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ABSTRACT 

Extensive studies indicate that both genetic and 

epigenetic (physiological and biomechanical) factors play a 

role in the development of twist state which must correspond 

to the establishment of cell surface conformational state at 

the level of cell wall assembly. Therefore, in order to 

identify the unknown factors that control the macrofiber 

production, twist states and hand inversion, genetic studies 

concerning regulation of macrofiber production and 

macrofiber structural states seemed to be appropriate. 

Genetic studies were carried out by using an 

insertional mutagenesis method. Bank(s) of insertions were 

obtained that carry the Tn917 transposon at random locations 

in the genome. Selected isolates were characterized with 

respect to macrofiber production and twist,and helix hand 

inversion stimulated by various physiological factors. The 

bank(s) of insertional mutants were searched for those 

defective or impaired in response to ion-induced hand 

inversion. None were found to exhibit the desired phenotype. 

Clones with altered static state were not rare. 

Another approach was to take advantage of the 

transposon "lac system" and to use the bank of insertion 

mutants to study regulation of gene expression. The 

chromogenic substrate for ~-galactosidase, X-gal, made 
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possible the search for factors governing gene expression 

during macrofiber morphogenesis in a manner similar to the 

way in which developmental biologists study regulation of 

gene expression during embryogenesis. First, insertion 

strains were screened for lac-Z expression on TBAB (Tryptose 

Blood Agar Base) X-gal plates. Isolates were then 

characterized by growth in fluid media. One strain (3:1) was 

found that expressed the E.coli lac-Z structural gene when 

grown on solid media (TBAB X-gal) ,but not when grown in 

fluid media. These observations led us to an examination of 

the role the medium may play in the regulation of gene 

expression. Evidence was obtained indicating that a number 

of insertion strains respond to growth in viscous media by 

expression of lac-Z+ indicating that different host gene 

promoters can be regulated by a physical component of the 

environment. The degree of expression moreover was 

positively correlated with the degree of viscosity. 

Environmental physical forces applied to the "body" of a 

bacterial cell must therefore play a role in gene 

expression. 

In at least one strain, 5:70ring, gene expression was 

found only in right-handed structures suggesting that either 

specific genes are involved in the twist state and hand 

determination or that helix hand itself may govern gene 

expression. Finally, the 5:70ring strain shows also the 
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presence of a probable intercellular signalling through a 

diffusible chemical that causes gene expressin to occur only 

in certain cells found at specific locations within the 

population. 



Chapter 1 

INTRODUCTION 
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The clocks of the biosphere are natural cycles linked 

to the changing position of the earth relative to the sun 

and the moon which is related to both the earth and sun. 

Life evolved in an environment influenced by the sun and the 

moon and the activity of organisms are greately affected by 

them as well as other chemical and physical aspects of our 

universe. 

The idea of using a daily-phase resetting stimulus 

experimentally to entrain a circadian (about a day) clock 

originated in 1956 with the work of Kenneth Rawson. Since, 

then the ability of many organisms, the fruit fly, the 

unicellular organism such as the algae Euglena, the 

unicellular plant Gonyaulax and many others to reset on cue 

their biological clock has been well documented (Winfree, 

1987). Biological organisms do not automatically have 

functioning circadian clocks. Environmental factors during 

early development start or reset the clock. 

It is well established now that organisms have a 

biological clock that enables them in some ways to program 

cellular differentiation at specific time during development 

(Winfree and Twaddle, 1981; Mendelson, 1982; Shapiro, 1988). 

Furthermore, the fact that the sensitivity of the cells to 



physical forces could be a factor capable of influencing 

inheritance and adaptation was demonstrated by Waddington 

(1957). By subjecting a strain of fruit flies to a 
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temperature shock during their development, he found that a 

low percentage of the flies produced wings that lacked a 

cross vein. He repeated the same experiment with the 

selected cross-veinless individuals over a series of 

successive generations each given a temperature shock 

treatment. After a while, some of the flies appeared cross-

veinless without the temperature shock. The environmental 

prodding was no longer needed. The attained form was now a 

part of the organisms heredity. 

The environmental factors, physical and chemical, 

associated with life profoundly influence growth and form. 

Bioloqical Growth and Environmental Effects 

One of the major unresolved problems for both 

procaryotic and eucaryotic cells is understanding the manner 

by which process of growth and cell division are temporarily 

regulated. 

It is widely accepted, through extensive work, that the 

presence of a cell wall in bacteria and plants and its -. 
properties are of primary importance in the determination 

and maintenance of cell shape and in the resistance to the 
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turgor pressure. 

In procaryotes, the cell surface participates in the 

regulation of important functions such as growth, division 

and morphogenesis (Mauck and Glaser, 1970; Mendelson,1978; 

Mendelson et al., 1984; Winston and Sueoka, 1982). The cell 

wall or cell membrane might also play a role in genome 

segregation (Ryter, 1968). Many enzymes and the intermediate 

carriers concerned with the synthesis of wall polymers are 

attached to or within the cell membrane (Rogers and Perkins, 

1968). Disturbances, lesions affecting either wall or 

membrane synthesis, would be expected to lead to alterations 

in the morphology of the cell and the division process 

(Rogers et al., 1970). 

One of the most striking features of bacteria, their 

capacity to undergo substantial change in composition and 

structure in response to the environment is well illustrated 

by the phenotypic variability of the cell wall. A major 

function of the bacterial cell wall involves mediating the 

interaction of the organisms and its environment. Although 

the primary structure of the cell wall is genetically 

determined, changes in its composition in response to 

varying growth conditions are well documented (Schleifer, 

Hammes and Kandler, 1976). 

Ellwood and Tempest (1972) showed that Bacillus 

subtilis (strain 168 as well as other strains) respond to 



different variations of the nutritional environment 

(phosphate and magnesium concentration, pH) by modulating 

the relative amount of teichoic and teichuroic acid in the 

cell wall. Growth in phosphate-limited medium resulted in 

the disappearance of teichoic acid with a concomitant 

increase in the teichuronic acid content. 
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It is generally assumed that a complete understanding 

of how the bacterial cell surface is synthesized, organized 

and reorganized will answer many questions concerning cell 

shape determined by physical properties of the molecules 

involved. 

Mutants Affected in Cell Wall synthesis 

The rod mutants of Bacillus subtilis have been the 

subject of much investigation concerning the synthesis and 

assembly of cell wall polymers. It was shown that ~ 

subtilis 168-ts 200B, temperature sensitive Rod A (tag 1) 

mutant which forms spheres under non-permissive conditions 

undergoes a derepression of peptidoglycan synthesis. These 

mutants implicate a defined chromosomal region, which 

include the tag-1 locus, necessary in the biosynthesis of 

teichoic acids (Briehl, 1988). 

Data suggest that loss of teichoic acid drastically 

alters the structure of the cell surface resulting in 

pleiotropic effects which influence cellular morphology and 
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cellular division (Boylan et al., 1972; Shiflett et al., 

1977). A similar mutant, B.licheniformis 6346 (his,lyt-5) 

that grows as spheres upon phosphate starvation was obtained 

(Forsberg et al., 1973; Forsberg and Rogers, 1974). The 

mutant is unable to synthesize negatively charged cell wall 

polymers (either teichoic or teichuronic acids) under these 

circumstances. The correlation between altered ratio of 

negative charged surface polymer and the change in shape 

suggest that the charge status of the cell wall may affect 

its topology at the time of coassembly. 

However, the Rod B mutant is capable of obtaining 

coccal form without any apparent change in the teichoic acid 

content (Rogers et al., 1970). These mutants grown without 

additional salt or organic substances (yeast extract, 

glutamate) appeared to be associated with disturbed septum 

formation and membrane arrangement. 

The penicillin Bindinq Proteins 

In the Gram negative bacteria, Escherichia coli, a 

shape determining function is governed by penicillin-binding 

proteins (PBPS). Mecillinam, a ~-lactam antibiotic that 

preferentially binds to PBP2, causes the normally rod shaped 

organism to grow as spherical cells (Spratt and Pardee, 

1975; Spratt, 1975). The relationship between the synthesis 

of peptidoglycan and both cell elongation and separation has 
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been established (Spratt, 1975). The results implied that 

two individual patterns of peptidoglycan synthesis exist, 

one for the septum and another for cell elongation, with two 

separate enzymes systems which have significant functions at 

different stages in cell development. 

In B. subtilis nine penicillin-binding proteins (PBPs) 

located in the cytoplasmic membrane are known to be involved 

in the biosynthesis of the rapidly expanding peptidoglycan 

(Blumberg and Strominger, 1972). The pattern of changes in 

PBPs that occurs during the cell cycle, including 

sporulation, suggests that individual PBPs may play specific 

roles in normal cell wall metabolism. However, preliminary 

characterization of some PBP variants suggested that 

different amounts of particular PBPs can be found among the 

so-called normal strains of B. subtilis species revealing 

possible interrelationship (overlapping functions) among 

these proteins (Buchanan, 1988). Clearly, there is evidence 

of biochemical modification leading to morphological 

changes. This evidence, as ambiguous as it seems to be, is 

far from providing a clear answer to the problem. 

Are these biochemical modifications the result of a 

stimulus? Any stimulus could trigger small biochemical 

changes or molecular rearrangement of the structural 

material of the biological organism. The binding to PBP2 of 

molecules (~-lactam antibiotics) in its environment might 



have an important physical effect that leads to a 

disturbance in the cell wall organization and subsequent 

morphological changes. 

Biological Form and Physical Forces 
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"Le comment et Ie pourquoi des choses" (by asking how 

and why things work) helps unravel the secrets of the 

biological world. However, very few have looked into the 

interrelationship of the processes of growth and morphology, 

and to the chemical and physical changes that accompany 

these processes. Amongst these few, D'Arcy Thompson (1917) 

and later Crane (1950) introduced the idea that biological 

forms are fashioned by the direct action of physical forces 

operating during growth. 

In the Newtonian language of elementary physics, force 

is recognized by the ~ction it produces (i.e. changing 

motion), or in preventing change of motion (i.e. in 

maintaining rest). Among the different forces that act upon 

an organism in its environment those of greatest magnitude 

predominate. Gravity acts on all particles, proportional to 

the mass, and so usually to the volume of the body. In the 

small organisms in a fluid environment and in the 

individual cells of the larger, the order of magnitude of 

intermolecular forces under favorable conditions outweigh 
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the force of gravity. Therefore gravitational effects are 

considered secondary to factors such as the viscosity of the 

liquid, the electrical charges of the ionized media, the 

hydrostatic pressure and the tension on the elastic 

structures (cell membrane and cell wall). These are part of 

the physical environment and have their potent and immediate 

influence on the organism. 

Chemical and Electrical Forces 

within the cell, chemical and electrical forces are at 

work. The process of diffusion and of chemical activity 

within the cell result, by the drawing in of water, salts 

and "food" material with or without chemical transformation 

into protoplasm and growth. In many of the reactions of 

catalytic chemistry two molecules which do not ordinarily 

react with each other will do so readily when one of them is 

distorted mechanically, simply bent or stretched (Crane, 

1950). There are links therefore between physical forces 

acting on cells and chemical reactions that go on within 

cells. 

Anisotropic responses 

One must bear in mind,the living cell is seldom in 

equilibrium, it is continually using or expending energy. 

This ceaseless flow of energy gives rise to a steady state 
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taking the place of and simulating equilibrium. 

Anisotropy can become established at a chemical level 

simply by the secretion or adsorption of a substance on a 

surface,thereby changing the molecular constitution of the 

surface. Such alteration, or the secondary chemical changes 

which follow it, may engender an anisotropic property to the 

material enabling molecular forces acting on the material to 

have less magnitude in one direction than another. A slight 

inequality in two opposite directions can produce the 

ellipsoid cell shape. A great inequality can give rise to 

the cylindrical cell. The cylindrical cell which grows 

without any manifest external restraint, maintains that 

particular form simply by reason of the molecular 

constitution of its developing wall and membrane. This 

molecular constitution being such as to render extension 

easier in one direction than another. 

The theoretical limit of stability according to Plateau 

is found only in structures of perfect symmetry such as the 

sphere or the plane. In such forms any small disturbance 

will probably readjust itself, and the form will return to 

the plane or spherical surface that it was before. When a 

structure becomes deformed it is likely that the disturbance 

will propagate in one direction or another (anisotropic 

response), increasing as it goes. Mathematically defined, 

the theoretical limit of stability of a cylinder is when its 
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length is equal to its circumference; that is when L = 2nR. 

A small disturbance of a cylinder takes the form of a wave 

that travels along the cylinder. Short waves do not affect 

the stability of a cylindrical form, but waves whose length 

exceed that of the circumference tend to grow in amplitude, 

eventually causing the cylinder to contract in places and 

expand in others, resulting in the transformation of the 

shape into a pronounced unduloid (D'Arcy Thompson, 1961). 

Rayleigh showed that in practice Plateau's theory 

needed modification particularly to take into consideration 

the properties of the material that formed the cylinder. 

Viscosity is another parameter that influences Plateau's 

theory. In highly viscous liquids, for example cylinders do 

not segment when just over three times their diameter as 

they do in liquid with normal viscosity , but rather reach 

much longer lengths, four times or even six times their 

diameter. 

The pleiotropic surface topology observed and described 

by Boylan and Mendelson (1970), a phenotypic effect of a 

mutation linked to the tag1 locus of B. subtilis seems to be 

a striking biological application to Plateau's law of 

minimal areas(implicating surface tension), transforming the 

cylinder into the unduloid and disrupting it into spheres 

(Figure 1). 
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Figure 1. Correlation between the pleiotropic surface 
topology observed in temperature sensitive B. subtilis mutant 
(tag 1) and Plateau's law of minimal areas. Upper figure from 
D'Arcy Thompson, 1961, lower figure from Boylan and Mendelson, 
1970. 
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Viscosity 

The viscosity of the surrounding medium has a 

relatively powerful effect upon bodies below a certain size. 

The resistance imposed by the media depends on the radius of 

the particle (in our case bacteria), its velocity and the 

viscosity of the environment. 

In general, the term velocity is taken to mean a rate 

of motion. However, mechanically it is defined as a rate of 

motion in which direction as well as speed is considered, 

and physically, as a time rate of change of displacement. 

The last definition seems to be rather important when 

dealing with a nonmotile particle that derives motion only 

through growth. The resistance offered by the media in 

natural environments through which or over which the 

organism(s) move can be fundamentally different and could 

have a great impact on the morphology, physiology and gene 

expression of those organisms. 

Some microorganisms swim well in solutions containing 

viscous agents such as methylcellulose (an unbranched 

polymer). Leptospira, a slender helical bacteria, swims more 

rapidly in such an environment than in water, even at 

viscosities of more than several hundred centipoise (cp) 

(Berg and Turner, 1979). The reason is that solutions of 

viscous-producing materials are highly structured. The 

solute forms a loose quasi-rigid network easily penetrated 
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by particles of microscopic size{bacteria) , The network 

exerts forces normal to the segment of the cell body. 

Solutions containing highly branched polymers such as 

Ficoll, Polyvinyl-pyrroliaone (PVP) and polyethyleneglycol 

(PEG) are much more homogenous and would have a tendency to 

hinder motility more effectively. Solutions of Methocell 

(methylcellulose), an unbranched polymer, perturbed the 

motion of E. coli less than did solution of Ficoll of the 

same apparent viscosity. It seems that the organism{s) were 

able to push the chains of methylcellulose out of the way 

and to move more as they would in pure solvent. The 

experimental work carried out by Berg and Turner (1979) 

seems to be a confirmation of some aspect of the research 

carried out by Strength et ale (1976), which states: 

"A gram negative, floc forming, fresh water rod 
bacterium was isolated. The organism possessed 
bipolar flagella bundles intensively active. 
Despite the activity of these bundles, The 
organism(s) would not swim freely. Instead they 
floundered ineffectively in a non-viscous 
environment. viscous agents were added at an 
optimal concentration, such as gelatin or 
methylcellulose, nearly every cell exhibited 
straight line swimming without reversal of 
direction. The tailing bundles were extended 
behind the cells, with helical waves being 
propagated from base to tip. The leading bundle 
for each cell was not visible (its existence 
questioned in these growing cells by the authors). 
However, the viscous agents such as Ficoll, PEG 
(branched polymers) failed to show this phenomenon 
and suspension of the cells in 10% PEG (MW 3,000) 
did cause extension of all flagella bundles 
without any detectable motility." 
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When the cells were growing in unbranched polymers, the 

authors assumed flagella bundles were present, but verified 

its presence only in branched polymers (10%PEG). 

Furthermore, they reported that the leading bundle was much 

shorter than the trailing bundle. The authors suggested that 

its shortness was probably attributed to the rapid cell 

division occurring in the growing culture. It could be 

however that gene expression was triggered by the growth of 

the organism in a viscous environment (branched polymers) 

that hindered its movements. This could have caused the 

organism to grow additional flagella, which explains their 

immature size. Bacteria seem to sense homogeneous 

environments, such as a viscous solution in which the 

viscous agent is an unbranched polymer,or even just a glass 

surface (strength et al., 1976). Subsequently they extended 

their trailing flagella to propel themselves within or on 

the homogeneous surface. 

Aguaspirillum fasciculus, definitely shows an 

adaptation for a specific environment. An interesting point 

made by D'Arcy Thompson : cilia, like flagella, tend to 

occupy positions or cover surfaces which would otherwise be 

unstable. The instability might be related to an alteration 

in the biosynthesis and/or in the arrangement of the 

building blocks of the cell wall. The result could be to 

trigger expression of gene(s) whose products (such as the 
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hook and basal body of the flagella), might compensate for 

this instability. This supposition can explain the puzzling 

addition of the leading bundle to cells that already have a 

trailing bundle in Aquaspirillum fasciculus under conditions 

where there is still no detectable motility. 

Recently, Belas et al.(1986) stumbled upon a striking 

phenomenon that showed a significant effect of viscosity 

upon Vibrio paraheamolyticus, a marine bacterium that 

normally propels itself with a single polar flagellum. An 

increase in the viscosity of the environment in which the 

cells were swimming led to the bacterium growing additional 

lateral flagella which improved its swimming speed and which 

it used to swarm. It looks as though increasing viscous drag 

constrained the movement of the polar flagellum. This latter 

seems to be capable of sensing and measuring forces 

influencing its motion. Functioning as a viscometer and 

dynamometer, the polar flagellum can convey information to 

gene(s) encoding the lateral flagella and other properties 

associated with the swarmer cell phenotype (McCarter et al., 

1988) 

osmotic stress 

The osmotic strength of an environment, is another 

physical factor that influences microbial growth. It is one 

of the physical parameters that cells sense and respond to 



in ways that enhance their proliferation and ability to 

survive in a given habitat. 
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osmotic pressure is the force resulting when a solvent 

moves from a solution of lower solute concentration to a 

solution of higher solute concentration across a 

semipermeable membrane. Although this latter in bacterial 

cells exhibits selective permeability for different 

substances, it passes water freely in both directions hence 

the osmotic properties of cells derive from the property of 

the cell membrane. 

In a hypotonic environment, the diffusion of water into 

the cell continues until the excess pressure (force) within 

the cell is sufficient to counteract the tendency of water 

to diffuse into it. The pressure exerted within the cell 

when the cell system reaches equilibrium is the osmotic 

pressure which will keep the cytoplasmic membrane pressed 

outward against the cell wall. However, hypertonic shock 

causes considerable shrinkage of the cytoplasmic volume 

known as plasmolysis. osmotic stress (sudden plasmolysis) 

results in the inhibition of a variety of physiological 

processes, such as nutrient uptake (Roth et al., 1985; 

Walter et al., 1987), DNA replication (Meury, 1988), and 

regulation of gene expression (Csonka, 1989). 



strain 

strain causes mechanical deformation in a body or 

structure, as the result of stress. stress and strain can 

affect the chemical reactivity (previously mentioned) of a 

building block after it has been built into a structure, 

hence the effects are seen as a delayed action (Crane, 

1950) • 

stress/strain related phenomenon are very apparent in 

plant tissues. A strain caused by a constantly increasing 

weight (the stalk of a pear while the pear is growing and 

ripening) produces a very marked increase in strength 

without any necessary increase of bulk, rather by some 

histological or molecular alterations of the tissues. 

33 

While reviewing the spectrum of environmental forces 

that can operate upon a living structure in such a way as to 

modify it a question comes into mind: are there gene(s) 

involved in these processes? 

Regulation of Gene Expression by Physical Forces 

Induction and repression of genes are simple examples 

of how cells become differentiated. Many microorganisms have 

evolved much more complicated differentiations that include 

not only changes in enzyme content but changes in cellular 

structure. 
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In many cases changes in structure is preceded by 

changes in enzyme activity. Enzyme activity can be 

controlled in many ways such as allosteric-inhibition, or 

inhibition brought about by end products or other small 

molecules. Such feedback control provides a direct and 

immediate means of altering enzyme activity. On the other 

hand, more permanent and more fundamental control of enzyme 

activity occurs through gene induction and repression 

mechanisms which result in changes in the amount of enzyme 

protein itself. Although both kinds of mechanisms are 

probably involved in morphogenetic changes, induction and 

repression are probably of considerably greater importance 

than the direct control of enzyme activity. Whilst an 

extensive review of the regulation of gene expression by 

different stimuli is beyond the scope of this thesis, it is 

worthwile mentioning that gene expression is known to be 

influenced by chemical stimuli such as the concentration of 

specific sugars (Jacob and Monod, 1961) or the presence of 

hormone transported into a cell (Evans, 1988; Metzger et 

al., 1988). However, several cases were reported recently in 

which physical forces have been implicated in the turning on 

or off of specific genes. Amongst those, already cited, is 

the influence of osmotic stress on the regulation of 

specific genes (Csonka, 1989). An increase of the viscosity 

of the environment is another physical factor which seems to 
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influence the expression of genes encoding the formation of 

additional lateral flagella, permitting a better 

translocation in viscous solutions (Belas et al., 1986). 

Another example of physical influences resulting in 

gene expression is that of the bean rust fungus Uromyces 

appendiculatus (Pers.) unger. This organism can sense 

surface topology of the substrate upon which it grows and 

use the information in ways that enhance it's success as a 

plant pathogen (Hoch et al., 1987). On surface, the fungus 

grows directly towards the stomates. Changes in gene 

expression and cell differentiation take place at this 

location. The differentiation signal was found to be a 

simple ridge on the substrate surface that had an optimum 

height of 0.5 micrometer. A similar ridge was found to be 

associated to the stomatal guard cells of the bean 

(Phaseolus vulgaris). 

In many cases now examined,the flow of information from 

the environment to the genome proceeds via intermediates 

that include a sensor protein on the cell surface and a 

messenger protein that transfers information from the sensor 

to the target. A variety of stimuli including physical 

factors can act on the sensor, and a range of targets 

including genes have been identified. 

The effects of the environmental physical stimuli on 

growth and form in the biological world seem to be evident. 
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Physical forces do not influence just biological structure 

and its material properties, but also have effects on 

dynamical processes. In this context, a lyt mutant of 

Bacillus subtilis that undergoes a unique developmental and 

dynamical behavior (rod -> chain -> macrofiber) could be a 

valuable tool to study the effect of physical forces on 

growth, differentiation and morphogenesis. 

Helical macrofiber system in Bacillus subtilis 

The lyt mutant of B. subtilis, which grow as helical 

structures (Mendelson, 1976) is an autolytic enzyme 

deficient strain. It grows and septates normally but progeny 

cells "do not separate normally. Growth of such mutants 

suggests that the missing activities are primarily concerned 

with division wall cleavage, but the mutant still retains 

some small measurable amount of autolytic enzyme activity. 

The autolysin-defective mutants all appear to have lost both 

amidase and glucosaminidase activity together suggesting 

that the mutations lie in regulatory genes rather than 

structural genes for the individual enzymes (Mendelson, 

1982). 

B. subtilis cells under conditions of autolytic enzyme 

deficiency form long filaments of cells that undergo 

writhing and turning motions. When a certain length is 
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reached, the ends of the chain bend and the filament touches 

itself. This contact inhibits the turning rotation, causing 

the first fold leading to helical structure. The dynamic of 

this process reiterates until a multistrand helical form, 

incapable of undergoing any fold is attained. The 

multicellular helix is interpreted as a highly amplified 

view of the individual cell (Mendelson, 1982) with pitch 

ranging over a spectrum of tight right-handed (RR) to tight 

left-handed (LH). The helix phenotype of a given strain is 

defined by the range of twist it can achieve in a particular 

set of growth conditions. The findings indicate that both 

genetic (Mendelson, 1978) and physiological factors (Wolfe 

and Mendelson, 1987; Favre et al., 1985; Mendelson and 

Karamata, 1982; Surana et al., 1988; Mendelson, 1988) playa 

role in the development of twist state which must correspond 

to the establishment of cell surface conformational state at 

the time of cell wall assembly (Mendelson, 1982). Evidence 

that peptidoglycan is involved in the helical shape and that 

synthesis of one or more proteins could be required to 

achieve the left-handed macrofiber phenotype was supported 

by several observations (Favre et al., 1985; 1986; Surana, 

1987) • 

The involvement of peptidoglycan was previously 

suggested by the fact that penicillin-G blocks macrofiber 

formation and that lysozyme digestion of intact live 
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macrofiber results in relaxation motions in which twist 

states change before the entire macrofiber is broken down 

into spheroplasts (Favre et al., 1986; Zaritskyand 

Mendelson, 1984). The state of helix twist appears therefore 

to require integrity of the peptidoglycan backbone. 

Recently it was found that establishment of twist 

states can be regulated by D-alanine and D-cycloserine 

(Mendelson and Thwaites, 1988; Surana et al., 1988; 

Mendelson, 1988). These two factors antagonized each other 

with respect to twist establishment. The influence of D

cycloserine and D-alanine on the establishment of twist 

states in B. subtilis macrofibers is another factor 

suggesting that the assembly of peptidoglycan during cell 

growth is a key element controlling the establishment of 

twist. 

Biochemical analysis of cell walls obtained from right

handed(RH) and left-handed(LH) macrofibers produced in the 

presence and absence of D-alanine, respectively failed to 

reveal twist state specific differences in the overall 

composition of either peptidoglycan or wall teichoic acid 

(Surana, 1987). It appears therefore that helix hand could 

be biomechanical in nature. 
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Rationale and Scope of this Investigation 

Little is known about the genetic regulation of either 

macrofiber formation or macrofiber twist state phenotypes. 

Two genes, fibA and fibB, involved in macrofiber production 

were identified (Saxe and Mendelson, 1984). Neither fibA or 

fibB, however, were implicated in the helix hand 

determination. Another gene, lyt, was later shown to 

control macrofiber production. Its mode of action appears 

however to only involve the suppression of cell separation 

resulting in chains of cells (Fein, 1976). 

The variety of factors found to regulate the 

establishment of macrofiber twist state suggests that gene 

products operating at the time of cell wall assembly 

influence the assembly process and that the assembly process 

is very sensitive to different environmental conditions. 

The first goal of this investigation was to identify 

unknown factors that control the macrofiber production, the 

regulation of cell wall assembly leading to twist state and 

the biomechanics of forces in the cell wall responsible for 

conversion of helical assembly of cell surfaces into helical 

cell shape of a particular twist in macrofiber. 

Genetic studies were carried out to search for new 

genetic factors that control multicellular growth in ~ 

subtilis macrofiber formation and its structural states. 



Attempts were made to identify specific regions of the 

organism's DNA that regulate the two processes. 
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Regulation of processes via physical forces is now well 

established in some biological cases. Physical forces could 

influence gene expression, cell cycle order, cell shape and 

morphogenesis. The growth dynamics of B. subtilis mutant 

(FJ7) involving sequential rotation, folding and wrapping 

together the hairpin-like structure into a helical form 

seems to be the result of biomechanical forces that arise 

during cell growth. Therefore, a second goal of this 

research was to use the macrofiber system to develop a model 

for the role of mechanics (forces) in regulation. To do so 

special macrofiber producing strains were constructed that 

carry a reporter gene at random locations in the genome. 

Expression of the reporter gene was then studied both in 

macrofibers and their individual cells in response to 

various physical stimuli. Evidence was found indicating 

cells can sense physical aspects of the environment and 

respond by turning on genes. 



Chapter 2 

MATERIALS AND METHODS 

41 

The bacterial strains used in this study are listed in 

Table 1. strains generated during this investigation and 

their helix phenotype are described in Table 2. The plasmid 

vector PTV32ts was produced by Youngman (1987). It was 

transferred into FJ7 by transformation (Surana, 

UA.Thesis.1987). 

Media 

Liquid media used for the growth of strains included 

Tryptose Broth (TB) , Tryptose broth supplemented with 

viscous agents: Methylcellulose, A4M. MW 86,000 (Dow 

Chemical Company, Midland, Michigan); Polyvinyl-pyrrolidone, 

PVP MW. 360,000 (Sigma); PVP. MW. 40,000 (Sigma) and Agar 

(Difco). TB consisted of Tryptose (Difco), 109; beef extract 

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

Different concentrations of viscous agents were solubilized 

in deionized water (W/V) and dialized overnight against 

deionized water. viscous solutions were made up by addition 

of dialized viscous agents to tryptose broth. The viscous 

solutions were used to study the effect of viscosity, a 

physical factor, on macrofiber growth and regulation. 



Table 1. Bacillus subtilis strains used in this study. 

strains Genotype Source 

FJ7 Mete lyt-2 J. Fein 

PTV32tsb EmR emRa P. Youngman 

Fj7USRC Mete lyt-2 B. Salhi 

FJ7US2 Mete lyt-2 EmR emR U. Sur ana 

FJ7US3 Mete lyt-2 EmR emR U. Sur ana 

FJ7US4 Mete lyt-2 EmR emR U. Sur ana 

FJ7US5 Mete lyt-2 EmR emR U. Sur ana 

FJ7US1 Mete lyt-2 EmR emR U. Sur ana 

a Plasmid mediated resistance to antibiotics: erythromycin, 
1 ~g/ml; chloramphenicol, 15 ~g/ml. 
b strain carrying the same name as the harbored plasmid. 
C FJ7US2R is a cured strain (loss of PTV32ts plasmid) . 
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Table 2. strains isolated in this study from FJ7US2 that 
carry a Tn917 insertion. 

strains Genotype Helix Phenotype 

TBM- TBNb 

F1 MeteC lyt-2 d EmR LmR RH LH 

F2 Mete lyt-2 EmR LmR RH LH 

F3N Mete lyt-2 EmR LmR RH LH 

B1 Mete lyt-2 EmR LmR RH LH 

B2 Mete lyt-2 EmR LmR RH LH 

B3 Mete lyt-2 EmR LmR DO LH 

3:1 Mete lyt-2 EmR LmR RH LH 

3:2 Mete lyt-2 EmR LmR RH/DO LH 

5:23 Mete lyt-2 EmR LmR RH LH 

5:26 Mete lyt-2 EmR LmR RH LH 

7:10 Mete lyt-2 EmR LmR RH/DO LH 

6:50 Mete lyt-2 EmR LmR DO LH 

5:7 oring Mete lyt-2 EmR LmR RH LH 

5:7 BSP(ORI) Mete lyt-2 EmR LmR RH LH 

a TB broth supplemented with 20rnM magnesium sulfate . 
b TB broth supplemented with 30rnM ammonium sulfate . 
RH: Right handed, LH: Left handed, DO: Disorganized. 
C Require methionine. 
d Autolytic enzyme deficient. 
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Table 2 (continued). strains isolated in this study from 
FJ7US2 that carry a Tn917 insertion. 

strains Genotype Auxotrophic 
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Insertion Mutations 

5 7 Metee lyt-2 f leu iso valb EroR LmRa liv · . Tn917 · . -- -- -- -- --
21 7 Mete lyt-2 leu iso val EmR LmR liv · . Tn917 · . 
13 5 Mete lyt-2 arqc EroR LmR arg · . Tn917 · . 

6 44 Mete lyt-2 quad EroR LmR gua . . Tn917 . . 
7 1 Mete lyt-2 qua EroR LmR gua · . Tn917 · . 

• Transposon Tn917 mediated resistance to antibiotics; 
erythromycin 1 ~g/ml; lincomycin 25 ~g/ml. 
b Require leucine, isoleucine and valine (liv). 
C Require arginine (arg). 
d Require guanine (gua). 
e Require methionine (met). 
f Autolytic enzymes deficient. 
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Minimal media, TS consisted of spizizen's salt (spiz) 

as their base. A lOx Spiz salts stock contained per liter of 

deionized water: (NH4b S04' 20g; K2HP04, 140g; KH2P04, 60g; Na3 

citrate. 2H20, 109; and MgS04 • 7H20, 2g. TS was made by 

aseptically mixing spitz salts, 100 ml of lOx stock; 

glucose, 25ml of 20% stock; sodium glutamate, 25ml of a 20% 

stock; MnS04• H20, 1.3ml of a 0.75 mg/ml solution; yeast 

extract, 0.2 ml of a 5% solution; and sterile deionized 

water to a final volume of 1 liter. TS minimal was prepared 

with the addition of methionine, 10ml of 2 mg/ml stock to TS 

(1 liter total volume). 

Solid media used for growth and maintenance of 

bacterial cultures consisted of Tryptose Blood Agar Base 

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

water. 

Liquid media used for insertion mutagenesis was TB 

suplemented with 10 ~g/ml chloramphenicol, 20 ng/ml 

erythromycin and 20 ~g/ml methionine from a stock solution 

of 2 mg/ml. SMMP/BSA are liquid media used for generation 

and regeneration of spheroplasts. In this study SMMP/BSA was 

used to treat long chains of cells with lysozyme to obtain 

single cells or fragments of 2 to 3 cells. SMMP/BSA was made 

by mixing equal volumes of 2 x SMM (+BSA) and 4 x PAB. 2 x 

SMM is composed of sucrose, 342.3 gIl; maleic acid, 
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4.64 gIl; and MgC12 • 6 H20, 8.15 gIl. To make 4 x PAB, 70 g 

of antibiotic media #3 (Difco) was disolved in 1 liter of 

deionized water. The two media were sterilized individually 

then filter sterilized BSA (2% final concentration) was 

added to the former. 

Solid media used for selection of Tn917 insertions were 

TBAB, TBAB (EL: 1/25) supplemented with antibiotics, 

erythromycin (1 ~g/ml) and lincomycin (25 ~g/ml) and TBAB 

(EC) supplemented with erythromycin (1 ~g/ml) and 

chloramphenicol (15 ~g/ml). For selection of auxotrophs TS 

minimal media was used. It consisted of TS minimal solution 

supplemented with antibiotics and 20 g of agar per liter. 

solid media used to detect lac Z expression were TBAB and TS 

media containing a chromogenic substrate, X-gal (5-bromo-4-

chloro-3-indolyl-~-D-galactoside) and antibiotics (EL or 

EC). A stock of X-gal solution was made up with 100 mg of X

gal per 5 ml of N,N-dimethylformamide. The final 

concentration of X-gal per plate of TBAB or TS minimal was 

40 ~g/ml for 1x concentration. 

Liquid media used to identify developmentally regulated 

genes by expression during macrofiber production was TB 

supplemented with X-gal and antibiotics (EL). 

Media used to quantitate transposition by direct 

plating were TBAB and TB soft-agar overlay. The latter 
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consists of TB broth supplemented with 0.7% agar. 

Antibiotics were added after sterilization at a 

concentration of 0.4 mg/ml for erythromycin and 10 mg/ml for 

lincomycin prior to plating onto TBAB plates. 

Media used in macrofiber production included T and TB 

for growth of the strains. T medium was prepared by 

exclusion of NaCl and beef extract from TB broth. The 

antibiotics used throughout this investigation served to 

maintain the plasmid (EC:1/1S) or the stability of the 

transposon (EL:1/2S). 

Growth and Maintenance of Bacteria 

B. subtilis strains were kept for long term storage as 

spores either at room temperature on slants of Schaeffer 

agar or at 4°C in water. Schaeffer plates were used for the 

production of spores. This media consisted of: nutrient 

broth, 8gi MgS04 • 7 H20, 0.25gi KCl, 19i and Bacto-agar 

(Difco), 20 mg in 1 liter of deionized water. After 

sterilization, 1 ml of each MnCl2 , O.OlMi FeS04 • 7 H20, 1mM; 

Ca {N03)2 • 4 H20, O.SM and 10ml of 2 mg/ml solution of 

thymidine were added. 

Macrofibers were produced in liquid media under static 

(non agitated) conditions. They were subcultured daily by 



transferring small fragments of young fibers to fresh TB 

medium. 

Isolation and Initial Characterization of Mutants 
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In view of the availability of plasmid vectors for 

recovering and exploiting Tn917-lac transpositions in ~ 

subtilis and other gram-positive species (Youngman et ale 

1985ai Youngman et ale 1985bj Perkins and Youngman, 1986), 

we conducted insertion mutagenesis of B.subtilis strain FJ7 

using the plasmid vector PTV32ts (Figure 1a), in order to 

isolate new mutants. The strains obtained that carry the 

Tn917-lac insertions in proper orientation could then be 

used to study the regulation of gene expression in vivo. 

Insertion Mutaqenesis 

The method of "shotgunning" or obtaining random 

insertions of the streptococcus faecalis transposon Tn917 

into the Bacillus subtilis chromosome was first described by 

Youngman et ale (1983). A modified version of it was later 

put forward by Vandeyar and Zahler (1986). The Sheptococcus 

feacalis transposon Tn917 was introduced into B. subtilis 

FJ7 by spheroplost transformation with the plasmid PTV32ts 

(Surana, 1987). The transformants obtained were selected on 
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the basis of their drug resistant phenotype (EmR , CmR gene 

are carried by the transposon vector PTV32ts). The 

transposon vector PTV32ts also carries the 5.3 kb transposon 

Tn917-lac fusion lacking a promoter for the lac Z gene, a 

chloramphenicol resistance marker, and a heat sensitive 

replication system; PTV32ts can replicate well in B.subtilis 

at 30°C or 37°C, but cannot at 50°C. The transposon encodes 

resistance to the MLS antibiotics (Macrolides, Lincosamides 

and streptogramin B). 1 ~g/ml of erythromycin and 25 ~g/ml 

of lincomycin were used as selective conditions for MLS 

resistance (MLSR). A subinhibitory level, 20 ng/ml of 

erythromycin induces transposition (Tomich et al., 1980). 

In this investigation B.subtilis FJ7US2, a derivative 

of B.subtilis FJ7 harboring PTV32ts was used for insertional 

mutagenesis. The strain was streaked for single colonies on 

an agar plate containing 15 ~g/ml chloramphenicol; 

erythromycin, 1 ~g/ml; lincomycin 25 ~g/ul, and incubated 

overnight at 30°C. A single FJ7US2 colony was selected and 

grown in Tryptose Broth (TB) (Difco) supplemented with 

chloramphenicol 10 ~g/ml, erythromycin 20 ng/ml and 

methionine 20 ~g/ml at 32°C for 18h with aeration. since 

FJ7US2, is a lyt- mutant, it grows as long chains of cells. 

Attempt were made to reduce these chains to single cells 

prior to marker selection so as to avoid isolation of clones 
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with mixed genotype. To do so, 5ml of FJ7US2 cells were 

collected by centrifugation at 3000 rpm for 10 min and 

resuspended in SMMP/BSA for further treatment with lysozyme 

(at a final concentration of 5mg/ml). The culture was 

examined in the microscope every 5 minutes at 30°C for 

breakdown of the chains. Cells were pelleted, washed once 

with 5 ml SMMP by resuspension and centrifugation as before, 

and resuspended in 2 ml of SMMP/BSA. After appropriate 

dilutions, samples of the treated filaments were plated on 

TBAB plates containing selective concentration of 

antibiotics (EL: 1/25). Methionine, 20 ~g/ml was 

supplemented as a growth requirement. The plates were 

incubated at 48°C. The erythromycin, lincomycin resistant 

clones that exhibited sensitivity to chloramphenicol were 

considered insertional mutants. 

Isolation of Plasmid DNA 

Several procedures have been developed in recent years 

for rapid isolation of plasmid DNA. The most commonly used 

method is the alkaline extraction procedure (Birmboim and 

Doly, 1979; Rodriguez and Tait, 1983) that yield plasmid 

preparations virtually free of contaminating chromosomal 

DNA. Plasmid DNA using this method is suitable for both 

transformation and restriction enzyme analysis. 1.5 ml TB 
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cultures of plasmid containing strains, supplemented with 

appropriate antibiotics were grown overnight at 32°C. The 

cells were harvested by centrifugation in an eppendorf 

microfuge tube for 1 min. The pellet was washed once, with 1 

ml of SET buffer (20% sucrose; 50 roM tris-HCI, pH 7.6; 50 rnM 

EDTA) and resuspended in 150 ~l of the same buffer. To this 

suspension was added 20 ~l of RNase buffer (pancreatic RNase 

A, 10 mg/ml in 0.1 M Na Acetate, 0.3 roM EDTA, pH 4.8; 

preheated to 800C for 10 min) and 50 ~l of lysozyme at a 

concentration of 5 mg/ml in TEN buffer consisting of 10 rnM 

tris-Hcl pH 7.6, 1 roM EDTA, 10 roM NaCI. The mixture was 

vortexed prior to addition of 350 ~l of lytic mixture (1% 

SDS, 0.2 N NaOH) at room temperature. Upon addition, the 

mixture was vortexed briefly, the spheroplasts were lysed 

and the solution became clear. The tubes were placed on ice 

for 10 min. To neutralize the clear lysate, 250 ~l of Na 

acetate buffer (3.0M, pH 4.8) was added to each tube. The 

tubes were inverted 15 times and incubation on ice was 

continued for 60 minutes. The denatured protein-DNA formed 

during this period will precipitate out of solution and was 

removed by centrifugation in a microfuge tube for 6 min at 

4°C. An equal volume of isopropanol was added to the 

supernatant, the tubes inverted several times and the 

plasmid DNA was recovered by centrifugation in a microfuge 
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tube for 10 minutes at room temperature. The DNA pellet was 

washed with 1 ml of 70% ethanol, centrifuged and dried in a 

vacuum dessicator and finally resuspended in 10 ~l of 

deionized water. 

Restriction Endonuclease Diqestion 

The confirmation of the presence of the desired plasmid 

in cells (FJ7US2, PTV32ts) or its absence following the 

transposition event in insertion strains was carried out by 

a "miniscreen" plasmid isolation of different samples, which 

were then subjected to restriction endonucleases (purchased 

from united states Biochemical Corporation, Cleveland, 

Ohio). The following components, mixed in a sterile 

microf"uge tube, constituted the reaction mixture: 3-5 ~g of 

plasmid DNA in 10 ~l of deionized water; 2 ~l of lOx 

appropriate reaction buffer, 4 ~l of restriction 

endonuclease (4 units) and water to bring the final volume 

to 20 ~l. The digestion mixture was incubated at 37°C for 2 

hours after which the reaction was terminated by incubating 

all samples at 65°C for 5 minutes and then quickly chilling 

on ice. The resultant DNA fragment patterns were analyzed by 

loading samples on a mini agarose gel. Phage lambda 

CI857Sam7 DNA, digested with Hind III was regularly used as 

standard for sizing the restriction fragments. The following 



restriction endonucleases and reaction buffer systems (lX) 

were utilized in this investigation. 

Hind III: 25 mM Tris-Hcl (pH 7.8), 50 mM Nacl, 

10 mM MgCI2 , 100 ~g/ml BSA, 

BamHI: 

ECORI: 

1 mM dithiothreitol 

25 mM Tris-Hcl (pH 7.8), 100 mM 

NaCI, 10 mM MgCI2 , 100 ~g/ml 

BSA, 1 mM dithiothreitol 

BamHI buffer 

Gel Electrophoresis 
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One of the most powerful and commonly used techniques 

for the seperation of nucleic acids according to their mass 

and structural configuration is electrophoresis in either 

agarose or acrylamide gels (Loening, 1967; Aaij & Borst, 

1972; Myers et al., 1982) or a combination of the two 

(Peacock & Dingman, 1968). In this investigation, the 

restriction endonuclease generated DNA fragments were 

resolved on agarose gels, a standard procedure described by 

Maniatis et al. (1982). Agarose gel separations were run in 

a mini horizontal electrophoretic apparatus (GNA-100, 

Pharmacia). Agarose (0.8% final concentration) was dissolved 

in TBE buffer (90mM Tris-HCI pH 8.2, 2.SmM EDTA, 89mM boric 



55 

acid) in a boiling water bath. The solution was cooled to 

50°C before the gel was cast in an acrylic holder (82 x 

106mm). After solidification, the gel was submerged in 1 x 

TBE buffer pH 8.2. DNA samples were mixed with 1/3 volume of 

the 6 x loading buffer (0.25% bromophenol blue, 40% sucrose 

in deionized water) and 15~1 were loaded to each of the 

wells. Electrophoresis was performed at constant 40 volts 

(4v/cm) until the tracking die reached within 0.5cm from the 

anode-edge. When electopheresis was complete the gel

supporting base plate was removed and the gel was 

transferred into an aqueous solution of ethidium bromide 

(5~g/ml) to stain the DNA. The DNA fragments were visualized 

using an ultra-violet transilluminator (La Jolla Scientific 

co.). 

Identification of Mutants 

Transposition of Tn917 from PTV32ts to the bacterial 

chromosome were selected by plating samples of the culture 

on TBAB plates containing selective concentration of Em 

(l~g/ml) and Lm (25~g/ml). Methionine was supplemented as a 

growth requirement. These plates were incubated at 48°C. 

Colonies that grew (EmR LmR) were then transferred to ELC 

(Erythromycin-Lincomycin-Chloramphenicol) plates to check 

for loss of the PTV32ts plasmid and confirming the insertion 
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of the transposon Tn917 into the chromosome. 

Colonies picked with sterile toothpicks were used to 

inoculate TBAB (ELC) and TBAB (EL) master plates. Each held 

52 colonies in a grid pattern. Master plates were incubated 

at 32°C for 36h-48h. We focused on isolates that were unable 

to grow on chloramphenicol but were able to grow on 

erythromycin and lincomycin antibiotics. A bank of insert

containing strains was obtained. Each isolate carried the 

expected drug-resistance pattern: ERLRCS (Em resistance, Lm 

resistance and chloramphenicol sensitivity) isolates. The 

ERLRCS isolates were then streaked onto fresh TBAB (EL:1/25), 

in order to obtain individual colonies. These were picked, 

transferred and streaked once more, to purify them. 

If the insertion mutagenesis is random as it was 

claimed to be (Youngman et al., 1983; Youngman et al., 

1984), one would expect auxotrophic mutants amongst isolates 

from the bank obtained. Therefore, screening for auxotrophs 

was carried out. The auxotrophic mutants were selected by 

transferring each isolate onto TS minimal plates 

supplemented with antibiotics (EL:1/2S). Cells that were 

unable to grow on TS minimal (EL) media but grew on TBAB 

(EL) complex media were retained as being auxotrophs. 

Further identification of the auxotrophic requirements was 

determined using growth factor pools analogous to those 
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described by R. Holliday (1956). 

A further goal of this study was to obtain Tn917-lac 

fusions and to identify genes on the basis of their 

expression or change of expression under specific 

conditions. The approach was to transfer isolates of the 

ERLRCS bank onto TBAB media (EL:1/25) media containing X-gal 

(indolyl galactopyranoside, a chromogenic indicator 

substrate that when hydrolyzed in the presence of 02 forms a 

blue precipitate). Any colony where the transposon-~

D-galactosidase gene fusion had integrated close to an 

active chromosomal promoter will synthesize ~-galactosidase 

which in the presence of X-gal develops a blue color. 

An alternative method to detect Tn917-lac fusion was to 

spray small amount of an indicator substrate 4-

methylumbelliferyl-~-D-galactoside (MUG) on colonies to be 

screened (Youngman et al., 1985). When MUG is hydrolyzed by 

~-galactosidase, a methylumbelliferone is generated which is 

highly fluorescent under long wave length ultra-violet 

light. Although very sensitive, the MUG assay has 

limitations. MUG must be applied only after the colonies to 

be screened have developed, therefore, one cannot 

conveniently study developmental regulation of genes using 

MUG. 
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Determination of Helix Hand and Helix Twist 

Helical bacterial macrofibers have been produced by the 

selection of appropriate ~ subtilis mutants. The method for 

producing macrofibers and determining helix hand has been 

described by Mendelson (1978). The inoculum size and the 

physiological conditions of cells used to initiate helical 

macrofiber production and helical hand are critical factors. 

During the normal course of length extension, the end-loop 

in a helical structure undergoes rotational movement, the 

direction of which can be used for a rapid estimation of the 

handedness. Macrofibers produced by insertion strains, were 

observed directly under a binocular dissecting-microscope, 

to determine the helical orientation. A structure with the 

loop turning in a clockwise fashion when viewed from its 

tail end was considered right-handed, when the loop rotation 

was counterclockwise, the macrofiber was considered left

handed. For a more accurate examination, wet mounts were 

observed under a phase contrast microscope, by focussing on 

the uppermost and lowermost surface of fibers. If the 

helically wrapped strands of a structure are oriented from 

lower left to upper right while focusing on the uppermost 

surface and oriented in the opposite way while focusing on 

the lowermost surface, the structure observed was regarded 

as being right-handed (RH). The cellular filaments of left-
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handed (LH) macrofibers exhibited exactly the opposite 

orientation with respect to upper and lower focal planes. 

The structural organization corresponding to various twist 

states are shown in Figures 2 and 2a. This technique was 

used to score large numbers of macrofibers produced by the 

mutants isolated during this investigation. From a culture 

growing in a given set of conditions, a twist state was 

assigned as judged by the organization of the structure. A 

scale was used for this purpose (surana, UA Thesis.198?). 

The scale shows a right-handed domain and a left-handed 

domain with 0 (disorganized state with zero twist) as its 

center, + and - signs refer to right-handed (RH) and left

handed (LH) conformations respectively, the numbers indicate 

the degree of twist estimated qualitatively by microscope 

examination. (Figure 3). 

Effect of Physical and Physiological stimuli on Macrofiber 

Production and Twist state 

The findings of previous studies, indicated that both 

genetic and physiological factors play a role in the 

development of twist state at the time of cell wall asembly 

(Mendelson, 1982). However, Mendelson did not rule out the 

role of forces and their impact involved in helical growth, 

the contraction (writhing, turning, bending) and packaging 
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Figure 2. wet mounts of FJ7 macrofibers with structural 
organization of various twist states observed under a phase 
contrast microscope x1800. The structures were produced by 
growing FJ7 in TB supplemented with 20mM magnesium sulfate (a) 
and TB supplemented with 30mM ammonium sulfate (b). 

a - Macrofiber with structure organization representative of 
right hand (RR) twist state, focussing on the upper most 
focal plan. 

b - Macrofiber with structure organization representative of 
left hand (LH) twist state, focussing on the upper most 
focal plan. 
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Figure 2a. Photomosaic of right-handed (RH) FJ7 macrofiber 
structure with the loop turning in a clockwise fashion (x 
1800). 



1---------- LH ----------1 
Domain DO 

+6 -6 

1---~--~--~--1r--~---I---;---1---~---f--~----1 
LH max DO RH max 

I------------RH----------I 
Domain 

Fig. 3. A scale for qualitative estimation of helical 

twist. The central line, designated DO, correspondes to 0 

twist. LH, left handed; RH, right handed. 
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(wrapping upon touching) of the structure. In order to 

investigate the manner in which the environmental physical 

and physiological factors regulate growth, the mutants 

carrying inserts isolated during this investigation were 

grown in different media (TS min, TB, T). These media were 

seeded with small fragments of macrofibers produced in TB 

without any supplements. The fragments were allowed to 

regenerate into complete helical structure at 20°C for 18 

hours before they were microscopically examined and the 

static twist determined. 
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The effect of physical stimuli was determined by 

growing selected inserts in viscous environments containing 

TB supplemented with different viscous agents, 

methylcellulose, PVP360 and PVP40. The viscous media were 

supplemented with ions and also used without any 

supplements. These media were inoculated with homogenized 

culture then grown overnight in TB at 20°C. After 18 hours 

incubation period, macrofibers were produced and twist state 

was determined as previously described. 

Growth of Selected Tn917-lac Gene Fusion Insertion strains 

The following protocol was used to identify and 

analyze developmentally regulated genes of B. subtilis whose 
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products are involved in helical growth, macrofiber 

production, twist development and the range of twist state 

that can be achieved in response to different stimuli 

(physical and physiological). Media containing TB and TB 

plus viscous agents were prepared, bottled and sterilized. 

2.5 ml of appropriate medium was dispensed in each well of a 

multiwell (6 well) tissue culture plate (FALCON). Each well 

was then supplemented with X-gal. To study the effect of 

ions in viscous environments, ammoniun sulfate (NH4)2S04 (30 

mM) and magnesium sulfate MgS04(20 mM) were supplemented in 

particular wells. The media were inoculated with a 

homogenized culture and grown overnight in a static TB 

media. The hand state was determined after 18 hours of 

growth. The blue color development due to the hydrolysis of 

the substrate, by the synthesized ~-galactosidase was 

monitored initially for each strain. A positive sign (+) was 

used to indicate the appearance of blue color. a negative 

sign (-) for lack of blue color. The amount of ~

galactosidase activity was also estimated. 1(+), 2(++), 

3(+++), 4(++++) were assigned depending on the intensity of 

the blue color that developed. 
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Determination of p-galactosidase Activity 

To quantitate the activity of a gene fused to lacZ or 

to measure changes in expression under conditions that 

influence regulation of the fused gene, required a more 

precise determination of p-galactosidase activity. The 

standard assay described by Miller (1972) was followed. 

Cells growing exponentially in TB and TB plus viscous agents 

were centrifuged (10,000g for 15 min. at 4°C). Cells were 

washed twice and resuspended in Z buffer (Na2 HP04 • 7 H20, 

16.1g/li NaH2P04 • H20, 5.5g/li KCI, 0.75g/li MgS04 • 7 H20, 

0.246g/li p-mercaptoethanol, 2.7 ml, adjusted to pH 7.0) and 

stored at -20°C for later determination. 48h later, samples 

were thawed at room temperature and placed on ice. The 

pellet was resuspended and cells were disrupted by 

sonication (Sonifier, W350i Branson Sonic Power Co.) in a 

cold shoulder cell, cooled in an ice/water mixture until 80% 

to 90% breakage (monitored using a phase contrast 

microscope) was achieved. All samples were centrifuged in 

the microcentrifuge for 5 min at 4°C to remove debris. 

Suspernatants were assayed for p-galactosidase activity by 

addition of 100 ~l of the supernatant to 0.4 ml Z buffer 

containing 1 mg/ml O-nitrophenyl-p-D-galactoside (ONPG) for 

a final reaction volume of 0.5 mI. The ONPG solution is 
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colorless, but when cleaved by ~-galactosidase it is 

converted to galactose and O-nitrophenol (ONP), a yellow 

compound that can be quantitated by its absorption at 420nm. 

If the ONPG is in excess, the amount of ONP produced is 

known to be proportional to the amount of enzyme present and 

to the time the enzyme reacts with the ONPG (Miller, 1972) • 

The A420nm absorbance produced per unit time is linear for at 

least 6 hours for supernatants prepared from ~ coli cells 

(Miller, 1972). In this study, samples were incubated at 

37°C for three hours. The reaction was then stopped by 

addition of 0.5 ml of 1M Na2C03. The absorbance at 420 nm was 

then determined using a blank prepared identically that 

lacked the supernatant in the Z buffer. The latter served as 

a control for the spontaneous cleavage of ONPG. Those 

samples with very low or no activity (absence of color after 

3 hours incubation) were allowed to continue incubation up 

to 24hrs. The specific activity of ~-galactosidase is 

defined in terms of units per mg protein. Many investigators 

define one unit of ~-galactosidase as the amount necessary 

to hydrolyze 1.0 micromole of ONPG to ONP and galactose per 

minute at pH 7.3 at 37°C. In our investigation ~

galactosidase specific activity was defined in terms of 

nanomoles ONP produced per minute per milligram protein and 

was calculated according to the following equation: (Kroos 
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et al., 1986) 

213 X A420 

(ml) (mg protein/ml) (min) 

where 213 is the A420 of one nanomole of ONP. The A420 obtained 

in the ~-galactosidase assay is converted to nanomoles ONP 

produced by multiplying the A420 by 213, ml is the volume of 

supernatant used in the ~-galactosidase assay, mg protein/ml 

is the protein content of the supernatant, and min is the 

number of minutes the ~-galactosidase assay was incubated 

before stopping the reaction. Protein was measured using the 

Bradford (1976) method, by adding 5 ml of fivefold-diluted 

Bio-rad reagent to 100 ~l of supernatant, reading the 

absorbance at 595nm after 30 min, (using Bovine Serum 

Albumin (BSA) as a protein standard). The absorbance at 

420nm and 595nm was read in a Beckman DU-30 

spectrophotometer. 



Chapter 3 

RESULTS 

Chromosomal insertion of Tn917-lac in FJ7US2 
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The strain used in this study was FJ7US2 Bacillus 

subtilis was derived from FJ7 (Table 1). Tn917-lac a 

derivative of the streptococcus faecalis transposon Tn917 

(Youngman et al., 1984; Youngman et al., 1985) was 

introduced into B. subtilis FJ7 by spheroplasts 

transformation with the plasmid PTV32ts. The transposon 

vector PTV32ts is a plasmid that carries the 5.3kb 

transposon Tn917-lac, drug resistance marker and a heat 

sensitive replication system. The Tn917 transposon carries a 

promoterless E. coli lac Z gene preceded by a good Bacillus 

ribosome binding site (Figure 1a). If a B. subtilis 

chromosomal promoter causes transcription into the 

transposon in the proper orientation, p-galactosidase will 

be produced. Control of the B. subtilis promoter can then be 

studied by monitoring ~-galactosidase concentration. With a 

good lilac-system" in hand, genetic transposition and 

insertional mutagenesis in B. subtilis was carried out 

following the procedure of Vandeyar and Zahler (1986) and 

the first bank of Tn917-lac insertion mutants was obtained. 

FJ7US2 was grown in antibiotic media #3 (Difco laboratories) 

supplemented with chloramphenicol (Cm) 10 ~g/ml and 
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erythromycin (Em) 20ng/ml (this concentration was found to 

induce transposition of Tn917 by Tomich et al (1980» and 

methionine 20 ~g/ml at 32°C fo 18 hours with aeration. The 

second and third banks were obtained by following the 

procedure of Youngman (1987). From previous studies Youngman 

and his coworkers (1984) have estimated that as many as 95-

99% of all insertions may be within hotspot area. Therefore 

to increase the probability of obtaining insertion in any 

gene of interest, the 32°C growing culture was diluted 100 

fold into a 48°C prewarmed media. In this study, the FJ7US2 

strain (bearing the transposon vector PTV32ts ) was streaked 

for single colonies on an agar plate containing selective 

levels of em (10 ~g/ml) and Em (1 ~g/ml). The plate was 

incubated at 30°C. The following day, a single colony was 

used to inoculate TB broth containing the same antibiotics 

and incubated at 32°C with moderate aeration for 18 hours. 

The culture was then diluted 100 fold into 1 liter of fresh 

media of the same composition prewarmed to 48°C and growth 

was continued for 18 hours with moderate aeration. 

Selection of Tn917-lac insertion into the bacterial genome 

In both methods cells in which transposition of the 

Tn917 from PTV32ts to the bacterial chromosome had taken 
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place were selected by plating samples on TBAB plates 

containing erythromycin (1 ~g/ml) and lincomycin (25 

~g/ml),plus methionine (20 ~g/ml) as a growth factor 

requirement. The plates were incubated at 48°C, the 

restrictive temperature for PTV32ts plasmid replication. The 

resulting colonies arose from cells in which Tn917 had been 

transposed from the plasmid to the chromosome (EmRLmRemS : 

erythromycin resistant, lincomycin resistant and 

chloramphenicol sensitive) or from cells that retained the 

plasmid PTV32ts (EmRLMRCMR: erythromycin, lincomycin and 

chloramphenicol resistant). We confirmed the transposition 

event by scoring for the loss of the plasmid marker, 

chloramphenicol resistance, and focussed on EmRLmRemS 

isolates. The mutant banks obtained and the percentage of 

insertions of each is shown in Table 3. 

stability of Plasmid PTV32ts in FJ7US2 without Selection 

To determine whether PTV32ts would be maintained in 

FJ7US2 in the absence of antibiotic selection, FJ7US2 was 

grown in a non selective environment (TB without antibiotics 

Em and em) at 48°C with moderate shaking for 18 hours. After 

appropriate dilutions 50-100 ~l samples were spread on TBAB 

(without antibiotics) and incubated at 48°C overnight. The 



Table 3. Isolation of Tn917 insertions and auxotrophic mutants of Bacillus subtilis 
FJ7US2. 

NUMBER OF COLONIES 

That Grew On But Not On 

TBAB + TBAB + MINIMAL + 
Erythromycin, Erythromycin, Erythromycin, Percentage 
Lincomycin, Chloramphenicol, Lincomycin, of Method 

Bank Methionine Methionine Methionine Insertions Used 

#1 1350 25 5(6) 98% Vandeyar 
& Zahler 
(1986) 

#2 900 236 1(?) 74% Youngman 
(1987) 

#3 277 45 ND 83% Youngman 
(1987) 

-.J 
I-' 
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results obtained are shown in Table 4. One spontaneous 

insertion was found. without selection the plasmid was lost 

from all other isolates. Therefore, the presence of 

selective antibiotics (Em and Cm) in the environment seems 

to be necessary for the maintenance of the Tn917-lac vector 

in the strain. Data obtained show that transposition into 

the chromosome can be spontaneous. An estimate was made 

therefore of the frequency of transposition in FJ7US2 at the 

time of its use during an insertion mutagenesis. 

Quantitation of Chromosomal Insertions by Direct Plating 

The frequency of spontaneous transposition was 

determined to confirm the absence of an abnormally high 

steady state level of chromosomal insertion which might lead 

to the presence of a "jackpot" insertion event. 

(Transposition that occurred early in the growth of the 

culture and which therefore had become disproportionaly 

abundant in the mid-log population). During the insertional 

mutagenesis experiment, when the 32°C liquid culture of 

FJ7US2 had reached log-phase, a sample was removed and 

serial dilutions were prepared in TB broth. The dilutions of 

the samples were transferred into 2.5ml of TB soft agar 

overlays tubes. Each tube was supplemented with O.lml of Em 



Table 4. stability of plasmid PTV32ts in FJ7US2 without 
selection. 

TBAB 

50 

31 

NUMBER OF COLONIES THAT GREW ON 

TBAB + 
Erythromycin, 
Chloramphenicol, 
Methionine 

o 

o 

TBAB + 
Erythromycin, 
Lincomycin 

1 

o 

One spontaneous insertion was found in one experiment. 
without selection the plasmid was lost from all other 
isolates. 

73 
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(0.4 mg/ml) and 0.1 ml of Lm (10mg/ml) immediately prior to 

plating onto TBAB plates. Plates were incubated respectively 

at 32°C and 48°C. The frequency of transposition is 

determined by comparing the titre of EmRLmR colony-forming

unit (c.f.u.) at 32°C and 48°C. The transposition frequency 

(titre at 48°C divided by titre at 32°C) was estimated to be 

in the range of 5 x 10-4 - 5 X 10.3 (Youngman, 1987). A 

frequency greater than 10.3 indicates a significant 

enrichment in the population for Tn917-lac insertion and may 

indicate that the distribution of insertions in the 

population is less random than can be achieved. Table 5 

shows the data used to determine the frequency of 

transposition during insertion mutagenesis. since the 

frequency of transposition was equal but not greater than 

10.3 , it is unlikely that significnat enrichment of Tn917-lac 

insertions took place early in the growth phase and thus 

transposon Tn917-lac probably did become integrated into the 

FJ7 chromosome at random. If this is the case, we would 

expect to recover auxotrophs amongst the collection of 

inserts obtained. 



Table S. Frequency of transposition estimated by direct plating. 

Temperature Amount Average Colony-Forming 
of Incubation Plates Dilutions Spread # Colonies units, C.F.U./ml' 

48°C TBAB(EL:1/2S) 10-1 SOJ,Ll 40 8 x 103 

TBAB(EL:1/2S) 10-2 SOJ,Ll 3 6 x 103 

TBAB(EL:1/2S) 10-3 100J,Ll 1 1 x 104 

32°C TBAB(EL:1/2S) 10-3 100J,Ll 236 2.36 X 106 

C.F.U. EmRLmR at 48°C 8 X 103 

Frequency of Transposition = = 3.38 X 10-3 

C.F.U. EmRLmR at 32°C 2.36 X 106 

-.J 
Ul 



screening for Auxotropbs 

From previous studies (Vandeyar and Zahler, 1986) the 

frequency of auxotrophs obtained during a transposition 

event was found to vary between 0.5% to 3% in different 

experiments and more than 90% of the auxotrophs were glt. 
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In these the transposon was found to be located in the gltAB 

region, very close to the B. subtilis terminus of 

replication. The strains constituting the bank of Tn917-lac 

inserts were picked with a toothpick and transferred 

aseptically on TS minimal plates supplemented with selective 

concentrations of antibiotics, Em (1 ~g/ml) and Lm (25 

~g/ml) and with 2.5% (V/V) of glutamate solution (20% W/V) 

that is, to satisfy the requirement of the large proportion 

of the glt-auxotrophs. Six(6) auxotrophic mutants of ~ 

subtilis FJ7 were found (Table 3). Further identification of 

the growth factor requirements was made possible using a 

method analogous to the one described by Clowes and Hayes 

(1968) after R. Holliday (1956). The L-amino acid growth 

factors shown in Table 6 were each made up aseptically in 

sterile distilled water at a concentration of 10 mg/ml. They 

were then combined aseptically in equal volumes to form the 

pools shown in the vertical columns 1 to 4, and in different 

combinations to form the pools 6 to 10 as shown by the 

horizontal columns. The pools were stored at 4°C. They were 



Table 6. Amino acid pools used to identify auxotrophic requirements of insertion 
mutants. (After R. HOlliday,1956). 

POOL 1 I 
2 

I 3 I 4 I 5 I 

PHENYL- ALANINE ARGININE LEUCINE CONTROL 
6 ALANINE (WATER) 

SERINE CYSTEINE ASPARAGINE GLYCINE CONTROL 
7 (WATER) 

TRYPTOPHAN THREONINE PROLINE ISOLEUCINE CONTROL 
8 (WATER) 

TYROSINE METHIONINE GLUTAMIC HISTIDINE CONTROL 
9 ACID (WATER) 

LYSINE VALINE ASPARTIC GLUTAMINE CONTROL 
10 ACID (WATER) 

-....J 
-....J 
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added by spreading onto minimal agar (0.25 ml pool per 

plate) containing Em (1 ~g/ml) and Lm (25 ~g/ml). Any single 

growth factor requirement will be revealed by growth on two 

of the 9 pools only, e.g, an arg-requiring auxotroph will 

grow only on pools 3 and 6. Growth on one pool only, 

indicates a requirement for two or more factors in the pool. 

Growth on more than two pools 1, 4, and 7 for example would 

indicate a mutant requiring either serine or glycine. The 

auxotrophic markers found were an arginine requirement, one 

that was satisfied only by leucine ,isoleucine and 

valine;and a new guanine requiring mutant. The latter was 

identified by using the combination of purines and 

pyrimidines shown in Table 7. A combination of vitamins were 

also tested, but none of the mutants tested required them. 

Gel Electrophoresis 

Further confirmation of the transposition event was 

carried out by plasmid isolation from different strains and 

restriction endonuclease digestion of these plasmids. The 

plasmid PTV32ts was isolated from PTV32ts strain (carrying 

the same designation as the harboring plasmid) and from 

FJ7US2 using an alkaline extraction procedure. The same 

plasmid isolation procedure was carried out for three Tn917-

lac insertion mutants, 5:26, 7:10 and 6:50. The plasmid 



Table 7. Identification of purine/pyrimidine requirements 
in FJ7US2 auxotrophic mutants carrying Tn917 insertions. 

COLONY FORMATION ON 

MINIMAL AGAR CONTAINING 

ERYTHROMYCINE AND 

LINCOMYCIN PLUS 

MUTANT C,U,T,A C,U,T,A,G G 

6:44 + + 

7:1 + + 

C = CYTOSINE 
U = URACIL 
T = THYMINE 
A = ADENINE 
G = GUANINE 

79 
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material obtained from PTV32ts, FJ7US2 and the 3 Tn917 

insertion mutants were electrophoresed on an agarose gel 

(Figure 4). PTV32ts (lane 1) and FJ7US2 (lane 2) extracts 

exhibit two prominent fluorescent bands, the plasmid being 

the upper one. Extracts from Tn917 insertion strains (lane 

3, 4 and 5) produced either no bands (absence of the 

plasmid) or only one corresponding to the lower band, which 

represents chromosomal DNA contamination. since the plasmid 

isolation process was rapid and crude (Miniscreen), 

chromosomal DNA contamination would be expected. Figure 5 

shows a restriction digest of the same samples (PTV32ts, 

FJ7US2, 5:26, 7:10 and 6:50) using different restriction 

enzymes. Lane 3 shows phage Lamda CI857Sam7 DNA digested by 

the Hind III restriction enzyme and used as a standard for 

the determination of the molecular weight. Lane 1, lane 5 

and lane 6 represent DNA from Tn917-lac insertion strains 

digested with restriction endonucleases enzymes, BamHI (lane 

1) and EcoRI (lane 5 and 6). The band observed in the 

digested sample of the insertion mutant 6:50 (lane 1) is 

most probably due to DNA chromosomal contamination. To 

confirm the absence of PTV32ts plasmid in different 

insertional mutants, plasmid isolation of the controls 

FJ7US2 and PTV32ts, were digested with BamHI and EcoRI 

respectively. As predicted from the restriction map (Figure 

3), EcoRI treatment of PTV32ts plasmid, yields a unique 
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1 2 3 4 5 

Plasmid 

Figure 4. Agarose gel electrophoresis of the PTV32ts 
plasmid isolated from various strains. Miniscreen 
preparation of strains PTV32ts, lane 1; and FJ7US2, lane 2, 
(both strains harbor PTV32ts plasmid). Lanes 3,4, and 5 
represent the mini screen preparations obtained from strains 
5:26, 6:50, and 7:10. 



2~7Kb 
1B5Kb 
Q5Kb 

666Kb 

426Kb 
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123 4 5 6 

Figure 5. Agarose gel electrophoretic separation of EcoRI 
and Bam HI generated fragments of the plasmid PTV32ts 
obtained from various strains. Miniscreen preparations fro. 
various strains were subjected to digestion by restriction 
endonucleases and analyzed on an 0.8% agarose gel. Lane 1, 
Bam HI digest of DNA from strain 6:50, lanes 5 and 6, EcoRI 
digests of DNA from strains 5:26 and 7:10; lane 2, EcoRI 
digest of DNA from strain PTV32ts strain; lane 4, BamHI 
digest of PTV32ts in FJ7US2 strain; Lane 3,lamda (eI857 
Sam7) DNA, digested with HindIII to provide molecular size 
markers. The numbers indicate size of restriction fragments 
in Kb (Kilobases). 
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fragment (18.5Kb) (Figure 5, lane 2), whereas digestion with 

BamHI results in the generation of two bands (9.5Kb and 

6.66Kb) of non identical size (Figure 5, lane 4). Clearly, 

the Tn917-1ac insertion mutants, (lane 1, 5 and 6) do not 

harbor the plasmid PTV32ts. Thus their resistance to 

antibiotics Em and Lm is strictly due to the Tn917-lac 

insertion (which carries the MLS resistance) into the 

bacterial genome. Figure 6 shows additional restriction 

digests of DNA samples from different insertion strains. 

Lane 1, lane 2 and lane 3 show cleavage of plasmid DNA 

isolated from PTV32ts, FJ7US1 and FJ7US2 digested with 

EcoRI. As expected, one fluorescent band is observed. Lane 

4 represents the DNA plasmid isolated from cured FJ7US2 

(FJ7US2R, loss of plasmid from FJ7US2) digested with EcoRI. 

No band is observed. Lane 6, 7 and 8 represent the digests 

of DNA obtained from auxotrophs 5:7 (Iso-Leu-val) 13:5 (Arg) 

and 6:44 (Gua) by EcoRI. As predicted, no fluorescent bands 

were observed in the three digests. Lane 5 represents phage 

Lamda DNA digested by Hind III restriction enzyme, the bands 

are used as a standard for the determination of the 

molecular weight. 



23.7Kb 
9.5Kb 

6.66Kb 
426Kb 

225Kb 
1.96Kb 
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1 2 3 4 5 6 7 8 

Figure 6. Agarose gel electrophoresis separation of EcoRI 
generated fragments of DNA isolated from various strains. 
The miniscreen preparations were digested with restriction 
endonuclease EcoRI and the products separated on an 0.8% 
agarose gel. Lane 1, EcoRI digest of plasmid from strain 
PTV32tsi Lane 2 from strain FJ7US1i lane 3 from strain 
FJ7US2i lane 4 EcoRI digest of DNA from strain FJ7US2R 
(cured). EcoRI digest of DNA from auxotrophic insertion 
strains, lane 6 from 5:7 i lane 7 from 13:5 ; lane 8 from 
6:44 i lane 5, lamda (eI857 Sam7) digested with HindIII. 
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Helical properties of selected isolates 

The initial bank of insertions produced presumably 

contains Tn917 in many genes of the host chromosome. 

Transposition into "vital" genes will be lethal and 

therefore these cannot be recovered. The remainder however 

should include many that lie in genes that affect helical 

growth and macrofiber production, twist development and the 

range of twist states that can be achieved in response to 

different stimuli. It is these mutants that were sought. 

A preliminary screening of insertion-containing clones 

for their ability to make macrofibers was carried out. 

Selected isolates were then examined for their helical 

properties. Cells from each isolate were transferred to 6 

well tissue culture plates containing 2.5 ml per well of 

media (TB, TS, T) supplemented with antibiotics either Ern (1 

~g/ml) and Lm (25 ~g/ml) for insertion strains or Ern (1 

~g/ml) and Cm (15 ~g/ml) for the plasmid bearing strain 

FJ7US2. "Young" macrofibers were present after 18 hours of 

incubation at 20°C. Often, due to heavy inoculum, the first 

growth yielded only rUdimentary macrofibers. These were used 

to seed fresh plates for a second 18h incubation at 20°C, or 

3 hours incubation at 48°C. The structures produced by 

individual clones were then scored for their helical 
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phenotypes produced in various growth conditions. FJ7 

(without plasmid), and the parent strain FJ7US2 (with 

plasmid) were grown as control(s) and the state(s) of their 

helical organization was compared to the helical properties 

of different mutants tested. 

The results of these studies presented in Table 8, show 

that other than its behavior in T and TN, the helix 

phenotype of FJ7US2 is similar to its parent FJ7 (in TB and 

TSmin the twist state is in the right handed domain, from 

disorganized (~O) to right handed (RR». On the other hand, 

the inserts selected show exactly the same structure as 

FJ7US2 when growth in T medium, highly coiled structures 

composed of edison filaments (e.f) and swollen cells. 

However, when grown in other media TBN (N:ammonium), TBM 

(M:magnesium) and TSmin, most insertion carrying strains 

exhibit the same helix phenotype as FJ7 and FJ7US2. strains 

B2 and B3 differ however. Neither form RR structures in TB 

at 20°C, and B3 cannot be made to do so by addition of 

magnesium. 

The helix phenotype of the cured strain FJ7US2R 

(obtained from overnight growth without selective 

antibiotics at 48°C) was similar to that of the parent 

strain FJ7. The helix phenotypes of FJ7US2 and FJ7US2R 

reported here were also observed by Surana (UA Thesis 1987). 



Table 8. The helix phenotype of insertion containing strains produced at 20°C. 

* All media were supplemented with selective antibiotics. 

b HCND: Highly coiled. Helix hand could not be determined. 
C DO: Disorganized, RH: Right handed, LH: Left handed; corresponds to the twist state 
of the macrofiber. 
d RH/L = Right handed loose, a varying stage of a twist state in the right handed 
domain. 



Table 8. The helix phenotype of insertion containing strains produced at 20°C·. 

GROWTH MEDIUM 

strains T TB TB (N)· TB (M)· TSmin 

FJ7 DO/LHc DO/RH LH RH LH/DO 

FJ7US2 HCNDb RH DO/HC RW LH 

FJ7US2R DO/LH DO LH RH NO 

Fl HCND RH/Ld LH RH LH 

F2 HCND RH/L LH RH LH 

F3 HCND RH/L LH RH LH 

Bl HCND RH/L LH RH LH 

B2 HCND HCND LH RH LH 

B3 HCND DO(HC) LH DO LH/L 

• All media 
• MgS04 and (NH4hS04 were added in the final concentrations of 20 and 20 roM 
respectively. 

OJ 
-..J 
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A possible role of the plasmid in the production of the 

highly coiled structure was implied but not confirmed. In 

this experiment we show that the plasmid PTV32ts per se 

could not be responsible entirely because the insertion 

containing strains also produced the same highly coiled 

structures when grown in T media. Table 9 shows the helix 

phenotypes produced by insertion-containing strains and 

controls (FJ7 and FJ7US2) grown in D-alanine, a RH twist 

factor, and at different temperatures (48°C and 20°C). No 

significant changes of the helix phenotype were observed in 

the insertion strains when compared to the "controls". 

Table 10, represents the helix phenotypes of auxotrophs 

selected in different media. Again, no significant change 

was recorded in the helix phenotype among the auxotrophs. 

The primary goal of the search was to isolate mutants 

impaired in helical growth or macrofiber production, twist 

development, or the range of twist states. Although the 

insertion mutants exhibited altered static twist, none of 

the hundred clones screened, possessed the desired altered 

phenotype. Rather than screen further insertion strains, we 

decided to make use of the Tn917-lac "reporter-gene system" 

to search for promoters that become active under specific 

macrofiber growth conditions (biochemical or biomechanical). 
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Table 9. The helix phenotype of insertion-carrying and 
parent strains produced as a function of growth temperature 
and D-alanine concentration. 

GROWTH CONDITIONS 

strains TB (48°C) b TB+D-alanine 

FJ7 RH LH/DO RH 

FJ7US2 RH LH/DO RH 

Fl RH LH/DO ND 

F2 RH LH/DO RH 

F3 RH/DO DO ND 

Bl RH LH/LOOSE ND 

B2 DO DO RH 

B3 RH/DO ND- RH 

3:1 RH ND RH 

3:2 RH ND RH 

- Not determined. 
b Macrofiber twist state was recorded after 3h incubation. 
C Macrofiber twist state was recorded after 18h incubation. 



90 

Table 10. Helix phenotype of Tn917 induced auxotrophs. 

GROWTH CONDITIONS 

strain Requirements Tsmin+Requirements TB 

21:17 Iso-leu-val LH DO/RH 

5:7 Iso-leu-val LH DO/RH 

7:1 Guanine LH DO/RH 

6:44 Guanine LH RH 

13:5 Arginine LH DO 

FJ7US2 Methionine LH RH 

FJ7 Methionine LH/DO RH 
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Detection of Tn917-mediated lac Z fusions 

Cells harboring chromosomal transpositions generated in 

the population of PTV32ts-containing bacteria (FJ7US2) 

during the insertion mutagenesis, were transferred onto TBAB 

(EL: 1/25) plates supplemented with 40 ~g/ml X-gal (lx). 

Approximately 97% of the colonies that developed were 

completely white, even after several days of incubation. The 

remaining 3% of the colonies were blue to varying degrees 

and these were interpreted to represent Tn917-mediated 

transcriptional fusions of Lac Z to chromosomal genes. 

However, when we increased the X-gal concentration to 160 

~g/ml X-gal (4X), the frequency of blue colonies increased 

to an approximate 86%. Figure 7 shows a comparison of Lac Z+ 

strains grown with X-gal at (lx) and (4x) concentrations. A 

possible interpretation of these observations is that 83% of 

the inserts seem to be under control of a much weaker 

promoter and therefore only a little enzyme is made (light 

blue colonies). We focused initially, on Tn917-lac inserts 

detected in colonies by the development of blue color on 

(lx) X-gal plates. since the amount of color is known to be 

a direct measure of the gene's expression, those identified 

on (lx) X-gal presumable carry insertions in genes with 

strong promoters. (4x) X-gal was used however for better 

visualization of gene expression in cases where 1x provided 
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Figure 7. Comparison of lac Z+ strains grown at 20°C on TBAB 
media containing X-gal at lx (right plates) and 4x (left 
plates) concentration (x =40~g/ml). 
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only evidence that activity was present. Table 11 shows some 

examples of the relative activities found in strains plated 

on different media supplemented with (4x) X-gal and 

incubated at 30°C for 48 hours. FJ7, as expected, showed no 

color development. However, FJ7US2, a strain that contains 

PTV32ts developed activity on TBAB x-gal plates due to a 

weak promoter in plasmid sequences outside the transposon 

(labeled "P" and marked with an arrow that indicates the 

direction and extent of the transcription it directs (Fig. 

1a). Most of the insertion strains had detectable activity 

(blue color) after 24h incubation on TBAB (EL) (4x) X-gal 

plates. The exception; strain 5:7 oring, developed a blue 

color only after 48h incubation. strain 5:23 remained 

colorless in all media even after days of incubation. The 

production of ~-galactosidase by the same insertion strains 

was examined also on TS (EL:1/25) (4x) X-gal minimal plates. 

As shown in Table 11, expression in strain 5:7BSP was much 

greater on day 2, than after 24hrs. strain 3:1 showed an 

even later pattern of expression becoming maximal after 4 to 

5 days incubation. At lower growth temperature, 20°C, lac Z 

gene expression could only be detected on the third and 

fourth day of incubation when cells were grown on TBAB 

(EL:1/25) supplemented with (4X) X-gal (Table 12). Two 

isolates F2b and F3N showed activity on day 3 whereas 



Table 11. Relative activity of lac Z expression at 30°C in different growth media. 

GROWTH MEDIA-

TBAB TBAB(EL:1/25) 

strain 24b 48b 24 48 

FJ7 

FJ7US2 

3:1 + +++ 

5:7 oring + 

5:7BSP + +++ 

F3N + +++ 

5:23 

F2b + +++ 

- All media were supplemented with (4x) X-gal. 
b 24 and 48 = hours of incubation at 30°C. 

TS(EL:1/25) TBAB(EC) 

24 48 24 48 

++ 

+ 

++ 

+/- +++ 

+/- +++ 

+/-,+,++,+++: represent the intensity of the blue color; -: no color development. 
Blank indicates not determined. 

~ 
~ 



Table 12. Relative activity of Lac Z expression at 20°C in 
various strains. 

strains day 2 

FJ7 SCa 

5:7 oring SC 

3:1 SC 

F2b SC 

F3N SC 

5:23 SC 

FJ7US1 SC 

FJ7US2 SC 

FJ7US3 SC 

FJ7US4 SC 

FJ7US5 SC 

GROWTH MEDIUM 

TBAB(EL:l/25) + (4X) X-gal 

INCUBATION TIME (days) 

day 3 day 4 

+ and - colonies 

++ 

+ ++ 

++ +++ 

+++ 

+/- +++ 

++ 

+++ 

++ +++ 

95 

• Small colonies appear on day 2 of incubation, too small to 
detect any color development. 
- : No color development; +/-,+,++,+++ : Intensity of blue 
color development. 
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isolates 3:1 and 5:7 Oring required an additional day of 

growth. FJ7, the parent strain showed no expression, whereas 

the strains carrying the plasmid PTV32ts (FJ7US1 ... FJ7US5) 

all expressed the lac Z gene carried by the plasmid itself. 

strains FJ7US5 and FJ7US2 (strain used in this experiment) 

develop a blue color earlier (third day). This activity 

might reflect an unexpected spontaneous insertion of the 

Tn917-lac transposon that could have taken place during 

growth in strains that also harbor the plasmid. To test this 

possibility we attempted to cure FJ7US2 of the plasmid and 

determine whether the cured strain remained capable of 

expressing the lac Z gene or any of the drug resistance 

markers (erythromycin, lincomycin, or chloramphenicol 

resistance). The cured strain obtained from FJ7US2 was found 

to be sensitive to the three drugs used for selection 

EMsLMsems, and failed to make ~-galactosidase suggesting that 

FJ7US2 does not carry a Tn917 lac insertion. Indeed, the 

expression produced by FJ7US2 is due to the transposon 

carried by the plasmid. 

The detection of ~-galactosidase shown in Table 12 

required three days of incubation for strains F2b and F3N 

and four for strains 3:1 and 5:7 Oring. This could be due to 

poor sensitivity of the assay or it might reflect gene 

expression that only appears late in growth. An alternate 
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and more sensitive assay for ~-galactosidase, using the MUG 

substrate (methylumbelliferryl-galactoside) was therefore 

employed. When MUG is hydrolyzed a methylumbelliferone is 

generated which is highly fluorescent under long wavelength 

ultra-violet light. The fluorescence is so intense even the 

small amount of MUG hydrolyzed in a few minutes by a colony 

of bacteria expressing a lac Z fusion at a moderately low 

level is readily detected (Figure 9). 

Three of the selected insertion strains: 5:23, a strain 

that does not show any expression with X-gal in any media 

tested and strains 3:1 and 5:7 Oring (late expression) were 

plated on TBAB (EL:1/25) containing (4x) X-gal in the usual 

manner and duplicates of the same strains were plated on 

TBAB (EL:1/25) lacking X-gal. Colonies on the latter plates 

were sprayed with MUG on day 2 (as soon as small colonies 

could be observed) and on other plates after three (3) days 

incubation. The observations made are summarized in Table 

13. It appears that strains 5:7 Oring and 3:1 expressed ~

galactosidase earlier than could be detected with (4x) X

gal. The X-gal substrate is useful nevertheless when it is 

desirable to visualize temporal and/or spatial expression 

taking place during development. 

Insertion strain 5:23 although resistant to 

erythromycin (EmR
) and lincomycin (LmR), does not display 
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Figure 9. Detection of 8-galactosidase in lac Z fusion strains 
using MUG (methylumbelliferryl) as substrate. strains were 
transferred to TBAB (EL:1/25) media and grown at 20°C. The 
substrate MUG (0.5ml of 10 mg/ml in DMSO) was sprayed onto the 
cells. 10 minutes later, the fluorescence was visualized under 
long wavelength U.V. light. 
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any expression of ~-galactosidase even when assayed using 

the MUG procedure. This strain either carries the Tn917 

insert in the wrong orientation or has lost the lac Z 

fragment. It is worthwile to note at this stage, that the 

5:7 Oring strain exhibited a mixture of blue colonies and 

white colonies (Table 12) and fluorescent and non

fluorescent colonies (Table 13). Further investigations will 

be carried out later in this study in an attempt to 

elucidate these observations. First, experiments designed 

to determine whether the different insertion strains express 

the lac Z gene during the dynamic growth of macrofiber 

formation will be discussed. 

Gene expression during formation of B. subtilis macrofibers 

various strains including the control strains FJ7 

(negative control) and FJ7US2 (positive control) as well as 

different selected insertion strains were streaked on TBAB 

for isolated colonies and incubated overnight at 30°C. Tiny 

colonies were selected for each strain from the overnight 

growth and seeded into 6-well tissue culture plates. Each 

well contained 2.5 ml of TB (tryptose Broth) supplemented 

with (lx = 4o~g/ml) X-gal and with appropriate antibiotics 

whenever required. Triplicates of the 6-well tissue culture 



Table 13. sensitivity of MUG (4-Methylumbelliferone) in 
detecting ~-galactosidase in colonies grown at: 
20°C. 

100 

Detection of Lac Z+ 
by addition of (4x) 
X-gal on TBAB (EL:1/25) 

Detection of Lac Z+ 
by spraying MUG-
on TBAB (EL:1/25) 

blue color Fluorescence 

2nd day 3rd day 2nd day 3rd day 

5:23 

3:1 + + 

5:7 oring + and - + and -

- : No Fluorescence or blue color development. 
+ : Fluorescence. 

a 0.5 ml of MUG solution (10 mg/ml) in DMSO was sprayed on 
TBAB(EL:1/25) plates. Fluorescence was visualized using long 
wavelength UV-light. 
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plates were prepared in the same manner. However, one was 

supplemented with (4X) X-gal and the other with (ax) X-gal. 

From the results obtained (data not shown), 4x and ax 

concentrations of X-gal appeared to be best for 

visualization of blue color development in liquid media. 

Because X-gal used at a very high concentration might be 

toxic, we opted for the use of X-gal at (4x) concentration 

in the subsequent studies. 

Effect of ions on gene activation in macrofibers 

various strains were seeded in 6-well tissue culture 

plates as follows. In the first plate, each well contained 

2.5ml of TB supplemented with (4x) X-gal; in the duplicate 

plate, wells contained TB supplemented with magnesium 

sulfate (20mM) and (4x) X-gal; in the triplicate 6-well 

tissue culture plate, each well contained 2.5ml of TB 

supplemented with ammonium sulfate (30mM) and (4X) X-gal. 

Depending upon to the strain used, each well was 

supplemented with appropriate antibiotics whenever needed. 

All the plates were incubated at 20°C and the "fused" 

gene(s) expression was estimated by the intensity of blue 

color that appeared in area(s) of the helical macrofibers 

and by using -,+/-, +, ++, +++, where - indicates the 
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absence of blue color,+++ the most intense blue in the 

macrofiber. Table 14 surrumarizes the results obtained. As 

expected, no blue color development was observed in the 

negative control (strain FJ7). In most of the strains the~

galactosidase appeared late, only by the third or fourth day 

of incubation. The findings for 3:1 and 5:7 Oring were 

unexpected. strains 3:1 initially selected as a lac Z+ 

strain, produced blue colonies on TBAB (Tryptose Blood Agar 

Base) solid media supplemented with 4x X-gal, but remained 

colorless in liquid media (TB) during the four and five day 

incubation period (Figure 10). strain 5:7 Oring displayed 

blue color area(s) on day four, only when incubated in TB 

supplemented with magnesium sulfate (MgS04). Whether 

magnesium sulfate serves to induce the expression of the 

"fused gene", however, remains to be determined. 

Characterization of "fused gene" expression as a 

function of macrofiber helix hand, and growth 

medium composition 

six strains that express lac Z gene were selected and 

studied in comparison to the control strains FJ7 and FJ7US2 

with respect to the regulation of gene expression as a 

function of the growth environment. Each strain was seeded 



Table 14. Lac Z expression in strains grown in Tryptose Broth (TB), fluid media at 
20°C. 

Mediaa 

TB TB (M) b 

Incubation Time (Days) 

strain 1 2 3 4 1 2 3 4 

FJ7 

FJ7US2 +/- +/- +/-

F3N +/- + + 

3:1 

5:7 oring +/-

F2b +/- +/- +/-

a All media contain 4x X-gal. 
b The medium was supplemented with 20mM magnesium sulfate. 
C The medium was supplemented with 30mM ammonium sulfate. 
-, no blue color; +/-, +, intensity of blue color. 

TB (N) C 

1 2 3 4 

+/-

+/-

+/-

~ 
o 
w 
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Figure 10. comparison of Lac Z expression in strain 3:1 grown 
in liquid TB supplemented with 30mM ammonium sulfate and on 
solid media TBAB of the same composition (containing EL:lj25 
and 4x X-gal) at 20°C. 
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from an overnight "young fiber" fragmented with a toothpick. 

The fragments were transferred into each well of a 6-well 

tissue culture plate containing the following media: TB 

(first well), TB supplemented with MgS04 (second well), TB 

supplemented with (NH4)2S04 (third well). Adjacent wells were 

used as duplicates. All wells were supplemented with (4x) x

gal. The multiwell plates were incubated at 20°C and the 

macrofibers produced overnight were examined as described in 

Materials and Methods to determine their helical 

orientation. At the time static twist state was determined, 

the strains did not show expression of the "fused gene". 

However, as the incubation time continued, the more mature 

macrofibers of some strains began to show expression. Blue 

color development was recorded as a function of macrofiber 

age. Expression was first observed in three day old 

structures grown either in TB or TB supplemented with 

magnesium sulfate. Those cultured in the presence of 

ammonium sulfate began to show ~-galactosidase activity on 

the fourth day of incubation. The observations are 

summarized in Tables 15a and 15b. The control strains FJ7 

(negative control) remained colorless throughout the 

incubation period, whereas FJ7US2 (carrying PTV32ts), a 

positive control, showed Lac Z gene expression similar to 

that exhibited by some inserts but with some variation such 



Table 15a-15b. Characterization of Lac Z gene expression as a function of macrofiber 
helix hand and growth medium composition. 

The blue color development was due to the expression of the fused structural gene Lac 
Z in presence of the chromogenic substrate X-gal. 

a 1, 2, 3, 4, 5: Time of incubation in days. 
WB: White Ball, macrofiber in a ball-like structure. 
WB/BB: White Ball/Blue Ball, macrofiber in a ball-like structure showing Lac Z gene 

expression. 

b All media were supplemented with (4x) X-gal. 
e The medium was supplemented with 20mM magnesium sulfate. 
d The medium was supplemented with 30mM ammonium sulfate. 



Table 15a. Characterization of Lac Z gene expression as a function of macrofiber 
helix hand and growth medium composition. 

strain Mediumb Hand state Blue Color Development/Time of incubationa 

2 3 4 5 

FJ7 TB RH/DO 
TB+MgS04

C RH 
TB+ (NH4) 2S0/ LH 

WB WB 
FJ7US2 TB DO + ++ ++ 

TB+MgS04 RH +/- + ++ 
TB+ (NH4) 2S04 LH + + 

WB/BB WB/BB 
F1 TB RH/DO + ++ ++ 

TB+MgS04 RH/loose +/- ++ ++ 
TB+ (NH4) 2S04 LH +/-

WB WB/BB 
B1 TB DO +/- + 

TB+MgS04 RH +/- ++ 
TB+ (NH4) 2S04 LH +/-

WB/BB 

I-' 
o 
m 



Table 15b. Characterization of Lac Z gene expression as a function of macrofiber 
helix hand and growth medium composition. 

strain Mediumb Hand state Blue Color Development/Time of incubationa 

1 2 3 4 

F2b TB RH/DO +/- + 
TB+Mgs04C RH +/- +/-
TB+ (NH4) 2S0/ LH +/-WB/BB 

F3N TB RH + + 
TB+MgS04 RH/DO +/- + 
TB+ (NH4) 2S04 LH WB 

B3 TB RH/DO 
TB+MgS04 RH 
TB+ (NH4) 2S04 LH WB 

3:1 TB DORH 
TB+MgS04 RH 
TB+ (NH4) 2S04 LH WB 

I-' 
o ....... 
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as the intensity of the blue color development. strains B3 

and 3:1 failed to show any blue color development in the 

macrofiber structures, however a faint blue color was 

detected in the liquid environment where strain B3 

macro fibers structures were produced. 

From the results obtained, no correlation could be made 

between the establishment of a twist state (RR or LH) and 

gene(s) expression in insertion strains grown in different 

physiological environments. The failure of such a correla

tion could simply reflect the fact that insufficent numbers 

have been screened thus far, although it could reflect a 

tendancy of the transposon to insert in genomic hot spots. 

"Fused gene" Expression During Developmental stages 

Following Regrowth from Macrofiber Mature Ball 

structures Transferred into New Media 

There was no gross morphological difference between 

left-handed and right-handed helix macrofibers. Distinct 

macrofibers were formed in both TB supplemented with 

magnesium sulfate and TB supplemented with ammonium sulfate. 

However, at later stages of growth, macrofibers became 

reorganized into more open structures when grown in TB 

s~pplemented with magnesium. Whereas, in TB supplemented 

with ammonium sulfate, macrofibers eventually formed tight 
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ball-like structure consisting of a ball-like center from 

which large fibers project (Fig. 11). On the fourth day of 

incubation, the white ball (WB) macrofiber structures of 

strains F2b, F1, B1 and FJ7US2, exhibited late expression of 

~-galactosidase: the WB macrofiber structues developed 

varying shades of blue color designated (WB/BB = white 

ball/blue ball). When incubation was continued until the 

seventh day, the culture finally contained a mixture of 

white ball (WB) and blue ball (BB) macrofiber structures. No 

further changes were detected in the expression of the 

"fused genes" in these cultures. In order to determine 

whether those stuctures that failed to express were 

permanently unable to do so we subcultured them into fresh 

medium and searched for expression in their progeny. 

One BB structure and one WB structure (both from the 

same well and same strain) were transferred respectively 

into separate wells containing fresh TB media supplemented 

with ammonium sulfate and (4x) X-gal. Tables 17-18 and 

corresponding Figures 11, 12, 12a and 13 described the 

changes observed following transfer. All "blue ball" 

macrofiber structures of the insertion mutants examined were 

able to generate white helical projecting fibers, many of 

which eventually separated and formed new white ball 

structures (Fig. 13). All strains generated a large number 

of WB macrofiber structures. Subculture of FJ7 WB structures 
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a) 

b) 

c) 

Figure 12a. Lac Z expression visualized in mature macrofibers 
(ball structures) by growth in TB(N) (N=amonium sulfate) and 
4x X-gal. 
a) FJ7, a white ball (WB) without expresion 
b) Fl, a blue ball (BB) surrounded by white fiber production 

after subculture at 20°C. 
c) An open structure of a partially blue WB from strain B1 

after growth at 20°C. 
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Figure 13. Lac Z expression in a mature F3N structure showing 
peripheral fiber that lack activity. 

a - magnification: x 1800 
b - magnification: x 600 



Table 17. Subculture at 20°C of White Ball (WB) macrofiber structures following 
transfer to fresh TB containing 4x X-gal. 

strains Developmental Stage (days after transfer) 

1 2 3 4 

FJ7 lWB 1WB TMTC TMTC 
+10SWB WB WB 

F1 1WB 1WB 3WB 4WB 

F2b 1WB 2WB 14WB 18WB 

F3N 1WB 1WB 6WB 7WB 

B1 1WB 2WB 19WB 27WB 

B3 lWB 1WB 6WB 3WB 
(loose) (loose) 

TMTC = Too many to count 
WB = White Ball macrofiber structure 
SWB = Small White Ball macrofiber structure 
BB = Blue Ball macrofiber structure 

v. 

5 6 Days 

TMTC 
WB 

2BB 
+8WB 

1BB 
+17WB/BB 

1BB 
+llWB 

38WB/BB 

TMTC 
WB 

I-" 
I-" 
~ 



Table 18. Subculture at 20°C of Blue Ball eBB) macrofiber structures following 
transfer into fresh TB containing 4x X-gal. 

strains Developmental Stage (after transfer) 

1 2 3 4 5 6 

F1 1BB 1BB 1BB 1BB 1BB+white fiber 
+lWB + 2WB 

F2b 1BB 1BB 1BB 1BB 1BB+whi te f iber l 

+ white fiber + 3 WB 

F3N 1BB 1BB 1BB 1BB 1BB+whi te f iberl 

+ white fiber +3WB 

B1 1BB 1BB 1BB 1BB 1BB+whi te f iber' 
+ white fiber +2WB 
+ 1WB 

BB = Blue Ball macrofiber structure 

WB = White Ball macrofiber structure 

I White fiber surrounding the BB macrofiber structure 

...... 

...... 
(J1 
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generated a large number of small macrofiber ball 

structures. By the third day of incubation, they were too 

numerous to count and they did not change during the rest of 

the incubation period. In strain B3, the WB macrofiber 

progressively generated a large number of WB structures. On 

the third day of incubation strain B3 showed six individual 

loose balls structures which subsequently joined one

another progressively forming three larger structures of 

increased diameter. strain B3 remained colorless throughout 

the incubation time. strains Fl, F2 and F3N behaved 

similarly. By day six of subculture each WB macrofiber 

structure produced blue ball structure(s) and a varying 

number of white ball structure(s). Nevertheless, strain Bl 

generated progressively a large number of WB which began 

expressing "fused gene" all at about the same time (day six 

of incubation). Thus only late expression was observed in 

all of the insertion strains during the development of 

macrofiber structure. This might reflect insertion of the 

transposon in "late genes" or the insensitivity of the "lac

system" to reveal the earliest stages of gene expression in 

macrofibers. 
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Regulation of Gene Expression in viscous Environments 

Initial screening of insertion strain phenotypes 

revealed that strain 3:1 expressed the fused lac Z gene when 

grown on TBAB (Tryptose Blood Agar Base) solid media 

supplemented with X-gal but did not when grown in liquid 

media TB (Tryptose Broth) supplemented with X-gal. 3:1 

structures remained colorless even when incubated for up to 

seven days (Fig. 10). Could the viscosity in the TBAB media 

be involved in the induction of gene expression in this 

particular strain and in others? 

The viscosity of a liquid, ~ (eta), is defined in terms 

of the force, F, required to maintain a velocity gradient, 

dv/dx, between adjacent planes of area Ai thus 

F = ~ A dv/dx 

In a true liquid, ~ is dependent of the size of the velocity 

gradient (of the rate of shear) and F is parallel to V 

(velocity) (Newtonian liquid). In a non Newtonian liquid ~ 

depends on the rate of shear. If the medium is quasi rigid, 

F may not be parallel to V. 

One can further make the distinction between a micro

and macro-viscosity of the solution. The microviscosity 

refers to the force that the liquid exerts on a microscopic 
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object moving in the solution and can be measured by using a 

sphere of microscopic size and measuring its sedimentation 

rate or its diffusion constant. The macroviscosity however, 

is determined by dropping a ball through the liquid and 

measuring its rate of fall. The ball is indeed subjected to 

a viscous force, F = 6"~av, where a, is its radius and v its 

velocity, 6" is a numerical coefficient (stoke's law). The 

difference between the two viscosities can be great, 

depending on the kind of the viscous agents used. 

One has also to distinguish between branched and 

unbranched polymers used as viscous agents. A branched 

polymer will tend to form spheres and thus, the solution 

will be unstructured and Newtonian. Its micro and 

macroviscosity will depend on the molecular weight of the 

polymer used. For lower molecular weight polymers, both will 

be the same, equal to the viscosity of the solvent. For 

unbranched polymers however, the solution will be highly 

structured and takes the properties of a gel. It acts as a 

sieve and can be non-newtonian when used at higher 

concentration. Its macroviscosity can be high even when the 

microviscosity stays rather small and as a result It will 

act primarily on big objects moving in it. Based on these 

notions, the larger the particle or the higher the 

concentration or the more structured a viscous agent is, the 

more restricted the movement will be (Berg and Turner, 



1979). The restriction will be greater in non-newtonian 

solutions. 
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Insertion strains were subjected to physical forces by 

growing them in different viscous solutions using 

Methylcellulose (Methocel A4M), an unbranched polymer of MW 

86,000; polyvinyl-pyrrolidone, PVP360 a branched polymer of 

MW 360,000 and PVP40 a branched polymer of MW 40,000 as 

viscous agents. Different viscosities were obtained by using 

different concentrations of the polymers. Tables 19, 20, 21 

summarize the results obtained by growth in Methocel, PVP360 

and PVP40, all supplemented with (4x) X-gal. The twist state 

of the macrofibers was noted after an overnight incubation 

whereas lac Z gene expression (blue color) was followed 

throughout the four days of the incubation period. Again no 

correlation could be made between twist state and expression 



Table 19-20-21. Growth of selected strains in methylcellulose, PVP360 and PVP40. 

The twist hand of the helical macrofiber was recorded overnight as follows: 

DO = Disorganized 
e.f. = Edison filaments 
LH = left handed 
RH = right handed 

The expression of Lac Z gene was visualized by blue color development +/-, +, ++, +++ 
representing intensity of color. 

, indicate no blue color detected. 



Table 19. Growth of strains in TB medium containing Methylcellulose at 20°C. 

Helix 
strain Medium- Hand state Blue Color Development 

1 2 3 4 (Days) 

FJ7 TB DO/e.f 
0.5% (W/V) DO/e.f 
1.5% ew/V) DO/e.f 

FJ7US2 TB DO/e.f +/- + ++ 
0.5% (W/V) DO/e.f + +++ +++ 
1.5% (W/V) DO +/- +++ +++ 

F2b TB DO +/- + 
0.5% ew/V) RH + ++ 
1. 5% ew/V) RH +/- + ++ 

DO +/- + ++ 

F3N TB DO + 
0.5% ew/V) DO ++ +++ 
1.5% ew/V) DO/e.f ++ +++ 

3:1 TB' DO 
0.5% (W/V) DO/e.f 
1.5% (W/V) DO/e.f 

5:7 DRING TB DO 
0.5% ew/V) DO/e.f +/- + + 
1. 5% ew/V) RH 

DO + ++ 

Methylcellulose was used at concentration of 0.5% (W/V) and 1.5% (W/V). 
-All media were supplemented with (4x) x-gal. 

I-' 
N 
0 



Table 20. Growth of strains in TB medium containing PVP360 at 20°C. 

Helix 
strain Mediumb Hand state Blue Color Development 

1 2 3 4 (Days) 

FJ7 TB DO/e.f 
PVP 6%- e.f 
PVP 10%- e.f 

FJ7US2 TB DO +/- ++ 
PVP 6% e.f ++ ++ 
PVP 10% e.f + + 

F2b TB DO +/- + 
PVP 6% DO + ++ 
PVP 10% DO +/- ++ 

F3N TB DO/e.f +/- + ++ 
PVP 6% e.f +/- ++ ++ 
PVP 10% e.f +/- ++ ++ 

3:1 TB DO/e.f 
PVP 6% e.f 
PVP 10% e.f 

5:70RING TB DO 
PVP 6% Do/e.f +/-
PVP 10% e.f +/-

·PVP360 was used at concentrations of 6% (W/V) and 10% (W/V) 
bAll media were supplemented with (4x) X-gal. 

....... 
N 
....... 



Table 21. Growth of strains in TB medium containing PVP40 at 20°C. 

Helix 
strain Mediumb Hand state Blue Color Development 

1 2 3 4 (Days) 

FJ7 TB DO/e.f 
PVP 6%- e.f 
PVP 10%- e.f+++ 

FJ7US2 TB DO ++ ++ 
PVP 6% e.f + + 
PVP 10% e.f++ +/- + 

F2b TB DO + + 
PVP 6% RH/DO +/- + 
PVP 10% RH/DO + 

F3N TB DO/e.f ++ ++ 
PVP 6% e.f + + 
PVP 10% e.f +/- + 

3:1 TB DO/e.f 
PVP 6% e.f 
PVP 10% e.f 

5:70ring TB DO 
PVP 6% DO 
PVP 10% DO/e.f 

-PVP40 was used at concentrations of 6% (W/V) and 10% (W/V) 
bAll media were supplemented with (4x) X-gal. 

l-' 
N 
N 
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of gene(s}. However, structures grown in Methocel at 

concentrations of 0.5% (W/V) and 1.5% (W/V) showed an 

earlier and a stronger level of lac Z gene expression in 

most of the strains examined (Fig. 14 and 14a). Estimates of 

color intensity are shown in Table 19. When grown in PVP360, 

a branched, less structured, Newtonian solution, the 

expression of the lac Z gene was also observed but at 

somewhat lower levels than that seen in methocel (Table 20). 

A definite reduction in the level of gene expression was 

noted when PVP40 was used (Table 21). 

A sample grown one day without methylcellulose then 

transferred to methylcellulose shows expression one day 

later. Figure 15 and its corresponding illustration Figure 

16 show that lacZ expression in strain F2b arose only when 

the macrofibers were cultured during the second day of 

incubation in a viscous non-Newtonian media (Methylcellulose 

1.5%[w/v]). structures grown overnight in a viscous 

environment then transferred into TB broth, did not show 

gene expression by the following day, but those grown first 

for a day at normal viscosity then transferred to 

methylcellulose expressed activity by the following day. 

Lac Z gene expression seems to be linked therefore to growth 

at a particular phase of the macrofiber life-cycle in a 

viscous environment. 
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TB 0.2% 

0.5% 1% 

1.5% TB 

Figure 14. Expression of Lac Z by strain FJ7US2 cultured at 
20°C in TB medium and TB supplemented with 0.2%, 0.5%, 1% and 
1.5% (w/v) methylcellulose. strong expression is present in 
the 0.5%, 1% and 1.5% (w/v) methylcellulose cultures. 
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TB 0.2% 

0.5% 1% 

1.5% TB 

Figure 14a. Expression of Lac Z by strain F3N cultured at 
20°C in TB medium and TB supplemented with 0.2%, 0.5%, 1% and 
1.5% (w/v) methylcellulose. strong expression is present in 
the 0.5%, 1% and 1.5% (w/v) methylcellulose cultures. 



Medium Medium 

(4x) TB X-gal + (NH4) 2S04 TB + 1.5%(W/V) Methylcellulose, 

(4X) X-gal+(NH4)2S04 

Blue Color Development Blue Color Development 

Days 1 2 1 2 

+ 

Transfer ----~)+ 

~ Transfer 

Figure 15. Lac Z gene expression in F2b macrofibers exposed to viscous environments 
at different stages of development. 

...... 
N 
O'l 



TB 
(well #1) 

TB 
(well #3) 

1.5% 
(well #5) 
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1.5% 
(well #2) 

1.5% 
(well #4) 

TB 
(well #6) 

Figure 16. Expression of Lac Z in F2b macrofibers as a 
function of growth in high viscosity at different stages of 
development. strain F2b was subcultured in TB (well #1, #3) 
and TB supplemented with 1.5% (w/v) methylcellulose (well #2, 
#5). Well #4 and #6 were not inoculated. No expression was 
visualized after 20 hours of growth in wells #1, #3, #2 and 
#5. From well #5 an inoculum was transferred to well #6 and 
incubation continued at 20°C. All wells that contained 1.5% 
(w/v) methylcellulose showed expression on day two. 
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p-qalactosidase guantitation 

~-qalactosidase is an enzyme that hydrolyzes ~

galactosides. It can easily be measured with chromogenic 

substrates, colorless substrates that yield colored products 

when hydrolysed. Nitrophenyl-~-D-qalactoside (ONPG) has been 

used often to quantitate ~-galactosidase. This colorless 

compound is converted to galactose and o-nitrophenol by ~

galactosidase. The o-nitrophenol product is yellow and can 

be measured by its absorption at 420nm. If the ONPG 

concentration is high enough, the amount of o-nitrophenol 

produced is proportional to the amount of enzyme present and 

to the time the enzyme reacts with ONPG. In order for the 

assay to be linear, the ONPG must be in excess. For best 

results, the amount of enzyme should be such that it takes 

between 15 minutes and six hours for a faint yellow color to 

develop. The reaction is stopped by adding a concentrated 

Na2C03 solution, which shifts the pH to 11. At this pH ~

galactosidase is inactive. ~-galactosidase activity was 

determined by following the standard assay described by 

Miller (1972). See Materials and Methods for the detailed 

procedure. 
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Enzyme Activity Versus Time 

The enzyme assay procedure using ONPG as substrate and 

E. coli p-galactosidase (sigma), diluted to 0.1 unit/ml of 

reagent A (0.1 M. sodium phosphate buffer, pH 7.3 at 37°C) 

was carried out in the reaction mixture contained in a 3ml 

cuvet (1 cm light path). The reaction mixture consisted of 

2.6 ml reagent A (buffer), 0.1 ml reagent B (2-

mercaptoethanol), 0.1 ml reagent C (MgCI2 • 6H20) and 0.1 ml 

reagent D (enzyme). The mixture was mixed by inversion and 

incubated for three minutes at 37°C to activate the enzyme. 

0.1 ml reagent E (ONPG at a concentration of 20 mg/ml in 

reagent A) was added, mixed and the increase in absorbancy 

at 420 nm (A420) was recorded immediately using a suitable 

spectrophotometer (see Materials and Methods). The reaction 

remained linear with respect to time as shown by plotting 

the absorbance A420 (ordinate) against time of incubation 

(abcissa) (Figure 17). To determine whether a viscous 

environment had any effect on the enzymatic activity of a 

purified enzyme, we repeated the assay procedure in 1.5% 

(w/v) of Methylcellulose in A buffer. Enzymatic activity was 

still linear with respect to time, but showed a slight 

decrease (Figure 18). This observation by itself was very 

encouraging in the sense that it suggests that the increased 

p-galactosidase activity observed in different strains 



Figure 17. ~-galactosidase enzyme activity as a function of time at 37° C. 
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Figure 18. ~-galactosidase enzyme activity as a function of time at 37° C in standard 
and viscous solutions. 
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growing in viscous environments does not appear likely to 

reflect an activation of the enzyme generated by the viscous 

agent. 

Cells of selected strains growing exponentially in 

different media were collected and stored at -20°C. After 

thawing The ~-galactosidase specific activity was determined 

for each strain. The results are summarized in Table 22. 

Growth in high viscosity solutions stimulated the lacZ gene 

expression resulting in an increase in ~-galactosidase 

specific activity. The FJ7 samples, a negative control, 

failed to produce any activity regards of which environment 

the strain was grown in. 

Influence of Maqnesium Sulfate (Mqls04) on p-qalactosidase 

specific Activity 

As mentioned earlier macrofibers of strain 5:7oring 

displayed blue color areas, only when grown in TB 

supplemented with M92So4 (Table 14). strain 5:70ring 

macrofibers did not show any ~-galactosidase activity when 

the cultures were sampled after overnight growth. However, 

when the growth of the strain was continued for 48 hours, ~

galactosidase was detected. Specific activity was determined 

also in 5:70ring cultures grown with and without M92S04 • The 



Table 22. ~-galatosidase specific activity- in selected strains after 21 hours 
growth at 20°C. 

Media- Strains 

F3N 5:7 BSP FJ7 US2 

TB (_) b (-) (-) (-) (-) (-) 

METHOCEL 
0.5%{W/V) 5.14 (lost) (-) 1. 77 (-) (-) 

METHOCEL 
1% (W/V) 12.23 4.69 0.75 2.59 (-) (-) 

METHOCEL 
1.5%{W/V) 5.22 11.83 1.12 17.43 (-) 11.83 

PVP40 
10% (W/V) 21.71 12.46 {NG}C 16.33 (-) 8.48 

PVP360 
10% (W/V) 30.14 50 14.07 42.44 {-} 16.70 

- ~-galactosidase specific activity expressed as nanomoles ONP produced per minute 
per milligram protein (nanomoles/min/mg protein). 
b (_) represents absence of ~-galactosidase activity. 
C No growth. 

...... 
w 
w 
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~-galactosidase specific activity was greater whenever M92S04 

was in the viscous environment. In fluid media such as 

Tryptose Broth (TB) , M92S04 appears necessary for the 

expression of the fused gene (Table 23). 

It has been reported that various concentrations of Na+ 

and Mg2+ affect ~-galactosidase activity. High 

concentrations of the two ions inhibited enzyme activity but 

activity was regained upon dilution (Hill and Huber, 1971). 

Amino acid analysis of ~-galactosidase shows a large 

excess of free glutamic and aspartic carboxyl groups over 

positively charged side chain. A variety of sites are 

therefore available for cations binding (Craven, steers and 

Aufinsen, 1965). Several of these sites could be in position 

to affect the enzymatic activity (alter the rate of 

substrate hydrolysis). In macrofibers however magnesium ions 

are strong twist modulators that cause production of right 

handed structures. The correlation observed here between ion 

concentration and ~-galactosidase activity could therefore 

pertain to fiber hand and gene expression rather than enzyme 

function. 



Table 23. Effect of Magnesium sulfate (M9ZS04) on ~
galactosidase specific activity in strain 5:70ring. 

MEDIA 

Viscous 

agent 

added 

None 

METHOCELC 

PVP360e 

TB 

-MgS04
a 

Incubation Time, (20°C) 

21h 

(_) a 

(-) 

(-) 

(-) 

44h 

(-) 

0.27 

1.06 

3.92 

a (-), absence of ~-galactosidase. 

TB 

+ Mgso4
b 

Incubation Time, (20°C) 

21h 

(-) 

(-) 

(-) 

(-) 

44h 

2.86 

2.34 

2.56 

7.08 

Specific activity equals nanomoles oNP/min/mg protein. 
b MgS04 concentration used was 20mM. 
C 1.5% (W/V) Methylcellulose in TB. 
d 10% (W/V) PVP40 in TB. 
e 10% (W/V PVP in TB. 
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p-galactosidase specific Activity in Increasing 

concentrations of PVP360 
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Two strains F3N and 5:7BSP(ORl) showed a great increase 

in ~-galactosidase specific activity when cultured in PVP360 

10% (w/v) (Table 22). Therefore, we selected strain 5:7BSP 

and examined the effect of PVP360 concentrations on gene 

expression. The results are summarized in Table 24. 

Expression of the fused gene in this strain is positively 

correlated with the viscosity of the growth media. The 

higher the concentration of the viscous agent, the greater 

the level of gene expression, measured by an increase in ~

galactosidase specific activity. 

~-galactosidase Specific Activity During Temporal Growth of 

5:7BSP (ORI) in PVP360 

strain 5:7BSP (ORl) was grown in TB supplemented with 

PVP360 in tissue culture wells. The cultures were sampled 

after different times: 12 hours, 24 hours, 30 hours, 36 

hours, 48 hours, and 54 hours incubation at 20°C. ~

galactosidase specific activity in the bacterial cells and 

in the environmental supernatant where growth had taken 

place was determined. The results obtained are summarized in 
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Table 24. ~-galactosidase specific activity as a function 
of PVP360 concentration in strain 5:7BSP(ORI) after 21 hours 
growth at 2 ooe. 

Media ~-galaclosidase specific activity 

(nanomoles ONP/min/mg protein) 

TB + PVP360 2% (W/V) 

TB + PVP360 4% (W/V) 

TB + PVP360 6% (W/V) 

TB + PVP360 8% (W/V) 

TB + PVP360 10% (W/V) 

4.587 

20.97 

38.28 

38.64 

42.44 
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Table 25. ~-galactosidase specific activity increased in the 

cells during exponential growth (12h) then droped 

progressively during the following 24 hours. During this 

period, ~-galactosidase activity was detected increasingly 

in the supernatant. To our surprise, the specific activity 

of the bacterial cells rose again to high levels 12 hours 

later (36 to 48 after inoculation), reaching a plateau 

shortly thereafter. 

Colony Morphology of Bacillus subtilis 5:7 ORING 

The isolate 5:7 ORing showed a clear positive effect of 

the environmental influence on gene expression, 

specifically when methylcellulose was used to increase 

viscosity of the growth medium (Table 26). This strain 

moreover shows a possible correlation between handedness of 

its macrofiber and the fused gene expression (Table 27). In 

normal viscosity medium lac Z expression was found only when 

RH structures were produced. However, when the macrofibers 

were produced in a viscous environment (PVP360, 

Methylcellulose) gene expression was found in the right

handed domain, and also even in a disorganized state of the 

structure. Very strong expression was found as well when 

structures arose under conditions that would have produced 

LH fibers in normal viscosity(+N) but that produced 
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Table 25. ~-galactosidase specific activity during growth 
of 5:7 BSP (ORI) in TB medium containing PVP360 (10% w/v). 

Time of Incubation (hours) ~-Galactosidase 

Specific Activity 

After Inoculation (nmoles ONP/min / mg protein) 

Cells Filtrate (supernatant) 

12 6.8 

24 4 0.59 

30 1 1.24 

36 0.5 1 

48 12.41 3.37 

54 12.85 2.13 



Table 26. Expression of Lac Z in strain 5:70RING following growth at 20°C in TB 
medium containing different viscous agents. 

Viscous agent Medium' Hand state Blue Color Development 
1 2 3 4 (Days) 

Methylcellulose TB only DO 
TB+0.5% (W/V) DO/e.f +/- + + 
TB+1.5% (W/V) RH 

DO + ++ 

PVP360 TB only DO 
TB+PVP 6% (W/V) DO/e.f +/-
TB+PVP 10% (W/V) e.f +/-

PVP40 TB only DO 
TB+PVP 6% (W/V) DO 
TB+PVP 10% (W/V) DO/e.f 

Methylcellulose TB only RH+ + 
+ Mgs04

b TB+0.5 (W/V) RH++ + 
TB+1.5% (W/V) RH+++ + ++"ring" 

PVP360 TB only RH + 
+ MgS04 TB+PVP 6% (M/V) RH + 

TB+PVP 10% (W/V) RH + + 

PVP40 TB only RH +/-
+ MgS04 TB+PVP 6% (W/V) RH 

TB+PVP 10% (W/V) RH 

a All meai~ were supplemented with X-gal (4x). 
I-' 
+=> 
0 



Table 26. (continued). 

viscous agent 

(Days) 

Methylcellulose 
+ (NH4h S04

c 

PVP360 
+ (NH4h S04 

PVP40 
+ (NH4) 2S04 

Medium· 

TB only 
TB+0.5% (W/V) 
TB+1. 5% (W/V) 

TB only 
TB+PVP 6% (W/V) 
TB+PVP 10% (W/V) 

TB only 
TB+PVP 6% (W/V) 
TB+PVP 10% (W/V) 

Hand state 

LH/loose 
LH++ 
LH+++ 
DO 

LH++ 
LH 
LH 

LH 
LH 
LH 

c ( NH4) 2S04 was supplemented at a concentration of 30mM. 

Blue Color Development 

1 2 3 4 

++ +++ 

....... 
-+=....... 
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Table 27. Correlation between macrofiber handedness and lac 
Z expression in 5:7 oring structures growing in different 
media at 20°C. 

Media Hand state 

TB 

TB + (NH4hS04 
+Methylcellulose 

DO 

RH 

DO 

Lac Z gene expression 

+, +/-

+++ 

~he medium was supplemented with 20mM MgS04 • 

bThe medium was supplemented with 30mM (NH4hS04 
All media were supplemented with X-gal (4x) 
-, no expression of Lac Z gene 
+/-, +, expression of Lac Z gene with different intensity 



143 

disorganized ones instead when methylcellulose was present. 

A second characteristic of strain 5:70ring is the 

formation clockwise pinwheel colonies when grown on fresh 

TBAB medium (Figure 20). This phenomenon was reported first 

by Mendelson and Keener (1982). They showed that the 

clockwise and counterclockwise pinwheel colony morphologies 

of B. subtilis are correlated with the helix hand of the 

strain. colony growth of the 5:7 Oring strain displayed 

clockwise pinwheel projections, indicating a tendancy to be 

in the right-handed domain. 

During screening of the desired phenotype, we 

transferred the mutant insertion strains to indicator plates 

(TBAB + (4x) X-gal). After two to four days of incubation at 

30°C, the growth from stabs displayed different patterns of 

gene expression (Figure 21). Some isolates produced a 

typical sectored pattern in which some sectors were 

colorless, other blue (a flower-like pattern). others showed 

concentric ring patterns. One strain 5:70ring Figure 21. 

Some isolates produced a typical sectored pattern which some 

sectors were colorless, other blue (a flower-like pattern) . 

Others showed concentric ring patterns. One strain 5:70ring 

exhibited a concentric pattern in which a blue zone or 

"ring" always appeared near the periphery of the colony 

(Figure 22). 
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Figure 20. Clockwise pinwheel colonies of strain 5:70ring 
grown at 20 0 C on TBAB media. 
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a) 

Figure 21. The pattern of Lac Z expression displayed by 
various insertion strains when grown on TBAB containing x-gal. 

a - sectored expression 
b - the concentric ring pattern (2nd row; 3rd from left) 
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Figure 22. Lac Z expression in colonies of strain 5:70ring 
grown at 20°C on TBAB containing X-gal. 
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Figure 22 shows that the location of gene expression in 

5:70ring colonies always is restricted to the cells near the 

periphery regardless of colony size. This observation is 

compatible with Shapiro's findings (1988) and supports his 

idea that biological clocks in bacteria enable them in some 

way to program cellular differentiation at specific times 

during development. 

crowded Effect and Cellular Differentiation 

In biological research, important clues can come from 

observing an unusual response of organisms to a particular 

set of circumstances. When the 5:70ring strain was cultured 

in fluid media (TB) and serial dilutions made from which 50 

to 100~1 samples were plated on TBAB agar indicator plates 

(4x X-gal), different patterns of gene expression were found 

depending upon the density of cells plated. All plates were 

incubated at 20°C overnight. All colonies appeared white 

(colorless) after 18h of growth. However, later on day two 

and three, whenever colonies were crowded lac Z expression 

appeared throughout the entire colony not just at the 

periphery. When the colonies were well separated (highest 

dilutions), the colonies grew bigger and the expression of 

the fused gene appeared later. On day four, the typical 

concentric blue ring pattern was evident (Figure 23 and 



23a). These puzzling observations gave rise to many 

questions. Is there a differentiation due to colony 

aggregation? Could bacterial cells specialize and control 

protein synthesis (~-galactosidase) in response to 

intercellular communication signals? Is there a chemical 

substance released by bacterial cells that is used to 

monitor their growth and colony size? 
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Figure 23. Patterns of lac Z expression in colonies of strain 
5:70ring as a function of colony density. All colonies were 
produced on TBAB+X-gal at 20°C. 
a) 5:70ring strain spread on TBAB (4x) X-gal. 
b) represents an enlargement of a). 



Figure 23a. 
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One of the most striking features of bacteria, their 

capacity to undergo sUbstantial change in composition and 

structure in reponse to the environment, is well illustrated 

by the phenotypic variability of the cell wall. A major 

function of the latter involves mediating the interaction of 

the organism and its environment. Evolutionists have talked 

about adaptation by selection, adaptation operating'through 

genetics but governed by the interplay of physical, chemical 

and biological aspects of the world. Many biological 

processes can clearly be linked to changing environmental 

factors such as seasonal variations in light or temperature, 

starvation, pH, water activity and physical forces. Yet, a 

great deal of research based on the elucidation of cell 

shape determination has focused primarily on biological 

mechanisms to explain a number of systems displaying 

aberrations under special cirumstances, genetic or physical 

(Rogers et. al., 1980; spratt, 1977; Boyer et. al., 1972; 

Rogers et. al., 1970). Unfortunately, the principal(s) that 

govern transformation of cell shape remain elusive. One of 

the reasons could be the little attention given to the 

mechanism of interaction between the organizational and 

dynamic aspect of cell walls and the environment in 
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comparison to that given to the production and properties of 

mutants best suited to various conditions. The effect at 

cellular and multicellular levels of forces acting at higher 

orders of organization are obvious to all who have observed 

cell shape and morphogenesis. Amongst the pioneers in this 

field is D.W. Thompson (1961). 

The macrofiber system of B. subtilis introduced by 

Mendelson, 1978, provided a unique system in which the cells 

remained together in a chain after cell division rather than 

separating into individual cells. As the chain of cells, 

called a filament, elongates, it undergoes a dynamical 

sequence of growth with rotation, bending, touching to block 

rotation, folding and wrapping together of the two arms. 

This sequence, when repeated many times, results in the 

building and formation of a mature bacterial macrofiber. 

with such a system in hand, an experimental approach was 

established in which the dynamics of cell surface structure 

can be explored in terms of the organization it assumes in 

response to external stimuli operating through genetic 

regulation. 

The kinds of changes detected in macrofibers may be 

too minute to detect and study in conventional cultures 

because the individual cells are too small. One of the 

insights this system has already provided comes from the 

helix hand inversion (RH and LH) of macrofibers, an 
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appropriate model to study structural dynamics of bacterial 

walls. An extensive investigation of the process indicates 

that both genetic and epigenetic factors play a role in the 

development of twist state which must correspond to the 

establishment of cell surface conformational states at the 

time of cell wall assembly. Amongst these epigenetic 

factors, the physiological aspects of growth were evident. 

The particular helix hand and twist state produced by a 

macrofiber is now known to be regulated by variations of the 

environment including growth medium composition, magnesium 

and amonium ions concentration, the presence of protease, D

alanine and D-clycoserine concentration and temperature. 

Before the discovery of macrofibers, the effects of the 

physiological factors on cell surfaces were already known in 

B. subtilis (168; as well as other strains). These organisms 

respond to different variations of the nutritional 

environment (phosphate concentration, magnesium, pH) by 

modulating the relative properties of teichoic and 

teichuronic acid (Ellwood and Tempest, 1972), polymer 

components of the cell wall. It was shown also that ~ 

subtilis 168ts 200B (temperature sensitive rod-mutant) form 

spheres under non-permissive conditions and is defective in 

the biosynthesis of teichoic acid (Boylan and Mendelson, 

1972; Shiflet et. al., 1977). In the macrofiber system, an 

initial hypothesis that left-handed (LH) and right-handed 
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(RH) must possess considerably different chemical identity 

was based on the early experiment in which intact LH 

structures were relatively more sensitive to degradation by 

lysozyme than RH structures (Mendelson, Favre, Thwaites, 

1984) and led the authors to a biochemical characterization 

of the macrofiber cell surface. Chemical analysis was 

carried out but no differences in wall isolated from LH and 

RH structures were found that correlated with helix hand 

(Surana, 1987). Additional physiological and biochemical 

characterization of the macrofiber cell surface also 

indicate that gross compositional changes are perhaps not 

the mechanism underlying temperature - or nutrition -

induced inversion. On the other hand, the existence of a 

series of mutants restricted in the range of twist they can 

produce (Mendelson, 1978) indicated that the helix hand 

property is under genetic regulation. Moreover, the 

identification of a 200 Kdal protein which seems to be 

involved in the establishment of the LH twist state supports 

the genetic regulation theory. Therefore, it was appropriate 

to approach the problem of induced inversion from a genetic 

standpoint. 

Transposition and insertional mutagenesis was carried 

out. Tn917-lac, a streptococcus transposon was used to 

obtain insertional mutants in the FJ7US2 strain. The beauty 

of the insertion mutagenesis system is that it provides 
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study of the regulation of gene expression as well as a 

means to produce mutations. Following the transposition 

event, banks of mutants were obtained. The transposition 

event was confirmed first through antibiotic markers and 

later by plasmid isolation and electrophoresis on an 0.8% 

(w/v) agarose gel of different insertion mutants and control 

strains FJ7US2 and PTV32ts (both of which carry the 

autonomous plasmid) (Figures 4,5 and 6). Random insertion of 

Tn917 into the B.subtilis genome was supported by the fact 

that several auxotrophs were found among the isolates 

carrying an insertion (Tables 5 and 7). 

In this work several banks of insertional mutants 

obtained from FJ7US2 were searched for mutants defective in 

macrofiber production or impaired in their twist hand 

inversion. 100 clones were screened in various nutritional 

media. None were found to exhibit the desired phenotype 

(Tables 8 and 9). FJ7US2, a strain harboring PTV32ts plasmid 

retained a helix phenotype identical to the parent strain 

except when grown in T or TB(N) (Table 8). In these media 

unlike FJ7 which forms LH/DO (left-handed/disorganized) 

structures, FJ7US2 and all the insertions strains derived 

from it behaved as follows: in T media they formed stressed 

helices with morphologically distorted cells. The production 

of stressed helices, termed Edison-filament like single 

stranded forms, were also observed whenever viscous agents 
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PVP360 or PVP40 were introduced into the growth media 

(Figure 24). All these media were however supplemented with 

antibiotics, thus the production of stressed macrofibers may 

reflect growth in the presence of drugs when strong twist 

modulators are absent. It was also suggested by Tilby (1977) 

and Mendelson (1988) that these Edison-filament like 

structures appear to be governed by a differential rate of 

elongation around the cell cylinder. During this 

investigation, clones with altered static twist were not 

rare. Prior to this work, another bank of insertion strains 

was searched for mutants defective in temperature-induced 

hand inversion. Twelve hundred clones were screened but none 

with the desired phenotype were found. It is not surprising 

that the bank(s) of insertions failed to contain any with 

twist-related defects, when one consider the following 

factors: the transposition into "vital" genes is lethal and 

therefore these cannot be recovered. Twist state could be 

governed by only a few genes or it could be that Tn917 

transposon became inserted only at hot spot areas of the 

genome (Youngman,1987). If only 1% of all insertions are 

truly random as reported previously, finding an insertional 

mutation in any gene of interest may require an extensive 

screening of a much larger insertion bank. Rather than 

screen further insertion strains, we decided to make use of 

the Tn917-lac "reporter-gene system" to search for promoters 
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Figure 24. Single-stranded Edisson filament formation while 
growing F3N strain in PVP40 (EL:l/2S). 



that become active under specific macrofiber growth 

conditions. 
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Detection of Tn917-mediated lac Z fusions was carried 

out on TBAB (EL:1/25) plates supplemented with 40~g/ml (lx) 

X-gal and (4x) X-gal (Figure 7). However, we focused on 

Tn917-lac insert detected in colonies by the development of 

blue color on (lx) X-gal. In cases where 1x provided only 

evidence that activity was present, (4X) X-gal was used for 

a better visualization of gene expression (Tables 11-12). An 

alternate procedure to the X-gal detection of Tn917-lac 

fusions was the use of MUG (methylumbelliferryl-galactoside) 

substrate. When MUG is hydrolyzed, a methylumbelliferone is 

generated which is highly fluorescent under long wavelength 

UV light (Figure 9). Although more sensitive than the X-gal 

B-galactosidase assay (Table 13), its disadvantage lies when 

one desire to visualize temporal and/or spatial expression 

taking place during development. For such purposes the assay 

of choice would be to use X-gal. 

We examined and characterized "fused gene" expression 

during formation of B.subtilis macrofibers at 20°C as a 

function of the growth environment. Expression was estimated 

by the intensity of color that appeared in area(s) of the 

helical macrofibers (Table 14) and in cells of macrofiber 

filaments (Figure 13). Six strains that express lac Z were 

selected and studied in comparison to the control strains 



159 

FJ7 and FJ7US2 with respect to the regulation of gene 

expression as a function of macrofiber helix hand and growth 

medium composition (Tables 15a-15b). From the results 

obtained no correlation could be made between the 

establishment of a twist state (RH or LH) and gene(s) 

expression in insertion strains grown in different 

physiological environments. The failure of such a 

correlation could simply reflect the fact that insufficient 

numbers have been screened thus far, although it could 

reflect as Mendelson suggested, that " the fine tuning of 

twist establishment does not appear to be controlled by a 

large number of genes each concerned with a specific state 

but rather by a limited number of gene products that are 

responsive to other inputs. Gene products operating at the 

time of cell wall assembly process might be very sensitive 

to different environmental conditions". 

During this investigation, distinct macrofibers were 

formed in both TB(M:magnesium sulfate) and TB(N:amonium 

sulfate). However at later stages of growth, macrofibers 

became reorganized into more open structures when grown in 

TB(M). Whereas in TB(N), macrofibers formed tight ball-like 

structures (figure 13). We decided to focus on cultures 

grown in TB(N) because of the long-life the macrofiber 

structures exhibit in this medium. Due to the late 

expression of B-galactosidase in different strains, the 
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incubation was continued until the culture finally contained 

a mixture of white ball (WB) and blue ball (BB) macrofiber 

structures and no further changes were detected in the 

expression of the "fused genes" in these cultures. 

In view of the temporal nature of expression observed, 

we decided to study "fused gene" expression during 

developmental stages following regrowth from macrofiber 

mature ball structures transferred into new media (Tables 

17-18 and Figures 11-12-13). only late expression, with some 

variations was observed in all of the insertion strains 

during the development of macrofiber structure. This 

presumably reflects insertion of the transposon into "late 

genes" but the insensitivity of the "lac system" to reveal 

the earliest stages of gene expression in macrofibers may 

also be a factor. 

Among the bank(s) of Tn917 insertions, we found two 

interesting strains : a strain 5:70ring that displayed blue 

color area(s) on day four, only when incubated in TB(M) 

(Table 14). Whether magnesium sulfate serves to induce the 

expression of the "fused gene", however, remains to be 

determined. strain 3:1, showed expression of the lac Z gene 

whenever it was grown on solid (TBAB,4x X-gal) media but not 

when cultivated in static (TB,4x X-gal) fluid broth (Figure 

10). Could the gene expression on TBAB solid media be 

triggered by the intrinsic viscosity of the medium? Perhaps 
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if a viscous agent was introduced into the fluid medium 

growth, forces would be generated during growth that lead to 

gene expression. By increasing the viscosity of the medium 

the growth environment might more closely resemble that of 

solid medium. If gene expression was restored under such 

condition it would suggest that the cells sense the physical 

state of the environment. 

The effects of introducing viscous agents into the 

media on the establishment of twist states and gene 

expression was therefore studied. No definite correlations 

were found between the twist state of a strain and the 

viscosity of the solutions in which it grew when 

methylcellulose was used. However, insertion strains F2b and 

5:70ring grew in the right handed domain whenever 

methycellulose (0.5% w/v and 1.5% w/v) was in the media 

(Table 19). In strain 5:70ring there appeared to be a 

correlation also between RH growth and the expression of the 

fused lac Z gene. On the other hand, when we introduced 

PVP360 or PVP40 viscous agents into the media, formation of 

Edison filaments (e.f.) were observed (Tables 20-21). The 

cells were stressed and in some cases distorted. Again the 

exception was seen with strain F2b when grown in PVP40 

solution in which its twist state was pushed toward the 

right-handed domain (RH/DO). The twist and hand 

determination mechanism in strain F2b does not seem to be 



162 

correlated however with expression of the fused gene, but 

rather with an increase in viscous agent concentration when 

either Methocell (MW. 86,000) or PVP40 (MW. 40,000) was 

used. A discrepancy was observed, however, when PVP360 (MW. 

360,000) was introduced into the media. It had no effect on 

the twist state. Thus right-handed twist state in F2b seems 

to be influenced by the microviscosity of the media not by 

the chemical composition of the viscous agent. It is 

interesting to note that LH twist states were never induced 

by viscous agents used in this investigation. 

Prior to our work, Belas and his coworkers (1986), 

showed that the fla gene, controlling the synthesis of 

lateral flagella, became expressed whenever Vibrio 

paraheamolyticus was grown on agar or in viscous media but 

not when it was grown in liquid media. In this case, fla 

gene expression is related to motility and it enables the 

bacteria to move in rigid media or over surfaces (swarming). 

In our macrofiber system we showed that gene expression was 

induced by growth of B.subtilis macrofibers in viscous 

media. Furthermore, lac Z gene expression in F2b strain 

seems to be linked to growth at a particular phase of the 

macrofiber life-cycle in a viscous environment (Figures 15-

16). Additional observations made by Mendelson and Thwaites 

(1990) showed that macrofiber formation in viscous media, 

instead of following the conventional dynamical sequence of 
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growth previously described, undergoes a buckling process 

triggered most probably by forces generated during growth in 

viscous environment. 

Observations of ~-galactosidase activity (Tables 19-

20-21) and later quantitation of ~-galactosidase in 

selected strains showed an increase in lac Z expression 

whenever the strains were cultured in viscous solution. In 

fluid media (minimal viscosity), no ~-galactosidase activity 

could be detected. The control of enzyme activity may occur 

through the regulation of the host gene promoter hence, 

changes in the amount of enzyme present might represent 

differences in the degree of expression of the host gene. 

Changes in the specific activity of ~-galactosidase could 

however arise in two other ways. One possibility has to do 

with the rate of mRNA translation or decay. Another involves 

the activation of the enzyme itself directly. In view of 

recent findings in other bacterial species however where 

changes in medium viscosity were found to affect gene 

expression, it seems most likely that the results reported 

here do indeed reflect control at the gene level. 

In conclusion, the results of the current investigation 

clearly emphasize a participation of physical forces in gene 

expression and regulation. In this context, future studies 

of RNA synthesis and stability using cloned DNA or mRNA as 

hybridization probes will be necessary to establish and 
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clarify the mechanism of regulation. No definite 

correlations were made between twist hand determination and 

forces brought into play in viscous environment(s). However, 

some strains, F2b and 5:70ring, showed a tendancy to adopt a 

right-handed twist state when grown in methylcellulose (0.5% 

w/v and 1.5% w/v). 

Even though three independently obtained insertional 

banks were extensively screened, no isolates were obtained 

that had an altered twist phenotype. However, an unusual 

strain (5:7oring) was found in which there appears to be a 

correlation between the expression of the gene into which 

the transposon has inserted and the production of right

handedness. In addition, this strain displayed possible 

intercellular signaling observed during cellular 

aggregation. Environmental signals,including possibly the 

hand of the structure itself may trigger gene expression. 

Most pertinent to our finding is recent work by 

Shapiro indicating that within colonies cellular 

differentiation takes place at the level of cellular 

aggregation (Shapiro, 1987; 1988). A number of factors are 

currently thought to be responsible for bacterial colony 

morphology. The interaction of cell surfaces with the 

substrates upon which they are grown has been recognized as 

a contributing factor (Bisset, 1939). The properties of cell 

surfaces and its genetic regulation is of central importance 
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in the determination of colony morphology. There are two 

other factors which influence colony morphology: Cell growth 

and motility. six kinds of movements, swarming, swimming, 

sliding, twitching, sliding and darting were described by 

Henrichsen (1972). He attempted to characterize bacterial 

movements on semisolid surfaces and to relate these 

processes to colony morphology. The latter four movements 

are thought to be driven by mechanism other than flagella 

action. Swarming behavior of Proteus mirabilis was studied 

more recently (Shapiro, 1988). Two kinds of evidence suggest 

that swarming behavior is regulated. One is that when 

swarming is interrupted by chemical or physical obstacles or 

by interference with growing cell mass (crowded effect), 

specific morphological response take place. Observation of 

the geometries of the swarm colonies after they have been 

artificially manipulated (deformation of the regular 

outlines of the colonies) makes it clear that both temporal 

and directional control influence colony growth, in 

particular, chemicals diffusing through the agar appear to 

play important roles in colony spread. 

The pattern of gene expression in strain 5:70ring 

reported here provides a new example of cellular 

differenciation in bacterial colonies. When colonies were 

allowed to form at low density on an agar surface, gene 

expression was restricted to a narrow circular zone just 
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interior to the outermost periphery of the colony, and the 

expression only arose late in the growth of the colony. A 

similar pattern was found in fluid grown structures when the 

5:70ring macrofibers formed ball structures expressing lac Z 

only at the periphery. In contrast to this pattern, both the 

spatial location of expression and its timing were changed 

when colonies grew close to one another crowded on an agar 

surface. In such cultures lac Z became expressed earlier in 

smaller colonies and not only in a ring zone but throughout 

the entire colony. Clearly the regulation of gene expression 

in procaryotes is responsive to growth conditions and 

cell/cell interaction much as in the case of developing 

eucaryotic organisms. The macrofiber system provides a means 

therefore to study such regulation in the context of a 

multicellular procaryotic model. 
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