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ABSTRACT 

Recently, a new strain of B.. subtilis ( Bull913 ) carrying Tn917, 

a Streptococcus-derived transposon that confers erythromycin and 

lincomycin resistance, in the host chromosome has been isolated that 

grows as multistrand helical structures. Bull913 can produce 

macrofibers whose properties are like another B_, subtilis strain FJ7. 

FJ7 is a lvt-2 mutant produced by chemical mutagenesis which can 

form macrofibers with twists ranging from right to left handed. 

Bull913 also has this spectrum of twisted states. Bull913 

macrofibers are similar to FJ7 but are longer lived than FJ7. The 

Macrofiber properties of Bui 1913 were compared to FJ7 using 

growth in liquid media supplemented with (NH4)2SC>4 or MgSC>4 — 

conditions giving LH or RH macrofibers, respectively for FJ7. The 

autolysin activities and cell walls substrate properties of Bull913 

were biochemically analyzed and compared to those of strains 168 

and FJ7. Polyacrylamide gel electrophoresis (PAGE) was used to 

compare the wall proteins from all three strains. Finally, genetic 

studies of Bull913 were carried out to determine if the defect in 

Bull913 is in the lvt-1. lvt-2 or lvt-15 genes, or in a new gene. 

Both biochemical analysis and genetic studies suggest that 

Bull913 carries Tn917 in the lvt-2 gene. 
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INTRODUCTION 

During the bacterial cell cycle, the cell surface plays an 

important role. However, the forces and regulatory mechanisms 

responsible for shape determination, maintenance and their 

relationship to growth and division are very poorly known. In order 

to understand the principles that govern these phenomena, One must 

understand the dynamic nature of the cell surface. Direct 

measurement is difficult because of the minute size of bacterial cells. 

The helical macrofiber system found in B_. subtilis provides 

advantages to learn about the growth of individual cells because 

macrofibers represent an amplified model of a "single" cell's surface 

phenomena and so amplify the behavior of the individual cell 

surface. We believe understanding the factors that govern helical 

growth in the B_. subtilis macrofiber system will let us understand the 

organizational and dynamic aspect of the normal cell surface. For 

example, macrofiber helical twist has been interpreted as a reflection 

of the helical organization of the individual cells that comprise the 

macrofiber. Thus helical macrofiber growth may indicate that 

normal rod-shaped cells also assemble their cell wall polymers in a 

helical manner during growth and cell shape may emanate from 

forces in the surface during growth. 

Helical macrofiber-producing strains of B_. subtilis were 

originally described by Mendelson (1). At that time, a search was 

made for the genes responsible for the production of helical 



9  

macrofibers by Saxe and Mendelson (2). Two genes associated with 

macrofiber formation were identified: fibA and fibB. fibA governs a 

short-lived division suppression and so produces rudimentary fibers, 

whereas fibB appears to have persistent division suppression and 

results in highly organized helical macrofibers. Another mutation 

found to affect macrofiber production is divIV. a gene that governs 

minicell production. This divIV mutation, however, is not sufficient 

for the production of macrofibers by itself. But the production of 

macrofibers is not restricted to these mutants. One of the factors 

involved in the production of helical macrofiber morphology is 

division-suppression. Bacteria grown as highly division suppressed 

strands which can interact with themselves will finally produce 

macrofibers with helical, muticellular arrays. Therefore, lyt" 

mutants with defects in any of lyt-1. lvt-2. and lyt-15 genes, 

previously associated with division suppression due to the autolytic 

enzyme deficiency, have been found to produce macrofibers (3). 

Furthermore, others have shown that similar structures arise when 

wild-type B.. subtilis strains are grown at very low cell densities (4). 

In all cases, regulation of autolytic activity appears to be involved. 

For this reason, the isolation and characterization of mutants which 

have abnormal growth and cell division precesses can be useful in 

studying those principles mentioned above. Thus, lyt" mutants of B_. 

subtilis which grow as multistrand helices are well suited for the 

study of macrofibers. Macrofibers produced by fibA and fibB 

mutants may also be due to a depression in the autolytic enzymes, or 
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possibly to some other mechanism that suppress cell separation. 

Bull913 is the first macrofiber producing strain generated by 

Tn917-mediated insertional mutagenesis. Since cell separation of 

Bull913 was also blocked, we suspected the lyt" phenotype of 

Bull913 reflects an autolytic enzyme deficiency. To determine how 

deficient in autolysins Bull913 cells are, the kinetics of autolytic 

enzymes activities on cell walls were studied. Another B_. subtilis 

macrofiber producing strain FJ7 that has been well characterized 

carries a mutation in the chromosome lvt-2 gene. This mutant 

produced by chemical mutagenesis, has been reported to lack up to 

about 95% of autolysin activity yet grows at normal rates (5). The 

goal of this research was to physiologically, biochemically, and 

genetically characterize the macrofibers properties of Bull913 and to 

compare them to those of FJ7. The properties we wished to study 

were: i) The phenotype of Bull913 macrofibers; ii) The level of 

autolytic enzymes produced by Bull913 compared to that produced 

by FJ7 and wild-type 168; and iii) whether or not Bull913 carries 

Tn917 in a known lyt gene flvt-l. lvt-2 and lvt-15). 

The study of this Tn917 insertional mutant may help in the 

understanding of macrofibers because insertional mutagenesis 

provides an important tool for genetic analysis and possibly in 

cloning. Once insertions are obtained in the genes that make mutants 

with the desired phenotype, isolation, mapping and study of these 

genes will further understanding of macrofiber regulation. That is 

why we are interested in strain Bull913. It may provides a means to 



1 1  

identify a gene involved in macrofiber formation, longevity and 

possibly also in helix hand determination. 

As mentioned earlier, helical growth may be a general property 

inherent in the manner of surface organization of rod-shaped 

bacteria (1). This may only become apparent however with further 

studies of filamentous, poorly lytic, or other division suppressed 

strains. 
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LITERATURE REVIEW 

Cell Wall in Bacillus 

To understand the mechanics of growth and division of a cell, 

information about the cell surface is essential. The cell wall 

architeture plays some important roles. It provides a structural 

basis for cell shape and mediates the interaction of the organism and 

its environment. It also serves as a mitotic apparatus for 

chromosome segregation during the division process, which makes 

the normal cell cycle possible. Bacillus subtilis is a rod shaped, single 

celled, Gram positive organism. The chemical composition, 

biosynthesis and genetic regulation of the B.. subtilis cell wall have 

been explored in detail by others (7, 8). The cell wall consists of 

peptidoglycan which constitutes 50-90% of its weight (9) and 

negatively charged teichoic acid. The peptidoglycan is made of 

glycan strands and peptide sidechains that form cross-bridges 

resulting in a three-dimensional network surrounding the exterior 

surface of the cell. The glycan polymer consists of N-

acetylglucosamine and muramic acid linked by a glycosidic bond. 

The cell wall maintains the integrity of cell shape. Glycan chain and 

cross-linking mainly contribute to this maintenance of bacterial cell 

shape. When all components from isolated cell walls except 

peptidoglycan were removed, the shape of cell was still retained. 

When the glycans were solubilized by lysosyme, the entire matrix 

dissolved. The cell wall can change its composition to adapt the 
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various growth conditions (10). When cells are grown in different 

ionic conditions, peptidoglycan will change volume (11). Teichoic 

acid chains are attached to the peptidoglycan backbone through a 

phosphodiester bond from the terminal end of the teichoic acid. 

The system involved in the synthesis of cell wall of a typical 

Gram-positive organism such as Bacillus subtilis can be considered to 

have three parts (12). First is a series of cytoplasmic enzymes 

involved in the synthesis of cell-wall precursors such as nucleoside 

diphosphate sugars. Second is a membrane-bound system involved 

in the synthesis of peptidoglycan chains and teichoic acids. Another 

is the system in the membrane that can link the teichoic acid and 

peptidoglycan and finally export these polymers, and then covalently 

links them to the preexisting cell wall. 

Two main steps are involved in the cell division process: 

septation and separation. Septation results from wall synthesis of 

nascent cross wall. Nuclear material segregates to the two nascent 

daughter cells as part of the process of growing new lateral wall. 

When most of the surface area of the two new cells have been 

synthesized, the cross wall begins to grow centripetally into the cell 

to septate the cytoplasm. After the cross wall is completed, the 

separation of cells occurs, which results from the cleavage of septal 

materials. It has been suggested that enzymatic activities associated 

with autolysins are involved in the process of cleavage of septal wall 

material (6). Autolysin-deficient mutants can grow and partition 

themselves in the normal fashion but cannot separate progeny 
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normally. However, all of the autolysin-deficient mutants isolated 

thus far retain some small measurable amount of autolytic activity. 

These findings suggest that the insertion of new polymer into the cell 

surface during growth may require the cleavage of local wall (6). 

Autolytic Enzymes 

Besides the components of the Gram-positive bacterial 

envelope mentioned earlier, some of the hydrolytic enzymes like 

autolysins also reside in the walls. In B_. subtilis. isolation of autolytic 

enzymes was done by extracting either whole cells or crude cell wall 

preparations with 5M LiCl (13). There are two predominant 

autolysins found in Bacillus subtilis 168 and strains derived from it. 

They differ from each other in size, substrate specificity, pH optima 

and divalent cation requirements (14). One is N-acetylmuramoyl-L-

alanine amidase. It has been purified and shown to have a molecular 

weight of 50,000. A modifier protein can bind to amidase to yield an 

enzyme complex of 130,000 mol wt (15). This enzyme has a pH 

optimum of 8.0, and a high affinity for teichoic acid in cell walls. It is 

responsible for most of the turnover of cell walls. A mutant with low 

amidase activity failed to turn over cell wall material and grew as 

long chains of cells during exponential growth (16). Turnover is the 

growth-associated loss of cell surface wall, presumably from the 

outer wall layer, coupled with replacement from the inner surface 

(17). Another autolysin, endo-p-N-acetylglucosaminidase has a pH 

optimum around 5.5 (14). This enzyme has a monomeric molecular 
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weight of 90,000 and was found to be highly sensitive to inactivation 

by trypsin, whereas the amidase of the same organism was much 

more resistant to the protease (18). Both enzymes use peptidogycan 

as substrate but attack different sites (19). The glucosaminidase cuts 

the peptidoglycan backbone (glycosidic bond), whereas amidase 

cleaves the peptide linkage (20). When cell wall is devoid of teichoic 

acid, the autolytic enzyme binds much less tightly to the wall. The 

lyt" mutant phenotype of B_. licheniformis is apparently due to an 

absence of teichoic acid in the cell wall (51). 

When amidase or glucosaminidase is added to purified cell wall 

fragments, dissolution of the wall usually occurs and this dissolution 

of the cell wall also occurs in rapidly growing and dividing cells (17). 

It seems that the autolytic enzymes cleave bonds of the 

peptidoglycan network to provide new ends for the addition of 

precursors and can hydrolyze the surface in certain areas during cell 

division or cell separation. Because the autolysins are capable of 

causing cell wall degradation, they facilitate both the separation of 

daughter cells after division, and autolysis (20). R. P. Hinks et al. 

showed autolytic activity in Streptococcus is responsible for the 

splitting of nascent cross walls into peripheral wall during the period 

of chromosome replication (19). In a mutant with low in autolysin 

activity during exponential growth, there is a tendency for the cells 

to form chains and not separate (14). Mutants of B.. subtilis that have 

lost their autolysin activity, yet grow as separation-supressed chains, 

were given the genotype lyt". The length of the cell chains they 
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produce is directly related to the growth rate. They are nonmotile 

but appear to have normal cell morphology and their walls have the 

same chemical composition as the wild type (5). 

The relationship between cellular autolytic activity, 

peptidoglycan (PG) synthesis, septation, and the cell cycle were 

studied (19, 47, 16, 17). It was found that lyt" mutants of B_. subtilis 

simutaneously lost most of the activities of the two hydrolases, could 

not separate daughter cells after division, had greatly reduced rates 

of autolysis for both whole cells or isolated cell walls and had a 

reduced peptidoglycan turnover rate. The roles of peptidoglycan 

hydrolases are thus thought to control cell wall assembly and 

enlargement, morphogenesis, division, wall turn over and cell 

separation. However, until now, there is still no definitive 

information on the specific roles of the autolytic enzymes although a 

large number of publications deal with this subject. Moreover, the 

amount of autolytic activity needed for cell wall extension and 

turnover remains to be determined. Further studies of this enzyme 

purified from autolysin-deficient mutants may increase our 

understanding of the biochemical properties of autolysin. 

Autolysin-deficient mutants of B_. subtilis generally are also 

flagellaless mutants which are resistant to flagella-adsorbing phages. 

The importance of autolysins as factors allowing the flagella to 

penetrate the thick cell wall layer is suggested by the findings of J. E. 

Fein (5) and Ayusawa and his colleagues (21, 22). Other studies (23, 

16) confirm the correlation between autolysin deficiency and 
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nonmotility in the phosphoglucomutase-deficient mutants of B_. 

licheniformis. Thus, not only do the autolysin-deficient mutants 

grow as long chains of cells, but they are also nonmotile. This 

association of autolysin deficiency with a flagellaless phenotype 

prompted Pooley and Karamata (24) to genetically analyzed the 

mutants with an autolysin-deficiency and to compare them with 

thermosensitive flagellaless mutants. The lyt genes were also 

mapped. They renamed lvt-1. lvt-2 and lvt-15 as flaD 1. flaD2. and 

flaA15. respectively and suggested that the regulation of the bulk of 

the autolysin activity may be under the control of fla genes in B_. 

subtilis. 

Macrofiber System 

Macrofibers were first reported by Mendelson using the divIV-

B1 mutant (having the divIV-Bl mutation) in a strain that carries 

additional mutation(s) concerned with the helical growth property. 

(1). Not only B_. subtilis can produce macrofibers. Other Bacilli also 

can do so. Macrofibers can grow as multicellular structures 

consisting of division-suppressed cellular filaments tightly packed 

together and then twisted into a long helically fiber. The twist states 

have a spectrum that ranges from tight right-handed through neutral 

to tight left-handed depending upon the growth environment and 

genetic composition of the strain (31). Besides this long tight rope

like structure, macrofibers can produce other structures such as loose 

net-like structures, or very tight ball-like structures. The helical 
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growth of macrofibers in strains of B_. subtilis has provided new 

insight into the mechanism of growth and the molecular organization 

of the surfaces of rod-shaped bacteria. 

The properties and production of helical B_. subtilis macrofibers 

were described in detail by Mendelson (6). They can be initiated 

from spores, individual cells, or multicellular fragments from large 

macrofibers (26). Three factors are involved in the production of 

helical morphology: cell division suppression, helical orientation of 

the cell surface, and restriction of the rotation of cells during growth. 

Four events are associated with the mechanism of formation of 

helical twisted macrofibers: writhing, folding, close packing, and 

contraction (26). First, suppression of cell separation leads to 

formation of long filaments. As filaments elongate they undergo 

writhing motions. Continued growth makes writhing more and more 

violent. An increase in this intensity of writhing leads the ends of 

the filaments bending and touching themselves at a certain length of 

filaments, then initiate folding of the structures and subsequently 

form into the first double-stranded helix. The filaments fold to form 

into the first double-stranded hilix. The folding cycles repeats until 

the structures are incapable of undergoing any more folds. Fully 

mature multistrand helical twisted yarn-like structures are then 

formed. Peptidoglycan is involved in the helical shape deformation 

and maintenance (25). Because helical shape is a stress-condition, 

the cleavage of peptidoglycan by lysozyme or autolysin will induce 
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relaxation motions of macrofibers. The formation of macrofibers also 

requires static conditions because it is sensitive to shear forces. 

Deficiency of autolysins leading to suppression of cell 

separation is a primary condition for macrofiber formation since 

chains of cells eventually form into a helical macrofiber by folding 

when grown in static (unaerated) culture (27). Mutant strains of B_. 

subtilis 168 carrying a single lyt mutation resulting in deficient 

autolysin production thus are capable of growing into multistrand 

helical structures under a variety of conditions and of generating 

highly organized helical macrofibers. Using macrofibers from lyt" 

mutants of B_. subtilis has now become possible to investigate the 

variable nature of cell wall polymers as represented by helix and 

twist state variations. 

Both physiological and genetic factors contribute to helix hand 

and twist state formation. Culture temperature, environmental 

nutrition, concentration of: certain ions, D-alanine, D-cycloserine, and 

penicillin G, and the genetic composition of the strain (28) all 

influence twist production. The lyt" mutant FJ7, grows as a right-

handed helix at 20°C in TB medium supplemented with MgSC>4 but 

forms left-handed structures when cultured at 48° C (29). The 

inversion response also can be induced by changes in the nutrient 

status of the growth medium. Some strains that form RH structures 

in TB grow as LH macrofibers in SI and T media (30). Twist can also 

be affected by addition of ions such as magnesium and ammonium 

(48). Increase in D-alanine concentrations will result in twisted 
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structures more right-handed in many strains.(32). In general, 

growing in the presence of D-cycloserine causes twist to shift 

towards the left-handed end of the spectrum (33). Very low 

concentrations of penicillin G (1 to 3 ng/ml) inhibit the formation of 

helical macrofiber because the folding process is blocked (34). These 

variety of factors regulating macrofiber twist states suggest that 

gene products will influence the cell wall assembly process and this 

process is very sensitive to different environment conditions. We 

believe that the helix hand property is under genetic regulation. 

None of the known genes appear to be responsible for helix hand 

determination. At present, neither altered cell wall chemistry nor 

the biomechanics of growth can adequately account in detail for 

these unusual helical morphologies. 

Transposon Tn917 Insertional Mutagenesis 

Youngman et al. (35) have developed a transposon-mediated 

mutagenesis system in B_. subtilis by use of the insertion element 

Tn917, which was introduced into B. subtilis from Streptococcus 

faecalis. Several kinds of insertional mutations have been 

characterized, and their distribution suggests a relatively random 

pattern of insertion (36), indicating good prospects for the use of 

Tn917 as general mutagenic agent in B_. subtilis (37). In species with 

less developed genetics, transposon manupulations clearly offer 

greater advantages over existing possibilities for conventional 

genetic analysis. There is also the hope that insertional mutations in 
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regulated genes of B_. subtilis such as those whose products are 

required for a certain phenotype (lyt+) may facilitate the cloning of 

such genes for in vitro analysis of their structure and mechanism of 

regulation (35). 

Transposon Tn917 is 5.3 kilobases in length and confers 

inducible erythromycin resistance (38). The phenotype of resistance 

to macrolides, lincosamidess, and streptogramin B (MLS-r) is 

conferred by Tn917 upon the host cells. The selection can also be 

made for resistance to erythromycin(Em) (1 jig/ml) and 

lincomycin(25 jig/ml). Youngman et al (37) constructed a Tn917-

carrying plasmid, pTVl, that is temperature sensitive for replication 

and demonstrated that Tn917 could transpose efficiently at 48°C in 

B_. subtilis. Bull913 is the first strain of B. subtilis QRB198 carrying a 

lyt mutation generated by Tn917-mediated insertional mutagenesis. 

A plasmid, pTV32ts, a 15.6 Kb derivative of pTVl containing Tn917 

lac (Em-r), and a gene coding for chloramphenicol resistance (Figure 

1), was transformed into recipient cells by the standard competence 

method. This plasmid also has a temperature-sensitive replicon. 

Therefore, transformants for Em-r were selected at 48°C to test for 

transposition activity. The colonies which are erythromycin resistant 

and can grow at 48°C must have transposon Tn917 inserted into the 

chromosomal DNA. One of them which could produce macrofibers 

was isolated and named Bull913 by U. Streips at the University of 

Louisville medical school. 
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MATERIALS AND METHODS 

The bacterial strains used in this study are listed in Table 1. 

Media 

TBAB (solid medium) and TB (liquid medium) were used for 

the growth and maintenance of strains. TBAB consisted of tryptose 

blood agar base (Difco), 33 g; and Bacto-Agar, 5 g; dissolved in one 

liter of deionized water. TB was made with tryptose (Difco), 10 g; 

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

The media were autoclaved at 15 lbs for 20 min, allowed to cool to 

50°C, then supplemented with sterile thymine and tryptophan (final 

conc. 20 (O-g/ml). Erythromycin (final conc. 1 |ig/ml) was added to 

TBAB or TB for growth of Bull913. 

SAT, SPIZ-I and SPIZ-II (all liquid media) were used for 

transformation experiments. SAT is a minimal medium which was 

made with 10 ml of 10X Spizizen's (Spiz) salts; 5 ml of 20% casamino 

acids (Difco); 2.5 ml of 20% glucose; 0.13 ml of 0.75 mg/ml 

MnS04H20; 1 ml of 2 mg/ml tryptophan; and sterile deionized water 

to the final volume of 100 ml. 10X Spiz salts (per liter) contained 

(NH4)2S04, 20 g; K2HP04, 140 g; KH2P04, 60 g; Na3Citrate-2H20, 10 g 

and MgS04*7H20, 2 g. Spiz-I was made with 10 ml of 10X Spiz salts; 

0.1 ml of 20% casamino acids; 2.5 ml of 20% glucose; 0.13 ml of 0.75 

mg/ml MnS04.H20; 2 ml of 5% yeast extract; 1 ml of 2 mg/ml 

tryptophan; 1 ml of each 2 mg/ml amino acids and 25 ml of each 2 



Table 1. Bacterial strains used in this study 

Strain Genotype and/or phenotype Source 

168 trpC thvA thvB N. Mendelson 

FJ7 metC lvt-2 U. Surana 

FJ3 metC lvt-1 M. Briehl 

Nil5 trpC thvA lvt-15 M. Briehl 

1913 hisB leuA pro(?")a 

lyt" Emr Linr 

N. Mendelson 

a Tn917 mediated resistance to antibiotics: erythromycin l^g/ml; 

Lincomycin 25 |J.g/ml. 
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mg/ml bases if required by the strains; and sterile distilled H2O to 

the final volume of 100 ml. Spiz-II contained 10 ml of Spiz-I media; 

0.05ml of 0.1 M CaC^; 0.1 ml of 0.25 M MgCl2-6H20. All constituents 

needed to be autoclaved separately except some amino acids which 

were sterilized by filtration (0.45 (im pore size). 

TS is solid minimal media which was used for selection of 

recombinants after transformation. It consisted of (per liter) 20 g of 

agar (Difco), 850 ml of distilled H2O. It was sterilized by autoclaving. 

While still hot, the following were added: 100 ml of 10X Spiz salts; 25 

ml of 20% glucose; 25 ml of 20% NaGlutamate; 1.3 ml of 0.75 mg/ml 

MnSO^H^O; 0.2 ml of 5% yeast extract; 10 ml of 2 mg/ml amino acids 

(final conc. 20 |xg/ml) and 25 ml of 2 mg/ml bases when required, 

were added aseptically. 

Motility agar medium is a semi-solid medium which was used 

to determine if the transformants are lyt+ or lyt". Regular motility 

agar contained tryptose (Difco), 10 g; beef extract (Difco), 3 g; NaCl, 5 

g; agar (Difco), 4 g (final conc. 0.4%); galatine, 80 g (final conc. 8%); 

and distilled H2O to volume of one liter. The agar was sterilized by 

autoclaving. 

Determination of Helix Twist 

The method for determining helix twist has been described by 

Mendelson (28). Cell cultures were inoculated from very tiny 

colonies growing on TBAB into TB or T media without any 

supplements and incubated at room temparature overnight. On the 
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following day, TB and T media containing various factors like MgSO^ 

(NH4>2S04, or D-alanine were seeded with small fragments of 

macrofibers (from previous media) and incubated at 20° C for 

overnight. Then the macrofibers could be seen directly under a 

binocular dissecting-microscope. For determining the helix hand, 

macrofibers were observed under a phase contrast microscope which 

was focused on the uppermost cell filament layer. The direction of 

filament wrapping was determined. 

Isolation of Autolvsins 

In order to determine the level of autolytic enzyme in the lyt" 

mutant compared to wild-type, one must isolate autolytic enzyme 

from wild and lyt" mutant by LiCl extraction. The method used for 

the preparation of LiCl extracts was essentially that of Brown (13). 

The autolytic enzymes were extracted either from whole cells or 

crude cell wall preparations with 5 M LiCl. Although some 

peripheral membrane proteins may be present as contaminants, this 

high salt treatment is thought to extract predominently wall 

associated proteins. 

The culture was inoculated with bacteria (from a freshly 

streaked TBAB plate) into 20 ml of TB and then put in a water bath 

at 20°C for 18 hours (O/N). 3 large flasks containing 600, 700, and 

700 ml of TB were then inoculated with an appropriate volume 

(OD=0.05 at 660 nm) of the overnigth culture at 20°C. For strain 168, 

TB was supplemented with thymine and tryptophan (20 ng/ml) and 
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shaken in a water bath. For Bull913, TB was supplemented with 

erythromycin (1 jig/ml). Both FJ7 and Bull913, macrofiber 

producing strains, were cultured under gently shaking conditions. 

When the cells or macrofibers were grown to mid-late exponential 

phase (OD=0.6 at 660 nm), they were harvested by centrifugation at 

7,000 rpm at 4°C for 10 min. The pellets were pooled together and 

washed twice with 25 ml of cold saline (0.9% NaCl) each time by 

centrifugation at 10,000 rpm for 10 min. The wet weight of the cell 

pellet was measured using an analytical balance. The pellet was 

resuspended in Tris HC1 buffer (0.05 M, pH 8.0) containing 5 M LiCl 

at a concentration of 200 mg cell mass/ml. PMSF 

(phenylmethylsulfonyl fluoride) was added to inactivate protease 

and thus prevent autolytic enzyme from degradation. The mixture 

was incubated at 0°C for 60 min, then centrifuged at 10,000 rpm for 

10 min at 4°C. The supernatant was collected containing autolytic 

enzyme and filtered through a (0.45 nm pore size, Gelman) filter to 

remove the remaining cell walls before being dialized against 

deionized water at 4°C to remove LiCl. Two more changes of fresh 

cold deionized water were done to remove LiCl more completely. 

Finally, the protein solution was lyophilized and then dissolved in 

0.5-1 ml of distilled water and keep at -20°C until use. 

Estimation of Autolvsins Concentration 

Solution-I contained NaOH, 0.4 g; Na2CC>3, 2 g; Na-K tartrate, 

0.02g per 100 ml distilled water. Solution-II consisted of 
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CUSO4.5H2O, 0.5 g per 100 ml distilled water. A set of Bovine Serum 

Albumen samples ( 5 mg/ml) 2, 5, 8, and 10 ^1 was added into test 

tubes as standards. 5 jj.1 of autolysin solution extracted by LiCl 

before was used to estimate the concentration. Distilled water was 

added to bring the volume to 75 |il of each tube. 750 jxl of solution 

was mixed with 10 ml of solution-I and 0.2 ml solution-II to each 

tube. Each tube was mixed and let stand for 20 min at room 

temperature. 75 nl of Folin phenol reagent D consisting of 1 part of 2 

N Folin phenol and 1 part of distilled water was added to each tube. 

The tubes were incubated for 20 min. The optical density at 750 nm 

was determined. The concentration of autolysins in the test samples 

was determined by comparison with the standard curve. 

Isolation and Purification of Cell Walls 

The prodedure for isolation of cell walls was described by Fein 

and Rogers (5). Cells or macrofibers were harvested as before and 

then washed twice with cold saline (0.9% NaCl). The cell pellet was 

resuspended in 4% SDS (sodium dodecyl sulfate) and boiled for 20 

min to destroy the cell membrane and cell wall associated proteins. 

After cooling, the residue was washed six times with saline by 

centrifugation at 10,000 rpm for 10 min at 15°C to remove all SDS. 

The pellet was resuspended in 20 ml of sodium phosphate buffer 

(0.05 M, pH 7.0) and the cells broken by sonication until 85-90% 

breakage (checked by phase contrast microscope) was achieved. The 

mixture was centrifuged at low speed (2000 rpm for 5 min) to pellet 
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unbroken cells. DNase (250 (ig/ml; Sigma) and RNase (1 mg/ml; 

Sigma) were added to the supernatant and incubated at 4°C for 60 

min. The walls were washed twice by centrifugation with distilled 

water, and then resuspended in 5 ml of Tris HC1 buffer (0.05 M , pH 

8.0) containing fresh (500 |J.g/ml) trypsin and incubated at 37°C for 

4-5 hours. The walls were washed several times with cold distilled 

water by centrifugation at 10,000 rpm for 10 min, resuspended in 5 

ml of deionized water and an equal volume of 80% phenol (final 

concentration) was added. The mixture was mixed well and 

incubated at 0°C for 30 min. This emulsion was centrifuged at 

12,000 rpm for 20 min. The walls were collected from the interface 

(milky white layer) carefully and washed several times with cold 

deionized water by centrifugation at 10,000 rpm for 10 min to free 

them of residual phenol. Finally, the purified walls were lyophilized 

and stored at -20° C. 

Kinetics of Autolysis 

To compare the susceptibility of cell walls from various strains 

to autolysin, 2 mg samples of purified cell walls were suspended in 

two different buffers in two test tubes respectively : Tris-HCl buffer 

0.05 M containing 0.01 M MgCl2, pH 8.0 (optimal pH for N-

acetylmuranyl-L-alanine amidase lytic enzyme); sodium acetate 

buffer 0.05 M containing 0.01 M MgC^, pH 5.5 (optimal pH for n-

acetylglucosaminidase lytic enzyme), and the initial optical density 

was adjusted to a value within 0.5-0.6 at 450nm. One ml of cell wall 
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suspension was added into control and experimental tubes 

respectively. An appropriate volume, in order to give about 140 |xg, 

of LiCl extracted protein suspension was added to the experimental 

tube. Reaction mixtures were incubated at 37°C in a water bath with 

shaking to keep the cell wall preparations suspended. Optically 

matched cuvettes of one cm path length were used to measured the 

decrease of turbidity at 450nm. Reading were taken every 10 min. 

The data were expressed as the percent decrease in optical density 

as a function of time. 

Polyacrvlamide Gel Electrophoresis 

The method used for polypeptide separation was that of 

Laemmli (39). Melted 2% agarose was used to seal the three sides of 

a gel-slab. The separating gel was poured into the gel-slab. The 

separating gel consisted of 10% acrylamide and 0.8% methylene-

bisacrylamide (Sigma) in 350 mM Tris HC1 buffer (pH 8.83) 

containing 0.1% SDS in addition to 0.025% 

tetrametylehgylenediamine (TEMED) and 1% ammonium persulfate 

(APS) to polymerized the acrylamide and bisacrylamide. After the 

separating gel became hard, a stacking gel was poured on top of it. 

The stacking gel was composed of 3% acrylamide and 0.08% 

bisacrylamide in 0.125 M Tris HC1 (pH 6.8) with 0.1% SDS; 0.025% 

TEMED and 1% APS. 30-40 ng of protein samples were mixed with 

an equal volume of 2X loading buffer containing 0.0625 M Tris HC1, 

pH 6.8 ; 2% of SDS; 10% glycerol; 5% 2-mercaptoethanol and 0.001% 
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bromophenol blue and kept in boiling water for 3-5 min. The 

protein samples were then loaded on the gel. The running buffer 

consisted of 0.192 M glycine; 0.025 M Tris HC1 buffer and 0.1% SDS. 

The gel was run at 100 volts until the tracking dye reached about 1 

cm above the bottom. After electrophoresis, the gel was stained with 

a solution containing 0.1% Coomassie blue at 37°C and shaken gently. 

The gel was destained with 7% acetic acid containing 5% methanol. 

Transformation 

Preparation of Donor DNA 

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

that of Marmur (40). 15 ml of TB was inoculated with strains and 

shaken overnight at room temperature. Macrofiber producing 

strains were shaken gently. The overnight culture was diluted into 

25 ml prewarmed TB in a sidearm flask. The growth of the culture 

was followed at 37°C with a starting optical density of 0.03-0.05 at 

660 nm. When the ODggg reached 0.3-0.4, the culture was 

centrifuged at 10,000 rpm for 15 min at 4°C to harvest the cells. The 

supernates were discarded and the pellet resuspended in 4 ml of IX 

SSC consisting of NaCl, 8.77 g; sodium citrate 3.87 g; in deionized 

water and adjusted to pH 8.0 with HC1 and the volume brought to one 

liter. 100 |il fresh lysozyme (Sigma) of a 20 mg/ml stock was added. 

The mixture was shaken slowly at 37°C for 20-30 min and the 

decrease of turbidity was observed. 0.5 ml of 10% SDS was added, 

and incubation continued at 37°C for 5 min. 1 ml of 5 M NaC104 and 
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6 ml of chloroform:isoamyl alcohol (24: 1) were added. The contents 

of the tube were transferred to a sterile screwcap centrifuge tube 

(Corex Brand #8446) and capped tightly. The tube was inverted 10 

times to mix the phases. The tube was laid on its side in the shaker 

incubator and shaken for 20-30 min. It is important to shake just 

enough to keep the phases mixed but not any harder, in order to 

prevent excess shearing of the DNA. The phases were separated by 

low speed centrifugation in a Sorvall GLC-1 at 3,000 rpm for 10 min. 

The upper phase was carefully transferred to a clean, sterile 

screwcap centrifuge tube by using a 10 ml pipette with the pipette 

bulb on the opposite end from usual. Care was taken to avoid 

pipetting up material from the dense white middle layer. 6 ml of 

chloroform:isoamyl alcohol (24:1) was added and the chloroform 

extraction repeated. 12 ml of chilled (-20°C) absolute ethanol was 

placed in a 25ml pre-cooled beaker. When the second centrifugation 

was complete, the top phase was transfered into the alcohol in the 

beaker and let stand for 10 min. The DNA was spooled out of the 

alcohol on to a glass rod. The DNA was transfered to a sterile vial 

containing 2 ml of IX SSC and stored at 4°C. 

Estimation of DNA Concentration 

Ethidium bromide was used to estimate DNA concentration by 

the method described by Maniatis et al (41). A set of standard 

solutions of DNA having 5, 10, 15, 20, 25 and 30 (ig/ml were 

prepared. A 45 |al drop of each standard and sample DNA was placed 
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on a plastic petri dish (Falcon) and mixed with 5 jj.1 of 50 |a.g/ml 

ethidium bromide solution. The fluorescence of samples and 

standard drops were compared under the UV transilluminator to 

estimate the concentration of sample DNA. Sample DNA was diluted 

(in SSC) if necessary to bring it into the range of the standard. 

Transformation of Competent Recipient Strain Bull913 

Genetic transformation in B.. subtilis was first reported by 

Spizizen (42). An overnight culture of Bull913 was grown in 20 ml 

of SAT plus erythromycin (final conc. 1 ng/rnl) inoculating from a 

TBAB+Em plate. The culture was shaken overnight at room 

temperature. The following morning, the culture temperature was 

increased to 37°C and 20 ml of Spiz-I media in a sidearm flask was 

brought to 37°C also. When the culture had been at 37°C for 10-15 

min, it was diluted into the Spiz-I to obtain an optical density value 

of 0.03-0.05 at 660 nm. If the OD of the overnight was low and the 

dilution would require using more than 0.5 ml of the O/N, the culture 

was concentrated by centrifugation. The growth of the culture in 

Spiz-I was followed at 37°C. Readings were taken at every 20 min 

and the values plotted. The purified DNA was diluted in SSC to a 

concentration of 3-5 |ig/ml. The transformations in this study were 

performed with saturating concentrations of DNA (3-5 |ig/ml). When 

the culture began to leave exponential phase, 10 ml of Spiz-I was 

transfered to a sterile 250 ml erlenmeyer flask and put in the 37°C 

bath to prewarm. The shaking speed of the bath was increased. Two 
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hours after the end of log phase, 1 ml of the Spiz-I culture was added 

immediately to the Spiz-II. The mixture was shaken vigoursly for 

the remainder of the experiment. Incubation continued for 90 min 

before transformation mixtures were set up. 100 p.1 of purified 

donor DNA was mixed with 900 |il of Spiz-II culture (always 1:9) into 

large test tubes. The DNA/cells mixture was shaken at moderate 

speed, at 37°C for 45-60 min. 100 jj.1 samples were plated in 

duplicate onto selective media: TS supplemented with leucine and 

proline in addition to erythromycin (1 |xg/ml of final conc.) for this 

study. The plates were incubated at 37°C overnight. On the 

following day the plates were removed from the incubator and the 

colonies counted. Selection was for his+ recombinants on TS selective 

media. These recombinants were then picked and transferred onto 

motility agar plates to determine the lyt+ or lyt" phenotype. The 

motility agar plates were freshly prepared. They were incubated at 

30°C overnight. The colonies were checked for bacterial motility 

and the numbers counted on the following day. The lyt+ colonies 

looked furry, spreading, without a clear margin when grown on the 

motility agar plates. When lyt" clones were transferred to multiwell 

plates, they would grow as long filaments of unbroken chains. 

Otherwise, they grew as single, motile cells or two to three-cell 

chains. 



3 5  

RESULTS 

The mutant B.. subtilis strain BuI1913 not only grows as 

division suppressed macrofibers but also is non-motile, whereas the 

wild-type B. subtilis 168 strain is motile. A comparison of Bull913 

and FJ7 macrofibers may provide information about whether or not 

these phenotypically lyt" strains may be genetically related. 

Helical Properties of Bull913 

Although the helix hand of a macrofiber producing strain is 

primarily determined by its genetic background, the culture 

condition also can affect it. The handedness of the FJ7 macrofiber 

helix is influenced by the ions present in the growth media: it 

produces right-handed structures in TB or T media with the addition 

of MgSC>4 but grows as left-handed macrofibers when the medium 

contains ammonium sulfate. The addition of D-alanine (4.5mM) 

caused FJ7 to have a right-handed helical orientation even if 

ammonium sulfate was present. In a high concentration of D-alanine, 

highly coiled structures were produced (33). To see the effect of 

these ions and D-alanine on the establishment of twist in Bull913 

macrofibers, the state of helical organization of Bull913 grown in 

various conditions was examined. Cells were seeded into rich liquid 

media supplemented with 20mM of MgSC>4, 30mM of (Nlfy^SC^ or 

4.5mM of D-alanine (final concentrations). The following day, the 

helical twist of the macrofibers was determined microscopically. The 
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results of these studies show that the helix phenotype of Bull913 is 

almost identical to that of FJ7. Both strains produced right-handed 

macrofibers (Figure 2A and 2B) when grown in TB or T media 

supplemented with magnesium sulfate or D-alanine at 20°C. Left-

handed helical macrofibers were produced (Figure 3A and 3B) when 

the cells were grown in ammonium sulfate supplemented TB or T 

media. The structures of macrofibers produced by Bull913 are 

similar in general appearance to those of FJ7. The results of the 

growth condition studies are summarized in Table 2. The similarity 

of Bull913 and FJ7 macrofiber properties suggest that these two 

strains could be genetically related mutants. 

Autolvsin Sensitivity of Cell Walls 

The next set of experiments addressed the question of whether 

the Bull913 lyt" phenotype could be explained by the absence of 

autolytic enzymes or by a change in the cell walls of Bull913. Since 

the major B_. subtilis autolysins N-acetylmuramyl-L-alanine amidase 

and endo-p-N-acetylglucosaminidase have pH optimum of 8.0 and 

5.5 respectively, digestion experiments of these different pHs were 

used to examine autolytic sensitivity of the strains. 

The autolysin activities of cell walls of Bull913 and of FJ7 were 

compared to wild-type 168, and the kinetics of purified cell walls 

sensitivities to autolysin were also studied. Cells had been grown to 

mid-late exponential phase at 20°C and harvested. The cell pellet 

was then washed twice with cold saline and resuspended in 4% SDS 



Figure 2. Phase-contrast micrographs of JB. subtilis macrofibers 
(focused on uppermost layer of the macrofiber). Typical ropelike 
cellular aggregate of mutant FJ7 formed in TB medium supplemented 

with 20mM magnesium sulfate grown at 20° C for 18 hour(A). The 
macrofiber of Bull913 formed in the same cultural conditions (B). 
Large right-handed helical fiber was seen to consist of entwined and 
entangled single chains and multichained helical fibers of the mutant. 
Magnification shown is about 1800X. 



Figure 2. Phase-contrast micrographs of right-handed helical 
macrofibers of Bacillus subtilis mutants FJ7 and Bull913 



Figure 3. Phase-contrast micrographs of left-handed helical 
macrofibers of B.. subtilis mutants FJ7 (A) and Bull913 (B). Cells 
were seeded into TB medium supplemented with 30mM ammonium 

sulfate grown at 20°C for 18 hour. Magnification shown is about 
1800X. 
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Figure 3. Phase-contrast micrographs of left-handed helical 
macrofibers of Bacillus subtilis mutants FJ7 and Bull913 
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Table 2. The helix phenotypes of FJ7 and Bull913 in 
various growth conditions. 

Helix 
Growth Phenotype 

Medium3- Temperature 
FJ7 I Bull913 

TB 20°C RH RH 

TB + (NH4)2S04 20°C LH LH 

TB + MgS04 

U
 

o
 o
 

r-1 RH RH 

TB + D-alanine 20°C RH RH 

T 20°C RH stressed 
cells 

T + (NH4)2S04 20°C LH LH 

T + MgS04 20°C RH RH 

T + D-alanine 20°C RH RH 

a- (NH4)2S04, MgS04 and D-alanine were added in the final 

concentrations of 30mM, 20mM, 4.5mM respectively. 

b- Helix-hand could not be determined due to distorted 
morphology. 
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and boiled for 20 min to destroy the cell' membrane and cell wall 

associated proteins. 2 mg of protein-free cell walls purified from 

168, FJ7, and Bull913 were suspended in appropriate buffer for 

amidase (pH 8.0 Tris-HCl) or for glucosaminidase (pH 5.5 sodium 

acetate) and the initial optical density was adjusted to within 0.5 to 

0.6 at 450nm. Autolytic enzymes were isolated by LiCl extraction 

and their concentrations were estimated with comparasion to a set of 

different concentration of BSA. On average, the concentration of 168 

protein in the LiCl extract was 9.3 mg/ml from 1.94 gms of cells (wet 

weight); FJ7 was 2 mg/ml from 2.63 gms of cells; Bull913 was 1.6 

mg/ml from 3.77 gms of cells. An appropriate volume, in order to 

get about 140 jig, of the crude autolysin from wild-type 168 was 

added to the wall suspension and the mixture incubated at 37°C with 

shaking. Degradation of the cell walls by the wild-type autolysins 

results in a loss of turbidity. The kinetics of digestion was followed 

by the decrease of optical density at 450 nm over time. Controls 

were used to determine whether the wall preparations could degrade 

by itself in the absence of added autolytic enzyme. As a positive 

control, cell walls purified from 168 were incubated with the 

homologous LiCl extracts. The results for the amidase (pH 8.0 buffer) 

and glucosaminidase (pH 5.5 buffer) are shown in Figure 4 and 

Figure 5, respectively. Both FJ7 and Bull913 cell walls were digested 

by 168 autolysin indicating that the cell walls of these strains can 

serve as substrate for the two autolysins. 
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The next experiments examined whether the Bull913 lyt" 

phenotype could be due to a lack of autolytic enzymes. An approach 

similar to that described above was used, except that wild-type cell 

walls were now incubated with Bull913 LiCl extracts. Bull913 and 

FJ7 enzymatic activity on 168, FJ7, and Bull913 cell walls were 

compared. To measure amidase activities of the lyt" mutants, 

purified cell walls of 168, Bui 1913 or FJ7 were mixed with 140 ng 

Bull913 or FJ7 enzymes at 37°C in pH 8.0 Tris buffer (Figures 6 and 

8). For glucosaminidase, incubation was in pH 5.5 sodium acetate 

buffer (Figures 7 and 9). As expected the LiCl extract from the wild-

type, 168 strain, produced autolysis of isolated cell walls. The results 

of these experiments, summarized in Table 3, consistently show that 

both Bull913 and FJ7 exhibit much reduced activity for both 

autolytic enzymes. This indicates that Bull913 is also a lyt" mutant 

with a mutation in a lyt regulatory gene. The dissolution rate seen 

with the autolysins from FJ7 was slightly higher compared to the 

Bull913 extract. 

Polyacrylamide gel electrophoresis was next used to visualize 

wall associated proteins of strainl68, FJ7 and Bull913 in order to 

determine if there are differences between wild-type and lyt" 

mutants (figure 10). Protein samples containing 30 to 40 ng of 

protein were mixed with an equal volume of 2X loading buffer and 

loaded on the gel. BSA and ovalbumin were used as molecular 

weight standards (lanes 1 and 2). Following silver staining, many 

bands present in the 168 lane (lane 3) were apparently missing in 



figure 4. Autolysis at pH 8.0 of isolated cell walls from mid-
late exponential-phase cultures of B.. subtilis 168 and of the autolytic 
enzyme-deficient mutant strains FJ7 and Bull913. 2 mg of purified 
walls were suspended in pH 8.0 Tris-HCl buffer. The initial optical 
density was adjusted to a value within 0.5-0.6 at 450 nm (100% 
initial OD). About 140 |i.g of crude autolysin from 168 obtained by 
5M LiCl extraction was added to each cell wall suspension and 

mixtures were incubated at 37°C. Digestion was followed by the 
decrease of optical density at 450 nm over time. A. 168 enzyme + 
168 cell walls; B. 168 enzyme + FJ7 cell walls; C. 168 enzyme + 
Bull913 cell walls; . Control, consists of cell walls without addition 
of LiCl extract; . Experiment; OD(450 nm). Optical density at 450 
nm. 
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figure 4. 168 autolysin sensitivity at pH 8.0 of cell walls 
purified from 168, FJ7, and Bui 1913. 

N> 



Figure 5. Autolysis at pH 5.5 of isolated cell walls from mid-
late exponential-phase cultures of B_. subtilis 168 and of the autolytic 
enzyme-deficient mutant strains FJ7 and Bull913. 2 mg of purified 
walls were suspended in pH 5.5 sodium acetate buffer. The initial 
optical density was adjusted to a value within 0.5-0.6 at 450 nm 
(100% initial OD). About 140 of crude autolysin from 168 
obtained by 5M LiCl extraction was added to each cell wall 

preparation and mixtures were incubated at 37°C. Digestion was 
followed by the decrease of optical density at 450 nm over time. 
A. 168 enzyme +168 cell walls; B. 168 enzyme + FJ7 cell walls; C. 
168 enzyme + Bull913 cell walls; . Control, consists of cell walls 
without addition of LiCl extract; . Experiment; OD(450 nm). Optical 
density at 450 nm. 
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figure 5. 168 autolysin sensitivity at pH 5.5 of cell walls 
purified from 168, FJ7, and Bull913. 
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Figure 6. Autolysis at pH 8.0 of isolated cell walls from mid-
late exponential-phase cultures of B.. subtilis 168 and of the autolytic 
enzyme-deficient mutant strains FJ7 and Bull913. 2 mg of purified 
walls were suspended in pH 8.0 Tris-HCl buffer. The initial optical 
density was adjusted to a value within 0.5-0.6 at 450 nm (100 % 
initial OD). About 140 (ig of crude autolysin from Bull913 obtained 
by 5M LiCl extraction was added to each cell wall preparation and 

mixtures were incubated at 37°C. Digestion was followed by the 
decrease of optical density at 450 nm over time. A. Bull913 enzyme 
+ 168 cell walls; B. Bull913 enzyme + FJ7 cell walls; C. Bull913 
enzyme + Bull913 cell walls; . Control, consists of cell walls 
without addition of LiCl extract; . Experiment; OD(450 nm). Optical 
density at 450 nm. 
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figure 6. Bui 1913 autolysin sensitivity at pH 8.0 of cell walls 
purified from 168, FJ7, and Bui 1913. 



Figure 7. Autolysis at pH 5.5 of isolated cell walls from mid-
late exponential-phase cultures of B.. subtilis 168 and of the autolytic 
enzyme-deficient mutant strains FJ7 and Bull913. 2 mg of purified 
walls were suspended in pH 5.5 sodium acetate buffer. The initial 
optical density was adjusted to a value within 0.5-0.6 at 450 nm 
(100% initial OD). About 140 |xg of crude autolysin from Bull913 
obtained by 5M LiCl extraction was added to each cell wall 

preparation and mixtures were incubated at 37°C. Digestion was 
followed by the decrease of optical density at 450 nm over time. 
A. Bull913 enzyme + 168 cell walls; B. Bull913 enzyme + FJ7 cell 
walls; C. Bull913 enzyme + Bull913 cell walls; . Control, consists 
of cell walls without addition of LiCl extract; . Experiment; OD(450 
nm). Optical density at 450 nm. 
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figure 7. Bui 1913 autolysin sensitivity at pH 5.5 of cell walls 
purified from 168, FJ7, and Bui 1913. 
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Figure 8. Autolysis at pH 8.0 of isloated cell walls from mid-
late exponential-phase cultures of B_. subtilis 168 and of the autolytic 
enzyme-deficient mutant strains FJ7 and Bull913. 2 mg of purified 
walls were suspended in pH 8.0 Tris-HCl buffer. The initial optical 
density was adjusted to a value within 0.5-0.6 at 450 nm (100% 
initial OD). About 140 (ig of crude autolysin from FJ7 obtained by 
5M LiCl extraction was added to each cell wall preparation and 

mixtures were incubated at 37°C. Digestion was followed by the 
decrease of optical density at 450 nm over time. A. FJ7 enzyme + 
168 cell walls; B. FJ7 enzyme + FJ7 cell walls; C. FJ7 enzyme + 
Bull913 cell walls; . Control, consists of cell walls without addition 
of LiCl extract; . Experiment; OD(450 nm). Optical density at 450 
nm. 
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figure 8. FJ7 autolysin sensitivity at pH 8.0 of cell walls 
purified from 168, FJ7, and Bui 1913. 
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Figure 9. Autolysis at pH 5.5 of isolated cell walls from mid-
late exponential-phase cultures of B. subtilis 168 and of the autolytic 
enzyme-deficient mutant strains FJ7 and Bull913. 2 mg of purified 
walls were suspended in pH 5.5 sodium acetate buffer. The initial 
optical density was adjusted to a value within 0.5-0.6 at 450 nm 
(100 % initial OD). About 140 jig of crude autolysin from FJ7 
obtained by 5M LiCl extraction was added to each cell wall 

preparation and mixtures were incubated at 37°C. Digestion was 
followed by the decrease of optical density at 450 nm over time. 
A. FJ7 enzyme +168 cell walls; B. FJ7 enzyme + FJ7 cell walls; C. FJ7 
enzyme + Bull913 cell walls; . Control, consists of cell walls 
without addition of LiCl extract; . Experiment; OD(450 nm). Optical 
density at 450 nm. 
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figure 9. FJ7 autolysin sensitivity at pH 5.5 of cell walls 
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Table 3. Autolysin(s) sensitivity of purified cell walls^* 

LiCl Extracted Proteins 

Cell Walls 1~68 FJ7 Bull913 

pH8.0 I pH5.5 pH8.0 I pH5.5 pH8.0 I pH5.5 

168 0.76 0.62 0.12 0.09 0.03 0.03 

FJ7 0.55 0.53 0.03 0.028 0.02 0.019 

Bull913 0.52 0.51 0.03 0.03 0.02 0.02 

Kinetics of digestion measured as change in percent of OD at 
450 nm over time. 



Figure 10. Polyacrylamide gel electrophoresis of wall 

associated proteins of strains 168, FJ7, and Bull913. 15. subtilis 
strain 168 and lyt~ mutants FJ7 and Bull913 were grown to mid-late 
exponential-phase in TB media at 20°C. 40 ug of LiCl extracted 
protein were loaded on the gel. 2 molecular weight standards were 
used. From left to right: lane 1, BSA standard (63 K); lane 2, 
ovalbumin standard (45 K); lane 3, wild-type 168; lane 4, lyt~ 
mutant Bull913 strain; lane 5,lyt-2 mutant FJ7 strain. 
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the FJ7 (lane 5) and Bull913 (lane 4) samples. No explanation for 

this can be offered at present. 

Genetic Transformation 

We used Bui 1913 to study the genetics of macrofiber 

production. We sought to determine whether Bull913 carries any 

division suppression mutations other than lvt-l. lvt-2 or lyt-15 by 

transformation crosses. Lvt-l. lvt-2. and lyt-15 are independent lyt 

genes. Bull913 (his, leu, lvt. Erythromycin-r, Lincomycin-r) was 

used as the recipient in transformations with saturating 

concentrations of DNA (5 |ig/ml). Donor DNA was extracted from 168 

(thy try1) and three lyt" mutants of B_. subtilis: FJ7 (met lvt-2'): FJ3 

(met lvt-l): and Nil5 (thy try lvt-l5) strains. DNA from wild-type 

168 strain wild-type 168 served as a control. Recombinants were 

selected for his+ on minimal media supplemented with leucine and 

erythromycin (1 |ag/ml). The his+ transformants then were screened 

for lyt+ phenotype on motility agar plates; lytic-deficient mutants of 

B_. subtilis. generally devoid of flagella, are non-motile. The results 

from the transformations are shown in Table 4 and indicate that lvt-

1 and lvt-15. but not lvt-2. DNA can correct the Bui 1913 lyt" 

phenotype. These results strongly suggest that B_. subtilis Bull913 

carries Tn917 in the lvt-2 gene. 



Table 4. Results of Transformation3-

Recipient strain : Bull913 ( his", leu", lyt", Erythromycin1, , Lincomycin1" ) 

Recombinants Proportion of his+ 

Donor No. of lyt"4" transformants(%) 

DNA Genotype No. of his+Recombinants Recombinants^- lyt+ 

Selection for his+ 

168 thy", trp", lyt+ 1894 74 3.9 

FJ7 met", lyt-2 1744 0 0 

FJ3 met", lyt-1 820 28 3.4 

Nil5 thy", trp", lyt-15 752 1 9 2.5 

a- Transformations were performed using saturating DNA concentrations (3-5 n g / m l ) .  

Transformed cells were screened for his+ on minimal medium + leucine + erythromycin 

+ lincomycin at 30°C. 

b- his+ recombinants were screened for lyt+ on motility agar plates ( TB + 0.4% agar + 

8% galatine ). 
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DISCUSSION 

Lyt" mutants of B. subtilis strain 168 have been isolated that 

are at least 90 to 95% deficient in the major autolytic enzymes, N-

acetylmuramyl-L-alanine amidase and endo-p-N-

acetylglucosaminidase. These mutants grow in unaerated culture as 

multistrand helical structures of macroscopic dimensions which have 

been referred to as macrofibers. The macrofibers provide a unique 

approach to explore the organizational and dynamic aspects of cell 

surface structure in response to enviromental stimuli, which is 

impossible to see in single cell cultures due to their minute size. To 

date, many B_. subtilis autolytic enzyme-deficient mutants growing as 

macrofibers were studied to understand the cell separation, cell 

morphology, and macrofiber formation. 

Bull913 is a recently isolated mutant, produced by Tn917 

insertional mutagenesis, which grows as helical macrofibers. Since 

the generation of mutants by transposon-mediated mutagenesis 

effectively tags and thus allows for physical isolation of the target 

gene, the macrofiber properties of Bull913 were investigated 

further. Biochemical and genetic characterizations were used to 

compare Bull913 to other macrofiber producing strains. 

The results presented here demonstrate that strain Bull913 is 

also capable of growing helically under a variety of cultural 

conditions and can undergo a helix hand inversion. These studies 

indicated that Bull913 is a lyt" mutant which can grow as nonmotile, 
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unseparated long chains of filaments and produce macrofibers under 

appropriate growth condition. The overall similarity of the helical 

macrofibers formed by Bull913 and FJ7 suggests that they are 

probably produced in a like manner and may be genetically related. 

It would also appear that the ability to grow helically is a property 

shared by a wide variety of poorly lytic and other mutant strains of 

B.. subtilis. 

In studies of the autolytic enzyme activity of Bull913 and FJ7, 

cell walls from both of these were found to be fully susceptible to 

wild-type enzymes. However, Bui 1913 was found to have significant 

reduced activities of both autolytic amidase and glucosaminidase, 

enzymes which are known to directly modify the structure of 

peptidoglycan. These studies support the notion that the action of 

bacterial autolytic enzymes is to help separate the bacteria from each 

other. If the enzymes are not normally active, the daughter cells 

remain attached. 

In genetic studies, the frequencies seen with transformation of 

wild-type 168 DNA into Bui 1913 and from previous experiments in 

our lab, in which Bull913 DNA transformed wild-type 168 to lyt" 

(unpublished observation), agree with what J. E. Fein found in FJ7 

(5), that the Bull913 mutation moves as a single gene. Genetic 

analysis by transformation of three mutants with lyt" phenotype 

strongly suggests that Bull913, like FJ7, carries a lvt-2 mutation 

although this is indirect evidence. 
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To date, a number of B_. subtilis autolytic enzyme-deficient 

mutants have been studied in an effort to understand the macrofiber 

system. Physiological features, including growth temperature and 

nutritional status of the culture medium, and genetic factors, which 

contribute to helix hand and twist state formation have been 

examined (29, 30, 48, 32, 33, 34). In these studies, D-alanine has 

been found as the most potent of right-handed factor in many strains 

and recently intestinal alkaline phosphatase was found to inhibit 

leftward twist (42). Some biochemical characterizations of the 

Bacillus subtilis macrofiber cell surface have also been carried out. 

More studies of the macrofiber cell surface are needed to understand 

such processes as twist adaptation. Why twist inversion happens 

when environment changes and what kinds of genes and proteins are 

involved in this twist change still require further study. 

Many things still remain to be determined regarding the 

autolytic enzyme-deficient mutants. The basis of the autolytic 

deficiency may be due to altered enzyme synthesis, or changes in 

protein export, or even alterations in cell wall structure. Vitkovic 

reported that the lyt" mutants appear not to be as deficient in the 

enzymes' synthesis as their cell-bound activities indicated (43). He 

suggested that amidase and glucosaminidase are secreted into the 

growth medium along with other extracellular hydrolases like 

proteases, amylases, and sucrases due to a low affinity for the cell 

envelope because of a deficiency in teichoic acid in lyt" strains. That 

is, the lyt" phenotype may be due to a deficiency of the enzymes' 



acceptor(s) in cell walls. He also showed that the correlation between 

wall turnover and these peptidoglycan hydrolases may not be as 

strong as believed. Data from lyt" mutants, lvt-1. lvt-2. and lvt-15 

indicated they can turn over their walls at normal rates under 

certain conditions (45). The knowledge about the minimum amount 

of iytic enzymes needed for cell wall extension, turnover, growth 

rate, and cellular morphology is not known. The role of hydrolytic 

enzymes in creating acceptor sites for the newly synthesized 

peptidoglycan subunits (44) is also uncertain. 

To date, most of the lyt" mutants studied have probably been 

of the regulatory class because the autolysin activities of the lyt" 

mutants including Bui 1913 were consistently found decreased not 

only for amidase but also for glucosaminidase. Mutants which are 

defective in the structural genes for the autolysins are needed. 

Continued isolation and analysis of a large numbers of lyt" mutants 

might provide them. Recently, B_. subtilis a28 protein was isolated and 

characterized by J. D. Helmann (49). a28 protein is needed for (in

dependent RNA polymerase isolated from vegetatively growing B_. 

subtilis cells. The complete nucleotide sequence of the cr28 gene was 

determined and a mutation in the sigD (a28 structural gene) was 

constructed (50). This mutant does not express the a28 protein and 

failed to synthesize flagellin protein and grew as long, flagellaless 

filements which are like ly*~ filements. As mentioned before, lyt" 

mutants of B.. subtilis are generally devoid of flagella. Thus Tn917 in 

the Bull913 maybe inserted in the sigD gene and perhaps the lvt-2 
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gene is the sigD gene which regulates flagellar synthesis in B.. subtilis 

through the RNA polymerase. 

Continued genetic analysis in our lab are used to better 

understand the macrofiber inversion process. Insertional 

mutagenesis is now being used to isolate genes involved in 

macrofiber production that are responsible for helix hand 

determination. The next focus is that once a lyt gene is disrupted by 

insertional mutagenesis in Bull913, for example, the DNA can be 

extracted, digested with a restriction enzyme, and ligated into an 

appropriate vector. The tagged gene, presumably the lvt-2 gene, 

then can be cloned by using the ligation mix to transform a bacterial 

host with selection for erythromycin resistance. The cloned (lvt-2') 

gene could then be sequenced. Currently, more lyt" mutants 

carrying Tn917 insertions are being used to further study 

macrofibers. We hope that insertional mutants which are defective 

in temperature-induced hand inversion will give us an idea of how 

macrofibers are regulated and then effectively elucidate the 

dynamics of the cell surface. Eventually, we hope to understand the 

forces and regulatory mechanisms responsible for shape 

determination, maintenance and their relationship to growth and 

division. 
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