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ABSTRACT 

Bacillus subtilis strain C64iR4 was isolated as a bacteriophage-

resistant derivative of the macrofiber producing strain C6D. In addition 

to phage resistance two other phenotypic changes are present in C6^R4; 

(1) alteration of macrofiber structure from long, straight filaments 

organized as a rope-like fiber to a tight, disorganized ball-like 

structure composed of kinky, twisted snake-like cells; (2) acquisition 

of the ability to aggregate into a single macrostructure in liquid shake 

culture. 

The nature of the physical change associated with C6({)R4 

aggregation has been studied. Electron microscopic and immuno

fluorescence techniques suggest neither extracellular mucopolysaccharides 

nor intact flagella play a significant role in aggregation. Added 

proteolytic enz3rme does not affect aggregation but rather results in 

straightening of the twisted filaments. Growth in the presence of 

I [ 
excess Mg , on the other hand, accentuates the twisted morphology. 

Several independent mutations have been found to contribute to 

the production of macrofibers in C6(pR4. One mutation, designated fib A, 

results in the production of long, division-suppressed filaments 

capable of organizing into macrostructures. Division-suppression 

associated with the fibA mutation is short-lived. Septa begin to appear 

after approximately 12 h incubation at 20°C and fibA structures initiate 

X 



decay by 15-18 h. The individual cells liberated by cell division are 

normal length rods. Transformation mapping has placed the fibA mutation 

between the hisA and tag-1 loci with about 6% linkage to hisA. 

A second mutation associated with macrofiber production, 

designated fibB, results in long, open macrofibers that persist for up 

to 30 h at 20°C. Individual cells produced upon decay of the fiber are 

filaments several times the length of wild-type subtilis rods. Trans

formation mapping has suggested a weak linkage with cysB, fibB being 

located on the opposite side of cysB as hisA. Genetic crosses have 

established that neither fibA nor fibB are located in div loci previously 

reported in this region of the genetic map. 

A third mutation found to affect macrofiber product is the 

divIV-Bl allele. Strains carrying the divIV-Bl alone appear incapable 

of macrofiber production. Strains constructed to contain divIV-Bl 

and either fibA or fibB produce macrostructures that remain intact 

several hours longer than those containing either fibA or fibB alone. 

Strains containing both the fibA and fibB mutations produce macrofiber 

strains morphologically similar to the original macrofiber strain, BIS, 

but of shorter life-span. The fibA, fibB mutant structures begin to 

decay 8-10 h earlier than BIS structures. Strains which contain 

divIV-Bl as well as fibA and fibB, produce structures indistinguish

able from BIS. The data suggest that fibA, fibB, and divIV-Bl mutations 

are all present in macrofiber strains BIS, RHXllS, C6D and C6<j)R4. 

C6(|)R4 also carries an additional mutation, designated gtaCr4. 

This mutation is associated with the unique phenotype of C6(|)R4: 
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Resistance to bacteriophage infection; production of a disorganized ball

like macrostructure; and ability to aggregate. The gtaCr4 mutation 

is in the gtaC locus or a gene very closely linked to gtaC. The 

gtaC gene is known to regulate the production of a phosphoglucomutase 

involved in the glucosylation of cell wall teichoic acid. Of several 

genes known to be involved in the production of glucosylated teichoic 

acid, only mutations in the gtaC locus confer a phenotype like that of 

C6(i)R4 when introduced into macrofiber strains. A model explaining the 

affects of the gtaCr4 mutation is proposed. 



CHAPTER 1 

INTRODUCTION 

Macrofiber Mutants of Bacillus 

The helical, multicellular forms of Bacillus subtilis were first 

reported three years ago (Mendelson 1976). These bacteria have the 

unusual property of growing as highly division suppressed strands that 

can interact with themselves and each other to produce complex, helical, 

multicellular arrays termed macrofibers (Mendelson 1978). Macrofibers 

are able to survive intact for days and go through an elaborate life 

cycle in which macrofibers are produced, begin to decay and shed indi

vidual cells which can then reinitiate the production of macrofibers. The 

basic morphogenetic properties of an individual macrofiber strain, the 

life cycle and architecture of the structure, are apparently inherited, 

as reinitiated macrofibers appear the same as the first generation 

fibers and are in turn subject to decay and repopulation. Several dif

ferent types of macrostructures have been isolated. Some produce long 

tight rope-like structures, some loose frayed-looking ropes. Other 

produce loose, open net-like structures, while some produce very tight, 

long lived ball-like structures. All of these structures are large 

enough to be seen with the naked eye and details of the superstructure 

are quite apparent when the structures are observed at low magnification 
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with a stereomicroscope. Though there is a diversity of structures, all 

of them are referred to as macrofibers (Mendelson 1978). 

The mechanisms involved in the production of helical morphology 

are not clear. Mendelson (1976) has, however, said that three factors 

are essential. One is division-suppression; to keep the "products of 

growth" in association with one another. Because extensive division 

suppression is associated with macrofiber production, it seems likely 

that a critical role will be played by the autolytic enzyme(s) associated 

with cell division. No specific role for the autolytic enzjnnes has yet 

been demonstrated. 

Another factor is the apparent helical orientation of the cell 

surface. This helical orientation may not be unique to these subtilis 

mutants but may be the normal organization for wild type Bacillus and 

other prokaryotes as well as some eukaryotic cells (further discussion 

later). The specific components involved in the helical organization 

have yet to be determined. 

The third factor is a restriction of the rotation of the surface 

of the cells. This rotation is a natural consequence of the helical 

assembly of the cell surface. Restriction of this rotation introduces 

a localized torque into the surface of the cells. In the original 

macrofiber strain, BIS, the restriction of rotation can be caused by the 

association of both ends of the outgrowing cell with the spore coat. 

When the spore germinates and the cell begins to grow, the cell poles 

should begin to rotate away from one another. According to the theory 

the rotation is blocked with the poles binding to the spore coat and a 
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torque results leading to helical structure. Some form of tension 

restriction is believed to be responsible for the production of the 

other macrofiber strains, even though most of them are asporogenic. 

The helical architecture of a particular macrofiber strain is 

apparently a stable, inherited property. Mutants have been isolated 

that produce right-handed helices, left-handed helices, and some that 

can change the direction of the helix depending upon the medium in 

which they are grown (Mendelson 1978). Recently (Mendelson 1979) a 

series of mutants has been identified in which helix-handedness is 

temperature-sensitive. 

Several related macrofiber strains have been used in this 

study. BIS, RHXllS and C6D have been previously reported. BIS was 

isolated as a smooth colony segregant of MlldivIV-Bl (Mendelson 1976). 

The latter is the original strain carrying the divIV-Bl mutation and 

was produced by nitrosoguanidine (N-methyl-N'-nitro-N-nitrosoguanidine) 

mutagenesis of Mil (Cojme 1975). BIS was found to make large, tight, 

right-handed helical macrofibers in complex, TB, medium but more open, 

less organized fibers in SI, the enriched minimal medium. 

RHXllS was isolated as a derivative of BIS that was capable of 

producing a very tight, more organized structure in SI. The selection 

procedure has been described by Mendelson (1978) and involved sub-

culturing many individual BIS fibers and screening them for improved 

structures in SI. The best of these were isolated and the selection 

process repeated several times. After RHXllS was isolated, it was 

discovered that it made a right-handed helical structure in TB but a 
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left-handed helix in SI. The structure that RHXllS made in TB, however, 

was very inferior to the structure BIS made in TB. This was presumed to 

reflect the fact that all of the subculturing and selection of RHXllS 

had been performed in SI and that the macrofibers had not been grown in 

TB for an extended period of time. 

To obtain an RHXllS derivative able to produce better structure 

in TB, a selection regime similar to that used to obtain RHXllS was 

initiated. RHXllS was gro\7n in TB and selection and cloning con

tinued until a derivative was found that produces a large, tight macro-

fiber structure. It was then discovered that the selected strain, C6D, 

produced left-handed structures in both SI and TB. 

C6(f>R4, finally, was selected as a phage-resistant derivative of 

C6D. A liquid culture of C6D was grown and cells spread to form a lawn 

9 on a TBAB containing petri dish. A spot of phage SPOl (ca. 10 pfu/ml) 

was placed on the lawn. A small number of colonies arose in the zone 

of killing and they were picked and purified. C6(j)R4 was one of those 

colonies. The isolates were retested to verify their phage resistance 

character and grown in drops to examine their ability to produce macro-

fibers. It was found that C6(j)R4 produced a structure very different 

from that of C6D. Rather than producing a fiber-like structure, it 

produced a structure that looked more like a tight ball with very thin, 

short fibers emanating from the surface. 

The existence of macrofibers is not unique to subtilis. 

In collaboration with D. Karamata, Mendelson (1979) has found macrofiber 
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producing strains of licheniformis and other Bacilli. It is also 

possible that mutants described by Rogers and Thurman (1978) in 

subtilis and by Robson and Baddiley (1977a) in B. licheniformis can 

make macrofibers, though their presence has not been specifically 

reported. A system reported many years ago by Lewis (1932) in 

mycoides also appears capable of producing structures like helical 

macrofibers. 

Nature and Scope of the Investigation 

The so-called macrofiber mutants of subtilis were first 

isolated in this laboratory. Several aspects of the macrofiber system 

are now under investigation, in this laboratory and others. Questions 

that are being addressed involve the mechanism of helical wrapping, 

the organization of fiber, the mechanism of helix hand conversion and 

the forces involved in helical morphogenesis. 

The initial goal of this investigation was the study of the 

unique properties of one of the macrofiber producing strains, C6it>R4. 

This mutant had been isolated by Mendelson as a bacteriophage-resistant 

derivative of another macrofiber strain, C6D. Concomittant with the 

appearance of phage resistance in the strain were a dramatic change in 

the morphogenesis of the macrostructure and a remarkable ability of the 

cells to aggregate in liquid shake culture, and reaggregate after the 

structure had been dispersed. Two lines of study were initially fol

lowed. One involved further characterization of the aggregation 

phenomenon in this strain. Could it be inhibited? Could a mechanism 
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be found to explain it? What could be learned about the cell-cell 

interactions associated with aggregation? The second line of investiga

tion involved characterizing the phage-resistance property of C6(j)R4. 

This involved physical and genetic investigations. It also involved 

determining whether the morphogenetic and aggregation properties of 

this strain were the direct result of the phage resistance mutation or 

whether they signified an additional lesion. If only one mutation was 

responsible, could other independently isolated phage-resistance 

mutations produce the same effects or were the effects unique to the 

particular mutant allele in C6(JiR4? 

In the course of this study, it became apparent that a genetic 

analysis of macrofiber production in general was possible. Therefore 

an investigation was undertaken to define some of the genes involved 

in the production of macrostructures and to map those genes. All of the 

macrofiber strains used in this study were descendent from strain BIS. 

The experiments described in this study by no means constitute 

an exhaustive investigation of the C64)R4 strain, or the properties of 

any of the genes identified. Instead, they were designed to lay the 

groundwork for further genetic study of the macrofiber system and to 

explore the impact of individual gene mutations on macrofiber morpho

genesis. 

Cell Growth in Bacillus 

To understand growth and division of a cell, information on the 

biosynthesis and regulation of cell surface components is essential. 
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A great deal of progress has been made in understanding the bios3mthesis 

of cell wall components in subtilis and other gram-positive organisms 

(reviews Schleifer and Kandler 1972, Ghuysen 1977). Less progress, how

ever, has been made in understanding the regulation of cell growth. 

Chemical analysis of subtilis cell walls has shown the 

envelope to be composed principally of two heteropolymers, peptidoglycan 

and teichoic acid. Glauert, Brieger and Allen (1961) showed the wall 

to be trilaminar with two dense layers about 4 nm thick separating a 

less dense region of 12-17 nm in thickness. The outer surface was 

predominately smooth. 

The peptidoglycan is a structure of uniform composition made of 

glycan strands, peptide sidechains, and peptide cross-bridges. The 

details of the structure are discussed in Ghuysen (1977) and will not 

be elaborated upon here. The peptidoglycan is a net-like structure that 

completely surrounds the exterior surface of the cell. This bag, or 

sacculus (Weidel and Pelzer 1964) is believed to constitute the major 

shape-maintaining component of the cell. When cell walls are isolated 

and all other components removed, a structure remains, made entirely of 

peptidoglycan and retaining the shape of the cell. When cell walls are 

isolated and the glycan solubilized, for instance by lysosyme digestion, 

the entire wall matrix dissolves. Ghuysen (1977) has described five 

different chemotypes of peptidoglycan in bacteria based upon differences 

in peptide side-chains and peptide cross-bridges. There does not seem 

to be any direct correlation, however, between the primary structure of 

the peptidoglycan and growth or morphology of the bacterium. 
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Ward (1973) showed the length of the glycan in the wall to be 

40-50 disaccharide units in length. In an autolytic-defective mutant 

of ̂  licheniformis, this length was found to be from 70-80 dis

accharide units to several hundred. As pointed out by Rogers, Ward and 

Burdett (1978) this length is insufficient to run the length of the 

average cell (3 ym), or encircle the cell (circumference, 2 ym). The 

x-ray data of Burge, Fowler and Reaveley (1977) is consistent with the 

individual glycan strands being in the plane of the cell wall. In 

Arthobacter crystallopoietes there is a correlation between glycan 

length and morphological state. Krulwich et al. (1967) found that in 

this dimorphic bacterium, the glycan length in the rod-shaped cells 

was 114-135 disaccharide units while it was 14-53 in the spheres. How

ever, no clear relationship of cause and effect has been established as 

it is also true that the change from rod to sphere is accompanied 

by an increase in autolytic N-acetylmuramidase activity (Krulwich 

and Ensign 1968). 

Another major aspect of glycan structure is the amount of pep

tide crosslinking of the individual glycan strands. Results are 

varied and appear to depend on the organism and the growth conditions 

(Schleifer and Kandler 1972). X-ray crystallographic experiments have 

been performed to determine the orientation of the glycans in a cross-

linked matrix. Results have been inconclusive though the helical 

nature of the disaccharide backbone has been established (Formanek, 

Formanek and Wawra 1974, Burge et al., 1977). Little is also known 

about the distribution of crosslinked and uncrosslinked material. Both 
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the amount and distribution of crosslinkage could play important roles 

in the organization of the peptidoglycan in the cell wall. 

The other major components of the gram-positive cell surface 

is the teichoic acid. In subtilis teichoic acids are often 

glucosylated polyglycerol or polyribitol chains extended by phosphodi

ester bonds. The glycerols or ribitols may also be substituted by 

D-alanine. Teichoic acid chains are apparently attached to the 

peptidoglycan through a phosphodiester bond from the terminal end of the 

teichoic acid and the 6-OH group on the N-acetylmuramic acid. Data 

has been reported (Bracha and Glaser 1976, Coley, Archibald and 

Baddiley 1977) which shows the linkage of teichoic acid to peptidoglycan 

in Staphylococcus aureus involves a bond between N-acetylmuramic 

acid and a terminal N-acetylglucosamine-phosphate on teichoic acid. 

Likewise Wyke and Ward (1977) have demonstrated the presence of an 

N-acetylglucosamine unit in the teichoic acid of subtilis W23 

though its position is unclear. As with glycan chain length, teichoic 

acid chain length varies with growth conditions and the organism. How

ever, the average length is approximately 20-40 residues. 

-̂Then organisms that normally contain teichoic acid in their cell 

walls are placed in phosphate-limited environment, the teichoic acid 

is replaced by another anionic pol}mier, teichuronic acid. The 

synthesis of teichuronic acid seems to involve the same mechanisms as 

that of teichoic acid. Both involve the use of a different inter

mediate (lipoteichoic acid) than that used to polymerize peptidoglycan. 
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Both teichoic acid and teichuronic acid can be synthesized independent 

of peptidoglycan production (Ghuysen 1977). 

As a result of the progress being made towards understanding 

the chemistry of the cell wall, a basic concept for the insertion of 

new wall material into the cell surface is beginning to form. Studies 

in JB. licheniformis (Ward and Perkins 1973) and Micrococcus luteus 

(Weston, Ward and Perkins 1977) have shown that chain length extensions 

of peptidoglycan is at the reducing end of the growing chain. The 

other end of the strand remains attached to the C^^-isoprenoid lipid 

carrier. Insertion of the completed chain into the preexisting wall 

appears to involve a transpeptidation reaction in which the terminal 

D-alanine of the newly synthesized strand acts as a donor to an acceptor 

in the preexisting wall (Mirelman, Bracha and Sharon 1972; Ward and 

Perkins 1974). Inhere the newly synthesized peptidoglycan is inserted 

into the wall is still a subject of extensive research. 

Ever since Jacob, Brenner and Cuzin (1963) first suggested that 

a discrete zone of growth might be important in bacterial genome 

segregation, a search for such zones has been a major focus of bacterial 

cell growth research. Though there have been conflicting results, 

evidence is beginning to accumulate that favors the existence of some 

form of zone, or small number of zones of growth. 

In Streptococcus the evidence for a single zone of growth is 

compelling. From the fluorescent antibody experiments of Cole and 

Hahn (1962) to the three-dimensional reconstructions of thin section 

electron micrographs (Higgins and Shockman 1976) a rather clear 
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picture of surface extension has been presented. Higgins and Shockman 

(1'576) have proposed that new cell growth in S_- faecalis involves the 

coordination of constant cross-wall s3mthesis, cell separation and 

thickening and expanding of peripheral nascent wall. The majority o£ new 

sjmthesis is located at the septum. A process of cross-wall separation 

occurs simultaneously, resulting in a gradual decrease in the outside 

diameter of the cross-wall and in the production of new cell poles. To 

account for the increase in surface area observed during cell growth, 

they also proposed that some amount of nascent cell wall material must 

be intercalated into the newly formed poles. 

Cell pole formation in subtilis may occur by a similar 

mechanism. Burdett and Higgins (1978), using the same rotational 

technique described by Higgins and Shockman (1976), found a great deal 

of similarity between the production of cell poles in subtilis and 

faecalis. B. subtilis appears to produce polar wall by the same con

strictive separation and expansion mechanism described for faecalis. 

Differences in the speed of cross-wall closing and total area of polar 

wall were noted and a relationship between these differences and 

differences in polar shape were suggested. 

While there is some agreement as to how polar wall is con

structed in JB. subtilis, there is much less agreement as to the mechanism 

of expansion of the cylindrical region of the surface. Experiments have 

been reported that claim to demonstrate a dispersive, random inter

calation of new cell wall (Mauck and Glaser 1972). Other experiments 

show evidence of expansion from a limited number of discrete zones 



(Mendelson and Reeve 1973). One of the major difficulties in interpret

ing these experiments has been in defining the role of cell wall 

turnover in the results. The experiments of Pooley (1976 a,b) on turn

over provide a means of explaining the earlier contradictory results. 

Pooley found that new cell wall is synthesized at the interface of the 

membrane and the wall and that wall material does not appear on the 

outer surface of the cells for 1.5-2.0 generations after it is synthe

sized. He also found that the newly ssmthesized material is not 

distributed randomly in the cell wall, but rather as it is synthesized 

new wall material begins to continuously spread. It spreads and rises 

towards the surface until after about two generations it forms a thin 

sheet making up the outer wall. As pointed out by Pooley (1976a), if 

this interpretation is correct it suggests that the cell wall is a more 

fluid, djmamic structure than is usually conceived. T-Thile Pooley's 

experiments were unable to distinguish random insertion from zonal 

growth, they define more accurately cell wall turnover and its role in 

growth. Recent results which take into account cell wall turnover 

(Pooley, Schlaeppi and Karamata 1978) suggest zonal growth, may more 

accurately describe the real process of lateral growth. These conclu

sions are based upon the findings that in turnover negative mutants a 

clear segregation of new and old cell wall can be demonstrated. 

The role of the autolytic enzymes in bacterial cell growth and 

division has been studied for many years. Roles for autolysins have 

included cell wall assembly and enlargement, morphogenesis, division, 

wall turnover and cell separation (review Daneo-Moore and Shockman 
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1977). Because of the wide variety of organisms and autolysins investi

gated, only those of the genus Bacillus will be discussed. 

The most prominent autolytic enzyme in Bacillus is an N-

acetylmuramic acid L-alanine amidase. The amidase of subtilis has 

been purified (Herbold and Glaser 1975) and shown to be a monomeric 

protein of 50,000 molecular weight. The enzyme has a high affinity for 

teichoic acid containing cell walls and binds much less tightly to walls 

devoid of teichoic acid. A "modifier protein" is found associated with 

the amidase. The modifier binds stoichiometrically to the autolysin 

and changes the pattern of wall hydrolysis from one of random cleavage 

to a sequential hydrolysis of amide bonds. The pH optimum for this 

enzyme is 9.5. The amidase has been shown to have a role in cell wall 

turnover (Mauck, Chan and Glaser 1971) and may also be involved in the 

separation of daughter cells (Rogers 1970, Brown 1977). A role in cell 

separation has also been proposed for the amidase in licheniformis 

(Forsberg and Rogers 1971). A mutant low in the amidase activity 

failed to turn over cell wall material and grew as very long chains of 

cells during exponential growth (Forsberg and Rogers 1974). 

An interesting hypothesis concerning the morphogenesis of 

flagella has evolved from the studies of autolytic-deficient mutants. 

Fein (1979) has proposed that localized peptidoglycan hydrolysis is 

required to insert and assemble the basal bodies of Bacillus flagella. 

He bases his hypothesis on observations of several different autolytic 

negative mutants of subtilis and licheniformis. All of these 
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mutants are nonmotile under conditions of reduced autolytic activity and 

all but one are devoid of flagella. 

Helical Growth 

As has been properly pointed out by Rogers et al. (1978)» 

helical growth is a common occurrence throughout nature. This seems to 

be a reflection of a basic physical principle. Crane (1950) demonstrated 

that to polymerize identical subunits into a chain and to allow for 

continued extension of the chain, assembly of the subunits must almost 

inevitably be helical. He suggested that many rod-like structures will 

in fact be helical upon closer scrutiny. 

Since the report of a helical subtilis by Mendelson (1976), 

other helical Bacilli have been reported. Tilby (1977) reported a 

Triton X-lOO-resistant mutant of subtilis that grew as a bedspring-

like coil. Shiflett, Brooks and Young (1977), by scanning electron 

microscopy, showed that two colony-forming revertants of a tag-2 

mutant, grew in coils during growth at restrictive temperature or during 

a transition from restrictive to permissive condition. Both of the 

revertants contained reduced amounts of cell wall teichoic acid and re

duced autolytic activity. Robson and Baddiley (1977a) have reported a 

novobiocin-resistant mutant in B. llcheniformis that grew as long 

filaments that formed "macroscopic 'rope-like' conglomerates". This 

mutant has been shown to be autolytic-defective Lyt~ (Robson and 

Baddiley 1977b), apparently due to an absence of teichuronic acid in the 

cell wall. Thin section electron micrographs of this mutant showed a 
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rather rough, irregular surface, even in the absence of novobiocin 

(Robson and Baddiley 1977a). More recently, Rogers and Thurman (1978) 

grew lyt~, rod double mutants of subtilis under restrictive con

dition and then transferred them to permissive condition. During the 

transition from coccal to rod shape, long double-helical braids were 

observed. Strains containing these two morphogenetic mutants, therefore, 

seemed to be able to mimic the phenotype of BIS which contained the 

divIV-Bl mutation and "additional mutations" that were unidentified 

(Mendelson 1976). Finally, as mentioned earlier, Mendelson in 

collaboration with D. Karamata has isolated helical macrofiber-

producing strains in several other Bacillus strains. 

The idea of helical growth also can be used to explain unusual 

morphological mutants previously reported in Bacillus. For example, 

Highton and Hobbs (1971) described a penicillinase-negative mutant of 

licheniformis which, when grown in the presence of 1 unit/ml of 

penicillin, produced "distorted cells and growth in twisted and coiled 

chains." This mutant resembles the helical mutant described by 

Tilby (1977). The penicillinase-negative mutant was characterized by 

filamentation, a decreased growth rate relative to the wild-type, and 

localized thickening of the cell wall. Fan and Beckman (1971) described 

a temperature-sensitive mutant of subtilis, BA177, that showed 

greatly impaired autolytic activity. Without exogenously added 

autolytic function, cells grown at restrictive temperatures were short 

chains and filaments of highly twisted bedspring-like cells. Forsberg 
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et al. (1973) found two mutants of licheniformis, lyt -4 and lyt -5 

that showed greatly reduced autolytic amidase activity. They found the 

mutants to be phosphoglucomutase-negative and showed a connection between 

phosphoglucomutase and formation of the amidase. When cells were changed 

-3 +2 
from PO^ to Mg limitation, "crescent-shaped" cells were formed. 

Thin section electron micrographs of these mutants during the transition 

showed some irregular thickness of the surface and a rough outer edge 

apparently shedding material into the environment. 

The recognition of the importance of helical growth is wide

spread. The helical nature of the mycoplasma plant pathogen, Spiro-

plasma, has been reported (Patel, Mayberry-Carson, and Smith 1978) as 

has analysis of helix handedness in the Spirochaete, Leptospira 

interrogans (Carleton et al. 1979). The stable helical direction in 

Aquaspirilium and Oceanospirillum is even used as a major means of 

identification (Krieg 1976). A few examples of helical form in 

eukaryotes include the helical construction of the papilla and the 

helical movement of the slug in Dictyostelium discoideum (Clark and 

Steck 1979), the helical growth of the aquatic alga Nltella axillaris 

(e.g., Green 1954), and the helical growth of neurites from retinal 

explants of goldfish (Heacock and Agranoff 1977). 

Division Mutants of B. subtilis 

Several different methods have been employed in the study of 

bacterial division. One of these involves the description of the event 

itself. Such things as timing how long it takes a cell to divide, 

describing the position of the septum, defining the requirement for 
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protein synthesis, and ultrastructural analysis of cross-wall formation 

have been explored. Another way of studying division is to measure the 

effect of external agents on the division process. Studies using anti

biotics, detergents, UV-light and many other treatments have been 

performed on various organisms. A third method, and that which will be 

emphasized in this section, is the isolation of mutants disturbed in 

their normal division cycle. A review of findings from all of these 

methods can be found in Slater and Schaechter (1974). 

As was clearly expressed by Mendelson and Cole (1972) the 

identification of division specific mutation is a difficult task. Cell 

division is intimately connected to many other essential cell processes. 

Because of this, mutations not directly involved in division can some

times be mistakenly identified as division-specific. To more clearly 

define the properties of division mutants, Mendelson (Young and Wilson 

1972) proposed seven categories for division defects. The categories 

include: divl, division initiation; divll, membrane partition synthesis; 

divIII, wall partition synthesis; divIV, division site location; divV, 

division plane orientation; divVI, daughter cell separations; divIII, 

timing of division relative to cell elongation (division clock). 

Although a great many mutants have been found, not every category is 

represented. The fact that mutants have not been found in all catego

ries may reflect the biochemical complexity of the category or an 

interdependence of one category on another (Mendelson 1977). 

Several examples of division initiation mutants exist including 

temperature-sensitive mutant ts-355 (Mendelson and Cole 1972) and the 
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divD mutants of van Alstyne and Simon (1971). These mutants are anal

ogous to DNA initiation mutants in that divisions already in progress 

at the time of shifting to restrictive temperature will continue to 

completion. In ts-355, these divisions represent a 20% increase in cell 

number at restrictive temperature. It was pointed out (Mendelson and 

Cole 1972) that the data could not rule out that some of the divisions 

were due to initiation at restrictive temperature. At restrictive temper

ature, phase contrast and electron microscopy show filaments, sometimes 

10-times longer than normal rods, with few septa present along the 

length. Some important things have been discovered using the ts-355 

mutant. Cell growth is unaffected by cessations of cell division. Like

wise DNA replication and segregation occur normally in the absence of 

division. Two things were observed when the cells were returned to 

permissive temperature. One was that structurally the new septa 

produced appeared completely normal. The sites of the new septa occurred 

along the whole cell and were not restricted to limited regions like 

the ends of the filaments. The second thing was that protein sjmthesis 

was required to reinitiate division. If protein synthesis was blocked 

before returning the cells to permissive temperature, division did not 

occur. If a short incubation at permissive temperature preceeded the 

block of protein synthesis, a few divisions occurred even after the 

block. Neither the specific biochemical defect nor the genetic location 

of the ts-355 mutant has been reported. The genetic location has been 

reported for divD but not ts-355. The divD gene was found to be linked 
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to the ura marker on the right arm of the subtilis chromosome (van 

Alstjme and Simon 1971). Something not mentioned by Mendelson and Cole 

(1972) was the slightly rough, or fuzzy, outer surface of the cell wall 

of ts-355 evident in electron micrographs. 

The divC mutations of van Alystyne and Simon (1971) have been 

placed in the divll category by Young and Wilson (1975). Like the 

divl mutations, these produce very few septa. However, they showed 

numerous thickenings of the cell membrane placed randomly along the 

length of the filaments. The nature of the divC mutant was not deter

mined but it was found to have autolytic activity, presumed to be the 

endo-B-N-acetylglucosaminidase (van Alstyne 1571). The lesion was 

mapped near the hisA locus (van Alstyne and Simon 1971) and is near the 

gtaA marker. 

The divIV category includes the minicell mutations (Reeve et 

al. 1973) and the divA mutants of van Alstyne and Simon (1971). The 

sites of the divisions are misplaced in these mutants, resulting in 

cells of irregular length. The minicells are anucleate spheres produced 

by repeated division in the same region of the cell. Another important 

property of the minicell mutations is a general suppression of division 

potential (Mendelson 1975, Mendelson and Co3nie 1975). The CU403divIV-

B1 strain divides only 39% as often and the CUA03divIV-Al mutant only 

25% as often as the CU403 control. The divA mutations are so called 

"mistaken" mutants. They produce irregularly positioned septa, some 

of which result in the production of minicells. The division suppression 
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property of these mutants is undetermined. The divIV-Al and divIV-Bl 

mutations map in different locations approximately symmetrically 

opposed on the genetic map. The divA mutation maps at a third location 

near the origin of replication and linked to the cysA locus. 

The divB mutants of van Alstyne and Simon (1971) and the 

rod mutants (Boylan et al. 1972, Rogers et al. 1974) represent 

examples of the divV category. In addition to the division defect, the 

rod phenot3T)e involves the production of spheres under restrictive 

conditions, and it is under these conditions that misoriented divisions 

occur. The specific connection between the rod phenotype and the divV 

phenotype has not been established, though Burdett (1979) has tried to 

describe the role of septal growth in the change in morphology from rods 

to spheres. In view of the recent observations concerning the helical 

nature of the Bacillus cell surface, it seems possible that septal 

misorientation in these mutants is a reflection of helical growth dis

torted by the rod lesion. The divB mutants have been described as 

"twisted filaments" with septa that are "found infrequently and 

irregularly" and that "protrude from the membrane at various angles. . ." 

(van Alstyne 1971). One of the rod mutants, tag-1, has been identified 

as tightly linked to the gtaA market, while the divB gene was linked to 

cysB and positioned between cysB and hisA (Young and Wilson 1975). 

The divB mutants are also examples of divVI defects. Though the 

cross-walls appear to be completed, daughter cell separation is 

inhibited. The BAO mutant of Fan and Beckman (1971), some of the lyt 

mutants of Forsberg and Rogers (1974), and the autolytic-deficient 



mutants of Fein and Rogers (1976) are also defective in cell separation. 

The N-acetylmuramic acid L-alanine amidase has been shown to affect cell 

separation (Brown 1977) and has been shown to be poorly functional in 

cells of all of these mutants except divB. In those mutants no auto-

lytic study has been performed. With the exception of divB, all of 

these mutants have reduced levels of cell wall teichoic acid. It appears 

that teichoic acid is required for proper binding of the amidase 

(Herbold and Glaser 1975). In addition to being autolytic defective, 

the lyt -4 and lyt -5 strains of licheniformis are also phosphogluco-

mutase-negative. The lack of teichoic acid, the autolytic defect, the 

absence of phosphoglucomutase and the divVI phenotype all seem to be the 

result of a single mutation (Forsberg et al. 1973). 

No mutations have been specifically identified as division 

clock (divVII) defective. From the data collected to date, however, it 

is impossible to rule out the possibility that mutants such a divD are 

not severe forms of clock mutants rather than initiation mutations. 

The study of division mutants in Bacillus has proceeded far 

enough to allow for their categorization. Even if the categories do not 

turn out to represent unique gene defects, they have produced a frame

work within which division can be studied and have identified cellular 

events whose control must have a genetic basis. 

Cellular Adhesion 

The adhesive properties of cells have been the focus of many 

investigations in recent years. Adhesion, and aggregation, have been 
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studied in many bacteria, eukaryotic microbes, plant cells and animal 

cells. 

Bacteria from many different natural environments are able to 

adhere to and colonize a wide variety of surfaces. Brock (1966) cites 

examples of bacteria binding to almost any solid found in seawater or 

streamwater. He also described bacteria growing on the surface of 

algae. Morin et al. (1975) have shown the luminescence produced by the 

flashlight fish, Photoblepharon palpebratus, is the result of specific 

binding of luminescent bacteria cells of the fish's light organ. 

Some of the earliest work on bacterial adhesion involved oral 

bacteria (review Gibbons and van Route 1975). Streptococcus mutans 

specifically interacts with a high-molecular-weight glycoprotein found in 

saliva. This glycoprotein is able to bind to teeth and apparently the 

specific binding of mutans to teeth rather than other oral surfaces 

is related to this interaction. In addition, mutans synthesizes 

extracellular mucopolysaccharides, often referred to as a glycocaljrx 

(Bennett 1963), eventually form a large mat and contribute to the 

aggregation of large number of mutans cells. Streptococcus salivarius, 

on the other hand, colonizes the gums rather than the teeth. This is 

apparently, again, due to a specific association with a glycoprotein, 

here on the surface of the buccal epithelial cells. S^. salivarius also 

produces a glycocalj^. The polysaccharide mats of mutans and 

salivarius entrap not only Streptococcal cells but other bacteria 

and food particles to produce the yellow film called dental plaque and 
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contributes to the production of dental caries. A similar kind of glyco

calyx has been found on the surface of other bacteria (Costerton, 

Geesey, and Cheng 1978) and on Saccharomyces cerevisiae and Candida 

albicans (JBallou 1974). 

The symboitic relationship in leguminous plants that results 

in nitrogen fixation is characterized by a distinct bacteria-host 

specificity. Strains of Rhizobium trifolii capable of producing 

symbiotic infections in clover roots, absorb to the root hairs of the 

host, while nonspecific Rhizobium do not (Bahlool and Schmidt 1974). 

Though not resolved, the specificity of the host-bacterium interaction 

seems to involve the plant lectin, and the bacterial glycocalyx (Dazzo 

and Hubbell 1975). 

The lectins (reviewed by Lis and Sharon 1973) have become very 

important in the study of cellular associations and aggregation. First 

described in plants, lectins have now been found in many other organ

isms including fish and snails. Though different lectins have different 

properties, the single characteristic that defines them is that of 

being a protein that specifically binds sugar molecules. Lectins or 

lectin-like substances appear to be important in the colonization of 

epithelial cells by Escherichia coll. Ofek, Mirelman and Sharon (1977) 

have shown that an epithelial membrane receptor containing mannose 

or a mannose-like substance is specifically recognized by a lectin on 

the coli cell surface. Similar observations have been reported con

cerning other bacteria and other tissues. Though the nature of the 

coli lectin is uncertain, the involvement of pili has been suggested. 
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Another example of the role of lectins is in the aggregation 

phase of the cellular slime mold, Dictyostelium discoideum. Two 

developmentally regulared carbohydrate binding proteins, or lectins, 

have been identified (Rosen et al. 1973, Siu et al. 1976) and a model 

for development involving complimnetary binding interactions has been 

proposed (Ray, Shinnick, and Lerner 1979). 

Studies of the aggregation properties of lectins have stimulated 

an in depth look at the surface of eukaryotic cells. One of the 

results has been a great deal of research concerning the adhesive 

properties of animal cells and the role of glycoproteins (Yanada and 

Olden 1978) and glycolipids (Huang 1978) in adhesion, morphogenesis and 

differentiation. The role of cell adhesion continues to be a major 

question in cell biology (e.g., Bonner 1974). 

Bacteriophage Resistance in ̂  subtilis 

Seven groups of virulent phage and three groups of temperate 

phage have been described that attack subtilis (Hemphill and 

Whiteley 1975). These groups are based on physical properties such as 

the size of the phage, molecular weight of DNA, guanine plus cytosine 

content of DNA and the presence in the DNA of unusual bases like uracil. 

Bacteria that show resistance to a phage in one of these groups are 

often found to be resistant to phage in one or more of the other groups. 

This is not altogether surprising considering the relative simplicity 

of the subtilis cell surface (Young, Spizizen and Crawford 1963) and 

the small number of different potential receptors. Reilly (1965) 
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showed that mutants of Bacillus amyloliquefaciens H which had been 

selected for resistance to phage (j)15 simultaneously gained resistance to 

several unrelated phage including ({>25, SP8 and SPIO. These findings 

suggested that there were either a limited number of different kinds of 

receptor sites or that several different kinds of receptors shared a 

common element. 

Using phage (fi29. Young (1967) isolated a series of phage-

resistant mutants. It was found that all of these strains were lacking 

the glucose moiety on the cell wall teichoic acid. Whether the glucose 

was the primary receptor site or whether the lack of glucose altered 

the topography of the surface so as to mask the receptor was not 

determined. It was suggested at the time, by Young, and later confirmed 

by Yasbin, Maino and Young (1976) and by Jacobson and Landman (1975), 

that secondary receptor sites existed. At least some of these sites 

appear to involve the membrane teichoic acid. 

The phage-resistant mutants of Young (1967) were found to fall 

into three categories. In one of these categories, designated gtaA, the 

cells were found to be deficient in the enzjmie uridine 5'-phosphate 

(UDP)-^ucose : polyglycerol teichoic acid glucosyl transferase (EC 1.4.1). 

These cells contained N-acetylgalactosamine in their cell walls and 

could grow on galactose as a carbon source. Mutants in the second 

category, gtaB, were found to have no detectable enzymatic defect. The 

cells had little N-acetylgalactosamine in their cell walls and could 

not utilize galactose as a sole carbon source. The third category 
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phoglucomutase (EC 2.7.5.1). These cells have almost no N-acetyl-

galactosamine in their cell wall and lyse when galactose is used as 

the sole carbon source. It has been proposed by Maino and Young (1974) 

that the gtaB gene codes for an inactive phosphoglucomutase, monomer 

which is active only when bound to the phosphoglucomutase coded by 

gtaC. The gtaC gene produces a phosphoglucomutase that is active with

out association with the gtaB gene product. 

I'Jhen the three gta mutations were originally mapped (Young, 

Smith and Reilly 1969), it was thought that they were all located in a 

cluster in the hisA-argC region. When the subtilis genetic map was 

reorganized (discussed in the next section) it was found that hisA and 

argC were on different arms of the chromosome and that gtaA and gtaB 

were linked to hisA and gtaC was linked to argC. The rearrangement was 

in complete agreement with the original mapping data and explained 

anomalies which had been originally reported. 

It was found by Yasbin, Maino and Young (1976) that when mutants 

in the three gta genes were analysed with respect to their plating 

efficiency and adsorption efficiency for a series of bacteriophages, a 

characteristic pattern was displayed for each mutant type. By the use 

of the phages SPPl, (j)e, 4>25 and SP82, the genetic identity of phage-

resistant mutants could be predicted before mapping experiments were 

performed. 
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Another mutation involved with teichoic acid is tag-1 (Boylan 

et al. 1972). The temperature-sensitive mutation is tightly linked to 

the gtaA and gtaB genes. At restrictive temperature the tag-1 mutation 

is characterized by a sharp reduction in cell wall teichoic acid. At 

the same time it becomes resistant to infection by the wall adsorbing 

phage (j'25. Boylan (1970) also showed that the tag-1 mutant was still 

sensitive, at restrictive temperature, to the related phage SP18. 

The mutant Cbl-1 was described by Leduc et al. (1973), and Leduc, 

Rousseau, and van Heijenoort (1977)as a mutant of subtilis 168 in 

which the cell wall teichoic acid had apparently been replaced by a 

high-molecular-weight protein. The Cbl-1 mutant was also reported to 

be resistant to phage (j)25 which requires glucosylated teichoic acid for 

adsorption (Szulmajster, Arnaud and Young 1969). The significance of 

these data, however, is unclear as the classification of Cbl-1 as a 

mutant of subtilis has been questioned (Leduc, Rousseau and van 

Heijenoort 1977). 

Joys (1965) found that a flagella-less mutant of subtilis 

could not absorb PBSl. However, motile variants of it could adsorb the 

phage efficiently. Frankel and Joys (1966) found that there was no 

adsorption to a flagellated but non-motile mutant. Further investigation 

of the PBSl-flagella association by Raimondo, Lundh and Martinez (1968) 

showed that the tail fibers of PBSl wrapped around the flagella. The 

phage were never seen attached to the cell body. When the surface of 

the flagella was coated with antibody, adsorption was inhibited. How

ever, cells immobilized by treatment with cyanide, and non-motile 



protoplasts with flagella could adsorb PBSl. Recently, Wilson and 

Takahashi (1978) have found several stages to be involved in the ad

sorption and infection by PBSl. Stages I involves a nonspecific 

adsorption to the flagellum. The phage particle then moves down to the 

base of the flagellum (stage II). This process requires flagellar motion. 

After attachment to the base of the flagellum, the phage sheath con

tracts and sends the tail core through the final adsorption site (stage 

III). Stage IV then involves injecting the phage DNA into the cell. 

They have suggested that many PBSl-resistant mutants are likely to be 

defective in stage II or stage III. However, the mechanism of PBSl 

resistance has not been extensively studied. A related phage, PBPl, has 

been studied by Lovett (1972). This is a flagella-specific phage which, 

like PBSl, can mediate transduction in Bacillus pumilus. Mutants have 

found that are resistant to one or the other or both of these phages. It 

has been suggested that the study of these mutants may reveal differences 

in Bacillus flagella. 

Genetic Exchange in Bacillus 

The discovery of genetic transformation in subtilis by 

Spizizen (1958) was a great stimulus to investigate this organism in more 

detail. It eventually proved possible to map genetically the positions 

of genes governing numerous phenotypic traits. The mechanism by which 

recipient cells accept and integrate DNA from donor cells is still 

being examined. A correlation between DNA uptake and the properties 

of the cell wall was suggested by the work of Anagnostopoulos and 

Spizizen (1961). They showed that competency (the ability of cells to 
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be transformed) was diminished when cells were grown in a medium with a 

high concentration of cell wall precursors. Presumably the walls were 

altered in such a way as to prevent the uptake of macromolecular DNA. 

Young and Spizizen (1961) reported that asporogenic mutants could not be 

transformed. It was suggested that physiological alterations in the 

cell wall which accompanied presporulation were important in reaching 

the competent state. 

Thorne (1961, 1962) isolated the first transducing phage for 

subtilis. This phage, SPIO, could transduce markers in both 

subtilis W23-S (streptomycin resistant) and subtilis 168. Trans

duction was prevented by SPIO antiserum but was insensitive to deoxy-

ribonuclease. 

The discovery of the generalized transducing phage, PBSl, by 

Takahasi (1961) greatly facilitated genetic mapping in subtilis. 

His initial experiments described transduction of streptomycin resis

tance, prototrophy, and sporogenesis. 

Takahashi (1963) characterized further the properties of PBSl 

and of a clear plaque mutant derived from it. This mutant, PBS2, was 

also capable of transduction but at a reduced frequency relative to 

PBSl. PBSl is a large phage with a head measurement of 100 nm in 

diameter and a tail length of 250nm. It was later discovered by Lovett 

and Young (1970) that PBSl could also infect and transduce pumilus. 

Other transducing phage for subtilis have been isolated 

by Ivanovics and Csiszar (1962 a,b) and Takagi (1962). There have 

been reports of transducing ability by the surface adsorbing phage, 

SPPl (Yasbin and Young, 1974, Ferrari et al. 1978), but there is 
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still some question as to the reproducibility of these results (J. Reeve 

1977). 

Ephrati-Elizur and Fox (1961) found that the extent of co-

transfer of closely linked markers was very similar in both transfor

mation and SPlO-mediated transduction. This was probably due to the fact 

that SPIO incorporates only small pieces of the donor chromosome which 

are approximately the same size as transforming fragments (4.5-7.5 x 10^ 

daltons, Dubnau and Davidoff-Abelson 1971). They did find, however, 

that the frequency of double transductants was always higher than that 

of double transformants. Takahashi (1966) utilized PBSl for a com

parison between transformation and transduction. He found that for 

closely linked markers the degree of cotransfer was essentially 

identical in both. However, for markers which were not closely linked, 

the relative efficiency of cotransfer was much higher for PBSl-mediated 

transduction than for transformation. This suggested that the piece of 

transducing DNA carried by PBSl had a much higher molecular weight than 

transforming DNA or DNA transferred by SPIG. Because of the large head 

of PBSl (Takahashi 1963) and the high molecular weight of PBSl DNA 

(Takahashi 1966) this was not surprising. Dubnau et al. (1967) found 

that the markers separated by 8% of the distance of the subtilis 

chromosome could be cotransduced by PBSl. Though the distance may be 

nearer to 5-6% (Young and Wilson 1972) this still constitutes a 

significant portion of the genome. The study of Dubnau et al. (1967) 

utilized transformation, PBSl-mediated transduction and the density 

transfer method of Yoshikawa and Sueoka (1963) to assemble a genetic 



map of subtllls based upon the assumption of unidirectional replica

tion of the subtllls chromosome. After the deomonstration of 

bidirectional DNA replication in subtills by Wake (1972) a major 

reorganization of the linkage map was undertaken. Lepesant-Kejzlarova 

et al. (1975) using PBSl-mediated transduction, and Harford (1975) 

using denlsty transfer, constructed a new genetic map of B. subtllls 

reflecting the bidirectional nature of the chromosome. A complete link

age map can be found in Young and Wilson (1975). 



CHAPTER 2 

MATERIALS AND METHODS 

Bacterial Cultures 

All bacterial strains used in this study (Table 1) were derived 

from Bacillus subtilis 168. 

Growth of Cells 

Minimal medium used was that of Spizizen (1958). It consisted 

of (in grams per liter): (NH^)2S0^, 2.0; K2HP0^, 14.0; KH2P0^, 6.0; 

sodium citrate»2H20, 1.0; RgSO^'TH^O, 0.2; glucose, 5.0, was sterilized 

separately and added aseptically. Sterile supplements were added 

(final concentration 20 yg/ml), as appropriate, for each strain in 

Table 1. Semi-solid medium was made by adding agar (1.5%) before 

sterilization. 

Growth studies on gta mutants were performed in a minimal medium 

described by Young (1967) and which consists of Spizizen minimal medium 

supplemented with casein hydrolysate (0.02%), MgSO^ (5 mM) and galactose 

(22 mM) in place of glucose. Young et al. (1969) have noted that 

citrate must be present in the medium to observe the galactose affect. 

Nutrient medium was Trjrptose blood agar base (TBAB, Difco, 

Detroit, Michigan) supplemented with thjrmine and uracil (20 yg/ml for 

each supplement). 
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Table 1. Strains of Bacillus subtilis used in this study. 

Genotype 
Origin 

Auxotrophic markers Other markers 

QB944 purA16, cysAl, trpC2 Dedonder et al. (1977) 

QB928 aroI906, purE33, dall. trpC2 Dedonder et al. (1977) 

QB934 trel2, metC3, glyB133, trpC2 Dedonder et al. (1977) 

qB934 pyrDl, llvAl, thyAl, thyBl, trpC2 Dedonder et al. (1977) 

QB935 aroDl20, lysl, trpC2 Dedonder et al. (1977) 

QS936 leuAB, aroC932, aldl. trpC2 Dedonder et al. (1977) 

QB917 hisAl, thr5, trpC2 Dedonder et al. (1977) 

QB562 hisAl, sar.B182, trpC2 D. Dean 

BR85 thr5, trpC2 srao, hag 1 Young et al. (1969) 

Dts5-5 thr5, trpC2 divII5-5(ts) van Alstyne and Simon (1971) 

Dts7-1 thyAl, thyBl, metB divV7-l(ts) van Alstyne and Simon (1971) 

CU403divIV-Bl thyAl, thyBl, metB divIV-Bl van Alstyne and Simon (1971) 

CU403-200B argC4, trpC2 tag 1 van Alstyne and Simon (1971) 

BC7 hisAl, cysB3, trpC2 gtaCSl Young et al. (1969) 

BC8 hisAl, cysB3 gtaA12 Young et al. (1969) 

BC9 argC4, trpG2 gtaA12 Young et al. (1969) 

Mil ura, metB, leuA R. Erickson 

MlldivIV-Bl ura, metB divIV-Bl Coyne (1975) 

BIS ura, metB divIV-Bl, fibA Mendelson (1976) 

RHXllS ura, metB divIV-Bl, fibA, fibB Mendelson , N.H. 

C6D ura, metB divIV-Bl, fibA, fibB Mendelson, N.H. 

C64iR4 ura, metB divIV-Bl, fibA, 

fibB, gtaCr4 Mendelson, N.H. 

KS27 hisAl, cysB3 Congression. 

CU403 as donor and BC7 as 

recipient, trp+ transformants 

selected, then screened for 

SPOl sensitivity. 



Table 1. (Continued) 

Genotype 

, OirjL&in 
Auxotrophic markers Other markers 

1186 thr5, trpC2 fibA, gtaCr4 Contression. 
C6 R4 as donor and QB917 as 

recipient, hls"^ transformants 

selected, then screened for 

SPOl resistance and production 

of macrofibers. 

63SBautoR r21 ura, metB divIVBl, fib, 

gtaCr21 

Direct selection of SPOl 

resistance on lawn of 63SBautoR 

63SBautoR r22 ura, metB divIV-Bl, fib, 
gtaAr22 

Direct selection of SPOl 
resistance on lawn of 63SBautoR 
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Growth of bacterial macrofibers was carried out by the procedure 

of Mendelson (1978) . Two different media were used for production of 

fibers. One, referred to as TB (Mendelson 1976) consists of (in grams 

per liter): Bacto tryptose, 10.0; Bacto beef extract, 3.0; NaCl, 5.0. 

The other medium, referred to as SI, is an enriched minimal medium 

normally used in the development of competence in genetic transformation 

experiments in subtilis (Boylan 1970). 

Macrofibers were cultured in 0.10-0.15 ml drops of media dis

penses on the inside of a petri dish lid (100 mm x 15 mm) (Fig. 1). 

The pttri dish base was then used as a cover. Each dish could 

accommodate 36 drops. The drops were incubated either at room tem

perature (ca. 24°C) or at 20°C, in a covered plastic box (26.5 cm x 

35.5 cm), used as a moisture chamber. 

For studies of the aggregation properties of C6(j)R4, 10 ml of 

TB were placed in a 50 ml Erlenmeyer flask and cells were incubated in 

a reciprocal shaking waterbath (New Brunswick Sci., New Brunswick, N.J.) 

at 20°C, 80 rpm. 

Maintenance of Cultures 

Cultures were routinely transferred once a week to fresh TBAB 

plates. Strains capable of sporulation were maintained as spores on 

Thome's potato medium (1962). Potato extract was obtained by boiling 

200 g of diced potatoes in 500 ml distilled water for 5 min. The 

extract was filtered through cheesecloth; 20 g tryptone (Difco, Detroit, 

Mich.) and 2 g Difco yeast extract were added and the pH adjusted to 7.2 

with 1 N NaOH. The volume was adjusted to 2 liters, 30 g of agar was 



Fig. 1. Macrodrop system for growing Bacillus subtilis macro-
fibers. 

Growth in drop culture involved inoculation by stabbing 
a toothpick containing cells into a drop of medium. A 
small volume of the drop is transferred on the toothpick 
to a second drop as a dilution. Macrofibers are con-
sistantly produced in the second drop. Method is after 
that of Mendelson (1978). Figure shows drop culture of 
Mil, BIS, RHXllS, C6D and C6(|)R4. Structures are pro
duced by all strains except Mil. 



Fig. 1. Macrodrop system for growing Bacillus subtilis macrofibers. 
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added and the solution autoclaved. Late logarithmic cultures grown in 

TB were spread on the potato plates and incubated at 37°C. After 2-3 

days, phase-bright spores were harvested with cold sterile distilled 

water and purified by the method of Yoshikawa (1965). Lysosyme (1 mg/ml) 

was added to the culture and incubated for 1 hr at 37°C followed by 1% 

sodium dodecyl sulfate (SDS) for 30 min. The SDS was removed by repeated 

washes with sterile distilled water. Spores were resuspended in sterile 

distilled water, pasteurized at 70°C for 20 min. and stored at 4°C. 

Among the macrofiber producing strains only a few were able to 

sporulate. All other macrofiber strains were periodically transferred 

on TBAB plates and kept in lyophilized form as previously described by 

Mendelson (1978). 

Photomicrography 

Photographs were taken with a Canon 35 mm camera with bellows 

attachment. Photographs were taken both on a Wild M20 research micro

scope with phase contrast optics and on an Ol3mipus Model X-Tr stereo

scopic microscope with lighting from below. Kodak Panatomic-X film was 

used and developed according to Kodak instructions. 

Electron Microscopy 

Cells used for whole mount preparations were grown in TB at 

room temperature. Wild type cells were sampled during late logarithmic 

growth. A drop of cells was added to an equal sized drop of 2% phos-

photungstic acid (pH 7.2) and a formvar and carbon-coated grid was 
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placed on the drop. The grid was washed with phosphate buffer (pH 7.2) 

and allowed to dry on a piece of filter paper. Macrofibers were placed 

into a drop of 1% phosphotungstic acid and washed with phosphate buffer. 

They were then placed on a formvar and carbon coated grid and allowed 

to air dry before examination. 

Cells used for thin section studies were fixed and stained for 

extracellular mucopolysaccharide using the technique of Luft (1966) as 

described in Hayat (1971). Cells were fixed in a small volume of a 

solution containing: 25% glutaraldehyde, 4 ml; ruthenium red, 50 mg; 

cacodylate buffer (pH 7.3), to 50 ml. Fixation continued for 1 h at 

4°C. Cells were washed and embedded in agar according to Ryter and 

Kellenberger (1958). It should be noted that at this point macrofiber 

structures were still intact in the agar. 

Dehydration and embedding in plastic was according to Spurr 

(1969). Gold sections were cut with a glass knife on a Sorval OM-1 

ultramicrotome and placed on copper grids. Examination and photography 

were performed with an Hitachi electron microscope Model H-500, operated 

at 75 kV. 

Immunofluorescence 

The use of a fluorescent antibody technique was intended only 

to determine whether flagella or flagellin subunits were present on the 

surface of macrofiber-producing strains. Macrofibers were grown in 

drop cultures of TB overnight. Representative structures were removed 

with a Pasteur pipette and washed with phosphate buffered saline (PBS; 

0.01 M phosphate + 0.15 M NaCl). The structures were then added to a 
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drop of PBS containing rabbit antibody prepared against subtilis 168 

flagella, incubated for 15 min. at room temperature when washed four 

times in PBS. The structures were added to 25 yl drops of PBS and 5 ul 

of fluorescent goat antirabbit antibody added to each drop. Incubation 

proceeded for 15 min. at room temperature. The structures were placed 

on clean microscope slides and allowed to air dry until drying was almost 

complete. Two drops of an ETOH-acetic acid solution (1 ETOH, 95% : 3 

glacial acetic acid) were added and the samples were allowed to completely 

air dry. A drop of glycerol : PBS (9:1) was added and the sample 

covered with a glass coverslip for examination on a fluorescent micro

scope (Nikon Fluorphot). Controls for fluorescent activity of the 

rabbit antibody and nonspecific binding of goat antibody to macrofibers 

were performed. 

Bacteriophage Studies 

As a means of defining the phage-resistance phenotype of C6<|)R4, 

members of virulent phage Groups 1, 5, and 6 (Hemphill and T'Jhiteley 

1975) that show distinctive growth patters on different gta mutants 

(Yasbin, Maino and Young 1976) were used in this study. The primary 

attachment site for these phage is believed to be the glucosylated 

form of teichoic acid found in the subtilis cell wall (Young 1967). 

In addition to these phage, PBSl (Takahashi 1961), a flagella-adsorbing 

phage (Joys 1965) was used. 

The assay and propagation procedures used in this study were 

those of Yasbin, Ganesan and Young (1974). M-broth consisted of: 



Bactotryptone, 10 g, yeast extract, 5 g; NaCl, 9.9 g; 100 ml of M-salts 

(10 x) per liter. The M-salts are: MgCl2*6H20, 1.0 g; CaCl2*2H20, 0.74 g; 

MnCl^*41120, 0.1 g; H2O, 100 ml. The salts were sterilized spearately 

and added aseptically. Yasbin et al. (1976) has recommended withholding 

the M-salts but in this study it was found that results were more con

sistent with the salts present. M-top agar consisted of M-broth plus 

agar (0.7%) and M-bottom agar of M-broth plus agar (1.5%). For 

consistent results plates for phage assay experiments were poured on the 

day of the experiment. 

To determine susceptibility of C6(t)R4 to various phage, a drop of 

stock suspension was spotted onto TBAB plates previously spread with 

cells. Sensitive control cells were tested in the same manner. 

Single-Step Phage Growth 

For. the single-step growth experiments a modification of the 

procedures of Adams (1959) and Stahl and Steinberg (1967) was used. 

Cells were gro\m overnight in M-broth, centrifuged and resuspended in 

M-broth to an optical density (at 660 nm) of 0.1. The cells were 

incubated at 37°C until the optical density reached 0.6. This gave 

8 8 
approximately 3 x 10 cells per ml of the control and 3 x 10 cell 

equivalents of the snake-producing macrofiber strains (based on observa

tion in a cell counting chamber, Hawksley BS748, England). One ml of 

cells was removed to a small tube and NaN^ was added to a final con

centration of 0.002 M. The cells were incubated for 15 min. at 37°C, then 

phage were added to a multiplicity of infection of 2.5. This constituted 



the adsorption mixture. After 5 min, 0.1 ml was removed into 10 ml of 

M-broth and CHCl^ added. This was used as a measure of unadsorbed phage. 

After an additional minute the adsorption mixture was diluted to give 

3 
approximately 3 x 10 infected cells per ml. The final dilution was 

called Growth Tube-1 (GT-1). At 5 min intervals 1.0 ml volumes were 

removed into small tubes and CHCl^ added. The CHCl^ was driven off by 

heating at 45°C and appropriate dilutions of the samples were plated. 

These consitituted the measure of intracellular phage production. At 

5 min intervals, beginning 8 minutes after the dilution for GT-1, 0.1 ml 

samples of GT-1, or an appropriate dilution were directly plated. These 

constituted the measure of infectious centers. All dilutions were in 

M-broth, all plating done using M-top and M-bottom agar. The effective

ness of NaN^ to inhibit cell growth was determined as was the 

effectiveness of CHCl^ to disrupt cells without adversely affecting 

infectivity of mature phage particles. It was found that NaN^ 

inhibited growth within 2 minutes after addition. SPOl showed no loss 

of infectivity after being in the presence of a low concentration of 

CHCl^' Because phage antisera was not used to inactivate phage, control 

tubes with phage alone were also plated at intervals and unadsorbed 

phage subtracted from the total. The indicator strain was subtilis 

CU403, 

Efficiency of Bacteriophage Adsorption 

Determination of efficiency of adsorption (EOA) was after the 

procedure of Yasbin et al. (1976). Cultures were grown to late 
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exponential phase (O.D. ca. 0.6), centrifuged and resuspended in 

Spizizen's minimal salts. Formalin was not used to fix the cells because 

irregularities in results were observed. Cells were kept at 4''C for 30 

min, then washed three times with M-broth and resuspended in half the 

original volume of M-broth. Bacteriophage were added to a multiplicity 

-4 -5 
of infection of 10 to 10 , and the mixture incubated for 20 min at 

37"C. The cells were then centrifuged and the number of plaque-forming 

units remaining in the supernatant was determined. 

For <j)29, cells were grown in PAB (Difco Antibiotic medium #3, 

Difco, Detroit, Mich.) and phage assayed on TBAB plates (Yasbin et al. 

1974). For all other phage, cell growth was in M-broth and plaque assay 

done on M-agar (Yasbin, Wilson and Young 1973). 

Efficiency of Bacteriophage Plating 

Determination of efficiency of plating (EOF) was after that of 

Yasbin et al. (1976). Cultures were grown at 37''C to late exponential 

phase (O.D. £a. 0.6) in M-broth, 0.2 ml was then added to 2.0 ml of 

M-top agar containing appropriate bacteriophage, and the mixture poured 

onto M-bottom agar. Plates were incubated 18 h at 37°C and infectious 

centers were scored. In the case of ij>29 the procedure was the same 

except cells were grown in PAB, placed in M-top agar and plated on TBAB. 

Isolation of DNA 

DNA was isolated by a modification of the technique of Young 

and Spizizen (1961). Donor cells were grown overnight in TB at 37"'C, 

with aeration. The culture was then centrifuged and the cells 
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resuspended in 1/10 volume of 0.15 M sodium chloride, 0.05 M sodium 

citrate (SSC). Cells were then incubated with lysosyme (100-200 yg/ml) 

at 37°C for 1 hr, with shaking. Due to increased sensitivity to 

lysosyme, when macrofiber-producing strains were used as donor, the 

incubation period was about 15 minutes. RNase A, preheated to 90°C for 

10 min to eliminate DNase activity, was then added to a final concentra

tion of 50 yg/ml and incubation continued for 30 min. Trypsin 

(50 yg/ml) was then added and the mixture incubated at 37°C without 

shaking. The solution was then extracted one time with SSC-buffered 

phenol and the aqueous phase collected and added to an equal volume of 

cold 2 M sodium chloride-0.05 M sodium citrate (2 M SSC). Four volumes 

of ice cold 95% ethanol were slowly added and the DNA wound out on a 

glass rod and resuspended in a small volume of 2 M SSC. DNA concentra

tions were initially determined by ^2(^0 measurements, using a standard 

curve of calf th3mius DNA. Later experiments used the ratio A„£_/A_on 
Abv ZoU 

and compared it to a standard chart (Calif. Corp. Bioc. Res., Los 

Angeles, Ca.). The two methods gave essentially identical estimates 

of DNA concontration. All DNA preparations were frozen until used. 

Transformation 

Transformation was carried out according to a method of 

R. Rickson and J. Copeland, first described by Boylan (1970). The 

following media were used for growth of recipient cells: 



SPl: 100 ml minimal medium (Spizizen) 

4- 22 mM glucose 

1.0 ml yeast extract (10%) 

0.2 ml 10% casein hydrolysate 

20 yg/ml supplements (as required by 

recipient strains) 

SP2: 100 ml SPl 

1.0 ml 0.05 M CaCl^ 

2.5 ml 0.1 M MgCl2 

Ten ml of SPl were inoculated with a small amount of recipient, 

placed in the side arm of a Klett flask and left overnight at room 

temperature. In the morning, the culture was tipped into the flask and 

incubated, with shaking, at 37°C. The optical density of the culture 

was monitored on a Spectronic 20 colorimeter (Bausch and Lomb, Inc., 

Rochester, N.Y.) at nm (red filter) at half-hourly intervals there

after. Optical density readings were plotted as a function of the log 

of cell growth until it departed from a linear form T^. Ninety minutes 

after T , the cells were diluted 1/10 into SP2 and incubated an addi-
o' 

tional 60 minutes. DNA was then added and incubation continued for 

30 min. Because of very poor development of competence in macrofiber 

producing strains, minor modifications were made in the procedure, which 

improved the transformation efficiency. After dilution into SP2 

the cells were incubated and resuspended in fresh SP2 to a final 

g 
concentration of 2-3 x 10 cfu/ml. Incubation with DNA proceeded for 

60 minutes. DNase (20 yg/ml) was added and the culture sedimented and 
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resuspended in an equal volume of SP2 lacking the supplement being 

selected. This last procedure was done to reduce the loss of trans-

formants as previously described by Nester and Stocker (1963). 

Upon completion of incubation with DNA, recipient cells were 

diluted in minimal medium and 0.2 ml samples were spread on appropriate 

selective paltes. Transformation for most auxotrophic requirements 

involved plating recipient cells on Spizizen's minimal plates plus all 

the required supplements except the one being specifically selected. 

For the selection of ald"^ and tre"^ transformants, the selection medium 

was Spizizen's minimal medium, without glucose, containing 0.0015% 

casein hydrolysate and either 0.1% L-alanine or 0.1% trehalose 

(Dedonder et al., 1977). 

Primary selection of pha transformants was after the method of 

Young et al. (1969). Transformed cells were sedimented by centrifuga-

tion, resuspended in PAB and grown an additional 2 h at 37°C to allow 

expression of phage resistance. Bacteriophage SPOl was then added 

(moi = 0.5) and incubation continued for 18 h. Samples of 0.1 ml were 

added to 2 ml of molten M-top agar. SPOl was added (ca. 10^ pfu) and 

plated on fresh M-bottom agar. Individual phage-resistant colonies were 

picked and retested for phage resistance. 

Secondary selection for phage resistance or macrofiber production 

proceeded as described in the Transduction section. 

Selection of Ts"*" recombinants of the tag-l mutation was that 

of Boylan et al. (1972). 



In all experiments involving high concentrations of DNA 

(congression: Nester, Shaeffer and Lederberg 1963), the concentration 

g 
was adjusted to 3-6 pg/10 cells. In all experiments involving trans-

Q 
formation mapping the final DNA concentration was 0.03-0.04 pg/10 

cells (Anagnostopoulos and Crawford 1961). 

Lysate Production for Transduction 

The donor strain is grown overnight on a TBAB plate at 37°C. 

A loopful was used to inoculate 25 ml of Penassay broth. The culture 

vjas grown at 37"C for about four hours on a shaker waterbath. 

Motility was observed in a phase contrast microscope. 1.0 ml of PBSl 

stock lysate prepared on JB. pumilus was added and incubation continued 

for 1 h. 5 yg/ml (final concentration) chloramphenicol was added and 

incubation continued overnight. The next morning cells were removed 

from the lysate by centrlfugation and the supernatant was sterilized 

by filtration through a 0.45 pm Millipore filter. Sterility was tested 

on a TBAB plate. Phage PBSl was propagated on pumilus in the same 

fashion as for the production of transducing lysates. 

Transduction 

The recipient culture was grown overnight on a TBAB plate at 

37°C. From that plate, 2.5 ml of Penassay broth was Inoculated and 

incubated 3 hr at 37°C. Motility was checked in the phase microscope. 

If motile, 1.0 ml of cells was added to 1.0 ml of donor lysate. The 

mixture was incubated at 37°C for 25 min. The culture was then 



diluted with 4.0 ml of 0.85% NaCl and sedimented. The pellet was 

resuspended in a sufficient volume of 0.85% NaCl to produce 100-200 

transductants per plate, cell numbers determined, and 0.2 ml aliquotes 

were spread on appropriate selective media. After 2-3 days at 37°C, 

transductants were picked with sterile toothpicks and subcultured onto 

selective media. Auxotrophic transductants were screened on Spizizen 

minimal plates. 

Screening for phage-resistant markers involved placing phage 

7 
SPOl (ca. 5 X 10 pfu) into M-top agar and pouring onto TBAB plates. 

Transductants were replica plated onto the plates and incubated over

night at 37''C. 

Macrofiber producing transductants were screened in the drop 

system described earlier. 

Materials 

Lysosjraie, ribonuclease, deoxyribonuclease and sodium dodecyl 

sulfate were purchased from Sigma Chemical Co. (St. Louis, Mo.). 

Tr3T)sin was purchased from Matheson, Coleman and Bell Co. (East 

Rutherford, N.J.). Rabbit antiflagella antibody was a gift from 

M. Simon, La Jolla, Ca., and the fluorescent goat antirabbit antibody 

was purchased from Miles Research Products (Elkhart, Ind.). 



CHAPTER 3 

RESULTS 

Macrofiber Production in subtilis C6(j)R4 

Morphological Description and Analysis of Aggregation 

C6(j)R4 is a phage-resistant, macrofiber producing strain of 

subtilis. It is the end product of a series of selections which began 

with the isolation of the first macrofiber producer, BIS. Table 2 pre

sents a description of the strains that are in the direct line of descent 

of C6!}iR4. They are listed, from top to bottom, in the order in which 

they were produced. 

As seen in Fig. 2, BIS, PJIXllS and C6D make long helical rope

like structures. With C6())R4, however, no extensive helical structure 

could be seen at the level of the stereomicroscope. Instead, a large 

ball-like structure is observed. Upon examination in the phase contrast 

microscope, it was found that the structure consisted primarily of tight

ly packed, disorganized lengths of bedspring-like filaments (Figs. 3 and 

4). Unlike C6D where lengths of straight, well organized helical fiber 

could be found (Fig. 3a, b), C6iJ)R4 showed almost no helical superstruc

ture (Fig. 3c, d). At higher magnification (Fig. 4), it was possible to 

determine that most of the coils in the bedspring regions were left-

handed helices. A few, however, were right-handed and resulted in 

irregularities in the coil. This was the first time that a mutant had 

been found which produced such a disorganized and twisted raicrofiber and 

individual cells that were so contorted. 
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Table 2. Summary of phenotypes of Mil, Bl-Mll, BIS, RHXllS, C6D 
and C6(j)R4. 

Strain Morphology Helix-hand 
TB SI 

Phage 
Property 

âl 

BIS 

RHXllS 

C6D 

C6(i)R.4 

Single cells 

MlldivIV-Bl Single cells 
snake-former 

Organized, 
tight, fiber 

Organized 
fiber 

Loose 
organized 
fiber 

no helix 

no helix 

right-hand 

right-hand 

Kinky, twisted left-hand 
disorganized 
ball 

no helix 

no helix 

left-hand 

left-hand left-hand 

left-hand 

sensxtxve 

sensitive 

right-hand sensitive 

sensitive 

sensitive 

resistant 

Another very unique property of this mutant was discovered 

when it was grown in liquid shake culture. Unlike a normal bacterial 

culture, which grow to confluency under similar conditions, C6(})R4 

grows as small fibers which became small balls that then rapidly 

aggregated to form one large ball of cells in the flask. The large 

ball is still capable of a great deal of growth as a single structure. 

Very few, if any, cells in the culture do not associate with the 



Fig. 2. Macrofibers of Bacillus subtilis. 

All structures were grown in macrodrops of TB at room 
temperature. (a) BIS, (b) RHXll.S, (c) C6D, (d) C6(j)R4. 
Magnification on a, b, c, x45; d, x 87.5. Lines in 
(a) are 1 mm apart. 
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Fig. 3. Low magnification micrographs of C6D and C6())RA. 

All structures were grown in macrodrops of TB at room 
temperature. (a) and (b) C6D, (c) and (d) C6<j)R4. 
Magnification x 370. 



Fig. 3. Low magnification micrographs of C6D and C6<{)R4 



Fig. 4. High magnification micrographs of C6D and C6(i)R4. 

All structures were grown in macrodrops of TB at room 
temperature. (a) and (b) C6D, (c) and (d) C6(f)R4. 
Magnification x 1200. 



Fig. 4. High magnification micrographs of C6D and C6ij)R4. 
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ball-like aggregate, consequently medium appears completely clear except 

for'the ball structures. Depending on the conditions of incubation, 

C6 R4 aggregates can remain intact for 2-7 days before they begin to 

break down and shed individual bacilli into the medium. Sometimes the 

cells that are shed begin to form small aggregates again, but further 

growth is limited. Often, however, the cells in the large ball 

eventually begin to lyse and the structure disintegrates with no further 

growth. When grown in a plastic petri dish (100 mm x 15 ram) containing 

5 ml of liquid medium, C6(})R4 was capable of the growth, decay and 

repopulation of fibers that is characteristic of other macrofiber 

strains grown under the same conditions (Mendelson 1978). 

The aggregation property of C6cf)R4 was found to be expressed in 

enriched minimal as well as complex medium. The aggregation also occurred, 

to at least some degree, at 20°C, 30°C and 37°C, through at 37''C the 

large aggregates were much less well defined. The conditions which 

produced the most long-lived, elaborate aggregates involved using 10 ml 

TB in a 50 ml Erlenmyer falsk, slowly shaking at 20°C. 

Extensive agitation is required to disperse the ball structures. 

If the flask is returned to the shakerbath after dispersal, the cells 

will reaggregate into a single large structure in less than 10 min 

(Fig. 5). The reaggregate structure may not be identical to the original 

structure, but a single aggregate structure is reestablished. 

A series of experiments was performed to determine whether 

aggregation could be blocked using agents known to disrupt different 

components of the subtilis cell surface. Table 3 and Fig. 6 give 



Fig. 5. Aggregation of C6j)R4 in liquid culture. 

C6(})R4 cells were grown under standard aggregation con
ditions (see Materials and Methods for details). All 
micrographs are of a single C6(()R4 culture. (a) aggregate 
produced by overnight growth. (b) dispersal of the 
aggregate. (c) reassociation 5 min after dispersal. 
Magnification x 1.5. Bars in (c) are 1 mm demarcations. 



Fig. 5. Aggregation of C6ij)R4 in liquid culture. 
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Table 3. Effects of external agents on morphogenesis and 
aggregation of C6<|)R4. 

a 
Treatment Morphology^ 

c 
Aggregation 

Lysosyme (1.0 pg/ml) Primarily lysed fiber but 
structure still intact and dis
organized. 

Reaggregated 
rapidly 

Lysosyme (0.1 yg/ml) Appear to be more septa, otherwise 
just as control. 

Reaggregated 
rapidly 

Trypsin (100 yg/ml) Fiber is straight, not kinky. 
Good structure, looks like C6D. 

Reaggregated 
rapidly 

Triton X-100 
(0.001%) 

Very small structure completely 
lysed. Disorganized fiber still 
intact. 

Reaggregated 
rapidly 

MgSO^ (0.1 M) Extremely tight kinks and twists, 
some division. More twisted 
than control. Highly disorganized 
structure. 

Reaggregated 
rapidly 

Heat (90°C, 10 min)'^ Primarily lysed, but structure 
intact and like control. 

Reaggregated 
rapidly 

SPOl (ca. 10^ pfu/ml) Same as control. Reaggregated 
rapidly 

Control Tight, disorganized fiber, 
strands are kinked and twisted. 

Reaggregated 
rapidly 

Agents were added to TB medium to final concentrations indicated in 
10 ml. A small ball of cells from a 5 ml TB culture growing for two 
days at room temperature was added to each flask and dispersed growth 
was continued at room temperature with shaking. 

^Morphology was determined 8 h after cells began treatment with agent, 
by observation on a wild phase contrast microscope. 

c 
Reaggregation process was monitored beginning 15 min after dispersal of 
the ball. 

Ball was dispersed in TB, then heated and placed at room temperature with 
shaking. 



Fig. 6. C6({)R4 cells during an aggregation experiment. 

Micrographs are of cells described in Table 3. See 
table for details of treatment, (a) 1.0 yg/ml lysosyme. 
(b) 0.1 yg/ml lysosjnne. (c) Tritoy X-100. (d) heat 
treatment. (e) SPOl. (f) O.lM Mg . (g) trypsin, 
(h) untreated C6t|)R4. Magnification a-h x 1000. 
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Fig. 6. C6(i)R4 cells during an aggregation experiment 
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the results of these experiments. Cultures were observed for aggregation 

15 min after dispersal and again after 3 h incubation under standard 

reaggregation conditions. It was discovered that C6(j)R4 was extremely 

sensitive to lysosyme, an enzyme that cleaves the sugar backbone of the 

cell wall peptidoglycan. 1.0 yg/ml lysosyme (Fig. 6a) results in almost 

total lysis after 2 h incubation. Subsequently it was found that C6(t>RA 

and several other macrofiber strains lysed within 3 min after the addi

tion of 1.0 yg/ml lysosyme (data not presented). Even though the cells 

were lysed, they were able to retain the aggregate structure, and when 

dispersed, reaggregated as quickly as the untreated control. Addition 

* of 0.1 yg/ml lysosjmie (Fig. 6b), resulted in lysis of only a few cells, 

but unlike the control, many more crosswalls in the individual strands 

of the structures were complete and more strands were chains of cells 

rather than division-less snakes. The low lysosjmie concentration seemed 

to be able to supply an autolytic process that the mutant itself could 

not. Despite this, the structures remained intact, the cells were still 

tight coils and the aggregate still reformed rapidly after dispersal. 

Triton X-100, a non-ionic detergent, and heat were used to 

determine whether denaturing some surface component could prevent the 

aggregation process. The principle effect, however, of treating the 

aggregates with Triton X-100 or heat (Fig. 6c, d) was to kill the cells. 

However, there was little or no effect on the morphology of the 

aggregate structure or the ability of the structure to reassociate. 

Growing the macrofiber structures in the presence of the surface 

adsorbing phage SPOl (Fig. 6e) also had no effect on the growth, 



structure or aggregation properties of C64>R4. It was subsequently 

discovered that only 12-15 percent of the phage were adsorbed to the 

cell surface (discussed in a later section). These data, then, indicate 

that the blockage of the cell surface which accompanies the lowered 

percentage of adsorbed phage is insufficient to inhibit reaggregation. 

Only two forms of treatment affected the C6(j)R4 macrofibers, and 

both affected the morphology of the structure but had no effect on the 

aggregation property. Because Rogers et al, (1976) had reported a 

I [ 
significant effect of Mg on the morphogenesis of rodB mutants in 

I j 
subtilis, C6(j)R4 was grown in TB containing 0.1 M excess Mg . The 

effect was that the bedspring-like morphology of the cells was greatly 

exagerated (Fig. 6f). The coils were very tight and it appeared that 

almost every turn was left-handed. The aggregate structure was very 

tight and disrupting it required vigorous shaking. Once dispersed the 

structure reaggregated much like the control. Growth did not appear 

j [ 
affected by the additional Mg , 

C6(j)R4 was grown in the presence of 100 yg/ml trypsin to deter

mine whether a surface protein target might be involved in aggregation. 

It was found that the presence of trypsin caused the cells of C6(J)R4 to 

straighted out, the tight coils being largely eliminated (Fig. 6g), The 

macrofibers produced were reminiscent of G6D, though regions of bedspring 

structure always remained. It should be stated that concentrations of 

trypsin varying from 1.0 yg/ml to 250 yg/ml were examined and the same 

qualitative effect on structures was found in all experiments using 

50 yg/ml or more. 
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In data not shown, similar experiments were performed using 

sodium dodecyl sulfate, pronase B, NaN^ and EDTA. None of these com

pounds had any effect on aggregation and only pronase B affected fiber 

morphology. Pronase, like trypsin, straighten out the kinks in the 

C6(i)R4 fibers. The effect of exhausted TB medium on C6(})R4 structure was 

also examined. Young C64)R4 structures were placed into exhausted TB 

produced by growth and decay of homologous fibers. The accumulation of 

a stable enzymatic activity, like an autolysin, or perhaps a metabolic 

poison, involved with structure breakdown, was sought. A small amount 

of 5X concentrated TB was added to the spent medium to allow new growth. 

As a control, the same experiment was done using medium that had been 

boiled for 10 min at 90°C. In neither case was there any effect on 

macrofiber morphology or aggregation. 

Because of an apparent similarity between the aggregation 

property of C6(J)R4 and various adhesive phenomenon in other organisms, 

experiments were undertaken to determine whether some form of capsule 

or glycocaylyx could be detected near the surface of the cells. To 

determine whether an extracellular mucopolysaccharide was present, 

cells were stained with either ruthenium red or uranyl acetate and thin 

sections of cells were observed in the electron microscope. The results 

were the same regardless which stain was used and that staining with 

both dyes did not alter the results. 

Figure 7 shows that in the wild type Mil cells, most of the 

stain concentrated, as would be expected, in the cell wall. The walls 

looked smooth and regular. The trilaminar character and dimensions of 



Fig. 7. Electron micrographs of ruthenium red stained Mil. 

Cells were prepared as described in Materials and 
Methods. (a) magnification x 18,700. (b) magnifica
tion X 68,700. Note the smooth outer surface of the 
cells apparent in both (a) and (b)• 



Fig. 7. Electron micrographs of ruthenium red stained Mil. 
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the wall were similar to that previously observed for normal cells (Cole 

et al. 1970). 

Figure 8 shows ruthenium red stained C6D. Even at low mangifi-

cation (8a) the cells could be seen to have rough, irregular surfaces. 

Also apparent at low magnification was the extensive organization of the 

C6D fiber. The cells were oriented very regularly and the packing is 

regular and tight. At higher magnification (8b) the irregular outer 

surface of the cells is more prominent. The rough surface extended over 

the entire length of the cells and some of the rough material may be 

seen being shed from the surface. Below the rough outer surface, how

ever, the remainder of the cell wall gives the appearance of being quite 

normal. C6D cells showed the same dimensions and structure of the cell 

wall as Mil. 

The C6(j)R4 cell surface appears identical to that of C6D (Fig. 9). 

At low magnification (Fig. 9a) the more irregular nature of C6(f)R4 fiber 

is apparent. The orientation of the cells in the fibers is much less 

uniformed than that of C6D. At higher magnification (Fig. 9b) the loose, 

irregular outer surface is again apparent. Again, as in C6D, the overall 

cell wall structure appears normal. There are no obvious differences 

between the appearance of C6D and C6(})R4. No unique structural change 

seems to be associated with C6<f)R4 and there is no obvious explanation for 

its ability to aggregate from these ultrastructural studies. 

There is, however, an apparent difference at the level of the 

cell surface between the macrofiber producing strains and their wild type 



Fig. 8. Electron micrographs of ruthenium red stained C6D. 

Cells were prepared as described in Materials and 
Methods. (a) apparently a cross section of a macro-
fiber. Note the uniform distribution of the cells. 
Magnification x 5500. (b) Increased magnification 
of region of (a). Note irregular outer surface of 
cells. Magnification x 29,000. 



Fig. 8. Electron micrographs of ruthenium red stained C6D. 



Fig. 9. Electron micrographs of ruthenium red stained C6(i)R4. 

Cells were prepared as described in Materials and 
Methods. (a) low magnification of region of C6<j)R4 
structure. Note irregular organization of cells. 
Magnification x 8600. (b) Increased magnification of 
a C6(j)R4 structure. Cells are not of structure seen in 
(a). Note the irregular outer surface of cells. 
Magnification x 30,000. 



Fig. 9. Electron micrographs of ruthenium red stained C6^RA. 



parent. The wild type cells have a very smooth, regular cell wall surface. 

The fiber producers, on the other hand, both have rough irregular outer 

cell wall surfaces. Whether the difference has a direct bearing on the 

macrofiber producing ability of the cells is not known. In both C6D and 

C6<i)R4, some areas of the loose outer surface material of two neighboring 

cells were in contact (Figures 8b, 9b). 

Another cell surface structure that might play a role in 

aggregation is the flagellum. Cells belonging to the genus Bacillus 

usually have a peritrichous flagellation pattern and it is possible that 

large numbers of the flagella might somehow interact to pull cells 

together during macrostructure formation, and/or aggregation. 

However, in all of the macrofiber mutants observed, there appears 

to be little or no motility, regardless of the medium or age of the 

culture. To confirm these observations several macrofiber mutants were 

grown on TB or SI motility agar plates. Motility was measured by the 

ability of cells to spread out away from the point of inoculation on the 

plate. As the results in Table 4 show, the motility plates generally 

verify that macrofiber mutants are nonmotile. The wild type strain 

exhibits extensive motility on both TB and SI plates. Neither BIS, C6D 

nor C64'R4 showed any motility on complex medium, and C6(j)R4 also was 

unable to swim on minimal motility agar. BIS and C6D, however, did 

have some ability to spread on minimal medium if allowed to grow for 

2 days at 37°C. The spreading was not extensive but was definitely 

present and repeatable from experiment to experiment. When cells from 

Bis and C6D colonies were examined in the phase contrast microscope, 



Table 4. Ability of macrofiber strains to swim on motility agar. 

Motility on 
Strain TB SI 

Mil -H- ++ 

BIS - + 

C6D - + 

C6(})R4 

H86 ++ ++ 

Motility media consisted of either TB or Spizizen minimal plus 
glucose with 0.4% agar and 0.8% gelatin. Cells were stabbed 
into the plates and incubated at 30° C. The size of the colonies 
was determined after 24 hours. The symbols in the table represent 
three different size classes of diameter measurement; 
- = less than 1.55 mm, + = 3-5 mm, ++ = greater than 15 mm. 
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s subpopulation of cells was seen to be weakly motile. Similar and 

repeated examination of C6(})R4 cells never revealed any swimming cells. 

Strain H86 is a derivative of C6(j)R4 that was produced during 

the genetic studies to be described later. This strain was first 

selected for the production of macrofibers and then for resistance to 

SPOl. The macrostructures from this strain contain bedspring-like 

structures as found in C6(i)RA but break down more rapidly than many of the 

other macrofiber strains. As shown in Table 4, H86 is very motile and 

able to spread on motility agar as well as Mil. Thus, while C6<j)R4 

appears to be completely nonmotile, BlS and C6D seem to be able to swim 

under specific growth conditions and the data from H86 suggests that 

wild type levels of flagella may be present on some strains able to make 

macrostructures. 

The first experiments directed at revealing any role flagella 

may play in C6<j)R4 aggregation involved examining whole cell preparations 

of macrofibers in the electron microscope. Preparations were stained 

with 1% phosphotunstic acid to enhance the visualization of flagella. 

Figure 10 shows low magnification electron micrographs of Mil 

and C6D. Mil has a large nubmber of flagella along the surface. The 

flagella are clearly visible using the negative staining technique 

(Fig. 10a). Unlike Mil, C6D does not appear to have any structures 

recognizable as flagella on its cell surface (Fig. 10b). Several 

different preparations of C6D were analyzed and only a few flagella 

were ever seen. 



Fig. 10. Electron micrographs of phosphotungstic acid stained 
Mil and C6D. 

Cells were prepared as described in Materials and 
Methods. (a) Mil. Magnification x 14,300. (b) C6D. 
Magnification x 25,000. 



a 

Fig. 10. Electron micrographs of phosphotungstic acid stained Mil 
and C6D. 
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Figure 11 shows whole mount electron micrographs of C6cfiR4. 

Frame a clearly shows the irregular nature of the C6(})R4 macrostructure. 

It also shows a feature which is not obvious from light microscope 

analysis; that is, the large number of minicells.in the structure. 

There is a region to the left of the structure where a string of side-by-

side minicells can be seen that contains at least 13 and perhaps as 

many as 31 minicells. Frame b, at slightly higher magnification, shows 

essentially the same properties, as well as the only time a flagellum 

was detected on the surface of C6<))R4. Observations involved 27 macro-

fibers, in different states of growth or decay. The electron micrographs 

failed to reveal any other dramatic alteration of the cell surface which 

might explain the aggregation or macrofiber-producing properties of 

C6(|)R4. The electron micrographs, however, do seem to rule out the idea 

that intact flagella play a major role in either macrofiber production 

or in the unique aggregation property of C6(j)R4. 

The micrographs in Fib. 12 are representative of what was found. 

Frame 12a is a phase contrast micrograph showing that H86 has a 

morphology similar to C6(i)R4. Frame 12b and 12c are increasing magnifica

tion electron micrographs showing a significant number of apparently 

normal flagella on the surface of H85 macrofibers. Flagella were found 

over large regions of all the H86 structures analyzed. Therefore, in 

at least one case, a macrofiber mutant does seem to be able to assemble 

flagella on its surface while division was still suppressed. 

Though intact flagella were not generally present on the surface 

of C6(1)R4, it was not known whether the lack of flagella was due to a 



Fig. 11. Electron micrographs of phosphotungstic acid stained 
C6(}>R4. 

Cells were prepared as described in Materials and 
Methods. (a) magnification x 8000, (b) magnification 
X 10,500. 



Fig. 11. Electron micrographs of phosphotungstic acid stained G6(j)R4 



Fig. 12. Phase contrast and electron micrographs of H86. 

Cells in (b) and (c) were prepared as described in 
Materials and Methods, (a) phase contrast micro
graph. Magnification x 320. (b) and (c) electron 
micrographs. Magnification in (b) x 20,000 
(c) X 25,000. 



Fig. 12. Phase contrast and electron micrographs of H86. 
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defect in synthesis or assembly of the flagellin subunits. The technique 

of indirect immunofluorescence was used to answer the question. Well 

formed, young C6<i)R4 ball structures were placed in the presence of 

rabbit antibody produced against subtilis flagella. The unadsorbed 

antibody was washed away and a fluorescence tagged goat antibody pre

pared against the rabbit antibody was added to the cells. The un

adsorbed goat antibody was washed away and the structures were observed 

in a uv-fluorescent microscope. At the same time other C6({iR4 structures 

from the same culture were examined by whole mount electron microscopy 

for flagella. The results of the latter experiments were the same as in 

Figure 8 above. The results of the indirect immunofluorescence are seen 

in Fig. 13. The micrographs in Fig. 13a and 13b are of the same region 

of the same structure. The marked fluorescence seen in 13b indicates 

that even though no flagella were seen in the electron microscope, 

flagellin antigen is present on the surface of the cells. Frame 12c is a 

control demonstrating that there was no nonspecific binding of goat 

antibody to C6(!)R4 cells. Controls demonstrating no intrinsic 

fluorescence activity in the rabbit antibody or C6(}iRA structures were 

also performed (data not shown). 

In summary, C6(j)R4 is an SPOl-resistant derivative of the macro-

fiber producing strain C6D. While C6<j)R4 still makes macrofibers, the 

morphology of the structure is very different from that of C6D, C6(fiR4 

structures consist of lengths of very tightly coiled, bedspring-like 

filaments, as opposed to C6D which makes fibers of long straight arrays 



Fig. 13. Indirect immunofluorescence of C6(j)R4. 

(a) phase contrast micrograph of C6(j)R4 macro-
structure. (b) fluorescence micrograph of 
C6(}iR4 structure in (a). (c) fluorescence 
micrograph of a C6(f)R4 structure treated with 
fluorescent goat antirabbit antibody without 
prior exposure of the macrofiber to rabbit anti-
flagella antibody. Magnification x 270. 

See Materials and Methods for details of treatment. 



Fig. 13. Indirect immunofluorescence of C6(i)R4. 



of snakes helically wrapped like a rope. The structure of the C6(f>R4 

macrofiber is very different from C6D. The C6(j)R4 morphology is just as 

heritable as that of C6D and the other macrofiber strains produced thus 

far. 

The structure of the C6(}iR4 macrofiber was not invarient. The 

composition of the medium, the temperature at which the cells were grown, 

and the age of the culture all affect the morphogenetic fate of the 

macrostructure. This strongly indicates that the general form of the 

macrofiber is an inherited property but that the specific structure is 

controlled by a combination of heredity and environmental factors. It 

I I 
has also been found that trypsin and Mg are able to modify the 

structure of the macrofiber, and in completely opposite ways. Trypsin 

was able to remove the twists from the C6(|)R4 macrofibers, whereas excess 

I I 
Mg seemed to enhance the twisting and disorganization of C6^RA 

structures. No explanation for either of these observations has been 

forthcoming. 

Identification of Genetic Composition 

A series of questions concerning the genetics of macrofiber 

production presented themselves at the time of this study. Could any 

or all of the ability to produce macrofibers be transferred by standard 

genetic manipulation? Could specific mutations be associated with 

macrofiber production and could their location on the genetic map be 

identified? Were there any division suppression mutations in C6<{)R4 

other than divIV-Bl? If there were, were they in div genes already 
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identified? Could the inheritance of directionality of helix band be 

determined? 

The first experiments directed at these questions involved 

crossing C6(!)R4 to the series of mapping strains constructed by Dedonder 

et al. (1977). These strains include auxotrophic markers that circum

scribe the subtilis map (Fig. 14). Because C6(|)R4 is nonmotile PBSl 

transduction is impossible. Transformation mapping, therefore, was 

the method of genetic exchange used. The objectives of these crosses 

was to determine whether a gene associated with macrofiber production 

could be shown to be linked, on the same small piece of DNA, to a 

known auxotrophic marker. The DNA concentrations, for all crosses in 

g 
these experiments, were kept low enough (0.03-0.04 yg/10 cells) to 

eliminate almost any possibility of congression events. The results of 

these crosses are in Table 5. No macrofiber cotransformants were found 

with the exception of those involving primary selection for his A**" 

(9 of 260 his"^) or for thr"^ (2 of 260 thr"*") . The analysis for fiber 

production involved only observation of drop cultures of transformants 

in a stereomicroscope. Details of fiber form or helix hand direction 

were not determined at this stage of the experiment. The requirement 

for transformation mapping means that only chromosome regions in close 

proximity to the auxotrophic markers were examined for fiber genes. 

It is possible that other macrofiber related mutations are present 

but could not be detected by this method. 

These data do show, however, that the macrofiber property 

can be transferred from strain to strain and that a gene or genes 

involved in the production of macrofibers is linked to hisA and thr. 
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Fig. 14. Genetic map of Bacillus subtilis. 

Markers shown are those used in this study. Orientation 
is after that of Young and Wilson (1975). 



Table 5. Cotransformation of C6i{>R4 markers. 

Recipient 
Strain 

Selected 
Marker 

Cotransformation of 

fib̂  pha'̂  

QB94A purA 0 0 
cysA 0 0 
trpC 0 0 

QB928 arol 0 0 
purB 0 0 
dal 1 0 0 

QB934 tre 0 0 
metC 0 0 
glyB 0 + 

QB943 pyrD 0 0 
ilvA 0 0 
thy 0 0 

QB935 aroD 0 0 
lys 0 0 

QB936 leuA 0 0 
aroG 0 0 
aid 0 0 

QB917 hisA + 0 
thr + 0 

All experiments involved screening at least 250 transformants for each 
auxotrophic marker. 

^Screened for ability to produce macrofibers in drop cultures, 
+ = fiber producer, 0 = no fiber producers. 

Screened for phage resistance, + = phage resistant, 0 = phage 
sensit ive. 



The thr and hisA loci are known to be located in the same map region. 

The two loci, however, are too far apart to be linked on a single trans

forming DNA fragment. The data in Table 5 cannot resolve whether one or 

several fiber related mutations are in the thr-hisA region. However, if 

only one mutation is involved, then it should be closely linked to cysB 

which is between hlsA and thr. 

To extend the information gathered from the experiments reported 

in Table 5, a series of three-factor mapping experiments were performed. 

A recipient strain, KS27, was constructed to contain the hisAl and cysB3 

mutations. The donors were BIS, RHXllS, C6D and C6<I>R4. BIS, RHXllS 

and C6D were used as donors, as well as C6<j>R4, because they are the 

parental ancestors from which C6(j)R4 was derived. It was of interest to 

know whether the alteration in macrofiber morphology in each of these 

strains could be associated with an identifiable mutation affecting 

macrofiber structure. In addition, because each of the strains showed 

a different pattern of helix hand production, it was hoped that the 

genetics of helix hand differentiation might be resolved. 

For each donor four sets of crosses were performed. In two 

crosses a limiting concentration of donor DNA was used. These experi

ments were designed to determine whether two genes are linked on the 

same DNA fragment. In one cross the recipients were selected for his 

"f" 
transformation in the other for cys transformation. In both cases the 

transformants were then screened for macrofiber production. Cells were 

+ + + + 
also subsequently screened for his -cys or cys -his cotransformation 

and the number of these which produced macrofibers was determined. 



Before crosses were performed with KS27, each donor DNA preparation was 

used to transform QB917. Limiting DNA concentrations were used and the 

*4" "I" 
frequency of hisA -thr cotransfonnants was scored. In no case was 

there ever more than 0.2% cotransfer. This was taken as the basic 

congression frequency for the low DNA concentrations used. 

In the other two crosses, rather than limiting the DNA con

centration, a saturating amount of DNA was used. These experiments 

were designed to reveal whether one or more genes affecting macrofiber 

production are present in the donor strains. At saturating concentra

tions of DNA, many competent cells take up more than one piece of 

transforming DNA. As many as 5-10% of the single marker transformants 

also show transformation for a second, unlinked marker (Anagnostopoulos 

and Crawford 1961). Another result of using saturating DNA concentra

tions is an apparent increase in the linkage value between two markers. 

This is due ot the transformation of a recipient cell by two separate 

DNA fragments, each carrying one of the markers, in addition to the 

recipients that are transformed by one fragment carrying both markers. 

If more than one gene affecting macrofiber production is present in any 

of the donor strains, it is expected that the increase in apparent link

age between macrofiber production and the selected auxotrophic marker 

will be greater than if only one macrofiber gene exists. In addition to 

the two different types of fragments that can introduce macrofiber 

production when one gene is involved, a third macrofiber carrying 

fragment is present when two genes are involved. 
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If two separate macrofiber genes exist then these crosses also 

raise the possibility of transforming a recipient cell for more than one 

macrofiber gene. The results might possibly reveal differences between 

individual and combined affects of different macrofiber related mutations. 

The results of transformations involving the hisA genes are 

found in Table 6. Experiments using both limiting and saturating DNA 

concentrations are presented. Because of environmentally induced 

variability in macrofiber production, all data in the next three tables 

represent two independent screenings of each auxotrophic transformant 

for fiber production. Only when macrofiber production was unambiguous 

were transformants scored as fiber-producing. 

Table 6 indicates linkage between hisA and a gene which can 

induce fiber production. Using limiting DNA concentration, all four 

donors showed a definite linkage between hisA and fibA (3-9%), the 

designation proposed for the gene associated with macrofiber production. 

As a control, more than 400 nontransformed KS27 clones were screened for 

macrofiber production. No structures were ever found. These data show 

that a weak linkage between hisA and cysB can be detected, and therefore 

"H "f" 
the lack of his , cys and fibA fiber-producing cotransformants strongly 

suggests that the fibA mutation does not lie between hisA and cysB. 

To further verify the map location of fibA another three-factor 

cross was performed. The donor was C6(J)RA and the reicpient was a 

strain KS27-200B, which contains hisAl and tag-1. The tag-1 mutation is 

on the opposite side of hisA from cysB and approximately an equal 



Table 6. Mapping of flbA by three-factor crosses. 

Recipient strain: KS27 (hlsAl, £y^B3) 

Recombinants % % 

Donor Class No. using No. using limiting Saturating 

limiting DNA saturating DNA DNA DMA 

BIS his^ ̂ s^ 225 

cys+ f ibAj. 23 

.hiS-f. cys I f lbA 10 
his cys flbA 0 

RHXllS his"!' cys" flbA"*' 250 

his cys flbA 8 

his ̂ cys ̂ flbA 2 

his cys fibA 0 

C6D his^ cys fIbA^ 367 

his• cys. flbA. 15 
Tijs cys flbA 6 

his cy^ flbA 1 

C64iR4 his cys f.ibA 2A5 
his cys flbA 25 

his• cys• flbA 11 
his cys flbA 0 

222 
25 91̂  10 

13 5 
ND̂  Od 

210 
29 3 11 
21 1 8 
ND 0 -

212 
27 4 10 
21 2 8 
ND lA 

200 
42 8 16 

15 3 6 

ND 0 -

Suggested order: cysB, hisA, fibA. 

^Transformations were performed with either limiting (0.03-0.04 pg/10® cells) or saturating (3-6 

pg/ml) DNA concentrations. Transformed cells were initially screened for hls^ on minimal medium 

containing cysteine. Cells were picked and subcloned on fresh minimal plus cysteine and then 

replica plated on minimal medium without cysteine and onto TBAB. The colonies which grew on 

minimal medium were scored as his"*'-cys"*". The colonies on TBAB were picked Into drops of TB, grown 

overnight at room temperature (approx. 20°C) and screened microscopically for macrofiber production. 

''values not determined. 

'^Percentage of total number of his transformants. 

Percentage of his'̂ '-cys'*' cotransformants. 
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distance away. Transformants were screened initially for either his 

or tao"*". Cells were subsequently screened for fibA and the remaining 

marker. The results are in Table 7. Of 512 his*̂  transformants, 31 

+ + 
produced macrofibers (6%), and 12 were tag (2%). Of the 12 his -

4* "f* 
tag contransformants 11 were also fibA. Of 228 tag transformants 

13 made macrostructures (68%), and 10 (4%) were his"̂ . Of the 10 

"f" "i" 
tag -his strains, all 10 were also fibA. These data are interpreted 

to show that fibA lies between hisA and tag-1. If the data from the 

crosses shown in Tables 6 and 7 are combined, the estimated cotrans-

formation frequency for hisA and fibA is 6%. While this is relatively 

weak liknage, it is thirty-times greater than the congression frequency, 

which was measured by the frequency of his"*", divIV-Bl (minicell-

producing cotransformants (0.2%, data not shown). 

In the process of screening for transformants in mapping experi

ments some properties of fibA transformants were discovered. First, in 

drop culture the fiber structures begin to decay rapidly after 15-18 h 

incubation resulting in normal size, motile jB. subtilis rods. After 

about 12 h incubation, structures like those in Fig. 15 are present. 

The structures are quite intact but rather than the usual long arrays 

wrapped around each other like strands of a rope found in helical macro-

fibers, these structures consist of chains of shorter rods packed into 

long parallel arrays. The structures appear to have been long helically 

wrapped snakes. This tjrpe of parallel structure is found regardless of 

the donor source of fibA. Approximately 90% of the macrostructures 

produced from any of the four fibA donors are similar to that shown in 



Table 7- Analysis of three-factor crosses with hisA, tag-1 and fibA. 

Recipient strain: KS27-200B (hisAl, tag-1) 

Recombinants 
Donor Class No. of % of 

recombinants recombinants 

Selection for his"̂  —— — -

C6(fiR4 his"|" tag fibA^ 469 
hiS| tag| fibAj 
hisj tag! fibA' 
his tag fibA 

31 
12 
11 

6^ 
2^ 
9ic 

+ Selection for tag 

tag'J' his fibA"̂  
tag J hiS| fibAj 
tagj hisj fibA' 
tag his' fibA 

205 
13 
10 
10 

6b 
4b 

lOOC 

Suggested order: hisA, fibA, tag-1 

^Transformations were performed using limiting DNA concentrations. Transformed cells were 
initially screened for his on minimal medium or for tag on TBAB at 45 C. Cells were 
picked, subcloned and screened for cotransformants after the methods described in Table 6. 

Percent of total number of his transformants. 

"^Percent of his^-tag^ cotransformants. 



Fig. 15. Photomicrographs of a fibA mutant. 

Structure was produced in macrodrop culture. 
(a) low magnification phase contrast micrograph of 
an entire structure. (b) high magnification of a 
region of structure in (a). Magnification (a) x 180, 
(b) X 1600. 



Fig. 15. Photomicrographs of a fibA mutant. 



Fig. 15 (91%, 88%, 100% and 96% for BIS, RHXllS, C6D and CSijiRA, 

respectively). A second fact noted was that virtjually all fibA derived 

macrofibers do not contain minicells. Of the 64 macrofiber producers 

generated, only 3 produced minicells and two of those produced very small 

numbers of them. The minicell mutation is not, therefore, critical for 

macrofiber production. 

The crosses involving saturating DNA concentration (Table 6) 

suggest that more than one gene mutation may contribute to macrofiber, 

production in the original strains. When RHXllS, C6D and C6(j)R4 were 

used as donors, the number of his , fiber-producing cotransformants 

increased in comparison to the number found using low DNA concentrations. 

In the case of BIS, only a small increase was recorded. Because the 

variance in increased cotransformation of hisA*" and macrofiber product

ion was as great as the mean increase (3.3 unit and 5.7 units, 

respectively) in cotransfer, the existence of a second macrofiber gene 

could not be positively established only suggested. One possible 

explanation for the increase in the number of macrofiber transformants 

is the introduction of the minicell mutation into fibA mutant cells. 

The division supression present in fibA plus that contributed by the 

divIV-Bl mutation might be sufficient to produce the kinds of macro-

structures seen if present in a single cell. This explanation seems 

unlikely for several reasons. Many of the macrofiber-producing strains 

which also produced minicells were short-lived and phenotypically very 

much like fibA mutants (data not shown). The minicell producing macro-

fiber transformants were most likely not two subpopulations, one 

containing just fibA, the other just divIV-Bl. This is based on the 
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observations that only 3 of 64 fibA transformants produced minicells and 

because less than 50% of the minicell producing transformants produced 

any kind of structure at all. Of 112 minicell-producing transformants 

produced using saturating DNA concentrations, only 42 also made a 

macrostructure. The divIV-Bl mutation alone is not sufficient to result 

in fiber production. Another reason for discounting this explanation 

is that the large increase in the number of macrofiber transformants 

could not be accounted for simply by adding the number of minicell-

producing fiber strains to the number of fiber strains expected from co-

transformation. Even when the minicell-producing macrofiber strains 

were not included, an increase of 3-7% occurred in total number of 

macrofiber strains produced (data not shown). This was true in all of 

the crosses except the one in which BIS was the donor. In that instance, 

the 1% increase observed (9 to 10%) could be accounted for any the 

addition of the minicell-producing fiber strains. Though the data 

are not completely conclusive it appears that the strains RHXllS, C6D, 

and C64)R4 might have a mutation in addition to fibA which affects 

macrofiber morphogenesis. 

The crosses presented in Table 8 suggest that a second 

mutation does exist and that it is weakly linked to the cysB locus. 

In these crosses the primary selection was for cys"*". Both limiting 

and saturating DNA concentrations were used. The transformation mapping 

data show a mutation, designated fibB, to be linked to cysB. If the 

linkage values from crosses with all four donors are combined, an 

estimated 4% cotransfer ability is found between cysB and fibB. Again, 



Table 8. Mapping of fibB by three-factor crosses. 

Donor 
Class 

Recombinants 
No. using No. using 
limiting saturating 
DNA DNA 

% 
limiting DNA 

expt. 

1 
saturating DNA 

expt. 

BIS 
+ 

cys his fibB 287 
cys, his. fibB, 15 
cys, his. 

his' 
fibB 9 

cys 
his. 
his' fibB 1 

203 
23 
31 
ND^ 

5C 
3̂  ̂

20d 

9 
12 

RHXllX 
+ 

cys, his fibB^ 232 206 — 

cys. his fibB. 17 29 7 9 
cys his, fibB 7 31 3 12 
cys his fibB 2 ND 22 -

C6D 
+ 

cys his fibB"^ 322 212 
cys, his fibB 7 12 2 5 
cys, his fibB 8 36 3 14 
cys his fibB 1 ND 11 -

C6(|)R4 
+ 
his fibB 316 197 _ 

his, fibB 12 4 4 
his fibB 20 6 15 

cys his fibB 2 9 -

Suggested order: fibB, cysB, hisA 

Procedures were the same as in Table 6. Initial selection was for cys , however, with 
subsequent selection for his"*" and fibB. 
Walues not determined 
c + 
Percent of cys transformants 
d "t" "t" 
Percent of cys -his cotransformants 
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as with fibA, the linkage between the morphogenetic mutation and the 

auxotrophic marker is weak. It is, however, still more than twenty times 

the congression frequency (cys"^-minicell cotransformants were 0.2%, data 

not shown). These data also suggest that the fibB marker was on the 

opposite side of cysB than is hisA. This is indicated by the small 

"4" "t" 
number of cys , his cotransformants which also produced macrofibers. 

Further support for the contention that fibB is a different 

mutation than fibA is the morphology of the macrostructure. The cysB-

linked macrostructures were made of long snakes and were still intact 

after 25-28 h of incubation (Fig. 16). Very rarely were completed 

septa or parallel arrays of snakes observed. However, as with fibA 

mutants, good macrostructures are produced without the presence of 

minicells. 

The data in Table 8 from crosses using saturating DNA show 

somewhat different results from those of Table 6. Here BIS, RHXllS 

and C6D showed increases in the number of macrofiber-producing co-

transformants while C6({)R4 showed no increase. In the cases where an 

increase was seen it was smaller than the equivalent increase found in 

Table 6. The results of the saturating DNA experiments in Table 8 

cast doubt on the interpretation given to similar experiments in Table 6. 

The transformation mapping data still suggest that two separate mutations 

are involved in macrofiber production. Whether all four macrofiber 

strains examined have both mutations or whether BIS has only one can 

not be determined conclusively from these data. 



Fig. 16. Photomicrograph of a flbB mutant. 

Structure was produced in macrodrop culture, (a) 
low magnification phase contrast micrograph of an 
entire structure, (b) high magnification of a 
region of structure in (a). Magnification (a) 
X 300, (b) X 1600. 



Fig. 16. Photomicrographs of a fibB mutant. 



89 

Another by-product of the saturating DNA experiments was the 

construction of strains which appeared to be phenotypically identical to 

the donor. In the cases where RHXllS and C6D were used as donors, 

transformant-derived strains could produce structures superior to 

those of the donor. In the two crosses involving saturating concentra-

+ + 
tions of BIS DNA (i.e., his and cys selections) a total of six strains 

were produced that make minicells and in all respects are morpho

logically identical to BIS. The structures from those strains remained 

intact for 48 h or more in drop culture. In the comparable crosses 

using RHXllS, C6D and C6^R4 as donors, 4, 4,and 3 strains, respectively, 

were produced that make long-lived, minicell producing macrofibers. In 

all of the strains, the macrofibers produced were exceptionally good 

BlS-like structures. Although the C6D and C6(})R4-derived structures 

were phenotypically like BIS , six of the seven strains produced left-

handed, not right-handed, helices. It appears, therefore, that the 

entire macrofiber phenotype can be reconstructed in a strain which 

originally showed no ability to produce any kind of structure. 

Because of ambiguities arising from the saturating DNA experi

ments, another set of crosses was performed to clarify the genotypes 

of the macrofiber transformants. These crosses were designed to further 

resolve the genotype of BIS. The experiments involved one cys -

linked (cl240) and one his^linked (hl432) transformant. The two 

strains were derived from the transformation mapping experiments (i.e., 

limiting DNA) in which C6D was the donor. They represent the two types 

of macrostructures described earlier and illustrated in Figs. 15 and 16. 
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The two derived strains were first crossed back to C6D (Table 9) 

and transformants screened for the production of macrofibers that were 

either dramatically superior or inferior to that of the recipient. As 

before, all transformants were screened twice before the macrofiber 

phenotype was defined. In both crosses (Table 9, lines 1 and 2) a 

significant number of transformants produced structures that were better 

than those of the recipient. The cross between cl240 and C6D rpoduced 

8% of such transformants and that between C6D and hl432 produced 7%. 

Many drops of the recipients were grown in parallel to the transformants, 

as controls, and in no case was there ever a transformant that was 

judged to produce a structure inferior in organization to that of the 

recipient. Because high concentrations of DNA were used in the two 

crosses, two conclusions are possible. First, the macrofiber-producing 

ability in both cl240 and hlA32 was most likely derived from C6D. If 

this was not the case a number of transformants should have been 

produced that no longer make macrostructures. No such transformants 

were found. The second conclusion is that these data verify the 

existence of two separate genes involved in macrofiber formation. If 

only one such gene were involved there would not have been the large 

percentage of improved-structure formers found among the transformants. 

As in Tables 6 and 8 only a very small number of improved structures 

involve the production of minicells (data not shown) indicating that the 

improved structures are not simply a reflection of the presence of that 

mutation. This conclusion is further supported by the second set of 



Table 9. Crosses demonstrating the fiber producing genotypes of representative 
C6D-derlved strains. 

Donor Recipient Selected 
marker 

Number showing 
superior raacrofiber 
structures 

C6D® cl240'' hls^ 25/312 

hl432'^ 
+ 

cys 21/312 

hl432^ cl240 his^ 13/312 

cl240^ hl432 
+ 

cys 6/310 

BIS^ cl240 his^ 20/312 

hl432 
4-

cys 2/312 

Transformations were performed that involved the use of saturating DNA concentrations 
(3-6 yg/ml). Transformants were screened initially for hls"^ or cys and then drop cultures 
of TB were made to determine the nature of the macrofibers made. A fiber was determined to 
be superior if it was observed to be more organized and elaborate than the recipient strain 
and if it retained a significant structure after more than 30 h. An inferior structure was 
less organized and decayed faster than the recipient. 

^Strain cl240 derived from a limiting DNA concentration transformation with C6D and KS27 the 
donor and recipient respectively. The strain was initially screened for cys and was found 
to produce macrofibers. It is a presumed flbB mutant. Its phenotype is like that seen in 
Figure 16. 

f^Strain hl432 derived from a limiting DNA concentration transformation with C6D and KS27 the 
donor and recipient respectively. The strain was Initially screened for his"*" and was found 
produce macrofibers. It is a presumed fibA mutant. Its phenotype is like that seen in 
Figure 15. 

g 
'^Crosses were performed like those in "a"; however, limiting concentrations (0.03-0.04 lig/lO 
cells) donor DNA were used. 



crosses in Table 9 (lines 3 and 4). These involved reciprocal crosses 

between cl240 and hl432 with DNA concentrations at limiting levels. In 

the cross using hl432 as donor and cl240 as recipient, about 4% of the 

his transformants also produced a structure that was superior to 

cl240. This is approximately the cotransformation frequency found 

between hisA and fibA in Table 6. In the cross involving cl240 as the 

donor and hl432 as the recipient, about 2% of the cys^ transformants 

also produced macrofibers superior to those of hl432. Again, the 

frequency of improved structures is similar to the cotransformation 

frequency between cysB and fibB (Table 8). None of these structures 

were quite as good as the BlS-like structures referred to earlier and 

none produced minicells. The structures were, however, often large, 

tight fibers that persisted in drop cultures for 35-40 h. The last two 

crosses in Table 9 suggest that BIS does harbor both the fibA and fibB 

mutations. With BIS as the donor and either cl240 or hl432 as recipient, 

no transformants were found which produced inferior macrostructures or 

no macrostructures at all. If BIS carries only one of the fib mutations 

a number of such transformants should have been produced. These two 

crosses, however, did produce an unexpected result. T'Jhile the cross 

involving cl240 as recipient produced the anticipated number of trans

formants that formed structures superior to cl240 (6%), the cross 

involving hl432 as recipient produced less than 1% or such transformants. 

No clear explanation for the low number of improved macrofiber-producing 

has been found and as a result a clear definition of the fiber-producing 
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genotype of BIS is still lacking. The explanation that best fits the 

data in Tables 5-9 is that two mutations, fibA and fIbB that contribute 

to macrofiber formation are present in strains BIS, RHXllS, C6D and 

C6(}.R4. 

To further define the nature of the fibA and fibB mutations, 

crosses involving three different known div mutants were undertaken, 

with the use of C6(J)R4 as donor (Table 10). The first cross involved a 

divIV-Bl mutant as recipient and was essentially a control experiment to 

verify that the minicells present in CBipRA structures were the result 

of the continued presence of the divIV-Bl mutation in the fiber strain. 

Of 719 met"^ transformants screened, all still produced minicells. This 

was taken as evidence that C6(})R4 still contains the divIV-Bl mutation 

and cannot correct the same defect in CU403divIV-Bl. C6(J)R4 was also 

crossed to other div mutants. The two recipient div mutants were divll 

and divV. (divC5-5 (ts) and divB7-l (ts), respectively, of van Alstyne 

1971). These two mutations were chosen because they map in the same 

general region of the genetic map as fibA and fibB. Though the position 

of the two div mutations on the map would appear to be different from 

those of fibA and fibB, they were located before the reorganization of 

the subtilis map and at least in the case of dlvV there is some 

uncertainty about its exact location. The last two crosses, in Table 

10 involve C6(|)R4 as the donor and the two temperature-sensitive div 

mutants as recipients. The results indicate that neither fibA nor 

fibB appear to map in either divll or divV. In both experiments a 

significant number of transformants wild-tjrpe for the div genes could 



Table 10. Genetic relation of C6(t)R4 to divll. divIVBl and divV.^ 

Donor Recipient 
Selected 
marker 

Unselected 
marker 

7 
b Cotransfer 

C6(|)R4 CU403divIVBl 
(thyA, B, metB, divIVBl) 

+ 
met diviv"*" 0(0/717) 

Dts 5-5 
(thr, trpC, divIII 
5-5 (ts)) 

+ 
trp divll^ 6(30/512) 

Dts 7-1 
(thr, trpC, divV 7-1 
(ts)) trp^ divV"^ 8(40/520) 

^ Crosses were done by transformations involving saturating concentrations of DNA. (3-6 pg/ml). 
Transformants were initially screened for met"*" or trp on appropriate minimal medium, then 
picked onto selective minimal medium again. Strains screened for divIV"*" were replica plated 
onto TBAB and analyzed microscopically for any strain no longer producing minicells. Trans
formants screened for divll"*" or divV"*" were replica plated onto duplicated TBAB plates. One 
plate was incubated at 30°C, the other at 45°C. After 3 h cells at 45°C were screened for 
ability to divide normally. 30°C were screened as controls. 

^Numbers in parentheses are data from which the percent cotransfer was derived. 

vo 
4> 
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be isolated. If either fibA or fibB had been in the div genes, many 

fewer div"*" transformants should have been produced. 

The data from Tables 6-10 combine to allow the construction 

of a partial linkage map (Fig. 17). The fibA mutation is located 

between the hisA and tag-1 genes and is probably more tightly linked to 

hisA. The fibB gene seems to map to the opposite side of cysB from hisA 

and is weakly linked to cysB. Neither fibA nor fibB appear to map in 

either of the div genes previously described in this region of the map. 

The question of the inheritance of helix-handedness was studied 

during the process of mapping fibA and fibB. All of the macrofiber 

transformants generated during the experiments presented in Tables 6 an 

and 8 were also analyzed as to the direction of the helix of the macro-

structure. A compilation of that data is presented in Table 11. These 

crosses do not reveal any clear cut inheritance pattern for helical 

orientation. One pattern is clear, however. Left-handed donors 

that have been originally derived from right-handed strains produced 

primarily right-handed macrofiber transformants. In crosses involving 

BIS as the donor, almost all macrofiber transformants were right-handed. 

Three transformants, however, were produced that did make left-handed 

structures. Crosses using RHXllS as donor showed essentially the same 

pattern as that of BIS. Transformations involving both C6D and C6(J)R4 

showed a large number of right-handed helical transformants but they 

also seemed to generate a larger number of left-handed transformants 

than crosses involving either BIS or RHXllS. In all experiments using 

limiting DNA concentrations, the percentage of right-handed 



gtoA 
 ̂ 1 H+-

fibB cysB divV sacB hisA fibA tag! 

Fig. 17. Partial map of the cysB-tag-1 region showing the orientation 
of fibA and fibB. 

Orientation of fibA and fibB is based on data from Tables 5, 
6, 7, 8, 9 and 10. Orientation of other markers is from 
Young and Wilson (1975). 



Table 11. Inheritance of helix-hand in macrofiber transformants of KS27.^ 

cys transformants his transformants 

Donor Limiting DNA Saturating DNA Limiting UNA Saturating DNA 

LH^ P RH LH P RH LH P RII LH P RIl 

BIS 1 1 14 1 1 21 1 5 17 0 9 16 

RHXllS 0 2 17 0 1 23 0 2 6 5 3 21 

C6D 0 2 6 5 0 7 2 6 8 11 2 14 

ceteA 0 0 14 5 2 4 0 6 19 17 0 25 

Macrofiber transformants used in this study are derived from experiments described in Tables 6 
and 8. 

^LH = left-handed helix; RH = right-handed helix; P = parallel arrays. 
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transformants was very high. In contrast, the percentage of right-handed 

transformants though still high in the crossing involving saturating 

DNA concentrations is much reduced. A significant percentage of progny 

were left-handed, especially in crosses involving C6D and C6(j)R4. In 

no case was a reversible strain, like RHXllS, produced. Screening for 

either his"^ or cys"^ apparently did not affect these patterns. The 

structures classified as parallel arrays are those where the fiber was 

actually parallel and no helical direction was present over a major 

portion of the structure. The latter cases were all found among the 

his fiber producing transformants. The fact that left-handed donors 

can generate right-handed transformants and that right-handed donors can 

occasionally produce left-handed transformants is unequivically 

demonstrated by these studies. 

Bacteriophage Resistance in subtilis C6(j)R4 

Physical Description 

A characteristic of C6<{)R4 which separates it from other macro-

fiber-producing strains is its phage resistance property. The 

disorganization of the structure and the ability to aggregate in liquid 

shake culture appeared in the phenotype at the same time as phage 

resistance. To determine whether this pleiotrophic effect is unique to 

this particular mutant or a property of all phage resistant mutants, a 

study was undertaken to determine the nature of the phage resistance 

mutation in C6i})R4. 



99 

As was previously described, C6(j)R4 was originally isolated 

by Mendelson as an SPOl-resistant clone of C6D. The C6D cells were 

spread on a TBAB plate and a drop of SPOl stock suspension placed on the 

lawn. A small number of papillae appeared in the zone of killing. 

Several of these were cloned out and their ability to produce macro-

fibers examined. All of them showed the same kinky, disorganized 

phenotjTJe. Further characterization of C6(})R4 proceeded from that point. 

The bacteriophage SPOl is known to have its primary attachment 

site located on the glucosylated form of 3. subtilis cell wall teichoic 

acid (Yasbin et al. 1976). A number of other phage attach to the 

glucosylated teichoic acid, or to unidentified cell surface components. 

Table 12 shows results of spot tests of these phage. Cells were grown 

overnight at 37°C with shaking in M-broth, spread to produce a lawn 

on TBAB agar, and allowed to dry. Drops of phage stock were added and 

plates incubated for 18 h at 37°C. Strains Mil and C6D were completely 

sensitive to all four phage. C6<i>R4 was completely resistant to phages 

SPOl, (})e and (j)29. These phage all adsorb to glucosylated wall teichoic 

acid. C6(i)R4 was, however, largely sensitive to phage SPPl which has 

been shown to have little adsorption requirement for glucosylated 

teichoic acid. I'Then grown at 37°C, with shaking, strains C6D and C6(j)R4 

do not make normal raacrofiber structures. Spot tests were also per

formed therefore, on cells from drop cultures where they do make typical 

macrofibers. The results were identical to those in Table 12. It 

should be noted that cells of C6(j)R4, grown at all temperatures tested. 
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Table 12. Spot tests of phages SPOl, SPPl, (pe and (j>29 on subtllis 
strains !I11, C6D and C6(j)R4.̂  

Strains 
Phage Mil C6D C6(()R4 

SPOl + -

SPPl + + + 

(j)e + + -

(p29 + + — 

3 9 
Phage (ca. 10 pfu/ml) were spotted on lawns of the parent and mutant 
strains growing on TBAB and incubated at 37°C. 

= clearing (lysis), - = no clearing (no lysis). 
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do not spread well on plates. They tend to clump and form very irregular 

lawns. Despite this, results from all spot tests were unambiguous. 

The phage resistance pattern of C6(j)R4 suggests that the phage 

resistance mutation is possibly in one of the gta loci described by 

Young (1967). It has been previously reported (Yasbin et al. 1976) 

that mutations in the different gta loci show unique properties of 

adsorption and plating of different bacteriophage. It was also 

reported that the plating and adsorption patterns were sufficiently 

difficult to be useful predictions of which gta locus an unknown 

phage-resistant mutant might be located. 

The pattern of efficiency of adsorption of C6(i)R4 was very 

similar to that of a known gtaC mutation, BC7 (Table 13). Both C6(j)R4 

and BC7 are almost completely unable to adsorb phages SPPl and ij)29 

in liquid culture but do show some degree of adsorption of SPOl and (pe. 

Strain BC8 (gtaA), on the other hand, while also severely inhibited in 

adsorbing SPPl and tj>29, adsorbs SPOl and (Jie at levels comparable to wild-

type cells. Mil was used as the wild-type control. 

The efficiency of plating experiments (Table 14) also indicate 

that the C6(j)R4 pattern is similar to that of BC7 but distinct from BC8. 

C6(j)R4 and BC7 were completely unable to plate SPOl, (j)e and (j)29 but 

plated SPPl with about 40% the wild type efficiency of plating. Unlike 

C6(j)R4 and BC7, BC8 showed significant plating of both SPPl and <j>e. 

These data were in general agreement with the work of Yasbin et al. 

(1976) and strongly suggest that the phage-resistance mutation in C6(j)R4 

is in the gtaC locus. 
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Table 13. Efficiency of adsorption. 

Bacteriophages 
studied 

Efficiency of adsorption 
Mil BC8 
(gta ) (gtaA) 

(%)̂  
BC7 
(gtaC) 

C6(|)R4 
(pha^) 

SPOl 85 90 15 12 

SPPl 90 5 5 6 

95 92 9 10 

(i>29 51 2 2 3 

Efficiency of adsorption of bacteriophages for each strain. (See 
Materials and Methods for details.) 

Table 14. Efficiency of plating. 

Bacteriophages 
studied Mil 

(gta ) 

Bacterial strains 
BC8 

(gtaA) 
BC7 

(gtaC) 
C6())R4 
(pha^) 

SPOl 1.0 0 0 0 

SPPl 1.0 0.45 0.40 0.38 

(Jie 1.0 0.70 0 0 

(1)29 1.0 0 0 0 

Efficiency of plating on BC8, BC7 and C6<{>R4 are as compared to Mil. 
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To further characterize adsorption and plating of phage on C6<!)R4, 

a series of single-step growth experiments were performed (Fig. 18). 

Phage SPOl and strains Mil, C6D and C6(pR^ were used. The curves in 

Fig. 18 are taken from six separate experiments. About 95% of the 

phage had adsorbed to strain Mil within five minutes. The eclipse 

period was 25 minutes. The burst size was about 100. C6D did not 

adsorb phage as efficiently as Mil and the eclipse period was 20 

minutes longer, but the burst size was essentially the same. In both 

Mil and C6D the mature intracellular phage began to appear about 10 

minutes before they were detected extracellularly. These experiments 

illustrate that SPOl production proceeds normally in the strains 

genetically related to C6(j)R4. The lower adsorption efficiency and delay 

in burst time in C6D are possibly related to the reduced growth rate of 

C6D relative to Mil. 

It is established, therefore, that SPOl does adsorb to strain 

C6D and proceeds through a normal lytic cycle in C6D. Only a very 

minimal adsorption (approx. 15%) of SPOl to C64)R4 can be demonstrated. 

After 120 minutes incubation, no production of either intracellular or 

free phage can be detected. 

The data in Tables 12, 13, 14 and Figure 18 all suggest that 

the inability of SPOl to produce a productive infection on CScpRA is due 

to inhibition of phage adsorption and not a later stage of the infection 

process. These data also suggest that the phage-resistance lesion is 

in the gtaC locus, a gene responsible for the production of a phos-

phoglucomutase in B. subtilis. 



Fig. 18. Single-step growth of SPOl. 

Cells were grown in TB medium at 37°C. Open 
symbols represent measurement of extracellular 
phage, closed symbols represent measurement of 
intracellular phage. Squares represent infections 
of C6D, triangles represent infections of C6(J)R4, 
circles represent infections of Mil. See Materials 
and Methods for experimental details. 
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Because of the different enzymatic defects in gtaA and gtaC 

mutants, they can be distinguished from one another by their ability to 

grow in a minimal medium supplemented with galactose (Young 1967). 

The gtaA^ gene product is a uridine 5'-phosphate (UDP)-glucose:poly-

glycerol teichoic acid glucosyltransferase and cells mutant in that 

gene still have wild-type levels of N-acetylgalactosamine in the cell 

wall and are able to utilize galactose as a carbon source. The gtac"^ 

gene product is a phosphoglucomutase. Cells with mutations in that 

gene have almost no N-acetylgalactosamine in the walls and slowly lyse 

when galactose is the sole carbon source. Figure 19a shows that C6(j)R4 

grows well in a minimal medium with glucose as the carbon source but is 

unable to grow at all (Fig. 19b) when the carbon source is galactose. 

This is the same growth pattern exhibited by strain BC7 (the gtaC mutant), 

while BC8 (gtaA) was able to grow, as expected, in minimal medium supple

mented with galactose. 

All of these data suggest that the phage-resistance mutation in 

C6(j)R4 is in the gtaC locus. 

Genetic Studies 

A series of crosses was undertaken to specifically test whether 

the phage resistant mutation in C6({)R4 is in the gtaC gene and to 

accurately map the phage-resistance phenotjrpe of C6(j)R4. 

The gtaC gene has been mapped near the argC locus and appears 

very close to the glyB marker on published maps of subtilis (Young 

and Wilson 1975). The first two crosses (Table 15) were transformations 

involving the use of the limiting concentrations of DNA. They were 
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Fig. 19. Growth of BC7, BC8 and C6({)RA in minimal medium supplemented with 
glucose or galactose. 

(a) growth of cells in Spizizen's minimal medium supplemented with 22 mM 
glucose. (b) growth of cells in Spizizen's minimal medium supplemented 
with 22 mM galactose. Circles represent BC7; triangles represent BC8, 
squares represent C6(J)R4. See Materials and Methods. 
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Table 15. Identification of pha of C5(|)R4 as gtaC by DNA-mediated transformation. 

Donor Recipient 
Phenotype of 
transformant 

Frequency of ^ 
Cotransformation 

BC7 
(cysB, hisA, trpC, gtaC) 

C6<}'R4 
(ura, metB, divVBl, fib, 
phâ ) 

QB934 
(tre, glyB, metC, trpC) 

QB934 
(tre, glyB, metC, trpC) 

BC?'̂  
(cysB, hisA, trpC, gtaC) 

(argC, gtaA) 

H86^ 
(thr, trpC, fib, pha^) 

gly"*" pha^ 1 (13/1394) 

giy"̂  
+ 

met 0.07 (1/1394) 

gly"*" pha'̂  2 (10/474) 

gly"*" 
+ 

met 0.2 (0/474) 

+ 
cys pha® 0.05 (1/2036) 

+ 
cys trp"̂  2 (25/1036) 

+ , s 
arg pha 

thr"̂  phâ  

2 (14/586) 

0 (0/1560) 

^DNA was extracted from C6(j)R4 and BC7, then used to transform QB934, BC7, BC9 and H86. Trans-
formants for gly"^, cys"^, and thr"^ were selected on minimal agar plates with appropriate 
supplements. Transformants were transferred, using sterile toothpicks, to new supplemented 
minimal plates and incubated 48 h at 37°C. Screening of unselected markers involved transfer 
of transformant colonies onto minimal plates lacking the specific requirement in the case of^ 
auxotrophic markers, and onto TBAB plates with an M-agar overlay containing SPOl (ca. 5 x 10 
pfu) for pha^ and pha®. 

b 
Data are presented as percentage of cotransfer. The ratios in parentheses show actual data 
used to determine percentages. 

g 
Experiments involved use of high concentrations DNA (3-6jig/10 cells) and cotransfer events 
are prestimed to reflect congression. 
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designed to measure the frequency of transfer of two gene on a single 

DNA segment. In the first cross a knovna gtaC mutant was used as donor 

and the frequency of cotransfer of a glyS"*" gene and the gtaC mutation 

was measured. Though the frequency was low (1%) it was still more 

"f* 
than ten-times greater than the frequency of glyB and metC which would 

+ not be expected to be carried on a single piece of DNA. The one gly 

met cotransformant was presumed to be either a spontaneous met 

revertant or an example of a very rare congression event. 

The second cross involved using C6<}>R4 as a donor and searching 

for linkage between the glyB gene and the pha mutation in C6())R4. The 

pha mutation appears more closely linked to glyB (2%) than the gtaCSl 

allele. These two crosses further strengthened the hypothesis that the 

r 
pha mutation in C6(j)R4 is in the gtaC gene. 

The other three crosses shown in Table 15 involved the use of 

saturating DNA concentrations and the occurrence of the independent DNA 

molecules entering the same cell was expected. 

In the cross with C6(j>R4 as the donor and BC7 as recipient, 

transformants were initially screened for reversion to phototrophy at 

the cysB gene and then screened to see whether crossing two phage-

resistant strains could produce phage sensitive transformants. Out of 

2036 cys"̂  transformants screened, 1 (0.05%) was phage sensitive. The 

*4" s 
one cys -pha cotransformant may be the result of intragenic recomina-

tion, or spontaneous reversion of the gtaC mutation. In either event, 

-J- g 
the extremely low number of cys -pha cotransformants is compatible with 

the interpretation that the phage resistance mutation in C6(})R4 is in the 
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gtaC gene. Normally congression levels for two loci can be as high as 

5-10% (Anagnostopoulos and Crawford 1961). That percentage was borne 

+ + 
out in the control measurement of cys -trp cotransformants (2%). The 

cysB and trpC genes are not linked by transformation (the trpC mutation 

used is a deletion) therefore, all of the cotransformants should be 

due to the introduction of two separate DNA fragments into the same cell. 

As a further test, C6<J)R4 was crossed to BC9, a known gtaA 

mutant. Of 586 arg"*" transformants, 2% were also transformed to phage 

g 
sensitivity (Table 15). The high percentage of pha suggests that the 

phage resistance property of C6(j)R4 is not due to a mutation in the gtaA 

gene. The mutation in C6(()R4 is therefore designated gtaCr4. 

Since the transformation mapping data indicate placing the phage 

mutation in the gtaC gene, mapping with respect to more distant markers 

was performed with PBSl transduction. Because C6(j)R4 is non-motile, the 

motile, C6(j)R4-derived strain H86 was used to produce the donor lysate. 

It is necessary to prove that the phage resistance marker in H86 is the 

same mutation as in C6<f)R4 if H86 is to be used in place of C6i}iR4. The 

last cross in Table 15 was designed to determine whether this is the 

case. The results of a transformation cross between C6^R4 and H86 

produced no phage-sensitive progney. Since H86 was derived from a 

transformation in which a saturating concentration of C6i{)R4 DNA was used, 

it is concluded that the phage resistance property of H86 is the same 

as that in C6(f)R4. 

The linkage values determined for gtaCr4 (Table 16) showed it 

to have the same linkage relationships as the gtaC51 mutation. Both had 



Table 16. Linkage values for gtaCr4 derived from tvfo-factor crosses with PBSl transduction. 

Donor Recipient 
Selected 
marker 

Unselected 
marker 

Frequency of 
cotransduction'' 

BC7 QB934 giy^ gtaC 44 (60/136) 
(cysB, hisA, trpC, gtaC) (tre, glyB, metC, trpC) 

giy^ 
+ 

met 0 (0/136) 

BR85 arg^ gtaC 4 (15/364) 
(argC, trpC) + 

arg 
+ 

trp 0 (0/364) 

H86 
(thr, trpC, fib, gtaCr4) QB934 giy gtaCr4 37 (140/378) 

giy^ met^ 0 (0/378) 

BR85 
+ 

arg gtaCr4 9 (45/524) 

QB562 his^ gtaCr4 0 (0/396) 
(sacB, hisA, trpC) 

his^ 
+ 

sac 42 (168/396) 

BCB hiŝ  gtaA"*" 30 (68/224) 
(cysB, hisA, gtaA) 

hiŝ  
+ 

cys 24 (54/224) 

PBSl stocks were prepared on BC7 and H86, then crossed to the listed recipients. Recombinants 
were selected on appropriately supplemented minimal plates. Screening of unselected auxotrophic 
markers involved replica plating on appropriate minimal media and screening for phage-resistant 
or sensitive cotransductants involved picking, with sterile toothpicks, onto TBAB plantes with 
an M-agar overlay containing approx. 5 x 10 pfu. 

^Data are presented as percentage of cotransfer. The ratios in parentheses show actual data used 
to determine percentages. 
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approximately 40% cotransfer with the glyB gene and 4-9 cotransfer to 

argC. The latter value was determined from the data in Table 16 and from 

Young et al. (1969). As a control it was shown that gtaCr4 was not 

linked to hisA by PBSl transduction and that gtaA mutants can be trans

duced to gtaA**" by a PBSl lysate prepared on gtaCr4. 

Taken together, the data in Tables 15 and 16 produce a linkage 

map as seen in Figure 20. The gtaCr4 mutation is either in the gtaC 

gene or in a gene extremely tightly linked to it. Concerning the 

relationship between gtaCr4 and gtaCSl, the data are more ambiguous but 

suggest that the gtaCr4 mutation may be closer to glyBl33 than gtaC51 is. 

In the process of mapping the fiber production mutations, some 

strains were produced which obtained both fiber production ability and 

phage resistance from C6<f>R4 (e.g., strains H86, H113, and T120). It 

was observed that in all cases the macrostructures produced were twisted, 

disorganized balls, similar to C6(j)R4 (Fig. 21). 

To determine whether the morphology of these mutants is due to 

unique properties of the gtaCr4 allele or whether other phage resistance 

mutations could produce similar effects on macrofiber morphology, a 

series of strain constructions was undertaken. 

First, to completely verify the effect of the gtaCr4 mutation, 

C6<f)R4 was crossed to C6D by transformation. Since C6D was used as the 

recipient, the modified competency procedure described in Materials 

and Methods was used. The transformation efficiency of fiber producing 

g 
strains was found to be very low (ca. 10 transformants per 10 colony 
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glyB argC 

Fig. 20. Partial map of the glyB-argC region showing the orientation 
of gtaCr4. 

Orientation of gtaCrA is based on data in Tables 15 and 16. 
Positioning of gtaCr4 relative to gtaCSl is tentative. 
Orientation of glyB, gtaC and argC is from Young and 
Wilson (1975) and these studies. 



Fig. 21. Phage-resistant strains derived from C6(|)R4. 

Cells were grown in macrodrop cultures of TB and 20°C. 
(a) T120, (b) H86, (c) C6DR1. Magnification x 1000. 
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Fig. 21. Phage-resistant strains derived from C6^RA. 
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forming units). Therefore, no dilution procedure was used before 

plating recipient cells. Because C6(()R4 and C6D were apparently isogenic 

except for the gtaCr4 lesion, the cross involved saturating DNA con

centrations and selection was directly for phage resistance. 

This cross should result in the direct reporduction of the 

C6(j)R4 morphological phenot}T)e. This is what was found. Twelve phage 

resistant transformants were isolated and all 12 showed the C6^R4 

morphology. Strain C6DR1 (Fig. 21) is an example of those strains. 

Two of the strains, C6DR1 and C6DR2 were then back-crossed to 

C6(j)R4 to prove that they were transformants and not spontaneous muta

tions. Neither strain produced phage sensitive transformants when 

crossed to C6(f)R4, and further, when they were crossed to BC8 (gtaA) , 

phage-sensitive transformants could be recovered. They were therefore 

presumed to be C6(j)R4-like transformants carrying the gtaCr4 leison. 

A series of phage-resistant C6D and BIS strains were con

structed in which the phage-resistance property was derived either from 

BC7 (gtaC) or BC8 (gtaA). Figures 22-23 illustrate the results. Again, 

the fiber producing strains were the recipients and the phage resistant 

strains the donors. Transformants were either screened directly for 

phage resistance or first for transformation to ura"^ prototrophy as an 

index of competence, and secondarily for phage resistance. 

I-Then gtaC was placed into a fiber-producing strain of either 

right-handed or left-handed structure, a twisted, disorganized 

morphology was produced (Fig. 22). These derivatives would also form 

aggregates and precipitate out of liquid suspension in the same manner 



Fig. 22. Phage-resistant strains derived from a gtaC51 donor. 

Cells were grown in macrodrops of TB at 20''C. 
(a) low magnification phase contrast micrograph of a 
C6D-gtaC51 strain, (b) high magnification of a 
region of (a). (c) low magnification phase contrast 
micrograph of a BlS-gtaC51 strain. (d) high magnifica
tion of a region of (c). Magnification (a) and (c) 
X 320, (b) and (d) x 1250. 
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Fig. 22. Phage-resistant strains derived from a gtaCSl donor 



Fig. 23. Phage-resistant strains derived from a gtaA12 donor. 

Cells were grown in macrodrops of TB at 20°C. 
(a) low magnification phase contrast micrograph of a 
C6D-gtaA12 strain, (b) high magnification of a region 
of(a), (c) low magnification phase contrast micrograph 
of a BlS-gtaA12 strain. (d) high magnification of a 
region of (c). Magnification (a) and (c) x 320, 
(b) X 1400, (d) X 1200. 



Fig. 23. Phage-resistant strains derived from a gtaA12 donor 
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described previously for C6(J)R4. This was found to be the case for 

15 of 15 independent phage-resistant transformants of C6D and 21 of 21 

independent phage-resistant transformants of BIS. 

Unlike the crosses with gtaC, crosses where the phage resistance 

property was derived from a gtaA mutant resulted in no significant 

change in the morphology of the macrofiber (Fig. 23). Neither did any 

of the derivative strains aggregate like CG(j)R4. Since both gtaA and 

RtaC mutations cause the loss of glucose moities on the cell wall 

teichoic acid, apparently that loss alone in insufficient to create the 

unusual phenot3rpe of C6(f)R4. 

A final verification of the above finding came when a mutant 

selection was performed on the strain 63SBautoR. This strain is one 

characterized by extremely tight, large helical arrays of right-handed 

form. Cells of this strain were grown first in fluid culture, then 

spread in a lawn on a TBAB agar containing plate and infected with SPOl, 

all in the same manner as that used to isolate C6(f)R4 from C6D. Twenty-

four phage-resistant colonies were isolated from the zones of killing, 

streaked for purification and examined microscopically for macrofiber 

mrophology. The phage resistant isolates fell into two morphological 

categories (Fig. 24). In one of these categories, an example of which 

is eSSBautoRffirZl (Fig. 24 a,b), the cells are twisted and kinky and 

the structure is a disorganized ball. The structure is very similar to 

that produced by C6(j)R4, and, like C6<j)R4, the cells will aggregate in 

liquid shake culture. Of the 24 isolates, 4 were of this kind. The 



Fig. 24. Phage-resistant mutants of 63SBautoR. 

Cells were grown in macrodrops of TB at 20''C. 
(a) and (b) 63SBautoR(fiR21. (c) and (d) 
63SBautoR(j)r22. Magnification (a) and (c) x 320, 
(b) and (d) x 1200. 
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Fig. 24. Phage-resistant mutants of 63SBautoR. 
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other 20 were like 63SBautoR^r22 (Fig. 24 c,d). The cells were regular 

and the macrostructure similar to 63SBautoR. These cells showed no 

tendency to aggregate in liquid shake culture. 

Determination of the genetic identity of the phage resistance 

properties of these strains was undertaken by crossing them to BC7, 

BC8 and H86. Only two strains, 63SBautoR(f)r21 and 63SBautoR(t)r22-were 

mapped as they appeared to be representative. The mapping results are 

in Table 17. The phage-resistance in the C6(j)R4-like strain maps in the 

gtaC locus and appears to be a separate allele from either gtaCSl or 

gtaCr4 and will be designated gtaCr21. The phage resistance of 

63SBauto-R(j)R22 does not map in the gtaC gene, and appears to map in the 

gtaA gene, or perhaps in the closely linked gtaB gene. This mutation 

will be provisionally designated gtaAr22. 

These finding further support the observations first made on 

C6D and C6(j)R4. An independent isolation of phage-resistant mutants, in 

a different macrofiber producing strain has produced some derivatives 

with twisted, disorganized, aggregating macrostructures. These mutants 

appear very similar to C6(j)R4 and map in the gtaC locus. The isolation 

also produced a set of phage-resistant mutants which do not modify the 

morphology of the macrofiber in any significant way and map in a gta 

locus other than gtaC. 



Table 17. Genetic identification of phage-resistance property of 6SBautoR({)r21 and 
63SBautoR(})r22.a 

„ . , ^ Selected Unselected Frequency of 
Donor Recxpient , , ^ ^ h 

marker marker Cotransfer° 

63SBautoR(j)r21 
fura, metB, fib, pha ) 

QB934^ 
(tre, glyB, metC, trpC) 

giy"^ pha^ 1 (8/612) 

KS27^ 
(hisA, cysB) 

his"*" pha^ 0.2 (1/520) 

H86 
(thr, trpC, fib, gtaCr4) 

+ 
trp gtaCr4^ 0.1 (1/700) 

BC7 
(hisA, cysB, trpC, gtaCSl) 

trp"*" gtaCSl"'' 0 (0/700) 

BCB 
(hisA, cysB, gtaA12) 

+ 
cys gtaA12''' 6 (20/316) 

63SBautoR(J>r22 
(ura, metB, fib, pha ) 

QB934'^ 

KS27'^ 

giy"^ 

his"^ 

pha^ 

pha^ 

0 

3 

(0/612) 

(14/520) 

H86 trp"^ gtaCr4''" 5 (25/512) 

BC7 trp"*" gtaCSl^ 7 (15/208) 

BC8 
+ cys gtaA12''" 0.3 (1/316) 

Experiments were performed using saturating concentrations of donor DNA. Transformants were 
selected on the appropriate minimal medium. Transformants were then sterilely transferred to 
TBAB plates overlayed with M-top agar containing approx. 10^ pfu. The plates were incubated 
at 37°C overnight and scored for phage sensitivity or resistance. 

^Data is presented as percent cotransfer. The numbers in parentheses are the actual transformants 
scored to obtain the values. 

g 
Experiments were performed using limiting concentrations of donor DNA (0.03-0.04 lig/10 cells). 
All selection was as above. 



CHAPTER 4 

DISCUSSION 

The C6iJ)R4 macrofiber producing strain of subtilis 168 is 

most certainly the product of multiple mutations. There appears to be 

a minim™ of four spearate mutations required to produce the unique 

morphogenetic structure of C6(})R4. One of these mutations, divIV-Bl, has 

been previously described (Coyne 1975) and produces a defect in division 

site location. It has also been found (Mendelson and Coyne 1975) that in 

addition to generating minicells, CU403divIV-B1 mutants produce only 39% 

of the total number of division compared to wild-tj^e. As a result, 

filaments of two to four times normal length are produced. Previous 

studies of CU403divIV-Bl and work described here show that the division 

suppression which accompanies the minicell mutation is insufficient to 

allow production of macrofibers. The first macrofiber strain, BIS, was 

derived from the region divIV-Bl strain, and it has been suggested by 

Mendelson (1975) that BIS contained mutation(s) in addition to divIV-Bl. 

This study bears out that hjrpothesis. Two separate mutations, fibA and 

fibB are present in all of the macrofiber strains examined. Unlike 

divIV-Bl, mutations in either of these genes appear to be sufficient to 

produce some form of macrostructure. 

The effect of the fibA mutation is apparently to delay cell 

division during the initial stages of culture growth, fibA strains grow 

as very long filaments for about 12 h. Septa then begin to appear, 

121 
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and by 15-18 h fIbA structures being to rapidly decay. The specific 

mechanism by which division is suppressed in these mutants has not been 

determined, and no attempt has yet been made to correlate the fibA pheno-

type with a specific biochemical lesion. The fibA mutants appear 

phenotypically similar to the divD mutants of van Alstyne and Simon 

(1971) though genetic analysis shows them to be in separate loci . Like 

fibA mutants, divD-containing strains show a short period of division 

suppression followed by production of normal sized rods. Mendelson (1977) 

has suggested that the divD mutants are in fact division clock mutants 

rather than initiation mutants as was originally reported. The data 

presented here are insufficient to determine whether the fibA defect 

constitutes a transient defect in division initiation or a defect in a 

division clock. In either event the effects of the leison are eventually 

overcome. 

One of the major requirements proposed by Mendelson (1976) con

cerning macrofiber formation seems to be verified by the fibA mutants. 

Mendelson proposed that helical macrostructures are reported by a torque 

generaged by blocking the natural rotation of the surface of the cell, 

this rotation being the result of helical growth. If the rotational 

block is removed and the force responsible for maintaining the helical 

superstructure would be lost. The structure of fibA macrofibers such as 

the one shown in Fig. 15 may be interpreted as an example of such a pro

cess. If the blockage of rotation is lost in fibA mutants as they begin 

to divide and the cell poles are allowed to rotate, at least partially, 

the large, thick fibers that were previously helically wrapped might be 

expected to slip into long parallel chains of dividing cells, as 
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observed. The temporary chaining of cells may reflect a defect in the 

autolytic amidase or merely the fact that cell separation is normally 

slow in subtilis (Paulton 1970). Monitoring the activity of the 

amidase with the reappearance of division should establish what role a 

defect in the enzyme might play in the fibA mutant phenot3rpe. Alter

native mechanisms for the release of the rotational block cannot be ruled 

out. A form of extensive cell-cell interaction involving cell surface 

associations may be responsible for blocking rotation of individual 

filaments. The resultant helical torque and the cellular interactions 

may be responsible for wrapping together individual strands into the 

observed fibA structure. The ability to form cell-cell interacts may be 

transient in fibA mutants, being partially lost after 12 h growth. The 

lack of associations may allow rotation of the individual filaments. A 

reduction in the amount of tension in the structure results and macro-

structures composed of parallel arrays might be expected to appear. 

Although the specific mechanisms involved in producing or releasing the 

torque remain unclear, the progress of fibA mutants through their par

ticular morphogenesis strongly support some form of torque mechanism of 

fiber production. 

Mutants in the fibB gene show a much different phenotype than 

those of fibA. These mutants produce very long filaments, sometimes 

fifteen times the length of normal cells. The structures are long, open 

fibers that remain completely intact for almost 30 h. When they begin 

to decay, the individual cells produced are snakes four to five times 

the length of unit cells. Conditions could not be found in which fibB 
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mutants grew as normal wild-type size cells. These mutants most closely 

resemble a division initiation defect such a mutant ts-355 previously de

scribed (Mendelson and Cole 1972). Although they are able to partially 

overcome the division block defect with time, they never produce cells of 

wild-type length. One cannot rule out, however, the possibility that 

fibB mutants, as well as "initiation" mutants are really a form of severe 

division clock defect in which growth and division never become phased in 

proper register. As in the case of fibA, no attempt has yet been made to 

define the biochemical defect(s) associated with this mutation. 

Genetic analysis suggests that the divIV-Bl, fibA and fibB 

mutations are probably present in all of the macrofiber strains descen

dant from BIS. Both BIS and C6D produced recombinants consistent with 

this idea (see Table 9). VJhen recombinants were produced that contained 

divIV-Bl and either fibA or fibB the structures survived for several 

hours longer than strains carrying either fibA or fibB alone. Structures 

produced by fibA, divIV-Bl double mutants do not begin to divide until 

after 16-17 h incubation (data not shown), while fibB, divIV-Bl mutant 

structures survive for about 33 h before beginning to decay (data not 

shown). The apparent effect of divIV-Bl in the div , fib double mutants 

is to extend the period of division-suppression in the fibers by a few 

hours. In contrast, fibA, fibB double mutants proaui_''H fibers that were 

as tight and complex as fibers of BIS, and survived in fluid culture as 

much as 80% as long as BIS (40 vs 48 h). 

It must be pointed out that a strict definition of the effect of 

each of these mutants requires precise definition of the conditions under 

which the cells are cultured. The phenotype of each of these 
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morphogenetic mutants is very sensitive to parameters such as temper

ature, growth medium, aeration, etc. Individual macrofiber-producing 

strains show differential responses to changes in these conditions. 

Nevertheless, under rigidly controlled conditions where macrofiber pro

duction is optimal, the mutations described here have a significant and 

reproducible effect on macrofiber morphogenesis. 

The properties unique to C6(j)R4: phage-resistance, disorganized 

macrostructure and the ability to aggregate in liquid shake culture, are 

apparently the result of a single mutation, gtaCr4. The cross between 

C6<pR4 and C6D in which C6D becomes converted to the C6(j)R4 phenotype 

(Fig. 21) would tend to bear this out. All of the physical and genetic 

data indicate that a defect in the gtaC gene is responsible. 

The nature of the physical change responsible for aggregation in 

C6(})R4 has not been defined. Intact flagella filaments do not appear to 

be involved since they were found to be present only rarely on the sur

face of C6(|)R4. Neither does there seem to be an extracellular poly

saccharide present to act as a glue. Though the outer surface of C6(})R4 

does appear to be modified relative to the wild type Mil, it does not 

display any noticeable difference from the surface of C6D. The dif

ference between the surface of Mil and that of C6D and C6(i)R4 remains to 

be explained. This may be a property of all macrofiber strains and, as 

was mentioned in Chapter 1, the division-suppressed strain ts-355 and the 

lyt -4 and lyt -5 mutants show a similar rough surface. The significance 

of the observation is unclear but it may be that a rough surface often 

accompanies division suppression and in the case of the macrofiber 

strains contributes to an adhesive property of macrofiber strains as 
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described by Mendelson (1978). No form of treatment has yet been found 

which will prevent C6(i)R4 from aggregating. Treatments have included 

compounds that would affect all of the components of the normal cell 

surface. The aggregation phenomenon can occur even though the cells 

themselves are dead. Cell ghosts were capable of aggregating and re-

aggregating as well as live cells (see Fig. 6a). Though the mechanism 

by which the gtaCr4 mutation affects these changes in phenotype is un

clear, it seems unlikely that it is a direct result of the lack of gluco-

sylated teichoic acid associated with the phage resistance property. 

Observations concerning the gtaA mutants in C6D and BIS strains 

support this interpretation. These phage-resistant mutants also pre

sumably lack glucose substitution on their teichoic acids, yet do not 

bring about the twisted morphology and the other C6({iR4 phenotypic 

properties when introduced into fiber-producing strains. Instead, as 

Fig. 23 shows, the gtaA mutation has no affect on fiber morphogenesis. 

Two other sets of experiments, those involving the gtaCSl 

macrofiber strains and those involving 63SBautoR, suggest that muta

tions in the phosphoglucomutase enzyme affect fiber structure: Fiber-

producing strains that acquired the gtaC51 mutation develop phenotypes 

very much like C6(j)R4. In both BIS and C6D-derived strains, the 

structures are disorganized and made up of kinky strands. These 

isolates also tend to aggregate in shake culture. The 63SBautoR(j)r21 

mutant for example is strikingly similar in morphology and also aggre

gates in shake culture comparable to C6(|)R4. Only two of the phage-

resistant 63SBautoR strains have been genetically identified: one 

with the C6({)R4-like morphology mapped in gtaC while the 63SBautoR-like 

derivative did not. 
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Pertinent to these observations is the fact that subtilis 

strain BC7, carrying the gtaC51 mutation, grows as twisted, coiled rods 

(data not shown). Though BC7 does not produce filaments, the individual 

cells have a morphology very similar to that of the unit cell lengths of 

C6!j)R4. It is also of note that the twisted, kinky cells of licheni-

formis lyt -3 and lyt -5 have been shown to be defective in phospho-

glucomutase (Forsberg et al. 1973). The activity of the 

phosphoglucomutase in mutants such as BA177 (Fan and Beckman 1971), 

divB (van Alstyne and Simon 1971) and that of Tilby (1977) has not been 

reported. It would be of interest to know whether wild-type levels of 

the enzj^ne are present in those cells. 

The data presented in this study are insufficient ot provide a 

complete explanation for the mechanism by which the RtaCr4 mutation 

creates the C6<{)R4 phenotype. Because of the many roles of the phospho

glucomutase in the cell, the mechanism of the enzjmie defect in producing 

cellular aggregation may or may not be related to its roles in phage 

resistance or distorted growth. 

It is, however, possible to proposa a model which is subject 

to experimental verification. The absence of phosphoglucomutase has 

been correlated on several occasions with a decrease in autolytic 

activity (e.g., Forsberg et al. 1973, Rogers and Taylor 1978). This 

apparently is due to an absence of glucosylated teichoic acid in the 

wall which is required for proper binding of the autolysin. Accom

panying the loss of autolytic activity is a loss of cell wall turn

over. Another property of at least one phosphoglucomutase mutant 



128 

(Rogers and Taylor 1978) is a marked increase in the amount of 2,6-

diaminopimelic acid, a component unique to the cell wall. 

It seems possible that the gtaCr4 mutation in C6(|)R4 is 

responsible for the production of a topological aberration in the cell 

wall. An increased amount of 2,6-diaminopimelic acid could be associated 

with a highly crosslinked peptidoglycan. As a result of excessive 

crosslinking the cell wall might not have the kind of fluidity described 

by Pooley (1976a). Because of the drastic reduction in autolytic 

activity, the inner layers of the wall may not be subject to the normal 

process of remodeling (Daneo-Moore and Shockman 1977). The twisted mor

phology, therefore, may not be due to any preferential growth of the 

cell on one side to create a bend, but may reflect a helical torque 

generated in the cell surface by the rigid connection of one layer of the 

cell wall to another. This same mechanism of localized surface rigidity 

coupled with normal helical growth to produce a torque in the cell wall 

may also explain the morphological defect in a strain like BC7. 

If a means of increasing the rate of insertion of nacsent 

peptidoglycan strands could be introduced into these cells, an increased 

amount of torque might be expected to be produced. The rigid connections 

of indiviual layers to one another would be exaggerated and a more 

tightly coiled structure might be the result. An increase in the 

++ 
cellular concentration of Mg has been shown to increase the activity 

of the peptidoglycan biosynthetic machinery (Ghuysen 1977). If the 

increase in biosynthetic rate is reflected in an increase in the rate 
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of insertion of new material, it could explain the excessively kinky 

I j 
C6(j)R4 cells produced by growth in the presence of 0.1 M Mg (see 

Fig. 6). 

Several of the parameters of this model are open to test. A 

chemical analysis of the cell wall of C6(j)R4 will certainly determine 

whether an abnormally large amount of 2,6-diaminopimelic acid is present. 

Studies similar to those of Ward and Perkins (1974) should be able to 

measure the average degree of crosslinking involved in the cell wall. 

If the autolytic functions are really required to produce the fluidity 

in the cell surface, the addition of excess exogenous autolytic enzymes 

may be able to produce some effect though binding of the enzyme to the 

surface would still be expected to be very inefficient. The use of 

temperature-sensitive phosphoglucomutase mutants would be very desirable 

in testing this model. With such mutants the activity of the enzjnne 

could be altered selectively and the change in phenotype could be 

monitored with respect to autolytic activity and cell surface structure. 

The mechanism by which trypsin straightens the twisted C6(J>R4 

filaments remains to be determined. A protein component of the cell 

surface, wall or member, may be involved in restricting surface rotation 

in C6(|)R4, contributing to the kinky phenotype. Cleavage of the protein 

may release that particular component of torque and allow the cells to 

straighten. Another possible explanation is that association of tr}rpsin 

with the surface of C6(j)R4 may by itself affect the organization of the 

surface so that the surface reorganizes into a less constrained state. 

Trypsin may also be able to act as a non-specific endopeptidase. 
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cleaving a proportion of the peptide cross-bridge in the C6(t>R4 peptido-

glycan. If an excess of cross bridges is responsible for the twisted 

morphology of C6(j)R4, then removing some of the cross bridge might be 

expected to produce less twisted macrostructures. More experiments will 

have to be performed before these or any other mechanism for the effect 

of trjrpsin can be established. 

According to the model suggested above, the keys to producing 

the twisted cells, like C6(j)R4, are the synthesis of lateral wall and the 

rigid nature of the peptidoglycan to produce a localized tension in the 

cell surface. During the transition from spherical to rod-shaped growth, 

rod cells produce twisted, kinky rods (e.g., Shiflett et al. 1977). 

It is during this transition period that lateral surface extension 

resumes. The cell wall of rod cells growing as spheres is composed 

almost entirely of septal wall material (Burdett and Higgins 1978). 

The septal wall has been shown to differ from lateral wall in several 

physical characteristics, including sensitivity to lysosjraie and rate of 

turnover (e.g., Fan, Pelvit and Cunningham 1972). It may be that in

sertion of new lateral wall into the preexisting septal wall results in 

a localized torque produced by juxtaposing different cell wall struc

tures. The cells are able to relieve the tension by further growth and 

division, allowing reestablishment of normal surface architecture. If 

this is the case then the twisty cells observed during sphere-rod con

version and those of C6<j)R4 may be produced by the same physical mech

anism though the biochemical defects are different. 
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In the process of studying C60R4, a derivative strain, H86, also 

became of interest. This strain is capable of producing long, 

division-suppressed snakes with a complete assemblage of apparently 

normal flagella. The presence of flagella on the strain H86 was a 

surprise, in view of previously published evidence suggesting that 

division-suppressed strains are incapable of assembling flagella 

properly (Fein 1979). The lack of flagella on cells from strains BIS, 

C6D and C64)R4 corroborate that hj^Jothesis. Electron microscopic 

analysis of H86, however, very clearly demonstrated the presence of 

large number of apparently normal flagella on the surface of very 

division-suppressed macrofibers. H86 is a fibA gtaCr4 mutant that begins 

to lose its division suppression after about 12 h in drop culture. All 

of the flagella observed were on fibers that had been growing 9-10 h. 

Although the autolytic activity of this mutant has not been specifically 

measured, it is likely that it will be found to be greatly impaired in 

autolysis. If this is the case then an alteration of Fein's hj^jothesis 

is going to be required to explain the presence of flagella on cells 

from strain H86. 

A property of the macrofiber system that received very little 

clarification in this study is the property of helix-handedness. It 

seems clear that the property is inherited, as macrofibers generation 

after generation produce structures with the same helical orientation. 

One thing that was shown here was that the determination of helix hand 

is not a property controlled by a single gene which can be transferred 

from strain to strain. The data suggest that there may be a 
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predisposition for a particular helical orientation which is inherited. 

However, one or more unknown environmental factors can affect the helix 

hand that a strain will eventually express. There seems to be a strong 

preference for all of the fiber-producing strains examined to generate 

right-handed recombinant fiber strains (see Table 11). Whether this 

reflects the existence of a fundamental helical state or merely a 

preference imposed by the selective conditions is unknown. Likewise the 

significance of the fact that no reversible helix producer was found 

must wait for a more thorough study. 

This study represents a first attempt to define the genetic 

composition of the macrofiber system. It has been found that separate 

morphogenetic components could be identified and genetically manipulated. 

Though it has not been completely proven, it seems likely that all of 

the major genes concerning macrofiber production in the original strains 

have been identified. This is based on the observation that the rare 

recombinant strains carrying divIV-Bl, fibA and fibB are indistinguish

able from BIS. It has also been shown that the dramatic morphogenetic 

differences between C6D and C6(J>R4 are the result of a single mutation. 

The particular changes involved seem to be specific to that mutation 

or at least that class of mutations. Genetic study was difficult in 

the original fiber strains as they were nonmotile and therefore unable 

to act as donors or recipients in transduction experiments. They were 

also poor recipients in transformations. Since fiber-affecting genes 

have been moved into strains that are motile and are highly competent, 

more refined genetic analysis can now be performed. 
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The macrofiber system of subtills lends itself to the investi

gation of a number of important questions in cell biology, including 

mechanisms of cell-cell interaction, morphogenesis and differentiation. 

Already the demonstration of the helical architecture of the cell 

surface has caused thinking about the physical state of the bacterial 

cell to be altered (Rogers et al 1978). It has also provided plausible 

explanations to previously unexplained observations (e.g., septa 

orientation in rod cells). Cooper (1979) has proposed that the basic 

cell cycles of eukaryotes and prokaryotes are much more alike than often 

supposed. It can be hoped that a similar unifying theory concerning the 

fundamental physical and chemical forces of morphogenesis and dif

ferentiation will some day exist. Towards that end study of the macro-

fiber mutants may make a contribution. 
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