 ml of deionized water. 

The fixed preparations were stored at 4°C. 

Literature from Eastman Kodak (Delly 1980) provided helpful 

suggestions for preparation of photomicrographs. Fixed cells were 

visualized by phase-contrast microscopy using a Wild M20 microscope, 

40X fluotar objective, 15X compensating ocular, and tungsten halogen 

light source. Images were recorded on Kodak technical pan film using 

a Canon FTb camera equipped with a bellows extension. An ASA setting 

of 250 was used. Film was processed commercially in HC-IIO 

developer, dilution B, for 12 min (68°C). 

Preparation and Cleaning of Bacterial Spores 

Spore solutions were prepared by the method described by 

Yoshikawa (1965). Each strain was streaked heavily onto three Sch 

plates and incubated at 30°C. After three days the plates were 

transferred to a 20°C. incubator and left for one week. Spores were 

collected from the plates into 9 ml of sterile, deionized water and 
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heated at 65°C for 15 min. Lysozyme, 1 ml of a 100 mg/ml stock, was 

added and the mixture incubated at 37"C for 1 h. SDS, 1 ml of a 10% 

solution, was added and incubation continued for 30 min. The 

solution was centrifuged at 3,000 x g for 10 min at room temperature, 

the pellet resuspended in 10 ml of sterile deionized water and the 

centrifugation repeated. The spore suspensions were rinsed in this 

manner 4 more times. The final pellet was resuspended in 2 ml 

sterile deionized water and stored at 4°C. Spore solutions prepared 

in this manner generally contained on the order of 2-5 x 10 10 CFU/ml. 

Germination of Spores at Permissive and Restrictive Temperatures 

Two 3 ml samples of TB were inoculated with 100 ~l of a spore 

suspension and incubated at 65°C for 15 min. One of the heat-treated 

mixtures was incubated as for liquid cultures, at 30°C and the second 

at 48°C. Emergence of cells from the spores was followed by periodic 

microscopic examination. 

Determination of Wall Phosphate Content 

Isolation of Cell Walls 

Overnight cultures of strain L5028 and ts derivatives L6603, 

L6604 and L6611 were each used to inoculate 450 ml of SAT to an SL of 

10. Incubation was continued at 30°C. When the cultures reached an 

SL of approximately 30, the temperature of the bath was increased to 

48°C. Ninety min later the cultures were chilled in an ice bath, the 

cells collected by centrifugation at 12,000 x g for 15 min, at 4° C 

and then rinsed in ice-cold deionized water. The rinsed pellet was 
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resuspended in 2.5 ml of chilled water and sonicated until greater 

than 90% of the cells were disrupted. (Sufficient breakage of strain 

L6603 cells could not be obtained by sonification; instead, they were 

broken with glass beads in a Braun homegenizer.) The volume of the 

samples was brought to 8 ml with deionized water, 2 ml of a 10% SDS 

solution was added and the mixtures were incubated in a boiling water 

bath for 10 min. The preparations were transferred to tapered glass 

centrifuge tubes, spun at 660 x g for 5 min, and the rcf then 

increased to and maintained at 28,000 x g, for 10 min. The supernate 

was discarded and a small amount of water gently placed over the 

pellet. A Pasteur pipette was used to resuspend the upper, white 

layer of the pellet in the water. The lower, cream/yellow colored 

layer was avoided. The resuspended solution was transferred to 

another tapered tube and the process repeated. The pellet was washed 

2 more times using deionized water, 2 times with a 0.9% NaCl 

solution, and then 3 times with deionized water. The final pellet 

was resuspended in 5 ml of deionized water. A sample was withdrawn 

for determination of phosphate content and the remaining solution was 

lyophilized and stored at -20°C. 

Determination of Phosphate Content 

The method described by Ames and Dubin (960) for 

determination of phosphate content was used on the cell wall 

preparations. Reagents used in the protocol include: 2 mM potassium 

phosphate standard; Mg(N03)'6H20, 1 g dissolved in ethanol to a final 

volume of 10 ml; HC1, 1 N; a freshly prepared solution of ascorbic 
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acid, 1 g in deionized water (final volume, 10 ml); and a solution of 

ammonium molybdate, 0.42 g, concentrated sulfuric acid, 2.86 ml, and 

deionized water to final volume of 100 mI. Reactive solution 

contained one part of the ascorbic acid to six parts of the molybdate 

solution. 

The concentration (mg/ml) of wall material in the 

preparations was estimated as follows. Resuspended wall preparations 

were diluted 1:10 in deionized water (150 ~l of the preparation into 

1.35 ml water) and the optical density at A660 was measured. An 

approximate concentration of wall material was calculated for the 

sample, based on the optical density of a wall suspension of known 

concentration. The samples were then diluted in deionized water to a 

final concentration of ca. 1 mg/ml. 

Reactions were set up in acid washed test tubes, in 

duplicate. For the cell wall samples, 50 ~l of the 1 mg/ml solutions 

were used. Fractions of 5, 10, 15, 20, 25 and 30 ~l of the standard 

phosphate solution were used and the volume in each tube brought to 

50 ~l with deionized water. Fifty ~l of magnesium nitrate solution 

was added and the samples then dried over a flame. The tubes were 

cooled, 0.3 ml of HCI added, and glass marbles then used to cap the 

tubes during a 15 min incubation at 100°C. The reactive solution was 

prepared and 0.7 ml of this added to each tube. The solutions were 

incubated at 45°C for 20 min and the optical densities at A700 

subsequently read. Phosphate content of the wall samples were 

derived using the curve obtained with the standard solutions. 
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Phosphate content is reported in units of nmol/mg wall. The 

weight (mg) of wall used in the phosphate determination was 

calculated from the weight obtained after lyophilization of the cell 

wall preparations rather than that obtained by estimation from 

optical density readings of the cell wall preparations. 

Determination of Surface Organization 
in Newly Synthesized Cell Wall 

B. subtilis mutants, which produce multi-celled structures 

called macrofibers, were used to assess the influence of genes and 

environment on the organization of newly synthesized cell wall. Two 

strains, FJ7 and C6D, were chosen for the study because they produce 

very different macrofiber structures following growth at low (20°C) 

versus high (37°C or 48°C) temperature. 

Preparation of, and Regeneration from Spheroplasts 

Macrofibers were collected by centrifugation for 20 min at 

5,800 x g, followed by filtration of the soft pellet onto a 0.45 jJm 

pore-size filter (Falcon). The fibers were washed once with, and 

then resuspended in SMMP (+ 2% BSA). Egg-white lysozyme (Sigma) was 

added to a final concentration of 10 mg/ml. Digestions were carried 

out at the same temperature used in generation of the macrofibers and 

were monitored by phase-contrast microscopy. A standard counting 

chamber was used to estimate the number of rods and spheroplasts 

present at various times after addition of the enzyme. After a 

minimum of 3 h the mixtures were centrifuged and then washed once 

with SMMP. The second pellet was resuspended and diluted in SMMP and 
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fractions were plated on DM3 and TBAB. FJ7 cells were produced by 

regeneration of spheroplasts, on DM3, at 20°C and 48°C, while e6D 

protoplasts were incubated at 20°C and 37°C for regrowth of the cell 

wall. 

Examination of Regenerated Macrofibers 

Regenerated colonies were used to seed the liquid media, TB, 

to produce macrofibers for determination of helix hand. This media 

was prewarmed to the same temperature used for regeneration of 

colonies, and incubation was then continued at that temperature. 

Macrofibers were examined after 18, 7, or 3 h, of incubation at 20°C, 

37°C and 48°C, respectively. Macrofiber helix hand was determined by 

phase-contrast microscopy. 
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CHAPTER 3 

RESULTS 

Mutagenesis and Characterization of Mutants 

Forty-four mutants, ts for growth, were isolated following 

NTG mutagenesis and 029 phage selection of B. subtilis strain L5009 

(purA16 leuA8 metB5 hisA). The mutants were initially characterized 

with respect to phage- and heat-sensitivity. 

Viability Following Mutagenesis and Selection 

~ subtilis strain L5009 was grown to mid-log phase in 

supplemented minimal media, at 30°C. A sample of the culture was 

withdrawn and diluted into fresh media (0 min NTG culture). A second 

sample was diluted and plated in order to determine viable cell 

count, and a third was mixed with NTG to a final concentration of 75 

g/ml. Incubation of the latter culture was continued at 30°C. 

Additional samples were taken after 30 and 45 min, plated, and washed 

and diluted into fresh media (30 and 45 min NTG cultures). The 

viable cell count at time zero was titered at 1.1 x 108 CFU/ml. 

After 30 and 45 min with NTG, the count had dropped to 3.3 x 10 7 and 

1.5 x 106 CFU/ml, respectively, 30% and 1.4% of the initial cell 

concentration (Table 3). 

All three diluted cultures were grown o/n to allow for the 

expression of mutations. Outgrowth was in rich media at room 
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Table 3. Survival of Bacillus subtilis strain 15009 
following nitrosoguanidine mutagenesis 

Time of NTG Viable count Survival 
treatment (min) (CFUa/ml) (percent) 

0 1.1 x 108 100 

30 3.3 x 107 30 

45 1.5 x 106 1.4 

a. CFU, colony forming units. 

Table 4. Survival of mutagenized cultures following 
029 phage infectiona 

Treatment Viable count (CF'U/ ml) Survival 
time (min) before 029 after 029 (f requency) 

0 1.0 x 108 2.0 x 104 2/104 

30 3.5 x 107 3.0 x 104 1/ 103 

45 3.0 x 107 2.8 x 105 1/102 

a. Following NTG treatment cultures were grown overnight 
at room temperature then incubated at 37°C for 90 min 
before addition of phage 029. The moi for 0, 30 and 45 
min NTG treatments were respectively 7, 20, and 23. 
Samples were plated after a 1 h incubation with phage. 
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temperature (22°C) in order to avoid selection against auxotrophic 

and/or ts mutants. The following morning cultures were incubated at 

37°C for 90 min before addition of bacteriophage ~29. The cell 

concentrations at this time were different for the three cultures. 

Since each was incubated with the same final concentration of phage 

(7 x 10 9 PFU/ml), different multiplicities of infection (moi) were 

obtained. These were 7, 20 and 23 for the 0, 30 and 45 min NTG 

treated cultures, respectively. 

Different survival frequencies were seen for the three 

cultures following 029 phage infection (Table 4). Survival frequency 

was measured as the ratio of the viable cell count after phage 

infection to that seen before. The results of this comparison 

suggest that treatment with NTG led to a higher number of cells 

surviving phage infection. The fact that different moi were used 

only makes this argument stronger, as the highest survival frequency 

was seen for the culture in which the moi was the highest, i.e., the 

45 min NTG treatment. 

Identification of Mutants 

Isolates obtained following the 45 min NTG treatment were 

transferred and streaked several times onto fresh media. They were 

then tested for temperature-sensitivity and nutritional requirements. 

Isolates from two populations were purified and tested. The first 

had been plated before incubation with ~29 (mutagenized, not 

selected), while the second had been plated following incubation with 

phage (mutagenized and selected). A difference in the frequency of 
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ts and auxotrophic mutants was seen for the two populations (Table 

5). In the nonselected population there were approximately six times 

more auxotrophic than ts mutants. In contrast, about equal numbers 

of auxotrophic and ts mutants were seen in the selected population. 

Phage Resistance of Mutants 

Among ~ subtilis phage resistant mutants, a correlation has 

been found between genetic classes and resistance to a spectrum of 

bacteriophages (Table 6a). Wild-type strains are sensitive to 029, 

025, PBSY and PBSZ. The phage-resistant mutant gtaD is resistant 

to 029 and gtaA mutants are resistant to 029 and PBSY. Mutants in 

the gtaE class are resistant to 029, 025 and PBSY while gtaB, gtaC 

and other mutants are resistant to all four phages. 

Isolates obtained following the 45 min NTG treatment and 

phage selection were screened for resistance to 029, 025, PBSY and 

PBSZ. Tests were done on solid media, by spotting bacterial streaks 

with concentrated phage stocks. The number of isolates found having 

each resistance pattern is shown in Table 6b. Results are broken 

down into those observed for ts+ versus ts isolates. All the phage 

patterns mentioned above were seen for both groups. Surprisingly, 

one third of the ts isolates were found to be sensitive to all four 

phages. Resistance to phage 029 at least, had been expected. Wild

type phage sensitivity was also seen for some ts+ isolates, but at a 

lower frequency (7%). The majority were resistant to all four 

phages. 



Table 5. Frequency of auxotrophic and ts mutants found 
in mutagenized populations 

Population No. colonies Auxotrophs ts a mutants 
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tested tested no. percent no. percent 

Control b 101 6 5.9 0.99 

Sample c 306 12 3.9 15 4.9 

a. ts, temperature-sensitive for growth. 
b. Comprised of isolates obtained following 45' NTG treatment 

and outgrowth overnight. 
c. Comprised ot isolates obtained following 45' NTG treatment, 

outgrowth overnight and 029 phage infection. 



Table 6a. Phage resistance patterns of B. subtilis mutants a 

Strain or Pattern of phage resistance b 

mutant 029 025 PBSY PBSZ 

wild-type (wt) S S S S 

gtaD R S S S 

gtaA R S R S 

gtaE R R R S 

gtaB, gtaC, R R R R 
and others 

a. Patterns are from Paschoud (1983). 
b. S, sensitive; R, resistant. 

Table 6b. Phage resistance patterns found following 
NTG mutagenesis and 029 phage selectiona 

Number found having 
resistance pattern of strain: Population 

examined b wt gtaD gtaA gtaE RC 

6 14 5 7 

ts 15 11 6 

a. Isolates were tested for sensitivity to 
bacteriophages 029, 025, PBSY and PBSZ. 

b. ts+, isolates which grow well at 48°C. 

53 

11 

ts, isolates which do not grow well at 48°C. 
c. R, like gtaB, gtaC and others. 

78 
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One possible explanation for the large number of phage-

sensitive, ts isolates, is that phage-sensitivity was tested at 30 D C, 

while phage selection occurred following incubation at 37 D C. 

Therefore, the mutants might be phage-sensitive at the lower 

temperature, but phage-resistant at the higher one. To test this 

possibility ts isolates were rechecked for sensitivity to ~29, 

following growth at 37 D C. Isolates were streaked onto solid media 

and incubated at 37 DC for 2 h before being spotted with phage. The 

30 D C test was also repeated but with a preincubation of 3 h before 

application of phage. The parent strain L5009 was used as a control 

in all phage tests. 

Temperature-dependant phage resistance was seen for many of 

the ts mutants. Pre-incubation at 30 DC gave the same results as seen 

previously and strain L5009 was 029 sensi ti ve at both temperatures. 

Of the 15 ts mutants tested, 9 became resistant to ~29 and 4 

remained sensitive, when grown at 37 D C. The phage resistance of two 

of the mutants could not be determined at this temperature due to 

poor growth. 

Heat-Sensitivity of Mutants 

In the course of screening for ts mutants differences in 

heat-sensitivity of the isolates were noted. The mutants fell into 

two general classes in this regard. Some did not grow at all when 

replica plated, or streaked onto solid media, and incubated at 47 D C. 

Other mutants grew weakly when replica plated, and formed very small 

colonies when streaked, and incubated at the higher temperature, as 
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compared to the parent strain L5009. In all, eight mutants of the 

former type (Class I) and 36 of the latter (Class II) were isolated. 

Variable heat-sensitivity was also seen in an experiment 

which examined growth of the mutants at 47 DC as a function of the 

media used. Isolates were grown on rich media at 30 DC for 24 hand 

then replica plated onto duplicate sets of five media. One set was 

incubated for 16 h at 47 DC and the second for 22 hat 30 DC. Growth 

was scored quantitatively by measuring colony size and qualitatively 

by comparison to the growth of L5009. Results for some of the 

mutants are shown in Table 7. 

The ts mutant L6511, a Class I isolate, did not grow at the 

non-permissive temperature on any of the media tested. Some growth 

was seen on most of the media for Class II ts mutants (L6501 to 

L6508). In general the supplemented minimal media, SA and TS, 

supported the growth of the mutants better than did rich media, LA or 

TBAB. The osmotically stabilized media, DM3, can support growth of 

wall-less cells (Chang and Cohen 1979). It was reasoned that the 

growth of wall defective mutants might improve on this media. 

However, for the most part, growth of ts mutants on DM3 was no better 

than that seen on supplemented minimal media. 

A distinction between temperature-sensitivity of Class I and 

Class II ts mutants was also seen in liquid media. Strains were 

grown in SAT at 30 De until early log phase and the incubation 

temperature then raised to 47 DC. Representative growth curves are 

shown in Figure 1. An increase in growth rate was seen for all of 



Figure 1. Growth of strains in liquid media at 48°C. O/n cultures 
of the strains were used to inoculate supplemented minimal media 
(SAT). These cultures were incubated at 31.5°C for ca. 90 min, then 
at 48°C. Growth was followed using a nephalometer; SL = scattered 
light. Arrows indicate when the temperature transition was 
initiated. Curves show growth of the parent, L5009 (wt), Class I (1) 
and Class II (2) mutants. 
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a. Strains were grown on LA plates at 30°C for 24 h and then 
replica plated onto duplicate sets of the five media. One set 
was incubated for 16 h at 47"C and the second for 22 h at 30°C 
(non-permissive and permissive temperatures, respectively). 
Growth on each plate was then scored quantitatively (colony size 
in millimeters) and qualitatively (from luxurious growth, +++; 
to none, -). 

b. LA, Luria Agar; TBAB, Tryptose Blood Agar Base; SA, minimal 
media containing 1% casein hydrolysate; TS, minimal media 
containing 0.5% sodium glutamate; DM3, osmotically stabilized 
media. 

c. L5009 is the parent strain from which the remaining strains were 
derived by nitrosoguanidine mutagenesis. 

d. ND, not determined. 



Table 7. Growth of ts mutants on different media at permissive and non-permissive temperaturesa 

Hediab and growth temperature 

LA TBAB SA TS OHJ 
StrainC JO°C 47°C JO°C 47°C JOoC 4rC JO°C 47°C JO°C 47°C 

L5009 8 10 6 9 6 8 6 6 8 8 
+++ +++ +++ +++ +++ +++ +++ +++ +++ +++ 

L6511 4 4 5 5 5 NOd NO 
+++ +++ +++ +++ 

L6501 7 6 6 6 6 6 6 6 6 
+++ + +++ +++ ++ +++ ++ +++ + 

L6502 8 7 6 8 7 6 6 6 6 
+++ + +++ +++ ++ +++ ++ +++ + 

L6505 6 5 4 6 4 5 5 5 5 
+++ + +++ +++ ++ +++ ++ +++ + 

L6507 6 5 4 4 6 4 5 4 5 4 
+++ ++ +++ ++ +++ +++ +++ ++ +++ +++ 

L650J 5 4 5 4 5 4 4 5 4 4 
+++ + +++ + +++ ++ +++ +++ +++ + 

L6506 6 5 5 5 5 5 4 4 4 5 
+++ ++ +++ ++ +++ +++ +++ +++ +++ ++ 

L6508 5 5 4 5 5 4 4 4 5 5 
+++ ++ +++ + +++ ++ +++ ++ +++ ++ co 

N 
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the strains immediately following the temperature upshift. The 

growth of Class 1 isolates was soon arrested, while Class 11 mutants 

continued to grow at the restrictive temperature, albeit more slowly 

than the wild-type strain. 

Genetic Analysis of Mutants 

The objective of the mutagenesis and selection procedure was 

to isolate mutants carrying lesions in the tag-l (rodA) region of the 

B. subtilis chromosome. Genetic analysis of the 44 ts isolates, 

designed to identify such mutants, was a two step process. PBSl

mediated transductions were first used to test for linkage of ts 

markers to hisA. Secondly, for those isolates showing cotransduction 

of the two markers linkage of the newly isolated ts markers to the 

tag-l locus was tested by transformation. 

In subsequent genetic analyses, transformation experiments 

were used to place the tag-l linked ts isolates into complementation 

groups and to order these groups. Results from the construction of 

an isogenic set of the mutants, and transformation of these with 

wild-type DNA were used to determine whether the ts phenotypes were 

due to a change in a single gene. Transformation was also used to 

examine additional characteristics of some of the ts mutants, namely, 

resistance to 029 and ts spore outgrowth. 

Linkage of ts Markers to hisA 

PBSl transducing particles were prepared on strain BD70 

(metC) trpC2). Motile cultures of the ts isolates were incubated 
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with the transducing stock for approximately 50 min and then plated. 

Selection was for his+ or ade+ recombinants. Recombinants were 

replica-plated onto SA or TBAB plates and incubated at 47°C to check 

for cotransduction of the ts+ marker. 

Linkage of the ts marker to hisA was seen for 12 of the 44 ts 

isolates. The cotransduction frequencies, or ratio of ts+ his+ to 

his+ recombinants, ranged from 22 to 80% (Table 8). Five mutants 

could not be successfully transduced; two were nonmotile and colonies 

did not grow up well on the selection plates for the remaining three. 

Linkage of the ts and purA16 markers was seen in 3 of the mutants. 

For all mutants showing linkage of the ts marker to hisA or purAl6, 

ts+ recombinants were only seen with that selected marker and not the 

other. 

Linkage of ts Markers to the tag-l locus 

The 12 mutants showing linkage of the ts marker to hisA were 

used as donors in transformations with strain L6616 (rodA hisAI argC4 

metC3) as the recipient and selection for methionine independance. 

The methionine marker, metB5 (formerly called metA3), carried by the 

ts mutants is not linked to metC3, by transformation (Dubnau et al. 

1967). The number of met+ recombinants which were also arg+ or ts+ 

was determined by replica plating. Linkage of the two ts markers was 

determined from the congression frequencies. This value, which is 

also referred to as the recombination frequency and abbreviated R, is 

the ratio of the number of met+ ts+ to met+ arg+ recombinants, for 
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Table 8. Linkage of ts and hisA markers by PBSI-mediated transductio~a 

No. of recombinants C 

Recipient b his+ his+ ts+ 

L6501 58 30 

L6502 187 117 

L6503 108 30 

L6504 106 52 

L6505 148 75 

L6506 95 26 

L6507 79 17 

L6508 365 109 

L6511 75 38 

L6512 297 237 

L6513 52 30 

L6514 52 17 

hisA-ts 
cotransduction 

(percent) 

52 

63 

28 

49 

51 

27 

22 

30 

51 

80 

58 

33 

a. 
b. 
c. 

PBSI transducing stock was prepared on BD70 (metC3 trpC2). 
All recipient strains carry the hisA and a ts marker. 
Selection for his+ recombinants was-on appropriately 
supplemented TS plates, at 30°C. Unselected marker 
was ts+. These recombinants exhibit luxurious growth 
on TBAB at 48°C. 
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To determine whether or not linkage was 

demonstrated, congression frequencies were normalized to the value 

obtained using wild-type DNA. A normalized value less than one is 

taken as evidence of linkage. If the two ts markers are identical it 

should not be possible to obtain ts+ recombinants. In this case a 

congression frequency of zero is expected. 

The results for the transformations are shown in Table 9. 

Data given is compiled from three separate experiments. In the first 

two which are listed L5009 was used as the wild-type donor while BD70 

was used in the third. Congression frequencies of less than 1.0 were 

obtained for all of the ts donors except L6611. One mutant showing 

linkage of the ts marker to hisA was not tested against the tag-l 

recipient. This mutant, L6612, was phenotypically similar to L6511. 

A subsequent experiment, described below, suggested that these two 

are linked. 

Linkage of ts Markers in Class I Mutants to the lssG Locus 

The phenotypic properties of the mutants L6511 and L6512 as 

well as the cotransduction frequency of the hisA and ts marker in one 

of these were similar to those reported for a ts lysis mutant, lssG 

(Brandt 1984). Linkage of the ts markers in these three strains was 

examined. A strain carrying lssG, ilvAl and lys-34 markers was used 

as the recipient in transformations with L6611 and L6612 as donors. 

Selection was for ile+ recombinants. The frequency of co-transfer of 

the ts+ and lys+ markers was determined by replica plating. For both 



a. Crosses were performed by transformation with saturating amounts 
of DNA (3-5 ~g/ml). The recipient in all crosses was L6616 
(rodA metC 3 argC4 hisAl). 

b. The selected marker~met+. Unselected markers were arg+ 
and ts+ and the numbers given indicate the total number found in 
the met+ population. 

c. The table is a compilation of data from three experiments. For 
experiments 1 and 2, L5009 (purA16 leuA8 metB5 hisA) was used as 

+ - ----- -----~ 
the ts donor, while BD70 (metC3 trpC2) was the ts donor in 
experiment 3. 

d. L6500 series donors are ts mutants derived from L5009 by nitroso
guanidine mutagenesis. 

e. R, ratio of the number of met+ts+ to met+arg+ recombinants. 



Exp.c 

1 L5009 

L6501 

L6502 

L6503 

L6504 

L6505 

L6506 

L6507 

L6508 

2 L5009 

L6513 

L6514 

3 BD70 

L6511 
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Table 9. Linkage of ts and tag-1 markersa 

Number of recombinants b 

1024 ll5 179 

707 85 26 

633 82 22 

776 98 67 

561 76 47 

935 108 69 

723 97 57 

437 72 26 

674 107 49 

1551 ll8 192 

599 31 15 

680 33 12 

126 13 18 

III 7 10 

R(donor) 
Re R(ts+ donor) 

1.56 1.00 

0.30 0.20 

0.27 0.17 

0.68 0.44 

0.62 0.40 

0.64 0.41 

0.59 0.38 

0.36 0.23 

0.46 0.29 

1.63 1.00 

0.48 0.29 

0.36 0.22 

1.38 1.00 

1.43 1.04 
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donors many fewer ts+ than lys+ recombinants were seen (Table 10). 

This suggests that the ts markers in the three strains are linked. 

A summary of the number of ts mutants found and the genetic 

analysis is given in Table 11. Both mutants L6S11 and L6S12 have 

Class I ts phenotypes. They were the only isolates from this class 

demonstrating linkage of the ts marker to hisA. They do not appear 

to be closely linked to tag-l (rodA) but may be linked to IssG. The 

ten mutants having a Class II ts phenotype and showing linkage to 

hisA also appeared to be linked to tag-l (rodA), by transformation. 

Construction of an Isogenic Set of ts Mutants 

Continued genetic analysis of the 10 ts mutants linked to 

tag-1 (rodA) required transfer of the ts markers to another genetic 

background. Two sets of strains, with different auxotrophic markers, 

were needed for placing the mutants into complementation groups. 

However, transfer of the ts markers to a new background was desirable 

for another reason. Tne agent and conditions used for the 

mutagenesis very likely led to the introduction of mUltiple genetic 

lesions. Indeed, the rationale behind the protocol was to take 

advantage of this probability. However,' as long as mUltiple 

mutations are present it may be that the phenotype of the mutants is 

due to changes in multiple genes. Transfer of the ts markers to a 

new background can provide data to indicate whether or not the marker 

is moving as a single gene change as well as reduce or eliminate the 

interference of additional mutations on the mutant phenotype. 



Donora 
(relevant 

marker) 

L6511 
(ts) 

L6512 
(ts) 

Table 10. Linkage of complementation group I ts 
mutants to lssG by transformation 

Recipient 
(relevant 
markers) 

M26 tsG 
(lssG ilvAl lys34) 

M26 tsG 

Selected 
marker 

ile+ 

ile+ 

Recombinants 

Class No. 

ile+ ts+ 2 
ile+ lys+ 51 

+ ile lys ts 638 

ile+ ts+ 6 
i1e+ lys+ 59 
ile + 1ys ts 663 

% 

0.3 
7.4 

0.8 
8.1 

a. Saturating concentrations of DNA (1-5 ~g/ml) were used. 
b. R, ratio of the number of ile+ ts+ to ile+ lys+ recombinants. 

Rb 

0.04 

0.10 

ex> 
\0 



ts 
Mutant 
class 

I 

II 

Table 11. Number of ts mutants showing linkage 
of hisA, tag-l and ts markers 

Growth phenotype 
on TBAB 
at 47°C 

No growth 
when streaked 
or replicated 

Weak growth 
when replicated, 

very small 
colonies when 
streaked 

Totals: 

Total number 
in class 
examined 

8 

36 

44 

Number 
linked 

to hisAa 

2 

10 

12 

90 

Number 
linked 

to tag-1 b 

0 

1Dc 

10 

aLinkage demonstrated by PBS I-mediated transduction (Table 8). 
bLinkage demonstrated by transformation (Table 9). 
cS ame ten mutants showing linkage to hisA, by transduction. 
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DNA extracted from the ts mutants was used to transform 

strain L5028 (ura-26 hisA argC4 metC3) to uracil prototrophy. 

Recombinants were purified and tested for cotransfer of the ts and 

arg+ markers. If the ts phenotype is due to a change in just one 

gene, then transfer of the lesion to L5028 requires a single 

recombinational event. If on the other hand, changes in several 

genes lead to the ts phenotype, then the expected frequency of its 

reconstruction is the product of the frequency of each of the 

required gene transfers. 

Table 12 lists the relative number of L5028 derivatives 

showing transfer of the ts and arg+ markers. For most of the mutants 

a similar number of recombinants were found in each class. However, 

when L6512 was used as a donor the ts marker was introduced much less 

frequently than the arg+ marker. The genetic nature of the ts lesion 

in this mutant may therefore be complex. 

Conditions for Competence of ts Mutants 

Standard protocols for preparation of competent cells of a ~ 

subtilis strain use an incubation temperature of 37°C. Due to the 

temperature-sensitivity of the strains isolated in this study, 

transformations employing them as recipients were performed at 

31.5°C. Preliminary experiments established conditions for the 

development of competence at this temperature. Growth of tag-1 

(rodA) containing strains at 32°C, in SPIZ-I supplemented with 2.5 mM 

MgC1 2 , for 115 min past the end of log phase followed by a 120 min 

incubation in SPIZ-II leads to the development of competent cells 
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Table 12. Frequency of transfer of ts markers by congressiona 

Number of transformants in class 

Donor ura+ ura+ ts ura+ arg+ 

L6640 78 6 3 

L6546 78 4 6 

L6501 78 5 5 

L6502 78 6 6 

L6503 72 8 10 

L6505 78 11 11 

L6506 78 4 6 

L6507 78 11 6 

L6508 78 2 4 

L6512 624 7 35 

L6513 78 12 7 

L6514 78 4 7 

a. DNA extracted from the donor strain was used 
in a transformation with strain L5028 (ura-
hisA argC4 metC3) as the recipient. Genotype of 
donor strains: L6440 (rodA leuA8 metB5), L6546 
(rodC purA16 leuA8 ilvAl) , L6500 strains (ts 
purA16 leuA8 metB5 hisA). Randomly chosen 
ura+ transformants were purified and tested 
for cotransfer of unselected markers. 
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(Karamata et aL 1987). Variations of these times were tested for 

each of the 10 ts mutants (L5028 derivatives). 

Conditions sufficient to obtain competent cells were found 

for most of the ts strains. A 90 min incubation in SPIZ-I, beyond 

the end of exponential growth, followed by 60 min in SPIZ-II 

generally gave an adequate number of competent cells. Competency was 

augmented with increasing times of incubation in SPIZ-II. In these 

experiments, SPIZ media was supplemented with MgCI 2 , as for rodA 

strains. Initial attempts to make strain L6608 competent were not 

successful and conditions for competence of this mutant were not 

determined. 

Distribution of ts Mutants into Complementation (Linkage) Groups 

Transformations similar to that used to test linkage of ts 

markers to the ~ locus were used to place the mutants into 

complementation groups. DNA extracted from the original isolates was 

used to transform L5028 ts derivatives. (The former are numbered 

L 6 5 0 1 t 0 L 6 5 1 4 and the I a t t e r , L 6 6 0 1 t 0 L 6 6 1 4 ) • If feasible, 

selection was for ts+ recombinants, on TBAB plates incubated at 48°C 

and for arg+ recombinants, on TS plates supplemented wi th his and 

met, at 30°C. The index of recombination was then calculated as the 

ratio of the numbers of these seen, normalized to the ratio obtained 

with DNA from the parent strain (L5009). This method was used in 

transformations with recipients L6601, L6602, L6605, L6607 and L6603. 
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DNA extracted from L6501 was not able to correct the ts 

lesion of L6602 and these two mutants are presumed to constitute a 

linkage group (Table 13). For this recipient, ts+ recombinants were 

seen with all of the other donors. When L6605 was used as a 

recipient, ts+ colonies were seen for all donors but L6507 (Table 

14). This suggests that a second complementation group includes the 

ts mutants L6605 and L6607. 

For the ts mutants, L6604, L6606 and L6613, ambiguous results 

were obtained when using these as recipients and selecting for ts+ 

recom bi nan ts. The colonies seen on the selection plates were 

heterogeneous in size and in appearance, making it difficult to 

assess which were ts+ recombinants. Less ambiguous results could be 

obtained by selecting for arg+ recombinants, transferring these to 

fresh media, allowing the colonies to grow up at 30 D e and then 

screening for ts+ and met+ recombinants by replica plating. The 

index of recombination was calculated as the ratio of the numbers 

obtained in these unselected classes. The advantage gained from 

this method was that the growth of the ts+ recombinants was clearly 

distinguishable from the growth of colonies remaining ts. 

Results from a transformation performed in this manner, with 

L6606 as the recipient, are shown in Table 15. The disadvantage of 

this method seems to be greater variability in the values which are 

obtained. An example of this is the index of recombination 

calculated with L6504 as the donor strain. Approximately the same 

number of arg+ colonies were obtained, as were seen with other 



Table 13. Complementation tests with strain L6602a 

Number of recombinants 

L5009 244 222 

L6501 0 738 

L6502 0 465 

L6503 83 273 

L6504 126 266 

L6505 199 859 

L6506 268 568 

L6507 202 824 

L6508 256 431 

1.09 

0.00 

0.00 

0.30 

0.47 

0.23 

0.47 

0.24 

0.59 

R(donor) 
R(L5009) 

LOO 

0.00 

0.00 

0.28 

0.43 

0.21 

0.43 

0.22 

0.54 

a. Crosses were performed by transformation with saturating 
amounts of DNA (3-5 ~g/ml). The recipient in all crosses 
was L6602 (rod- metC3 argC4 hisAl). 

b. All donors carry the markers purA16 leuA8 metB5 hisA; L650X 
strains also contain a rod- marker (undesignated). 

c. R, ratio of the number of ts+ to arg+ recombinants. 

95 



Table 14. Complementation tests with strain L6605a 

Number of recombinants 

L5009 83 63 

L6501 34 151 

L6502 44 113 

L6503 51 316 

L6504 10 274 

L6505 0 114 

L6506 15 121 

L6507 0 113 

L6508 19 63 

1.32 

0.22 

0.39 

0.16 

0.04 

0.00 

0.12 

0.00 

0.30 

R(donor) 
R(L5009) 

1.00 

0.17 

0.29 

0.12 

0.03 

0.00 

0.10 

0.00 

0.23 

96 

a. Crosses were performed by transformation with saturating 
amounts of DNA (3-5 Wg/ml). The recipient in all crosses 
was L6605 (rod- metC3 argC4 hisAl). 

b. All donors carry the markers purA16 leuA8 metB5 hisA; 
L650X strains also contain a rod marker (undesignated). 

c. R, ratio of the number of ts+ to arg+ recombinants. 



a. 

b. 

c. 

d. 
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Table 15. Complementation tests with strain L6606a 

Number of recombinants b 

L5009 716 45 32 

L6501 707 18 73 

L6502 656 20 46 

L6503 796 3 46 

L6504 825 8 18 

L6505 710 6 95 

L6506 814 0 52 

L6507 651 14 79 

L6508 712 0 55 

1.41 

0.19 

0.43 

0.07 

0.44 

0.06 

0.00 

0.18 

0.00 

R(donor) 
R(L5009) 

1.00 

0.14 

0.21 

0.05 

0.32 

0.04 

0.00 

0.13 

0.00 

Crosses were performed by transformation with saturating 
amounts of DNA (3-5 ~g/ml). The recipient in all crosses 
was L6606 (rod- metC~ argC4

T
hisAl). + 

The selected marker was met. Unselected markers were arg 
and ts+ and the numbers given indicate the total number 
found in the met+ population. 
Donor (genotype): L5009 (purAl6 leuA8 metB5 hisA); 
L650X (rod- purA16 leuA8 metB5 hisA). 
R, ratio of the number of~t~o arg+met+ recombinants. 
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donors. However, there were fewer than average met+ cotransformants. 

This resulted in a large index of recombination, which could be 

evidence that the ts markers in these two mutants are not linked, or 

a reflection of the low number of met+ recombinants seen, or a 

combination of both of these possibilities. 

Table 16 summarizes the data obtained in the complementation 

experiments. Transformations were performed with each mutant being 

used as a donor and as a recipient, as a check on the constancy of 

the results. Results consistent with those described above for 

recipients L6602 and L6605 were obtained in transformations with 

L6601 and L6607. Indices of recombination calculated with L6603, 

L6604, L6606 and L6613 as recipients were more varible, as described 

for L6606. The variability seen between members of this group may be 

an indication that these strains carry closely linked, but not 

identical mutations or may be due to the method used. In most cases, 

the ts phenotypes of these latter strains could be corrected by 

donors L6601, L6602, L6605 and L6607. 

In the course of the genetic analysis of the ts mutants the 

cloning of the rode gene of !=.. subtilis was reported (Honeyman and 

Stewart 1985). ~ coli strains carrying plasmids containing the 

cloned region or subclones of it were kindly provided by these 

researchers. Plasmid DNA was extracted and used in transformations 

with ts mutants. Selection was for ts+ recombinants. These were 

clearly seen using strains L6603, L6605 or L6607 as recipients but 

none were obtained in transformations with L6601, L6602 or L6616 



a. Crosses were performed by transformation using saturating 
concentrations of DNA (3-5 ~g/ml). 

b. Genotype of all recipient strains: rod hisAl argC4 metC3. 

c. Genotype of all donors: rod purA16 leuA8 metB5 hisA. Selection 
was for ts+ and arg+ recombinants and the index of recombination 
was calculated as the ratio of the number of ts+ to arg+ 
transformants, normalized to the ratio obtained using L5009 DNA. 
Boxes highlight indices which were used for distribution of the 
mutants into complementation groups. 

d. ND, not determined. 



Tahle 16. Oistrihution of ts rot! ml1tan~s intCl complementation grouPSa 

Index of recomhination with nonorc 

Reci.nient b 1.6501 Ui50? L650~ L6507 L6514 L65n3 L6504 L6506 1650R L6513 

L660J n.I)O o.no 0.22 0.15 ND 0.15 O.lQ 0.38 n.IR ND 

L6('02 i n.oo 0.00 0.21 0.22 n.22 0.27 0.43 0.43 0.54 0.39 

L61i0~ 0.17 0.29 0.00 0.00 o.no 0.12 0.03 0.09 0.11 0.23 

L6607 n.25 0.27 o.on o.no 0.03 n.II 1).11 1).11 1).06 1).08 

L6601 0.15 n.3R 0.00 0.05 ND r.OO 1).00 1).00 0.00 ND 

L6fi04 0.37 f).s8 n.os 0.1)3 ND fJ.n5 n.OI 0.1)04 n.o01 ND 

L6606 0.14 n.32 0.04 n.13 ND 0.05 n.32 0.00 0.00 NO 

L6613 0.14 0.15 0.02 n.02 n.on 0.00 n.oo o.nn 0.06 o.no 

\0 
\0 
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Results for the remaining mutants were once again 

ambiguous. 

Correction of ts markers in L6604, L6606, L6613 and L6614, 

with plasmid DNA was shown by congression. Competent cells of each 

strain were transformed with a mixture of plasmid DNA and recipient-

homologous DNA. DNA extracted from the original ts isolate 

constitutes recipient-homologous DNA; e.g., 

transformed with plasmid DNA mixed with L6S04 DNA. 

strain L6604 was 

+ In this way, arg 

recombinants could be obtained and screened for correction of the ts 

phenotype. (The idea for the DNA mixing experiments was provided by 

H. Pooley). 

Restriction maps of the cloned region contained in each 

plasmid are shown in Figure 2. Results from transformations using 

these plasmids (Table 17) suggest that a third complementation group 

consists of the mutants L6603, L6604, L6606 and L6613. Based on 

results using L6608 as a donor, this mutant is included in this 

linkage group. The pattern of correction of L6614 with plasmid DNA 

matched that seen for L660S and L6607. The designations assigned to 

the different complementation groups are noted. 

The pattern of ts+ recombinants seen for L660S, L6607 and 

L6614 (C.G. III) suggests that the ts marker(s) carried by these 

mutants is corrected by a 2.3 Kbp PstI-EcoRI fragment. The pattern 

of correction seen for linkage group IV localizes the complementing 

activity for these mutants to an adjacent region, also bounded by 

EcoRI and PstI restriction enzyme cut sites. Stewart and Honeyman 
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Figure 2. Physical map of the B. subtilis chromosomal region which 
includes the rodC locus. Shown i~the extent of the region cloned in 
plasmids pAHToT(a), pAH120 (b), and pAHI02 (c). Letters indicate 
restriction endonuclease sites; BamHI (B), PstI (P), HindIII (H), 
EcoRI (E), and Sall (5). The striped boxes define the region 
containing the rodC locus, as shown by Honeyman and Stewart (1985). 
Complementation group III and IV correcting regions, as suggested by 
transformation experiments (Table 17), are also indicated. 
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Table 17. Mapping of ts mutants using plasmid DNAa 

ts+ recombinants obtained with donor b 

Recipient C.G. c pAH101 pAH120 pAH102 

L6616 rodA 

L6601 II 

L6602 II 

L6605 III + + 

L6607 III + + 

L6614 III + + 

L6615 rodC + + + 

L6603 IV + + + 

L6604 IV + + + 

L6606 IV + + + 

L6613 IV + + + 

a. Experiments were done by transformation using saturating 
amounts of DNA (3-5 ~g/ml). Plasmids pAH101, pAH120 and 
pAH102 contain cloned B. subtilis DNA which complements 
the rodC marker. Genotype of strain L5009: purA16 leuA8 
metB5 hisA. 

b. +, ts+ recombinants were obtained. 
-, ts+ recombinants were not obtained. 

c. C.G., complementation group. 

L5009 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 
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(1985) have found that the rodC mutation lies within a 200 bp region 

bounded by EcoRI and HindIII sites. Further experiments will be 

necessary to determine whether the ts mutations isolated here also 

map to this smaller fragment. In transformation experiments using 

DNA mixtures, a control was always run using only homologous 

recipient DNA. Since ts+ recombinants were never observed in this 

case, it was concluded that the ts+ recombinants, when seen, were due 

to correction of the ts markers by plasmid DNA. 

Map Order of Complementation Groups 

A frequently used method of ordering linked markers in ~ 

subtilis involves three factor transduction crosses. This method can 

only be used if the factors, or markers, lead to three 

distinguishable phenotypes. This is not the case for the 

complementation groups defined above. As an alternative, the indices 

of recombination obtained in two factor transformation crosses were 

used to order the groups. 

A representative mutant was chosen from each linkage group. 

Competent cells of the representatives were used in transformations 

with direct selection for ts+ and arg+ recombinants. Strain L6615 

(rodC hisAl argC4 metC3) was used for complementation group IV, as 

ts + recombinants could be clear ly dis tinguished wi th this mutant. 

The results, shown in Table 18, are in agreement with those obtained 

in the complementation experiments. The largest index of 

recombination was seen between L6616 (tag-I) and L6615 (rodC) ts 

markers, although quite different results were found depending on the 



a. Crosses were performed by transformation using saturating amounts 
of DNA (3-5 ~g/ml). Selection was for ts+ or arg+ recombinants. 

b. All recipients carry the markers hisA, metC3 and argC4. Recipients 
L6615 and L6616 carry the rodC and rodA markers, respectively. L6601 
and L6607 also contain rod- markers (undesignated). 

c. Donors (genotypes): L5009, L650X strains (pura16 leuA8 metB5 hisA). 
In addition the latter contain rod- markers (undesignated); 
L6546 (rodC purA16 leuA8 ilvAl); 172ts-200B (rodA leuA8 metB5). 

d. C.G., complementation group. 
e. R, ratio of the number of ts+ to arg+ recombinants. 
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Table 18. Linkage data for ordering complementation groupsa 

No. of recombinants 

Recipient b Donorc C.G.d ts+ 
R(mutant) 

arg+ Re R(L5009) 

L5009 wt 308 245 1.2b 1.00 

L6501 II 107 288 0.37 0.29 
L6502 II 14 45 0.31 0.25 

L6616 
(rodA) L6505 III 121 249 0.49 0.38 

L6507 III 131 291 0.45 0.36 

L6546 rodC 120 209 0.57 0.46 
L6513 rv- 70 113 0.62 0.49 

L5009 wt 289 205 1.41 1.00 

172ts- rodA 376 870 0.43 0.31 
200B 
L6505 III 259 753 0.34 0.24 

L6601 L6507 III 226 565 0.40 0.28 
(C.G. II) 

L6546 rodC 66 141 0.47 0.33 
L6504 rv- 43 86 0.50 0.35 
L6513 IV 34 52 0.65 0.46 

L5009 wt 254 191 1.33 1.00 

172ts- rodA 176 558 0.32 0.24 
200B 

L6607 L6501 II 156 286 0.27 0.20 
(C.G. Ill) L6502 II 93 347 0.27 0.20 

L6546 rodC 34 365 0.09 0.07 

L5009 wt 975 779 1.25 1.00 

172ts- rodA 774 771 1.00 0.80 
200B 
L6501 II 806 1938 0.42 0.33 

L6615 L6502 II 768 1247 0.62 0.49 
(rodC) 

L6505 III 197 1398 () .14 0.11 
L6507 III 210 1626 0.13 U .10 
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direction of transformation. The reason for this is not clear. 

Since these two were most widely separated, it was concluded that 

they define the endpoints of the linkage group. L6605 and L6607 

(C.G. III) are most tightly linked to rodC while L6601 and L6602 

(C.G. II) are approximately equidistant from tag-l and C.G. III. The 

map order which fits these results is shown in Figure 3. 

The question next arises as to the orientation of the linkage 

group with respect to outside markers, such as hisA. An answer to 

this question can be inferred from transduction data. The ts-hisA 

cotransduction frequencies obtained for members of the same linkage 

group were averaged. These values were used to order the groups in 

relation to hisA (Figure 4). It should be noted that large 

variations in cotransduction frequencies were often seen for 

different mutants in the same complementation group. In addition, 

C.G. IV mutants appeared on average closer to hisA than did group III 

mutants. This is inconsistent with the data obtained by 

transformation. Therefore, the given orientation should be regarded 

as tentative until further experiments definitively orient the groups 

with respect to outside markers. 

Frequency of Correction of ts Markers 

Data obtained from transfer of ts markers into strain L5028 

suggested that most of the ts phenotypes were due to a change or 

changes in a single gene. A similar conclusion was reached when the 

ts phenotypes were corrected using wild-type DNA. The frequency of 
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rodC, 
tag-1 C.G. C.G. C.G. 
(rodA) II III IV l=== ___________________ l _____________________ l ______ l 

.27±.02 .26+.02 .07 
<--------------------------- <--------------=----------- <-------

.31 .20 .10+.05 
--------------------------) --------------------------) ------) 

.37+.01 
<-------------------------------------------------------

.24 
-------------------------------------------------------) 

.40+.06 
<----------------=-----------------

.41+.08 
-----------------=----------------) 

.47 
<---------------------------------------------------------------

.80 
---------------------------------------------------------------) 

Figure 3. Genetic map of the rodA, ts rod- and EodC region 
of the B. subtilis chromosome, based on transformation data 
(Table 18). Arrows point toward donors and numbers are the 
indices of recombination obtained. C.G., complementation 
group. 
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C.G. 
C.G. C.G. III 

hisA I II IV 

[--------[--------[-------[ [ 

66+15% 
---------~----------> 

58+6% 
-------------------~---------------------> 

362:14% 
------------------------------------------------------------> 

38+12% 
-----------------------------~-------------------------------> 

Figure 4. Linkage of ts mutant complementation groups to hisA. 
Numbers represent percent cotransduction, with cotransduction 
being the average of the values obtained for different mutants 
of the same complementation group (see Table 8 for transduction 
data). The selected marker in all cases was hisA. Arrows point 
toward the unselected (ts) marker. 
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correction of the ts marker can be compared to the frequency of 

correction at another locus. The index of recombination (ratio of 

the number of ts+ and arg+ recombinants) obtained with L5009 as the 

donor in transformations with ts mutants as recipients is effectively 

such a comparison. 

The indices seen for the different L5028 ts derivatives were 

found to be fairly consistent, with an average value of 1.27 (Table 

19). A ts phenotype which is a consequence of changes in several 

genes would require the introduction of several pieces of DNA in 

order to be fully corrected. Therefore, a lower frequency of 

correction of the ts phenotype as compared to the frequency of 

correction of the argC mutation (i.e., a lower R value) would be 

expected. The values obtained support the conclusion that the ts 

phenotypes of the mutants are the result of a change or changes in a 

relatively restricted region of the chromosome. The size of this 

region is limited to that exchanged in the transformation process. 

Genetic Basis of the 029 Resistance of Strain L6607 

The phage-resistance patterns of the mutants demonstrating 

linkage to hisA are shown in Table 20. Only two of the mutants, both 

in C.G. III (L6607 and L6614), were fully resistant at 300C to phage 

029, the remainder were either sensitive, or displayed intermediate 

resistance. The original isolate of the third C.G. III mutant, Le. 

L6505, was also 029 resistant. However, this property was not 

retained in construction of the derivative L6605. Recombinants 

obtained in transformations with strains L6507 and L6607 were used to 



Table 19. Frequency of correction of ts ~henotypes 
by transformations with a ts donora 

No. of recombinants 

Recipient ts+ arg+ Rb 

L6615 975 779 1.25 

L6616 308 245 1.26 

L6601 289 205 1.41 

L6602 244 222 1.09 

L6603 77 66 1.17 

L6604 250 159 1.57 

L6605 83 63 1.32 

L6606 45 32 1.41 

L6607 254 191 1.33 

L6613 228 185 1.23 

a. Strain L5009 (purA16 leuA8 metB5 hisA) was 
used as the donor. Recipients (genotype): 

b. 

L6616 (rodA hisAl argC4 metC3); L6615 
(rodC hisAl argC4 metC3); L660X strains 
(rod- hisA argC4 metC3). 

-- -- + + R, ratio of the number of ts to arg recom-
binants. 
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Table 20. 029 phage resistance of the isogenic strains 

Strain C.G.a Resistance b 

L6600 wt S 

L6611 I S 

L6612 I S 

L6616 tag-1 S 

L6601 II S 

L6602 II S 

L6605 III S 

L6607 III R 

L6614 III R 

L6615 rodC I 

L6603 IV S 

L6604 IV I 

L6606 IV R 

L6608 IV I 

L6613 IV S 

a. C.G., complementation group. 
b. R, resistant; S, sensitive; 

I, intermediate. 
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examine the genetic basis of the 029 phage resistance of this mutant 

(Table 21). Linkage of the two markers was first examined by 

analysis of the 78 ura+ derivatives of L5028, obtained using L6507 as 

the donor. When tested for phage- and temperature-sensitivity, the 

derivatives exhibited only the parental combinations: ts+ 029 S like 

L5028 or ts 029R like L6507. 

The phage resistance and ts markers could be separated, 

although infrequently, in a different transformation. Strain L6607 

(a ts derivative of L5028) was used as the recipient in a 

transformation with a wild-type donor (L5009). Selection was for ts+ 

recombinants and a set of these were isolated and purified by 

successive transfers to TBAB and incubation at 48°C. The majority of 

the purified colonies (47) were found to be sensitive to 029 phage 

infection. Five, however, were resistant. 

Following transformation of L6607 with plasmid DNA another 

set of ts+ recombinants was isolated and purified. Plasmid pAH120 

was used as the donor. It carries the 2.3 Kbp fragment which 

corrects the ts marker of L6607. In contrast to the above 

transformation, the majority of the ts+ recombinants from this cross 

remained ~29 resistant. Only nine of the fifty colonies tested 

showed cotransfer of both markers from plasmid DNA. 

Phenotypic Analysis of the Mutants 

Growth in Liquid Media 

The isogenic set of strains, including rodA, rodC and ura+ 
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Table 21. Examination of the genetic basis of the 029 phage resistant 
and ts phenotypes of strain L6607 a 

Number of recombinants 
in class 

Donor Recipient 
(relevant (relevant Selected ts+ ts + ts ts 
markers) markers) marker 029R 029S 029 R 029S 

L6507 L5028 ura+ 0 67 11 0 
(ts 029 R) (ura-26 029S) 

L5009 L6607 arg+ 0 5 19 0 
(029S ) (argC4 

ts 029 R) 

L5009 L6607 ts+ 5 47 0 0 

pAH120 b L6607 ts+ 41 9 0 0 

a. Crosses performed by transformation with saturating (1-5 ~g/ml) 
amounts of DNA. 

b. pAH120 contains cloned B. subtilis 168 DNA. Strain 168 is 
ts + and 029S • 
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(L6600), L5028 derivatives, were grown in supplemented minimal media. 

Two cultures of each strain were set up. One was incubated at 31.5°C 

while the second was incubated at 31.5°C for approximately 1 hand 

then at 48°C. The standard practice for examining the growth of ts 

mutants, at high temperature, is to transfer the cultures directly to 

that temperature. Initial growth curve experiments in this study 

were performed in this manner. However, with this method even wild-

type strains were found developing aberrant cellular morphologies. 

Occasionally, evidence of cell lysis was seen also. These changes 

were not seen following a gradual shift in incubation temperature. 

Therefore, a protocol allowing time for the temperature transition 

was adopted for the growth curve experiments. 

Differences in heat-sensitivites of the strains were observed 

in these experiments, as had been seen for the original ts isolates. 

The growth curves of representative strains are plotted in Figures 5 

to 8. Of these, growth of the ts mutant L6612 (e.G. I) was the most 

affected by higher temperature. Strain L6601 (e.G. II) continued to 

grow at 48°C, but at a rate reduced with respect to the wild-type 

strain. If the 48°C culture, at an OD660 of ca. 0.5, was diluted 

into pre warmed media and growth of this culture followed, the 

increase in generation time was even more apparent. Growth of one of 

the mutants, L6606, at 48°C, was not much different than that seen 

for the wild-type strain, L6600. 

In order to facilitate comparison of the growth curves 

constructed for the different strains, quantitative information was 
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Figure 5. Growth of strain L6600 (wild-type) in liquid media. 
Dashed lines indicate growth at 31.5°C; solid lines indicate growth 
at 48°C; arrow indicates when the temperature transition was 
initiated. Completely solid line is the growth curve obtained for 
the 48°C subculture. 
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Time (hrs.) 

Figure 6. Growth of strain L6612 (C.G I mutant) in liquid media. 
Dashed lines indicate growth at 31.5°C; solid lines indicate growth 
at 48°C; arrow indicates when the temperature transition was 
ini tiated. 
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Figure 7. Growth of strain L6601 (C.G. II mutant) in liquid media. 
Dashed lines indicate growth at 31.5°C; solid lines indicate growth 
at 48°C; arrow indicates when the temperature transition was 
initiated. Completely solid line is the growth curve obtained for 
the 48°C subculture. 



117 

2--------~------~------~------~--~ 

0.5 

OD660nm 

02 

t 
O.o1~ __ --,-__ - ........ -----i.-----'------' 
023 4 

Time (hrs.) 

Figure 8. Growth of strain L6606 (C.G. IV mutant) in liquid media. 
Dashed lines indicate growth at 31.5°C; solid lines indicate growth 
at 48°C; arrow indicates when the temperature transition was 
initiated. Completely solid line is the growth curve obtained for 
the 48° C subculture. 
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Parameters measured or calculated included 

generation times and the ratio of the optical densities of the 48°C 

culture 90 min versus 20 min after the change in temperature was 

initiated. This latter parameter was used as an indication of how 

quickly growth was effected by the change in temperature, i.e., to 

assess heat-sensitivity. Parameters obtained from the different 

growth curves are listed in Table 22. The generation time given for 

the 48 C, undiluted culture is the minimal value observed, usually 

occurring just following the start of the temperature upshift. 

The greatest increase in optical density 90 min post

temperature shift was seen for the wild-type strain, L6600. The 

smallest change was seen for complementation group I mutants, 

followed by L6616 (rodA) and complementation group II strains. Heat

sensitivity of the remaining mutants was variable. This same order 

was seen f rom the generation ti mes of the 48°C subcul tures, where 

measured. 

Cellular Morphology 

Near the end of the growth curve experiments, samples were 

removed from the 31.5°C and undiluted 4~C cultures and the cells 

fixed in formaldehyde. Photomicrographs were taken of the cells in 

each of the fixed samples, as visualized by phase-contrast microscopy 

(Figures 9 to 11). As expected, rod shaped cells are seen in both 

cultures of the wild-type strain. C.G. I mutants, L6611 and L6612, 

also remain as rods under both set of conditions, with lysed cells 

seen occasionally in the 48°C cultures. 



a. Two cultures of each strain were grown in SAT media, at 
31.5°C until early log phase, one was then shifted to 48°C. 

b. GT, Generation time; value given for the 48°C culture is 
the minimum value seen; the second 48°C value given was 
obtained with a third culture, subcultured at 48°C. 

c. C.G., complementation group. 
d. Index of H.S., Index of heat-sensitivity: ratio of OD660 of 

the 4WC culture, 90 min and 20 min post-temperature shift. 
e. -, not determined. 
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Table 22. Growth of the isogenic strains in liquid mediaa 

GT (min)b 
Index 
of 

Strain e.G. c 31.5°e 48°e 48°e(2) H.S.d 

L6600 wt 42 20 21 7.82 

L6611 I 44 21 _e 3.34 

L6612 I 43 21 3.36 

L6616 tag-l 44 28 52 4.05 

L6601 II 41 24 48 3.95 

L6602 II 44 27 3.77 

L6607 III 46 21 40 6.47 

L6605 III 45 24 6.36 

L6613 III 39 20 6.30 

L6615 rode 41 21 4.73 

L6603 IV 40 24 46 5.68 

L6604 IV 45 21 5.83 

L6606 IV 37 19 28 7.45 

L6608 IV 42 23 7.45 

L9913 IV 42 18 7.90 



Figure 9. Cellular morphology of strains after growth at 31.5°C 
and 48°C, as seen by phase-contrast microscopy. Upper panels: cells 
after growth at 31.5°Cj lower panels: cells after growth at 48° C. 
Notations in parentheses refer to complementation group. 
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\ 
L6611 (I) L6612 (I) 

L6616 (rod A) L6601 (II) L6602 (II) 



Figure 10. Cellular morphology of strains after growth at 31.5- C 
and 48°C, as seen by phase-contrast microscopy. Upper panels: cells 
after growth at 31.5° C; lower panels: cells after growth at 48°C. 
Notations in parentheses refer to complementation group. 
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... 
L6605(m) L6607(m) L6614(m) 



Figure 11. Cellular morphology of strains after growth at 318 C 
and 48° C, as seen by phase-contrast microscopy. Upper panels: cells 
after growth at 31.5°C; lower panels: cells after growth at 48° C. 
Notations in parentheses refer to complementation group. 
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The remaining strains are rod-shaped after growth at 31.5° C, 

but demonstrate varying types and degrees of shape deformation at 48° 

C. L6616 (rodA), L6601, L6602, L6615 (rodC) and L6605 develop a 

simi liar coccoid morphology. Conversion to spherical shape is also 

seen for the mutants L6603 and L6604, but larger and smaller cells 

are seen, respectively, for these strains. A number of lysed cells 

were seen in the 48°C culture of L6604, at the time that the sample 

was drawn. Therefore, the small cells observed for this mutant may 

have been produced by breakage of the chains at the points of lysis, 

when the fixed preparation was resuspended by vortexing. Chains of 

somewhat rounded cells were seen from cultures of L6606, L6608 and 

L6614. Occasionally cells of these mutants also appeared to be 

curved. Finally, samples of the mutants L6607 and L6613 were more 

heterogenous with respect to shape. The cells seen in cultures of 

these strains seemed to be a mixture of the patterns observed for the 

other mutants. 

Germination from Spores 

Spores prepared from the isogenic set of ts rod strains were 

heat-shocked for 15 min at 65°C and then incubated in TB at 31.5 or 

48°C. Samples of the cultures were examined periodically to check 

for spore germination. At 31.5°C bacilliform cells emerged from 

spores of all of the strains. At 48°C, rod-shaped cells grew from 

spores of the wild-type strain; L6601 and L6602 (both C.G. II 

mutants) did not grow out; and the remaining strains emerged to form 

chains of rounded cells. Different degrees of shape distortion were 
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seen for these and the chains of some of the mutants tended to be 

more twisted than those of other mutants. 

Recombinants obtained from transformation experiments were 

used to determine linkage of the ts and outgrowth markers in C.G. II 

mutants. Spores were prepared from the ts derivatives obtained 

following transfer of the ts marker from the two mutants, to L5028. 

None of these were able to germinate from spores at the non-

permissive temperature. When wild-type DNA was used to correct the 

ts phenotype of L6601 and L6602 the ts+ recombinants examined were 

able to germinate from spores at 48°C. However, the number of 

recombinants tested in these experiments was small, only 5 ts 

derivatives of L5028 and one ts+ recombinant of each L6601 and L6602 

were examined for cotransfer of the two markers. 

Phosphate Content of Walls from Several of the Strains 

If the ts phenotype of the mutant strains is a consequence of 

an inability to synthesize the teichoic acid polymer, then we would 

expect to see a loss of this surface component at the restrictive 

temperature. The quantity of teichoic acid polymer can be inferred 

from the phosphate content of isolated walls, as these two have been 

shown to be correlated (Yasbin, Maino and Young 1976). 

Analysis of phosphate content was performed on walls prepared 

from several of the ts mutants after growth at 48°C for 90 min. The 

strains tested were L6611, L6603 and L6604. Walls were also prepared 

from L5028. The analysis was done just after testing linkage of the 
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mutants to tag-l but prior to any further genetic analysis. The 

mutant strains were chosen for testing because they appeared 

genetically distinct from tag-I. In addition, the cellular 

morphology seen for the mutants at 48 C appeared dissimilar to that 

observed with tag-I. 

Results of the phosphate assay are shown in Table 23. The 

value obtained for L5028 agrees with previous reports of wall 

phosphate content for wild-type strains (Shiflett et al. 1977; Sur ana 

1977). In comparison to the wild-type strain, the three mutants 

tested had lower wall phosphate levels. The most dramatic reduction 

was seen for L6603. With growth at 48°C the cells from L6603 become 

quite large (Figure 11) and were found to be resistant to breakage by 

sonification. A correlation between cell volume and resistance to 

ultrasonic disruption has been reported (Wase and Patel 1985). 

For the phosphate analysis it was necessary to know the wall 

weights (or concentration, mg/ml) in the samples; an approximate 

value was needed in order to set up the test and an accurate value 

was required for the calculation of phosphate content. Wall weights 

were approximated from the optical densities of the samples by 

comparison to the optical density of a suspension of known 

concentration. An accurate value was obtained following 

lyophilization of the samples. The estimated and measured values are 

compared in Table 23. A greater difference is seen between the two 

numbers for the mutants than is observed for the wild-type strain. 

Stated in another way, higher optical densities were seen for 
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Table 23. Phosphorous content and comparison of estimated and 
measured weight of walls from strains grown at 47°Ca 

Wall Weights b 
Phosphorous 
(nmol/mg of Est. 

Strainc cell wall) Est. Meas. Meas. 

L5028 1,346 33 29 1.14 

L6611 820 37 18 2.06 

L6604 647 97 52 1.86 

L6603 57 62 27 2.30 

a. Strains were grown at 47°C for 2.5 hours before 

collection of cells for wall analysis. 
b. Est., estimated; Meas., measured. 
c. L5028 is wild-type for growth at 47° C. Remaining 

strains carry ts markers in the L5028 genetic 
background. 
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preparations of phosphate-poor versus phosphate-rich walls. Marquis 

(1973) has reported a similar observation for walls of a S. aureus 

mutant deficient in teichoic acid, versus the wild-type strain. 

Determination of Surface Organization 
in Newly Synthesized Cell Wall 

Organization of newly synthesized wall was examined using ~ 

subtilis macrofi bers. Macrofibers of different twist states (helix 

hand) were converted to a wall-less state (spheroplasts) by enzymatic 

removal of cell wall materiaL The spheroplasts were plated onto 

osmotically stabilized media, DM3, which allows for regeneration of 

walled cells. In turn, macrofibers were regenerated from these. 

Finally, the twist states of the regenerated structures were 

determined. Parameters which were varied included genetics, i.e. 

different strains, and environment, i.e. different temperatures for 

production as well as for regeneration of macrofibers. 

Generation of, and Regeneration from Spheroplasts 

Lysozyme digestion of macrofibers eventually led to the 

production of spheroplasts (Briehl and Mendelson 1987), as is seen 

for wild-type, single-cell cultures of B. subtilis. However, 

macrofibers were found to pass through a number of additional steps 

in this process, consisting of changes in twist state of the 

structure, breakdown of the macrofiber into chains of cells and 

reduction of these to individual cells. Final conversion of the 

cells to spheroplasts appeared no different than that observed for 

wild-type cultures. The entire process required a longer time of 
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incubation in lysozyme than that needed for wild-type cells, 

presumably due to the additional steps required. The low levels of 

autolytic enzymes in the mutants (Fein and Rogers 1976) may also 

contribute to the increased time of reaction. 

Colonies were visible on regeneration plates incubated at the 

higher temperatures (37°C or 48°C) within a day, but could not be 

seen at 20°C until after 2 to 3 days. The number of colonies on 

TBAB, which is not an osmotically stabilized media, was always at 

least three logs fewer than the number on DM3. Colonies regenerated 

on DM3 could be used to seed liquid media, and thus yield macrofiber 

structures. For each strain, all four possible permutations of 

macrofi ber generation and regeneration temperatures were used (i.e. 

spheroplasts produced from left-handed structures were regenerated 

under conditions conducive for production of left- and right

handedness, and spheroplasts produced from right-handed structures 

were regenerated under conditions conducive for production of right

and left-handedness). In addition, the regenerated structures were 

tested for their ability to undergo helix inversion following a shift 

to the alternate growth temperature. Two phenotypic macrofiber 

properties of the regenerated cells were examined in this way: the 

relationship of helix hand produced to growth temperature, and the 

ability to change twist states once produced, in response to changes 

in growth temperature. 

Results of these experiments, for the two strains tested, are 

given in Tables 24 and 25. When fibers were grown, converted to 
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Table 24. Helix hand and inversion phenotypes of macrofibers produced 
after spheroplast regeneration: Strain FJ7 

Macrofibers used Macrofibers produced after 

to produce spheroplastsa spheroplast regeneration 

Regeneration Helix inversion 

Growth Helix at No. with by No. with 

Temp.o C hand b Temp.o C helix hand Temp.o C helix hand 

20 R 20 107 R 48 30 L 

0 L 0 R 

20 R 48 0 R 20 42 R 

65 L 0 L 

48 L 48 0 R 20 48 R 

68 L 0 L 

48 L 20 91 R 48 0 R 

0 L 47 L 

a. Spheroplasts produced by lysozyme digestion of macrofibers. 
b. R, right-handed; L, left-handed. 
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Table 25. Helix hand and inversion phenotypes of macrofibers produced 
after spheroplast regeneration: Strain C6D 

Macrofibers used Macrofibers produced after 

to produce spheroplastsa spheroplast regeneration 

Regeneration Helix inversion 

Growth Helix at No. with by No. with 

hand b Temp.oC helix hand Temp.oC helix hand 

20 L 20 0 R 37 63 R 

117 L 0 L 

20 L 37 99 R 20 0 R 

0 L 83 L 

37 R 37 103 R 20 0 R 

0 L 76 L 

37 R 20 0 R 37 23 R 

98 L 0 L 

a. Spheroplasts produced by lysozyme digestion of macrofibers. 
b. R, right-handed; L, left-handed. 
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spheroplasts and regenerated at the same temperature, helix twist 

state remained unchanged. Fibers regenerated at a temperature 

corresponding to the opposite helix hand to that of the macrofibers 

from which the spheroplasts were derived, however, always grew in the 

helix hand characteristic of the temperature at which regeneration 

and new macrofiber production took place. This finding held for both 

FJ7 and C6D and for all possible combinations of starting and final 

helix hand. No indication of randomization of twist states was 

observed, nor was there any evidence that the twist state at the time 

spheroplasts were made influenced the twist state obtained after wall 

regeneration. 
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CHAPTER 4 

SUMMARY AND DISCUSSION 

Results from the construction and study of .!!.:.. subtilis 168 

hybrids having altered teichoic acids suggest that the genetic 

information for synthesis of these polymers is found in one region of 

the chromosome (Karamata et al. 1987). This region includes the tag

land gtaA loci and is estimated to be of sufficient size to code for 

20 average-sized proteins. The number of gene products necessary for 

biosynthesis of the teichoic acid complement in ~ subtilis strains 

is not known precisely. However, consideration of the final 

structure of the polymer suggests that a minimum of six biosynthetic 

enzymes are needed. The number is probably greater than this, 

especially for strains such as 168, in which several anionic polymers 

are made. 

The definition of a region of teichoic acid genetic 

information facilitates the search for mutants which are deficient in 

this polymer and which could prove useful in the elucidation of 

teichoic acid biology and function. To date only mutations in the 

gtaA and ~ genes have been shown to be linked to the tag-1 locus 

by transformation. Strains carrying these markers synthesize 

teichoic acid, but cannot glucosylate it (Young 1967). The phenotype 

of the ~ mutant suggests a connection between teichoic acid 

function and cell shape. However, a survey of the literature 



133 

generally leaves this reader with the impression that the function or 

npcessity of the anionic polymers is neither fully understood nor 

recognized. It is hoped that the isolation and study of teichoic

acid deficient strains will contributp to a better understanding of 

the biological significance of this bacterial cell wall component. 

The goal of this investigation was to isolate such mutants. 

The strategy involved the use of nitrosoguanidine (NTG) for 

mutagenesis and bacteriophage 029 for enrichment of lesions linked 

to the ~ locus by transformation and conferring a ts (growth) 

phenotype, and was based on the following rationale. Without a clear 

understanding of teichoic acid biology and function, a method for the 

dirpct splection of cells lacking these polymers is not obvious. 

Whatever protocol is used, however, should be designed so as not to 

exclude any potential candidates. We assumed that the desired 

mutations would be linked to the tag-1 locus and that strains 

carrying them could be isolated onlv as conditional mutants. In 

addition, we knew that ~29 phage selection can be used to obtain 

mutations in genes linked to the tag-1 locus (Young et al. 1969) and 

that nitrosoguanidine introduces multiple mutations in small 

chromosomal regions (Gueroloa et al 1971). Thp strategy given above 

combines these four points in a kind of localized 

mutagenesis/selection regimen. Strains carrying lesi.ons in the ~ 

region of the chromosome were not selected for directly, but isolated 

bv nat1lre of lesions introduced at the nearhy gta loci .• 
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As hopeQ, a large number of the mutants which were isolated 

carrien ts markers linked to the tag-l locus. An addi t ional, 

unexpected enrichment was also observed. This was in the frequency 

of ts, versus auxotrophic mutants. In a previous report (Karamata 

and Gross 1970) it was found that NTG mutagenesis gave ts mutants at 

one-tenth the frequency of auxotrophs. Eighty percent fewer ts than 

auxotrophic mutants were seen in the present study for mutagenesis 

without phage selection. In contrast, twentv-five percent more ts 

than auxotrophic mutants were obtained following NTG treatment and 

phage selection. Surprisingly, a large number of these ts isolatf!s 

were sensitive, at low temperature, to the bacteriophage used in the 

selection step. 

A plausible explanation for the enrichment of ts, phage

sensitive isolates is suggested bv the fact that phage selection was 

conducted following growth of the mutagenized cultures at 37" C for 

ninety minutes. Phage sensitivity of the mutants was assessed at 

30°C. The generation time of wild-type B. subtiU.s strains at 37° C 

is generally found to be in the range of 20 to 25 minutes. 

Therefor", the mutagenized cells were grown for approximatelv four 

generation times bf!fore incubation with phage ~29. Expression of ts 

mutations in strains carrying them, for this length of time, perhaps 

rendered them resistant to phage infection. The enrichment for 

isolation of these ts (~29R) mutants can then be compared to the 

technique of penicillin enrichment of auxotrophic mutants first 

described by Davis (1948). This explanation is also consistent with 
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the report of temperature-dependant phage binding of ~ subtilis rod 

mutants (Boylan et a1. 1972: Shifflett et a1. 1977) and the 

observation in this study that many of the mutants became 029 phage

resistant, when grown at 37°C. 

As mentionpn above, an enrichment for mutants mapping to the 

chromosomal region of interest was also seen. Among the forty-four 

ts mutants isolated. twelve were linked to hisA by transduction and 

ten of these carried ts markers linked to the ..!:!!K:.l locus by 

transformation. In comparison, the ts marker in only three of the 

forty-four ts mutants was cotransducible with the purA marker used as 

a control in the transduction experiments. If mutations were 

introduced, and selected for randomly, one would expect more to be 

found in origin markers, due to the higher complement of thpse in log 

phase cuI tures (Yoshikawa 1963). The hisA marker is not near tpe 

origin of replication, while the purA16 marker is. Since a high 

proportion of the ts mutants obtained were linked to the region of 

interest, this would suggest that the mutagenesis/selection protocol 

was successful. 

An alternate explanation for the enrichment of ts markers 

linked to tag-l is that this chromosomal region is more susceptible 

to nitrosoguaninine-mediated mutagenesis than are other regions. 

Perhaps this could be due to a difference in chromosome configuration 

at this locus. If this explanation is correct, enrichment for 

mutations in this region would be expected even without phage 

selection. 
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Before arriving at conclusions with respect to the results of 

genetic analyses, ann in light of the mutagen userl in the study, it 

is important to know whether or not the ts phenotypes seen are due to 

changes in a single gene or the sum of changes in multiple, unlinked 

genes. For all of the strains but one, the ts phenotype was 

transferred by congress ion or corrected by selection for ts + 

transformants, at frequencies indicative of a single recomhinational 

event. This implies that with the exception of the one, the markers 

are carriec1 on a single piece of DNA limited in size to that 

introduced by transformation. 

The twelve ts mutants carrying ts markers cotrRnsducihle with 

hisA were able to complement the tag-l marker. From the pattern of 

complementation seen within the group of twelve, the mutants were 

placed into four linkage groups. Three of these were linked to tag

l, by transformation. The ts markers in the two mutants comprising 

the remaining linkage group (complementation group, C.G. I) appear to 

be linkec1 to the IssG locus. 

The IssG mutation results in a ts phenotype; growth of cells 

carrying this lesion is quicklv arrested after a shift to the 

restrictive temperature (Brandt 1984). With continuec1 incubation at 

45°C, cell lysis is observed. Presumably, the altered gene product 

is required in the final stages of peptidoglycan synthesis as UDP

muramic acid pentapeptide accumulates in the cells at the non-

permissive temperature. Both C.G. I mutants isolated here arp 

genetically linked, and phenotypically similar to the lssG mutant. 
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The frequency of cotransduction wj.th the hisA marker is similar for 

the three markers and group I mutants aopear closely linked to lssG 

bv transformation. 

As seen for lssG, growth of the newly isolated mutants is 

quickly arrested at 45"C. The cellular morphologies seen for these 

three strains is also similar. Much less lysis was observed. 

however, for the C.G. I mutants, than was reported for lssG. Major 

changes in cellular morphology are not obsl?rved with incubation of 

these strains at 48"C. The only difference seen is a slight increase 

in the width of the poles (or decrease in the diameter of the 

cylindrical portion) of the cells, resulting in a mild dumbbell 

appearanc p • 

Mutants in e.G. II are genetically and ohenotypicallv closest 

to the tag-I. mutant. Since the two isolates in this group could not 

complement each other genetically, there is the possibility that they 

were clonally derived. Approximately 70% cotransformation was seen 

between thp tag-l ann newly generated markers. Like tag-I, the 

growth of the mutants was not completely inhibited at high 

temperature. In liquid media a generation time of ca. 50 minutes was 

measured, as compared to 21 minutes for the wild-type strain. 

On solid media, at 45 to 48"C, the C.G. II mutants formed 

small colonies, reminiscent of those described for revertants of the 

tag-2 and tag-3 markers (Shiflett et al. 1977) and for the tag-I 

marker in some genetic backgrounds (Reeve and Mendelson 1972). 

Perhaps the original tag isolates carry additional mutations, which 
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were corrected in the revertants, or removed during transfer of the 

ts marker to another background, resulting in a more heat-tolerant 

mutant. Morphologically, the cells of the group II mutants, like 

tag-I, became uniformly rounded and separation deficient upon growth 

at 48°C. 

Both group II mutants were also found to be ts for spore 

outgrowth, in rich media. No change in the appearance of the spores 

was seen after heat-shock followed by incuhation at 48°C. The ts 

vegetative growth and spore outgrowth phenotypes showed 100% 

cosegregation in transformation experiments. Whether or not the two 

characteristics are due to the same mutation remains to be determined 

more rigorously, however, as the number of recomhinants examined here 

was small. 

Linkage group III has three members. Two of these were 

unable to complement each other and the original isolates of both are 

resistant to infection by ~29 bacteriophage. Therefore, they may 

also be clonal derivatives of the same mutant. Genetically the ts 

marker in C.G. III mutants is more tightly linked to the C.G. IV, 

than it is to C.G. II or ~ loci. 

The mutants in this group are slightly l",ss heat-sensitive 

than those in groups I and II, or tag-I. This is seen both in the 

generation time, and in the amount of tim p needen to see the affect 

on growth, at 4RoC. Differences in cellular appearance are seen 

between t.he three mutants of this group, after growth at 45°C. One 

resembles those in group II, while the other two apoear more 
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heterogeneous. The cells of the latter strains tend to become 

rounded, but to a different degree in different cells; some retaining 

a more rod-like morphology. Perhaps this difference is related to 

the temperature-independant 029 phage resistance seen in these two. 

Th0Y may carry adnitiona] mutations leading to changes in cell wall 

chemistry or in cell wall ultrastructure which in turn result in the 

differences seen in cellular morphology and phage-sensitivity. 

The genetic relationship of. the phage-resistant and ts 

phe.notypes of one of the group III mutants was examined in 

recombinants generated in transformation experiments. Depending on 

the experiment examined, the phenotypes split to varying degrees. No 

separation of the two markers was observed when the ts marker was 

transferred by congress ion from the original isolate into a new 

genetic background. However, when the ts phenotype of a recombinant 

from this cross was corrected using wild-type DNA and selection for 

ts+ transformants, a low percentage of phage-resistant colonies were 

A much higher frequency of these was seen in a thi rd 

transformation experiment in which cloned (rode complementing) DNA 

was used to correct the ts derivative. These results imply that 1) 

the ts and phage resistant phenotypes can be attributed to closely 

linked, but distinct lesions, 2) both markers (wild-type) are carried 

on the plasmid used in the third transformation experiment and 3) 

thnir relative positions on the plasmid lead to frequent separation 

during transformation of competent cells of the mutant with plas~id 

DNA. 
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Transformation of ~ subtilis with plasmid DNA can occur by 

two different routes. In one case, the plasmid is introduced into 

the cell and maintained autonomously. If there is homology between 

plasmid and resident DNA, and the recipient cell contains the 

necessary recombination enzymes, the foreign DNA may be integrated 

into the host chromosome. Chromosomal integration can occur by th n 

mechanism proposed hy Campbell (1962), in which case the entire 

plasmid is incorporated into the genome. Alternatively, double

strand crossover involving regions of olasmid:chromosome homology may 

occur (Niaudet et al. 1982, Youngman et a1. 1984). 

For the transformations in this s~udv which employed plasmjd 

DNA, no attempt was made to purify the cloned B. sllbtilis sequences 

away from plasmid soecific seQuences. It is unlikely that the 

plasmid remained extrachromosomal in the transformants, as it does 

not contain an origin of replication which is functional in B. 

subtilis. Since phage-resistant and ts markers were occasionally 

separated, a r::ampbell-type mechanism of integration could not have 

been the exclusive mode of transfer. 

A model of homologous recombination is consistent with the 

observed results. The different classes of recomhinants seen could 

then represent variation in the extent of cloned DNA incorporated. 

Since separation of the two markers was seen more frequently than 

not, it mav be that the phage marker lies near the ~unction with 

plasmid specific DNA, and is frequently excludeci with these 

sequences. 
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Five ts mu~ants were assigned to a fourth complementation 

group based on the results of transformations with cloned, rodG

comolementing DNA. The pattern of comolementation seen with the 

plasmids was the same for the newly isolated and rode mutants, which 

is taken as evidence that the ts markprs in these six strains all lie 

within in a small chromosomal region. Genetic mapping of most of the 

group IV members was hampered by their leaky ts phenotypes. 

Ambiguous results were obtained when several of them were used as 

recipients in transformations with direct selection for ts+ 

recombinants. 

Genetic experiments with a recipient strain which carries the 

rodG marker gave clear ts+ recombinants. Therefore, this mutant was 

used as a recipient in transformations in an effort to position 

complementation group IV relative to other linkage groups. It was 

found to be most closely linked to group III members, in agreement 

with results obtained for that group. Linkage to group II and tag-l 

markers was also observed, with the latter appearing more distant, 

hut clearly, linked. 

In a previous report it was concluded that the tag-l and rodG 

markers are not linked by transformation (Karamata et al. 1972). 

Linkage of the two markers had been tested in the following manner. 

A strain carrying the tag-l marker was transformed to ts+ using DNA 

extracted from a rodG mutant. The ts+ recombinants were examined 

microscopically to determine whether the cells were rod-shaped or 

spherical after growth at 45°G. Since only rod-shaped cells were 
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seen, the conclusion of dislinkage was reached. A problem with this 

is that the frequency at which ts+ recombinants were obtainp.d was not 

compared to that seen using wild-type DNA. Only if the two 

frequencies are not significantlv different is the conclusion of 

dislinkage entirely valid. Otherwise, the possibility remains that 

rodC tag-l+ recombinants do not grow well enough to be scored as ts+, 

and consequently are not found. 

The mutants in C.G. IV are phenotypically heterogenpous. The 

majority are less heat-sensitive, when grown in liquid media, than 

those in any other group; consistent with that seen in transformation 

experiments. At least one C.G. IV mutant has a generation time at 

48°C close to that of the wil~-type strain. Changes in cellular 

morphologv are seen, however, for all 5 mutants, at the restrictive 

temperature. One grows into very large, rounded cells. Like rodC, 

this mutant can be used in transformations, with direct selection for 

ts+ recombinants, and unambiguous results. Among the remaining 

members of the group, several display heterogeneous changes in 

cellular morphology, similar to that described for two group III 

mutants. Still others hecome more uniformly rounded, in chains of 

cells which tend to twist. For C.G. IV mutants there does not seem 

to be a consistent correlation between ~29 phage-resistance and 

cellular morphology. 

From the results of two factor transformation crosses with 

tag-l and members of the different complementation groups, the 

linkage order: tag-l C.G. II C.G. III C.G. IV was deduced. The 
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orientation of this linkage group, an~ of C.G. I, relative to outside 

markers is inferren from hisA-cotransnuction data. Cotransduction of 

hisA, and the respective ts marker was seen most frequently with 

group I, then group II, then groun III/IV mutants, suggesting that 

the greatest distance lies between hisA and group IV markers and that 

group I markers are the closest to hisA. The relative position of 

C.G. I markers is inferred from their linkage to IssG, which Brandt 

(1984) has sJ,own lies between hisA and gtaB. 

Kemper (1974) derived an equation for estimating the physical 

distance between markers, based on the frequency of thpir 

cotransduction. The equation was developed for and used in the 

analysis of P22 transduction data obtained with Salmonella 

typhimurium mutants. The assumptions made in derivation of the 

equation were 1) random pro~uction of transducing particles, 2) 

uniform length of transducing DNA and 3) a linear relationship 

between frequency of the necessary crossing-over event and the size 

of the region in which it is possible. These postulates should apply 

equallv well to P22- and PBS1-mediated transductions and the formula 

has been used to construct genetic maps of the B. subtilis chromosome 

(Piggot and Hoch, 1985: Ziegler and Dean, 1985). 

An attempt was made to estimate the physical distance between 

the ~ and ro~C markers using Kemper's formula and cotransduction 

and cotransformation values !!iven in Figures 4 and 3, respectively. 

For calculations with cotransduction frequencies a value of 3QO Khp 

was taken as the size of PBS1 transducing DNA (Dubnau and Goldthwaite 
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The physical distances estimated on the basis of 

cotransduction values (Figure 12) are not entirely consistent with 

genetic distances inferred from transformation experiments. Although 

the calculated physical distance between group III and group IV 

mutants would predict tight linkage of these markers in 

transformations, cotransformation would not be expected between group 

II ann group III or IV mutants, according to the physical distance 

estimate. More reasonable numbers are obtained, using the reported 

hisA-tag-l cotransduction frequency of 40% (Boylan et a1. 1972) to 

obtain a calculated physical distance of 75 Kbp for these two. With 

this value, the tag-l-rodC separation is on the order of 9 Kbp, 

making the possibility of cotransformation more plausible. 

Results from Kemper's equation as applied to cotransformation 

frequencies also are shown in Figure 12. Different values are 

obtained, depending on the value chosen for the size of transforming 

DNA; physical distances shown were computed using values of 10, 20, 

and 30 Kbp (Henner and Hoch 1980). The relationship between physical 

distance and cotransfer frequency in Kemper's formula is not a linear 

but a logarithmic function. This means that cotransfer frequencies 

are expected to decrease quickly with increasing distance between 

markers and to not be additive. The conversion from genetic to 

physical distances results in more additive relationships being seen 

between markers. From the numbers obtained a minimum distance of 

0.75 and a maximum of 13 Kbp are calculated for the rodC-tag-l 

intergenic distance. 



Figure 12. Calculated physical map of the tag-l-rodC chromosomal 
region. Distances (in Kbp) were derived by applying Kemper's 
formula to the average cotransduction and cotransformation 
frequencies given in Figures 4 and 3, respectively. Upper map: 
From cotransduction values, with size of transducing DNA fragment 
taken as 300 Kbp. Lower map: From transformation data, with size 
of DNA taken as 10, 2U and 30 Kbp. 
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With such variation in the calculated physical distance 

values are any of them realistic? By correlating the physical 

(restriction enzyme) maps provided by Stewart and Honeyman anrl the 

results of transformations with cloned DNA it may be possible to 

address this question. The plasmids did not complement group II, or 

tag-1 ts markers which presumably then must lie ei ther outside thp 

cloned region or very close to its left-most border (the direction is 

inferred from map order). This means that the minimum distance 

between the rodC and group II lesions is 3.6 Kbp, based on the 

restriction enzyme map and the location of the rodC marker. 

Referring back to the genetic map (Figure 3), the C.G. II-~ 

distance is slightly less than the distance from C.G. II to rodC. 

Assuming that the physical rlistance are then similar, a minimum 

distance of ca. 7 Kbp hetween the tag-1 and rodC markers is proposed. 

Upon examining !:. subtilis genetic maps a number of other 

genes are found in the gtaB-gtaA-tag-1-rodC chromosomal region 

(Piggot and Hoch 1985: Ziegler and Dean 1985). The different genes 

are descri bed in Table 26. The reported hisA cotransduction 

frequencies for these markers are also given. The phenotypes 

(mutants) seen with changes at these loci include: changes in cell 

division processes (divII), loss of flagella (fla-). an increased 

number of flagella (ifm), pleiotropic changes (sacU, ts-341) or 

defects in endospore formation (spo-), outgrowth (out-) or 

germination (ger-). A common theme here is a change in and/or loss 

of cell surface components or properties. 



Gene 

CG I 

ifm 

CG II 

CG III 

CG IV 
rodC 

div-341 

spoIIC/D 
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Table 26. ~ subtilis genes mapped near ~ and rodC 

Cotransd. 
Description with hisA 

temperature-sensitive for growth, 70% 
UDP-NAcMuramic acid pentapeptide 
accumulates at high temperature 

temperature sensitive for growth 66% 

increased motility and number of 63% 
flagella 

nonglucosylated teichoic acid, 47% 
decreased wall content of 
N-acetylgalactosamine 

nonglucosylated teichoic acid 

temperature-sensitive for growth 
and rod morphology 

simi liar to tag-1 

similiar to tag-l 

similiar to tag-l 

temperature-sensitive formation 
of non-septate filaments 

temperature-sensitive synthesis 
of flagella 

does not germinate in all 
germinants 

blocked early in the process of 
spore outgrowth 

temperature-sensitive cell 
division 

blocked at stage II in the 
sporulation process 

44% 

40% 

58% 

36% 

38% 
18% 

40% 

35% 

34% 

30% 

20% 

17% 

Mapping 
Reference 

Brandt 1984 

This study 

Grant and Simon 
1969 

Young 1969 

Young 196J 

Boylan et al. 
1972 

This study 

This study 

This study 
Karamata et al. 
1972 

Miyakawa and 
Komana 1981 

Pooley and 
Karamata 1984 

Albertini et 
al. 1979 

Hoir et al. 
1979 

VanAlstyne and 
Simon 1971 

Lopez-Diaz 
et al. 1986 
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The gerB, outF and spolID and .f genes have been reported to 

be respectivply 34% (Albertini et a1. 1979), 30% (Moir et a1. 1979) 

and 17% (Lopez-Diaz et al. 1986) cotransducible with hisA. Mutants 

carrying the latter two markers, as the name implies, are blockp.d at 

stage II of endospore formation, forming only a single septum. 

Spores prepared from gerB mutants are able to germinate in some 

media, but not others, i.e. they do not respond to all germinants 

recognized by wild-type spores. Originally designated gsn-4, the 

outF mutation leads to ts spore outgrowth. The block occurs very 

early; only a small amount of RNA and protein, and no DNA synthesis 

is observed. This mutant is especially interesting in light of the 

ts outgrowth phenotype observed for C.G. II mutants. 

Three fla- markers, flaA, flaB and flaC, as well as the ifm 

marker were originally reported to be cotransducible with hisA (Grant 

and Simon 1969). Phenotypically, fla- mutants are ts for synthesis 

of flagella: flagella are not seen in the bacteria when grown at 46°C 

but are produced after growth at 37°C. The ifm mutation leads to an 

increased number of flagella, and greater motility of the cells as 

compared to the wild-type strain. 

In fl more recent report only the flaC and the i!!!!. markers 

were found to be cotransducible with the hisA marker and flaA and 

flaB were shown to be double mutants (Pooley and Karamata 19R4). 

They carry the ifm marker as well as fla markers which are 

cotransducible with pvrD and thyA. According to these researchers, 

the flaC marker is 35% cotranducible with hisA and the map order: 
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hisA tag-1 flaC implicated. The lfm marker, located between the hisA 

and gtaB, in two separate experiments was 46% and 63% cotransducible 

with hi sA. 

Mutants carrying the divII (originally designated divC) 

marker grow as long, nonseptated filaments until late in the growth 

cycle (VanAlstyne and Simon 1q71). At that tim~ septa are formed and 

the cells begin to divide. Cotransduction of the divC marker was 

seen in 13 to 28% of hisA+ recombinants of the different divC mutants 

tested. 

The pleiotropic mutants sacU and div-341 (originallv called 

ts-341) share certain properties and the markers they respectively 

carry are linked by transformation (Sadaie and Kada 1985). Co

transformation of the sacU and ts-341 loci occurs 40% of the time. 

Forty-five percent cotransduction of the hisA and ts-341 loci was 

reported by Mikiyawa and Komona (1981). 

The sacU mutant (Ayusawa et a1. 1975) is a hyperoroducer of 

extracellular enzymes, exhibits a decreased rate of autolysis and 

level of competence, grows in long chains and will sporulate in the 

presence of nitrogen metabolites, which normally act as repressors of 

endos pore formation. Cells carrying the div-341 mutation are 

exoenzyme hypoproducers and form fewer spores than the wild-type 

strain, at the restrictive temperature. Decreasp.d competence is also 

seen for these mutants, as well as growth in chains, which in this 

mutant are nonseptate. The phenotype of double mutants, carrying 

both the sacU and div-341 markers, has led to the suggestion that the 
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sacU gene product regulates expression of the div-341 structural 

gene. 

In this investigation the biochemical or molecular basis of 

the phenotypes seen in the ts mutants isolated were not explored. 

However, the phenotypes seen strongly implicate a fundamental change 

in the cell surface of the mutants at the restrictive temperature. 

Preliminary experiments demonstrated that for the mutants examined, 

wall phosphate content was reduced in relation to wild-type levels. 

The shape changes, development of phage resistance, anrl the 

difficulty with which the cells of one of the mutants were broken, 

preliminary to wall analysis, all seen after growth at elevated 

temperatures are suggestive of changes in the chemical or physical 

properties of wall material. 

To what extent changes in the anionic polymer are responsible 

for the mutant phenotypes remains to be determined. Such changes are 

implicated from genetic studies of hybrid strains, anrl the reducer! 

wall phosphate content mentioned above. Reduction in wall phosphate 

content has been notet! for other rod- mutants (Bovlan et al. 1972; 

Shifflett et al. 1977) although Rogers et al. (1974) interpreted 

these results as due to peptidoglycan derepression. 

With regards to this difference in interpretation of changes 

in wall phosphate, several comments are in order. Firstly, mention 

of the fact that in a later report (Rogers 1977), the author reversed 

his position to some extent, claiming that in subsequent experiments 

some reduction in the rate of teichoic acid synthesis was seen, along 
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Seconclly, in the 

original report (by Rogers et al.) there was no mention of, or 

correction for the wall thickening which occurs in these mutants. 

The experiments had been performed by incubating the cells in the 

presence of radiolabeled peptidoglycan precursor and then measuring 

the radioactivity of a constant volume of the culture, over time. If 

wall material is not turned over in the usual manner hut is retained 

(i.e. wall thickening occurs) then this will result in a measured 

incrpase i~ radioactivity. The observed increase could reflect a 

real increase in rate of incorporation of the radioactive precursor, 

but on the other hand could be attributed all, or in part, to wall 

thickening. 

Whatever the gene products encoded, the tag-I-rodC 

chromosomal region appears to play an important role with respect to 

cell shape. An answpr for the more intriguing question, how or why, 

remains for the moment in the realm of speculation. Taking the 

position that the shape changes are brought about because of the 

relative decrease in teichoic acid content, a variety of explanations 

for why this occurs can be postulated. 

Two propertips of the anionic polymers are their ability to 

chelate cations such as Mg2+ and to bind wall proteins. Changes in 

the cell wall, as the result of a change in either of these 

properties, could lead to alterations in cell shape. Mg 2 + 

concentration is critical in wall biosynthetic reactions and if 

limited the result might be a difference in the outcome of these 
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reactions, such that cell shape is disturbed. The physical state of 

the cell wali has been shown to be sensitive to changes in pH or 

ionic strength of the surrounding me~ia (Marquis 1968: Ou and Marqujs 

1970; Mendelson et al. 1985; Mendelson and Favre 1987). The loss of 

the anionic polymer most certainly results in a change in the ionic 

environment of the cell wall, and thus may well alter the nhysical 

state of the peptidoglycan or other wall components. In turn, this 

change may affect cell shape. 

Alternatively, the teichoic acid polymer may hold 

biosynthetic enzymes in the wall, or regulate their function. If 

these enzymes playa role in cellular mornhology then the observed 

shape changes in teichoic acid mutants would be caused indirectly by 

loss of the polymer. Such enzymes may be analogous to those shown to 

be important for shape determination in ~ coli. 

A discussion of cell shape in ~ coli inevitably involves 

discussion of penicillin-binding-proteins (PBPs) (Spratt 1977). In 

~ coli a number of membrane proteins have heen identified by their 

irreversible binding to radiolabeled penicillin. The eight different 

proteins bind with differing affinities to penicillin derivatives and 

cephalosporins. Furthermore, growth of ~ coli in the presence of a 

particular antibiotic results in a particular change in cellular 

morphology. Upon growth in presence of mecillinam ~ coli cells 

become rounded, while long, nonseptate filaments are formed upon 

incubation with ceohalexin. E. coli mutants with these two 

morphologiAs have been isolated and shown to be have changes in two 
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The proteins affected preferentially and 

respectively bind meclllinam and cephalexin. 

Taken together, the above observations have led to the 

hypothesis that elongation of cylindrical wall and formation of 

septal wall in ~ coli cells are separate reactions in which 

different PBPs play important roles. Perhaps the morphological 

changes seen in this study reflect a situation related to that seen 

for the ~ coli shape mutants. The genetic lesions in the newly 

isolated mutants may directly or indirectly upset the normal 

functioning of enzymes w~ich plav kev roles in the process of shape 

determination. Directly, because the mutations are in PBP genes or 

indirectly, and more likelY, because they influence normal PBP 

functioning. 

Another aspect of the phenotype seen for the mutants is their 

temperature-sensitive growth rate. Once again this property could be 

attributed either to a reduction in the effective Mg2+ concentration, 

or the binding of nf'cessary proteins to the cell wall. A change in 

the ionic environm~nt at the plasma membrane or in the cytoplasm may 

disrupt biosynthetic reactions important for optimal growth rates. 

The loss of the polymer coulrl also change the way in which the cell 

wall interacts with the environment for uptake of nutrients. If 

aquisition of necessary metabolites is hindered by the change in the 

ionic properties or in the configuration of the cell surface, the 

consequence could be the change seen in growth capacity. 
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Alternatively, there could he an indirect effect on growth 

caused by a disruption in the cell wall:DNA association. The 

teichoic acid polymer might influence peptidoglycan configuration or 

might hold wall proteins which are important for the association. 

Relative loss of the polymer could disrupt this interaction such that 

faithful segregation of daughter. chromosomes into progeny cells did 

not occur. As a result a certain number of cells. lacking a 

chromosomal complement, would be inviable following cell division. 

The loss of cells in this manner would lead to an apparent decrease 

in the biosynthetic capaci ty of the cuI tur.e as a whole and thus, in 

the measured growth rate. 

The mutants isolated in this study, the availability of 

cloned rode complementing DNA, and the genetic map of the chromosomal 

region involved should all prove useful in future studies. Together 

they can be used to obtain additional cloned sequences by chromosome 

walking; the significance of these with respect to investigating the 

molecular biology of the relevant gene products is clear. A careful 

study of the change in cellular morphology of the mutants, from rod 

to spherical, should lend insight to temporal and spatial aspects of 

cell wall biosynthesis. 

Another set of mutants can he used to provide information on 

the conformational states of wall polymers. These mutants constitute 

the ~ subtilis macrofiber system and the multi celled structures they 

form are thought to provide an amplification to macroscale of cell 

surface molecular organization and force interactions in the cell 
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wall (Mendelson 1978). Both genetic and physiological factors have 

been found to influence macrofiber structure: specifically, these 

factors influence the helix hand of the macrofibers (Mendelson and 

Karamata 1982: Mendelson et al. 1985). In the present study 

macrofiber strains were used to examine how genetics and environment 

contribute to the organization of newly synthesized wall. This was 

done in the following manner. 

Macrofiber strains which grow as either right- or left-handed 

helical structures, depending on growth temperature, were used. The 

strains were grown so as to each yield macrofibers of the two helix 

hands (twist states). These were then incubated with lysozyme, in 

osmotically stabilized media, thereby leading to the production of 

spheroplasts. The spheroplasts were plated on osmotically stabilized 

media, in order to allow regrowth of the cell wall and eventually, 

regeneration of macrofibers. Conditions for production and regrowth 

of macrofibers were chosen so as to test whether a genetic factor or 

a physiological factor influenced the organization of new wall 

material, or whether a random factor was at play. 

The twist states seen in the regenerated macrofibers were 

always what would be predicted for the strain being examined, in the 

context of the environment used for regeneration. No evidence for 

randomization of wall material was se~n, nor did wall polymer that 

might have remained on the surface of the spheroplasts after lysozyme 

digestion Appear to influence the twist state of the newly 

regenerated cell wall. These results suggest that helix hand 
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organization of macrofiber structure is strictly governed by two 

factors: genes and environment. Given that the macrofiber represents 

surface organization in wild-type cells, then by extrapolation, genes 

and environment must also dictate precise surface organization in 

these as well. 

More than a century has passed since the first report of the 

Gram reaction. Although we now know that the key to the reaction 

lies in an understanding of the bacterial cell wall, we are still far 

from a full knowledge of this organelle. Future studies of 

macrofiber and rod- mutants will hopefully contribute to a better 

understanding of the biology and function of the bacterial cell 

surface, anrl ultimately to a full appreciation of the processes of 

bacterial cell growth and division. 
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