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ABSTRACT 

Following nitrosoguanidine (N-methyl-lP-nitro-N-

nitrosoguanidine) mutagenesis, a Bacillus sub til is mutant, 

div IV-B1. was isolated that is defective in the location 

of division site along coll length. The mutation was trans

ferred into strain QUltO3 by transformation, and its proper

ties wore studied in the CUli.03 genetic background. 

Location of divisions in close proximity to cell 

pole regions in the mutant result in minicell production. 

Autoradiographs of ^H-thymine incorporation, and electron 

micrographs failed to demonstrate DNA in the minicells, 

although the kinetics of 3H-thymine incorporation by the 

mutant is comparablo to that of the wild-type. Electron 

micrographs revealed that minicells are produced by a 

structurally normal division mechanism and that minicells 

contain a normal cell surface. The div IV-B1 mutation was 

mapped by both PBS1 transduction and transformation and 

shown to be closely linked to pheA. 

Spores of the mutant have been germinated and grown 

to microcolonies in chambers which facilitate continuous 

observation of the developing clones with a phase-contrast 

microscope. Time lapse photographs were taken of lj.6 clones, 

covering the period from the beginning of outgrowth until at 

least two rounds of cell division had been completed. Cell 

ix 
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' lineages were constructed from contour length measurements 

of the photographs. Measurements include cell lengths, 

division site locations, and cell numbers in clones of 

various ages. Prom these data, the probability of a mini-

cell being produced at any division by the div IV-B1 muta

tion has been determined to be 0.31* The location of the 

abnormal division site which generates the first minicell 

produced in the outgrowing clone appears to be random with 

respect to the existing cell pole. In contrast, the loca

tion of the second abnormal division site, and hence the 

second minicell, is not random but rather occurs prefer

entially in proximity to the first minicell. Growth of the 

mutant, despite the production of cells incapable of growth * 

(enucleate minicells and short rods) is exponential. 

Minicells were injected into a rabbit to elicit the 

production of minicell specific antiserum. Anti-minicell 

serum was found to be capable of binding to the lateral wall 

surface of the filaments of a B. 3ubtilis temperature-

sensitive cell division mutant grown at C. Immunodif

fusion and Immunoelectrophoresis carried out with 

anti-minicell serum failed to detect any differences be

tween wall and membrane fractions prepared from CUit.03 div 

IV-B1* and CUli.03 div IV-B1 cells. Additional antigens were 

detected in the cytoplasmic fractions from CUiiQ3 div IV-B1 

cells which were not present in 0Ult03 div IV-B1*. 



xi 

Current models regarding the cause of abnormal 

septum site location in minicell-producing bacterial strains 

are discussed. A model is proposed which suggests that min-

icells arise by the simultaneous initiations of multiple 

septa within a single growth zone during a single division 

cycle. 



CHAPTER 1 

INTRODUCTION 

Nature and Scope of the Investigation 

A groat deal of attention has recently been focused 

on the mechanisms involved in cell division of bacteria. 

Various steps which play a role in cell division may be con

veniently studied in two ways: (1) by the isolation of 

mutants defective in one of these steps, or (2) by the use 

of inhibitors which specifically block one of these steps. 

The goal at the outset of this investigation was to 

isolate mutants of Bacillus subtili3 which grow normally 

when incubated at 30 C, but which are defective in some 

aspect of cell division when grown at C. Mutants were 

initially isolated by thoir inability to produce wild-type 

colonies at Jjj? C on nutrient plates. One such mat ant iso

lated was characterized by "feathery" or "wispy" looking 

colonies; this morphology being more pronounced on plates 

incubated at 1$ C. Microscopic examination of this mutant 

grown at 30 0 or at 0 revealed the presence of two types 

of cells in the colony: rods, longer than those usually 

found in wild type colonies of B, subtilis; and small, 

spherical cells which seemed to be produced by divisions 

adjacent to previously existing polos. 

1 
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The mutation responsible for abnormal septum site 

location [subsequently designated dlv IV-B1. following the 

recommendations of Mendelson (Young and Wilson 1972) ]* was 

transferred to CUit03 thy A", thy B~, met B", leu A" in order 

to study it in a thymine requiring, isogenic background. 

The experiments described in this study are certainly not an 

exhaustive investigation of the div I7-B1 mutation nor of the 

"minicells" (following Adler et al. 1967) produced by the 

mutant strain. Rather, the experiments were designed with 

the intention of providing information regarding the nature 

of the cell division defect controlled by the div IV-B locus. 

The Cell Cycle in Bacteria 

Septum formation is merely one step in a complex 

process resulting in the production of two new daughter-cells 

from one previously existing cell. The replication and re

pair of DNA, segregation of the daughter chromosomes, and 

growth of the cell must be strictly coordinated with septa-

tion in order to ensure the proper division of the cell. 

Therefore, before considering septum formation in greater 

detail, the major events of the bacterial cell cycle will be 

discussed, with specific reference to subtilis wherever 

possible. 

Replication of. DNA 

Bidirectional replication has been demonstrated in 

B. subtilis by Wake (1972). B^ subtilis chromosomes partially 
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replicated in the presence of thymine after an initial 

period of thymine starvation were prepared for autoradio

graphy. The major type of re-initiated structure seen in 

the autoradiographs consisted of a closed loop bifurcated 

in two regions into minor loops of approximately equal size, 

The pattern of linear grain densities within the smaller 

loops was consistent with symmetrical bidirectional repli

cation (Wake 1972). More recently it ha3 been demonstrated 

that replication proceeds in both directions at similar 

rates until less than 10# of the chromosome is left unrepli-

catod (Wake 197W• ^ ̂as &13° been reported that replica

tion proceeds in opposite directions at the same rate in 

Escherichia coli. and that the terminus is at a point dia

metrically opposed to the origin (Bird, et al. 1972). Wake's 

autoradiographs conflict with the findings of Hara and 

Yoshikawa (1973) who concluded that replication stopped in 

the counterclockwise direction shortly after initiation. In 

their experiments Bj_ subtilis spores were germinated in me

dium containing 5-bromouracil and the transforming activities 

of D1JA samples were assayed for various markers. 

Jacob, Brenner and Cuzin (1963)» in their replicon 

model, suggested that the bacterial chromosome wa3 attached 

to a site on the cell membrane. Subsequently, support for a 

membrane binding of the replication point has been found in 

both Bj. subtilis and 33̂  coli (Ganesan and Lederberg 1965# 

Smith and Hanawalt 1967)* It was later shown in 13^ subtilis 
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that the replication origin was permanently associated with 

the membrane. Preparations of membranes isolated from late 

logarithmic and stationary phase cultures and containing %% 

of the oellular DNA have been found to be selectively enriched 

for markers at the origin of the ohromosome (Snyder and Young 

1969). 

Under certain conditions replication of bacterial 

chromosomes can be re-initiated symmetrically at the origin 

during a replication cycle (Quinn and Sueoka 1970# Worcel 

and Fritsch 1971). 0*Sullivan and Sueoka (1972) have shown 

that all four copies of the replication origin resulting from 

two rounds of initiation remain membrane bound. They pre

pared spore3 in medium containing thymine, then germi

nated the spores in bromouracil and chased with unlabeled 

bromouracil. Thus they were able to distinguish completely 

new origins (fully heavy in density) from parental origins 

(heavy-light density). The enrichment index for the trans

forming ability of an origin marker was 3.8 in the membrane 

associated DHA (0'Sullivan and Sueoka 1972). 

A number of temperature-sensitive mutants defective 

in DNA synthesis have also been shown to be affected in cell 

division at the restrictive temperature. These mutants fall 

into two major categories: (1) those that stop DNA synthesis 

almost immediately upon transfer to high temperature; and (2) 

those that allow completion of rounds of replication in 
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progress at the time of the shift but do not initiate fur

ther rounds. Group A and C D1TA mutants of B. subtills cease 

DNA synthesis almost immediately at the restrictive tempera

ture; the cells elongate but fail to divide and eventually 

become swollen and lyse (Gross, Karamata and Hempstead 1968) # 

The PAT 1(2 imitant of coli which fails to synthesize DNA 

at the restrictive temperature is also unable to divide and 

grows into filaments (Hirota, Ryter and Jacob 1968). Treat

ments ifhich have an inhibitory effect upon DNA synthesis, 

such as ultraviolet irradiation, thymine starvation, or the 

addition of mitomycin 0 or nalidixic acid, have also been 

found to promote filament formation among bacteria (Clark 

1968). 

Initiation mutants of Bj. subtilis and Salmonella 

typhimurium which continue to synthesize DNA at the restric

tive temperature until a round of replication has been com

pleted have been found to be able to continue to divide with 

the result that anuoleate cells are produced (Mendelson and 

Gross 1967; Gross et al. 1968; Mendelson 1968; Shannon, 

Spratt and Rowbury 1972). This has led to the suggestion 

that upon termination the chromosome normally must be "re

leased" from the replication complex to allow division to 

occur: thus inhibition of WA synthesis during a round of 

replication would block division; whereas, if the binding 

of the chromosome to the complex at initiation did not 
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occur, division could proceed in the absence of DNA synthe

sis (Shannon et al. 1972). 

A number of investigations have suggested that term

ination of replication is a necessity for subsequent cell 

division (Donachie, Jones and Teather 1973)• Helmsteter 

and Pierucci (1968) found that inhibition of DITA synthesis 

did not stop division in those cells of an E. coli B/r cul

ture which had completed a round of chromosome replication 

prior to the treatment. Pierucoi (1972) measured the time 

for a round of replication and the time between completion 

of a round and cell division for E, coli B/r at various 

temperatures and in various media; she observed that the 

time between completion of a round and division always 

equalled one-half the time for a round of replication. 

Exceptions to the rule that termination of replica

tion must precede cell division have been found, however. 

Inouye (1969) has isolated a mutant of E. coli which stops 

DNA synthesis immediately at Ip. C, yet continues to divide. 

!Ehe divisions occur at random positions in the cell, result

ing in cells of all sizes, some of which lack DNA. Normal-

sized DHA less E. coli cells are produced by a strain carrying 

two mutations; one which stops DHA synthesis and cell division 

at lj.0 C and a second which allows septum formation but is 

manifested only in association with the first natation 

(Hirota, Rytor and Jacob 1968). 
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Other aspects of DNA metabolism also seem to be 

important factors in controlling division. Mount, Walker 

and Kosel (1973) have isolated ultraviolet resistant deriv

atives of lex-strains of E, coli K-12 which degrade DNA 

slowly following irradiation in contrast to the rapid degra

dation of DNA in irradiated cultures of the parental strain. 

A major class of these W resistant derivatives form fila

ments without septa at 0. The temperature sensitive 

mutation was shown to be tightly linked to the site of the 

lex mutation and may even lie within the same gone. 

In another mutant of E. coli K-12, T-ijlf, lambda is 

induced when cultures are shifted to high temperature; this 

induction can be prevented by the addition of guanosine, 

cytidine or hadacidin, an inhibitor of adenosine monophos

phate synthesis. Non-lysogenic cultures of form fila

ments when the temperature is raised (Kirby, Ruff and 

Goldthwait 1972). 

Cells of the E. coli K-12 Ion*9 mutant form long non-

septate filaments after exposure to radiation (Adler and 

Hardigree 1961].). Walker and Smith (1970) found that DNA 

metabolism was the same in lon+ Ion" cells following 

treatments which produced a decrease in the DNA/mass ratio 

of the cell; Ion" cells, however, failed to couple cell divi 

sion with DNA synthesis following alterations of the rela

tive amounts of macromoleevilar constituents. Lambda fails 

to lysogenize Ion" mat ants efficiently (Walker, TJssery and 
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Allen 1973). Moreover, Ion" colonies appear mucoid on glu

cose minimal medium at 37 C, whereas lon+ colonies are non-

mucoid at 37 C on the same medium (Howard-Flanders, Simson 

and Theriot 1961j.) • Recently it has been proposed that the 

Ion" mutation creates an altered protein which normally 

binds to DNA in a nonenzymatic or nonregulatory role; the 

altered protein migiht decrease or increase the affinity of 

some repressors for their operators (Walker et al. 1973)• 

Thus there would seem to exist a strict coordination 

in bacteria between septum formation and DNA metabolism. 

Segregation of Daughter Chromosomes and 
Cell Elongation 

Autoradiography was used by Ryter, Hirota and Jacob 

(1968) to determine the pattern of segregation of labelled 

nuclei in E. coli and B, 3ubtilis. Spores of B. subtilis. 

which had been produced in medium containing % thymidine, 

were germinated in a non-radioactive medium. At the two-

cell stage samples were taken and prepared for autoradiog

raphy; the labelled nuclei were seen at positions near both 

the internal and external poles of the cell pairs. E. coli 

does not normally form chains of cells as does B. subtilis. 

but will do so if grown in medium containing 3% methylated 

cellulose. After labelling, wild type E. coli cells were 

placed in a methylated cellulose medium and incubated until 

long chains were formed. Again, autoradiographs indicated 
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that old and new strands of D1TA segregate at random (Lin, 

Hirota and Jacob 1971)* 

Segregation of chromosomes is an absolute necessity 

if daughter cells are to receive at least one copy of the 

genome. It is not surprising, therefore, to find a relation

ship between segregation and cell division, Paulton (1971) 

studied nuclear and cell division in B. subtilis growing at 

different rates and found that the time between the production 

of a new nuclear pair and its separation from other nuclei 

at division was constant at l£0 minutes. At the slowest 

growth rate, cells contained two nuclei immediately after 

division and four just prior to division. At faster growth 

rates cells contained four or eight nuclei. When E. coli 

B/r, S_, tvuhimuriuro and Proteus vulgaris were grown on agar 

containing polyvinyl pyrrolidone, ihich allows the visualiza

tion of nuclei in living cells, nuclear division was found 

to be necessary for subsequent cell division (Schaechter et 

al. 1962). A mutant of 33. ooll. PAT 32, which is temperature 

sensitive for segregation of DNA, does not form septa at the 

restrictive temperature (Hirota, Jacob ©t al. 1968). 

The replicon model suggested that nuclear segregation 

was achieved by cell surface extension between surface sites 

to which the chromosome is attached. Daughter nuclei would 

be pulled apart as new membrane and wall are incorporated 

between them. The center of the growth site between the 
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nuclei would also serve as the logical location for the 

formation of a septum to partition the elongating cell 

(Jacob et al. 1963), However, Mendelaon (1972a), by study

ing the distribution of labelled DNA following a lj.5 to 30 C 

shift in a temperature sensitive DNA mutant of B. subtilis. 

has demonstrated that segregation can take place in the 

absence of appreciable cell extension. 

Equatorial growth with accompanying nuclear segre

gation has been confirmed for the Gram-positive cocci which 

divide in one plane (Higgins and Shockman 1971). Innmano-

fluorescent techniques first suggested that wall growth of 

streptococci is localized to the equator of the oell. Wall 

made at the equator appeared to be "fed out" both peri

pherally and inwardly to form crosswall. Briles and Tomasz 

(1970) labelled the cell wall teiohoic acid of Di-plococous 

•pneumoniae with choline, then re suspended the cultures in 

ethanolamine which causes the pneumococci to form chains. 

Autoradiography confirmed that oell wall growth occurred by 

the addition of new wall material at distinct equatorial 

zones* 

The oell cycle of Streptoccus faecalis was studied by 

electron microscopy (Higgins and Shockman 1970). This 

organism possesses raised bands of wall material on its 

external surface which mark the boundary between new wall 

being synthesized from the equator of the cell, and old, 

polar wall produced in a previous generation; the bands also 
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mark the points at which new cross walls are formed. When 

new cross walls are formed, the number of bands doubles and, 

due to equatorial synthesis of wall, the bands are pushed 

apart and move to subequatorial positions. In addition, the 

nuclear material is found below the wall band and appears 

to segregate with the wall bands. 

The mechanism by which rod-shaped bacteria grow is 

still under investigation. There are at least three models 

in the current literature and evidence to support more than 

one of these can be obtained from experiments upon the same 

organism. One model suggests that growth could occur at 

multiple sites by diffuse intercalation of new material into 

old (G-laser 1973). Another model suggests equatorial growth 

in both directions as in streptocci and pneumococci. Lastly, 

surface extension could take place at one pole, with new 

material fed out unidirectionally towards the nearby pole 

(Higgins and Shockman 1971) • 

Immunofluorescence has demonstrated both diffuse and 

localized growth sites for JE. coli. depending upon the growth 

medium and the age of the cells when the fluorescent antibody-

was added (Higgins and Shockman 1971). 

Green and Schaechter (1972) looked at the distribu

tion of label in autoradiographs of E. coli cells which had 

been grown in radioactive glyoerol. They concluded that the 

membrane segregates in the approximately 2£0 subunits and 
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that the label is diluted at the same rate in cylindrical 

and polar portions of the cell, arguing against localized 

growth sites. However, this type of experiment does not 

adequately distinguish between elongation of the cell and 

turnover of the membrane; nor does it take into aocount the 

thermal mobility of phospholipids (Sargent 1973). con

trast, when E, coli cells were pulse-labelled with 32p ortho-

phosphate and 3H oleic acid, and then resuspended in . * 

nonradioactive medium, it was found that $0% of the cells 

lacked the 32P label after three generations (Kepes and 

Autissier 1972), But all the cells contained the label 

after three generations in the nonradioactive medium, sug

gesting that fatty acids undergo substantial turnover, while 

the glycerol phosphate backbone remained where it was in

corporated under the experimental conditions. 

Gram-positive bacteria contain teichoic acid in their 

cell walls. In JB. subtilis the teichoic acid is a polymer of 

glucosylated glycerol-phosphate (Glaser 1973). Under condi

tions of phosphate limitation synthesis of teichoic acid 

ceases and colls make teichuronic acid, a polymer of N-acetyl 

galactosamine and glucuronic acid (Glaser 1973). Mauck and 

Glaser (1972) labelled the peptidoglycan in the cell walls 

of B. aubtilis with 3h glucosamine during a period of phos

phate limitation and with glucosamine after resumption 

of growth in phosphate medium. Teichoic and teichuronic acid 

are linked to the peptidoglycan chains which are synthesized 
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at the same time as the teichoic or teichuronic acid; that 

is, teichoic and teichuronic acid cannot be linked to pre

existing peptidoglycan chains in the cell wall. The ratio 

of 3h^KJ in the peptidoglycan strands which were neighbors 

of the teichoic acid suggested that insertion of new cell 

wall material is random. But quantitative determination of 

wall polymers in B, subtilis showed that teichuronic acid 

synthesis starts immediately when the cultures become phos

phate limited and proceed at a rate substantially faster 

than the rate of biomass synthesis (Ellwood and Tempest 

1969). Simultaneously the teichoic acid content decreased 

at a rate greater than that due to dilution by newly synthe

sized wall material and fragments of teichoic acid and pep- • 

tidoglycan accumulated in the extracellular fluid. Equally 

rapid reverse changes occurred when a phosphate limited 

culture was returned to a nonphosphate limited medium. 

A series of unique and interesting experiments were 

performed by Kepes and Autissier (1972) to study the segre

gation of permease mulecules which lie in the cytoplasmic 

membrane. E. coli cultures were grown in glycerol minimal 

medium using isopropyl-B-D-thiogalactoside to induce lactose 

permease: then the inducer was removed and the cultures 

were incubated in minimal medium lacking the inducer for 

three generations. Following de-induction, the cells were 

treated with EDTA, and resuspended in minimal lactose medium 

plus penicillin G-. Those cells able to utilize lactose as 
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a carbon source would lyse almost immediately, whereas cells 

noninduced at the time of the penicillin treatment could not 

be lysed until after thirty minutes, during which time they 

became induced for lactose permease. It was found that half 

the population lysed immediately, with the other half appar

ently noninduced. The same results were obtained when the 

segregation of melibiose permease was investigated. These 

results suggest that there is a single growth zone but do 

not indicate if it is polar or equatorial. 

Electron microscopic examination of membrane markers 

also suggests zonal growth. Ryter (1971) looked at the seg

regation of flagella in a temperature sensitive mutant of 13, 

subtilis unable to forn new flagella at high temperature. 

Bacteria were first grown at the permissive temperature, 

then shifted to the restrictive temperature and grown for 

three more generations before being fixed for electron micro

scopy, The flagella were found to be localized along the 

chains of bacteria, and had segregated to the polar and cen

tral parts of the chains in support of an equatorial growth 

site model. 

A similar investigation was done on the distribution 

of T6 phage receptor sites in the outer membrane of E. coli 

K-12 utilizing a mutant unable to make T6 receptor sites at 

1^2 0. Cells were grown at k2 C to minimize pre-existing 

receptors, transferred to 30 C for one mass doubling and T6 
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phage were added at a multiplicity of infection greater than 

200. After five minutes of adsorption, cells were fixed 

with glutaraldehyde for examination in the electron micro

scope. Adsorbed phages were seen to he located all over the 

surface. However, when cells were grown at 30, then trans

ferred to \\Z C for one mass doubling before addition of phage, 
the distribution of phage was not random. Instead there 

appeared to be a gradient with more phage occupying central 

than polar positions. The interpretation of these results 

was that newly synthesized receptor molecules are inserted 

into both old and new outer membrane but that, once inserted, 

are then fixed in position within a conserved unit of membrane 

(Begg and Donachie 1973). 

Zonal growth of rods is also suggested by direct 

microscopic observations of growing cells. E. coli B/r was 

grown on minimal agar covered slides; spheres were imbedded 

in the agar to serve as external markers (Donachie and Begg 

1970). The cells were observed to elongate in one direction 

from the pole made by the previous division. The growth site 

was localized by its penicillin sensitivity and was found to 

be located 1.7 from the older pole. When cells were grown 

in a rich medium, elongation was observed to take place in 

both directions, 

A study on the growth of the B. subtilis surface by 

Mendelson and Reeve (1973) showed that regions which elon

gated could be distinguished from regions which did not 
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elongato.. A mutant was used which lacks glucosylated 

teichoic acid at 1$ 0 and forma bulges along the length of 

the rod, but is still able to grow and divide (Boylan and 

Mendelson 1969). Cells were grown at 30 C in rich broth, 

then transferred to growth chambers and incubated under the 

phase microscope on a stage heated to l[£ C. Bulges, did not 

appear at random over the surface but were localized at sub

polar positions. Individual cells were photographed as they 

grew and divided; measurements of the lengths of the rod- end 

bulge-shaped regions indicated that only the bulges increased 

in length. The highest frequency of bulges was observed 10 

to 20% of the cell length from the pole3, but the growth zone 

was not always associated with the younger cell pole a3 in 

the experiment of Donachie and Begg (1970)« 

By means of autoradiography Ryter, Hirota and Schwarz 

(1973) showed that TS. coli W7, growing in glucose or succinate 

media, possesses a single growth site. Pulse-labelling the 

muoopeptide with % diaminopimelic acid showed that the 

grains were localized in a strip at the center of the cells. 

Pulse and chase experiments showed that the label was dis

tributed over the entire surface of the cell3. At each divi

sion the growth site was apparently relocated from a pole to 

the middle of the cell. 

It would seem that the evidence from experiments 

which provide the most accurate distinction between growth 
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and synthesis of the cell surfaoe supports the existence 

of localized elongation sites for rod-shaped bacteria. 

Septum Formation 

In wild-type cells or under normal conditions, the 

formation of the sptum or crosswall partitions the cyto

plasm into two daughter cells, each containing at least one 

copy of the chromosome. In Gram-positive bacteria, the cyto

plasmic membrane penetrates into the cell followed clocoly 

by the vrall (Higgins and Shockman 1971)* When a complete 

crosswall has been made, the new wall peels apart and becomes 

the poles of the daughter cells. The membrane is a complex 

structure containing protein, lipid and carbohydrate (Bea-

man, Pankratz and Gerhardt 197U-) • It serves as the perme

ability barrier of the cell and is also the site of numerous 

enzymatic activities (Machtiger and Fox 1973). Outside the 

membrane is the wall, composed of two polymers: (1) the 

peptidoglycan, composed of an acetamido sugar backbone to 

which a tetrapeptide is attached; and (2) teichoic acid, 

composed of glucosylated polyglycerol or polyribitol phos

phate (Osborn 1969# Glaser 1973). T&© peptidoglycan forms a 

continuous network of carbohydrate chains crosslinked by 

peptide bridges and covering the whole cell surface in one 

giant macromolecule. The teichoic acid is attached to the 

peptidoglycan by phosphodiester linkage to a muramio acid 
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residue in the glycan portion of the peptidoglycan (Archi

bald, Baddiley and Heckels 1973). 

There is no rigorous biochemical evidence to sug

gest that poles are different from side walls, although it 

has been found that the ends of B. subtil is are more resis

tant to autolytio digestion by amidase than are side walls 

(Pan, Pelvit and Cunningham 1972). This greater resistance 

is probably due to modification of the end wall after the 

septum is complete (Pan and Beckman 1973). Furthermore, the 

greater resistance of polar wall to amidase is not due to a 

lack of turnover of wall material in poles (Pan, Beckman and 

Beckman 197^-). 

The structure of the cell envelope of Gram-negative 

bacteria differs strikingly from that of Gram-positives. It 

consists of three layers: a cytoplasmic membrane, a thin 

layer of peptidoglycan, and an outer membrane (Osborn 1969). 

The outer membrane is more dense than the inner, due to the 

higher carbohydrate content of the outer membrane, much of 

which is in the form of lipopolysaccharide, unique to Gram-

negative bacteria (Machtiger and Pox 1973). In some Gram-

negative bacteria, such as Beggiatoa, septa made up of 

membrane and inner cell wall layers can be seen in thin 

sections under the electron microscope (Rowbury 1972). But 

for E. coll and _S. typhimurium, attempts to visualize septa 

in electron micrographs have generally failed, except for 
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some chain forming strains and thermosensitive mutants (Nor-

mark, Boman and Bloom 1971? Rowbury 1972; Rodolakls, Thomas 

and Starka 1973). Instead, in wild-type E. coli, dividing 

cells seem to constrict in the middle and all surface layers 

infold together (Burdett and Hurray 197^1-). Recently, how

ever, using acrolein in addition to glutaraldehyde as the 

fixative, Burdett and Murray (197^1-) have been able to demon

strate complete septa in E. coli B and B/r. The septa were 

composed of the cytoplasmic membrane and two distinct layers 

of peptidoglycan; tha rounding of the cell poles by invagi

nation of the outer membrane closely followed septum forma

tion, Compartmentalization of cells prior to physical 

separation is also suggested by studies of the resistance of 

strains of E, coli to bacteriophage and to destruction by 

ultra-sound at various stages in the division cycle (Clark 

1968, Rowbury 1972). 

Not unexpectedly the proper synthesis of both mem

brane and wall are necessary for septation. A temperature-

sensitive mutant of B. subtilis vrtiich grows as non-septate, 

multi-nucleate filaments at if.8 G appears to be defective in 

the synthesis of membrane lipid at the restrictive tempera

ture, as measured by the incorporation of %-Bodium acetate 

into the chloroform soluble fraction (Breakefield and Land

man 1973). The envA mutation of E. coli K-12 does not pre

vent the formation of septa, but inhibits the separation of 
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the daughter cell3 (Normark, Bowman and Bloom 1971) • la 

addition, this mutant haa a smooth colony morphology type 

aa contrasted with the rough type of the parent, decreased 

resistance to several antibiotics and takes up gentian 

violot as readily as do spheroplasts (Normark, Bowman and 

Matsson 1969; Gustafson, Nordstrdm and ITormark 1973). When 

the outer membrane of this mutant was examined, it was found 

to have a lower relative content of phosphatidylglycerol and 

a slightly modified protein pattern in SDS gels as compared 

with the parent (Wolf-Watz, Normark and Bloom 1973). Another 

smooth antibiotic sensitive mutant, env B, derived from a 

rough ampicillin resistant strain of E. coli K-12 gives rise 

to sphere-like cells with abnormal septa (Normark 1969). 

Yet another envelope mutant, env C, displays greatly dis

organized septa in electron micrographs, is sensitive to 

deoxycholate and is less resistant to penicillin and rifampi-

cin than the parent (Rodolakis, Thomas and Starka 1973). 

Several temperature sensitive mutants of 13. coli 

which fail to divide at l\.Z 0 can be induced to septate if 

high concentrations of NaCl are added to the growth medium 

(Reeve, Groves and Clark 1970; lfagai and Taraura 1972). A 

similar effect of high osmolarity of the medium is seen upon 

two temperature sensitive mutants of S,. typhimurium (Ciesla 

et al« 1972). In contrast, agents that decrease the stabil

ity of cell membranes have been found to stimulate division 



21 

in filamentous mat ant s of the blue-green bacterium Agmenel-

lum auadruplioatum (Ingram and Fisher 1973&>b). 

Mutants defective in wall synthesis may also fail to 

grow and divide normally. E. coli K-12 EI87 cells, which 

elongate at \\Z C and become less rigid before undergoing 
lysis, were found to have a significant reduction in the 

level of acetylmuramyl peptides at \\2. C (Venkateswaran and 
Wu 1972). Stone (1973) has isolated a temperature sensitive 

filamenting mutant of E. coli which develops localized bulges 

in the wall, yet the membrane appears to remain intact and 

retains its permeability. Phosphoglucomutase deficient 

mutants of B. licheniformis. whose walls were less auto-

lytic and consequently multilayered, were frequently observed 

to have newly initiated septa arise in a plane perpendicular 

to existing completed septa (Forsberg et al. 1973)* 

A normal cell wall is not an obligate requirement 

for division however, as evidenced by a stable L-foim of B. 

subtilia which forms no cell wall yet grows and divides in 

liquid medium. This mutant has been found to have signifi

cant differences between the membrane proteins of the bacil-

lary form and the L-form (Gilpin, Young and Chatterjee 1973). 

Septum formation can be blocked by low levels of 

penicillin, while higher levels are needed to prevent cell 

elongation (Hartmanq, Holtje and Schwarz 1972). In vitro 

examination of penicillin action upon crude cell extracts 

indicates that a concentration of penicillin which blocks 



division also Inhibits the endopeptidase which splits the 

bond linking peptide side chains in the peptidoglyoan, The 

concentration of penicillin which prevents cell elongation 

is similar to that which inhibits the activity of the glyco-

sidase which splits the peptidoglyoan backbone into dis-

accharides (Hartmann, H6ltje and Schwarz 1972). This evidence, 

along with the behavior of the various mutants discussed in 

this section, suggests that the synthesis of polar membrane 

and wall must be controlled differently than the synthesis 

of cylindrical material. 

The Control of Septum Site Location 

The mechanism by which rod-shaped bacteria determine 

the site at which septum formation will take place i3 unknown 

at this time. The replicon model suggested that the septum 

forms in the center of the growing membrane between the 

segregating chromosomes (Jacob et al. 1963). This seems to 

be exactly what occurs in the Gram-positive cocci, as dis

cussed above. Wu and Pardee (1973) have proposed a similar 

model for E. coli in which the center of the elongation site 

becomes the site of septum formation. In their memorcon 

(membrane-morphology-control site) hypothesis, the proteins 

and enzymes involved in envelope synthesis are in a certain 

configuration at the control site. The enzymes function in 

extending the membrane in both directions relative to the long 

axis of the cell. As extension proceeds, the configuration 
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of the enzymes In relation to each other gradually changes; 

oontaot increases to the point at which there is enough 

interaction between enzymes to convert the control site from 

a lateral membrane synthesizing site to a septum synthe

sizing site. 

An alternative model, based on a polar growth site, 

has been proposed by Higgins and Shockman (1971) • According 

to this model, a hypothetical growth site at the junction of 

cylindrical and polar wall causes unidirectional extension 

of the rod from the site towards the nearby pole. Upon com

pletion of a round of chromosome replication, a signal is 

produced which triggers the conversion of the elongation site 

to a orosswall site. 

A number of conditional division mutants are known 

which divide abruptly or at an increased rate upon being 

returned to the permissive condition (Reeve, Groves and 

Clark 1970; Nagai and Taraura 1972; Ingram and Fisher 1973a; 

Ricard and Hirota 1973; Allen, et al. 197W • Moreover, these 

mutants divide at regularly spaced intervals along the length 

of the filament until normal sized cells are produced. In 

some oases these rapid divisions cannot be prevented by the 

addition of chloramphenicol to the medium at the time of the 

return of the oulture to the permissive condition (Nagai and 

Tamura 1972; Ricard and Hirota 1973). Chloramphenicol 

produces striking differences in the gel electrophoresis 

patterns of membrane preparations from treated versus 
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untreated logarithmic phase cells (Zuaman 1973). This sug

gests that in mutants which divide in the presence of chlor

amphenicol septation occurs by assembly of pre-existing 

envelope proteins. The lack of assembly of septum precursors 

in mat ants growing under the restrictive condition does not 

apparently affect the control of septum site location, as 

these mutants seem to "remember" exactly where to place the 

septa upon return to the permissive condition. 

Although normally the septum divides the rod into 

two nearly exactly equal daughter cells of approximately the 

same length as the mother cell at birth, mutants have been 

isolated in which this regularly strict control has been lost. 

One mutation of this type is the minicell imitation, found in 

a number of bacterial species (Frazer and Curtiss 197̂ )* 

Minicells, so named by Adler, who first described them in E. 

coli. are small spherical cells produced by a division ad

jacent to a pole (Adler et al. 1967). Although minicells 

normally lack host chromosomal DNA, plasmids may be found in 

E. coli minicells (Frazer and Curtiss 197W« Minicells are 

regularly produced only by mutant strains of bacteria, but 

instances have been recorded in which wild-type strains have 

produced an occasional minicell (Frazer and Curtiss 197̂ )# 

Furthermore, the number of minicells produced by mutant 

strains has been found to be affected by both the growth 

medium and the age of the culture (Frazer and Curtiss 197l|* 

Mendelson and Keener 197̂ ). 
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A temperature sensitive division mutant of B. sub-

tilia 168, div-3££, synthesizes end segregates DNA but is 

unable to produce crosswalls at C. When filaments grown 

at 1|£> C are returned to 30 C, partitioning into normal sized 

cells occurs. Occasionally, however, multiple crosswalls 

initiate in close proximity to one another, resulting in tiny 

cells which may be anucleate (Mendelson and Cole 1972). 

Neale and Chapman (1970) found supernumerary crosswalls in 

10% of the cells in a wild-type B. sub tills culture grown to 

stationary phase at 37 0 in Brain-Heart Infusion Broth. 

These supernumerary crosswalls, as seen in electron micro

graphs of thin sections, defined small cells which appear to 

lack UNA, 

Other mutants defective in the proper placement of 

septa are those in which the primary genetic lesion is the 

inability to synthesize DNA at high temperature. Although 

replication ceases, the cells continue to divide but often 

at irregular locations producing cells of a variety of sizes, 

some of which lack DNA. This type of mutant has been Iso

lated in E. coll K-12 and in B. subtilis (Hirota, Ryter. and 

Jacob 1968; Inouye 1969; Mendelson 1972b). 

Division site regulation appears to be a complex 

phenomenon which may be under both genetic and physiological 

control in rod-shaped bacteria. 
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Nitrosoguanidine Mutagenesis 

N-methyl-Nf-nitro-N-nitrosoguanidine was discovered 

to be a powerful agent in inducing auxotrophic mutations in 

E. coli by Mandel and Greenberg in I960, At concentrations 

permitting over £0$ survival of a treated culture, nitroso-

guanidine induces at least one mutation per treated cell; 11$ 

of the survivors have acquired new auxotrophic markers (Adel-

berg, Mandel, and Ohein Ching Chen 1965). At high®* concen

trations of nitrosoguanidine allowing only survival, the 

yield of auxotrophic mutants is increased to over lj.0#. 

Terawaki and Greenberg (1965) found nitrosoguanidine 

to be effective in inactivating the transforming ability of 

B. subtilia DNA both when isolated DNA was treated, and when 

DNA wa3 extracted from living cells treated with nitroso

guanidine. However the concentrations needed to sigjaifi-

cantly affect isolated DNA are higher than those effective 

upon living B. subtilia cells (Freese and Freese 1966). 

The treatment with nitrosoguanidine of successive 

samples from a synchronized culture of E. coli TAU-bar was 

found to produce a maximum of a given type of mutant at the 

time the corresponding gene was being replicated (Cerda-

Olmedo, Hanawalt and Guerola 1968). Nitrosoguanidine has 

also been found to induce closely linked multiple mutations: 

when azide resistant clones of E. coli TAU-bar were examined 

for the presence of other mutations a large excess of muta

tions were found closely linked to azi (Guerola, Ingraham 
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and Cerda-Olmedo 1971)• The replication region was esti

mated to be about 220-fold more sensitive to nitrosoguanidine 

than a similar length of the rest of the chromosome. As 

nitrosoguanidine is lipophilic, its greater effectiveness 

at the replication point may be due to an accumulation at 

the membrane, at which replication is known to take place 

in bacteria (Preese and Preese 1966)• 

Nitros oguanidine decomposes into nitrous acid in the 

presence of 0.1M HC1, and into diazome thane at alkaline pH 

(Mandell and Greenberg I960). But at pH £,£ to 6.0, the 

optimal range for nitros oguanidine mutagenesis in E. coli, 

neither nitrous acid nor diazomethane are produced, sug

gesting that neither of these breakdown products is the 

mutagenic agent. N-alkyl-N-nitroso compounds may act as both 

radicals and alkylating agents (Preese and Preese 1966). 

Radicals can cause the removal of bases from the sugar-

phosphate backbone, or break the backbone itself. Alkylating 

agents are most reactive upon guanine and adenine at their 

7-IT position (Bautz and Preese I960). The methylated purines 

may then mispair or be lost from the backbone (depurination) 

producing gaps in the KTA. Chromosomal breaks may also be 

produced directly by alkylation of the phosphate followed by 

rupture of the triester bond (Preese and Preese 1966). 
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Genetic Exchange in Bacillus 

The discovery of genetic transformation in B. sub-

tilis by Spizizen (1958) was a great stimulus to investi

gate this organism in more detail. It eventually proved 

possible to correlate many phenotypic alterations with the 

position of their mutation on the genome. The mechanism by 

which recipient cells accept and integrate DNA from donor 

cells is still being examined. Many of the studies have pro

vided new information on the general nature of B. subtilis. 

A correlation between DNA uptake and the properties of the 

cell wall was suggested by the work of Anagnostopoulos and 

Spizizen (1961). They showed that competency (the ability 

of cells to be transformed) was diminished when cells were 

grown in a medium with a high concentration of cell wall 

precursors. Presumably the walls were altered in such a way 

as to prevent the uptake of macromolecular DNA. Young and 

Spizizen (1961) reported that asporogenic mutants could not 

be transformed. It was suggested that physiological altera

tions in the cell wall which accompanied presporulation were 

important in reaching the competent state. 

Thorne (1961, 1962) isolated the first transducing 

phage for B. subtili3. This phage, SP-10, could transduce 

markers in both B. subtilis W-23~Sr (streptomycin resistance) 

and B. subtilis 168. It could not however be propagated on 
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or lyse 168. Transduction was prevented by SP-10 antiserum 

but was insensitive to deoxyribonuclease. 

The discovery of the generalized transducing phage, 

PBS1, by Takahashi (1961) greatly facilitated genetic mapping 

in B. subtili3. His initial experiments described transduc

tion of streptomycin resistance, prototrophy, and sporo-

genesis. Sporogenesis could not be transferred to asporogenio 

mutants by transformation. 

Talcahashi (1963) later characterized more of the 

properties of PBS1 and a clear plaque mutant derived from it, 

FBS2, which also was capable of transduction but at reduced." 

frequencies. PBS is a very large phage with a head measur

ing 100 nm in diameter. Its tail is about 2f>0 nm long. 

Lovett and Young (1970) found that PBS1 could infecit B. 

pumtilus. 

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

subtilis could not adsorb PBS1. However, motile variants of 

it could adsorb the phage efficiently. Frankel and Joys 

(1966) found that there was no adsorption to a flagellated 

but nonmotile mutant. Raimondo, Lundh and Martinez (1968) 

investigated the PBSl-flagella association more closely. 

Electron micrographs demonstrated that the tail fibers of 

PBS1 wrapped around the flagella. They were never seen 

attached to the cell body. When the surface of the flagella 

was ooated with antibody adsorption was inhibited. However, 
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cells Immobilized by treatment with cyanide, and non-motile 

protoplasts with flagella could adsorb PBS1, 

Other transducing phage for B. aubtilia have been 

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

Ephratl-Elizur and Fox (1961) found that the extent 

of cotransfer of closely linked markers was very similar in 

both transformation and SP-10 mediated transduction. This was 

probably due to the fact that SP-10 incorporates only small 

pieces of the donor chromosome which are approximately the 

same size as transforming fragments. They did find, however, 

that the frequency of double transductants was always higiher 

than that of double transformants. Takahashi (1966) utilized 

PBS1 for a comparison between transformation and transduction. 

He found that for closely linked markers the degree of co-

transfer was essentially identical in both. However, for 

markers which were not closely linked the relative efficiency 

of cotransfer was much higher for PBSl-mediated transduction 

than for transformation. This suggested that the piece of 

transducing DNA carried by PBS1 had a much higher molecular 

weight than transforming DNA or DNA transferred by SP-10. 

Because of the large head of PBS1 (Takahashi 1963) and the 

higih molecular weight of PBS1 DITA (Takahashi 1966) this was 

not surprising. Dubnau et al. (1967) found that markers 

separated by 8$ of the distance of the B. subtilis chromosome 

could be cotransduced by PBS1. The study of Dubnau et al. 



(196?) utilized transformation, PBSl-mediated transduction 

and the density transfer method of Yoshikawa and Sueoka 

(1963) to assemble a genetic map of B. subtilis. All the 

markers investigated, except one, could be placed in four 

linkage groups. 
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MATERIALS AND METHODS 

Bacterial Cultures 

All bacterial strains used (Table 1) were deriva

tives of B. subtilis 168. 

Growth of Cells 

Minimal medium consisted of (in grams per liter); 

(HH^)2S0^, 2.0; KgHPO^, llj..0; KHgPO^, 6.0; sodium oitrate 

•2H20, 1.0; MgS0j^7H20, 0.2; glucose,5.0, was sterilized 

separately and added aseptically. Sterile supplements 

(2Qug/ml) were added for each strain as listed in Table 1. 

For minimal plates, 15 grams of agar per liter was added 

before autoclaving. 

Nutrient medium consisted of Trypticase soy broth 

(TSB: BBL, Cockeysville, I©.) supplemented with 20jig of 

thymine/ml. For Trypticase soy plates (TSA), 15 grams of 

agar per liter was added. The concentration of thymine was 

loitered to 2 jig/ml when thymine incorporation was being 

studied. 

Growth was started from a fresh overnight plate grown 

at 30 C. Cells were grown with aeration at either 30 C or lj.5 

C and increase in cell mass was followed with a Speotronic 
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Table 1. Strains of Bacillus subtilis used in this study. 

Strain 
Genotrype 

Auxotrophic Markers Other Markers Origin 

Mil leuA, ura, metB 

Mil-div IV-Bl ura, metB 

BR95 trpC2. pheAl, ilvC 

BR95-div IV-Bl trsC2, ilvC 

JR9£L 

CU403 

trpG2t pheAl, leuA 

thyA, thyB, ilvD, 
metB 

Ctflj.03 div IV-Bl thyA. thyB, metB 

CUlj.03 tms-12 thyA, thyB, metB 

div IV-Bl 

div IV-Bl 

div IV-Bl 

tms-12 

In addition, one strain of Escherichia coli. 
S/6/5 was used. 

R. Erickson 

Net reversion of leuA marker. 

J. Copeland 

PBSl co-transduction of div IV-Bl 
and -pheAl4, with Mil-div IV-Bl as 
donor, 

PBSl co-transduction of leuA and 
ilvC+ with KL1 as donor and BR95 
as recipient. 

S. Zahler 

Congression. BR9E>-div IV-Bl used 
as donor and CUl|.03 as recipient, 
ilv+ transformants selected. 

Congression by J. Poos. BC-101 
(J. Copeland) used as donor and 
CUlj.03 as recipient, ilv+ trans-
formants selected. 
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' 20 colorimeter (Bausch and Lomb, Inc., Rochester, N. Y,) 

at A^O ran. 

Maintenance of Cultures 

Cultures were maintained by transfer once a week to 

a fresh TSA plate or as spores grown on Thome's potato 

medium (1962). Potato extract was obtained by boiling 200 g 

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

extract was filtered; 20 g tryptone (Difco Laboratories, 

Detroit, Mich.) and 2 g Difoo yeast extract were added and 

the pH adjusted to 7-2 with 1 N NaOH. The volume was ad-

Justed to 2 liters, 30 g of agar were added and the solution 

autoclaved, Late logarithmic cultures grown in TSB were 

spread on the potato medium in large bottles and incubated 

at 30 C. After 2-3 days phase-bright spores were harvested 

with cold sterile distilled water and purified by the method 

of Yoshikawa (1965). Lysozyme (1 mg/ml) was added to the 

spores and incubated for 1 hr. at 37 0 followed by 1% sodium 

dodecyl sulfate (Matheson Coleman & Bell, Los Angeles, Calif.) 

for 30 min. Spores were washed IjX with water and stored in 

distilled water at 1). C at a concentration of about lO-1-® 

spores/ml. Prior to germination, spores were pasteurized 

by heating at 70 C for 20 min. in distilled water. 
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Isolation of Cell Division Mutants 

B, subtilis Mil (leuA, ura. metB) was grown overnight 

in minimal media at 300. A 0.3 ml amount of Mil was spread 

onto minimal media plates containing only methionine and ura

cil, and the plates were allowed to dry. Three small crys

tals of N-methyl-H'-nitro-H-nitrosoguanidine (HTGr; Aldrich 

Chemical Co., Inc., Milwaukee, Wis.) were placed onto the 

surface of each plate, and the plates were incubated at 30 C 

for 3 days. Revertant colonies which had developed after 3 

days at 30 C were picked with sterile toothpicks and sub-

cultured on the medium used for selection. After subculture, 

the isolates were cloned, and their auxotrophic requirements 

were determined before transfer to replica TSA plates sup

plemented with 20 jig of uracil/ml. After overnight inouba-

tion at 30 C and 1$ C, colonies which failed to grow or 

exhibited unusual colony morphology at ]\$ C were selected 

from the 30 C plate for further study, 

Lysate Production for Transduction 

The donor strain was grown overnight on a TSA plate 

at 30 C. A loopful was used to inoculate 25 ml. of TSB. 

The culture was grown for Ij. hrs. at 37 C with shaking. 

Motility was checked in the phase microscope. 0.5 ml of a 

stock lysate of PBS1 prepared on B. pumulis BpBl was added 

and incubation continued for 1 hr. 5 of chloramphenicol 

per ml (final concentration) was then added to the culture 
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and Incubation continued overnight. The next morning cells 

were removed from the lysate by centrifugation and the super

natant was sterilized by filtration through a Milli-

pore filter. An aliquot of the lysate was spread onto a 

nutrient plate to check for sterility. 

Transduction 

The recipient culture wa3 grown overnight on a TSA 

plate at 30 From this plate 2.5 ml ot TSB was inoculated 

and incubated 3 hrs. at 37 Motility was checked in the 

phase microscope. If motile, 0.5 ml cells was added to 0.5 

ml lysate and incubated for 15 min, at 37 C. The culture 

was transferred to a centrifuge tube to which 3 ml of 0.85# 

NaCl was added. After centrifuging, the pellet was resus-

pended in 0.5 ml 0.85$ NaCl and 0,2 ml samples were spread 

in duplicate on appropriate selective plates. After 2-3 

days of incubation at 30 C, transductants were picked with 

sterile toothpicks and subcultured on the selective medium. 

Co-transduction of the div IV-B1 gene with selected pro-

trophic markers was determined by screening the transduc

tants microscopically. 

Isolation of DNA 

DNA was isolated by an abbreviated method used by 

Dr. P. Young (Boylan 1971)* Donor cells were grown over

night in TSA at 37 C with shaking. The culture was centri-

fuged and the oells suspended in l/10th volume in 0.15 



37 

sodium chloride - 0.05 M sodium citrate. Lysozyme (200 

/ig/ml) was added and the suspension incubated for X hr. at 

37 C with agitation. Trypsin (50 jug/ml) was then added and 

after 1 hr. the suspension was poured into 10 ml of ice cold 

95# ethanol and centrifuged. The precipitate was resuspended 

in 2 ml of 2M sodium chloride - 0.05 M sodium citrate. A 

few drops of chloroform were added to sterilize the DNA. The 

chloroform was removed from the DNA before use by gently 

bubbling air through the DNA suspension. 

Transformation 

Transformation was carried out according to a method 

devised by R. Erickson and J. Copeland (Boylan 1971)* 
4 

following media were used for growth of recipient cells: 

SP1 100 ml minimal media + 22mM glucose 
1.0 ml yeast extract (10$) 
0.1|. ml $fo casein hydrolysate 
20 ̂ ig/ml supplements (as required by recipient 
strains) 

SP2 100 ml SP1 
1.0 ml 0.05H CaClp 
2.5 ml 0.1 M MgCl| 

Ten ml of SP1 were inoculated with a small amount of 

the recipient strain and grown at 37 C with shaking. After 

4.5 hr. the cells were diluted 1/10 into SP2 medium and 

incubated further for 60 mins. One ml of donor DNA was added 

and incubation continued for 30 mins. at 37 0. The reoipient 

cells were then diluted in minimal media and 0.1 ml samples 

were spread on appropriate plates. Transformed colonies 
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obtained from the lowest dilution of recipient cells giving 

a minimum of 200 colonies per plate were picked with sterile 

toothpiclces and subcultured on the selective media. Trans-

forraants were then examined microscopic silly for cotransfor-

mation of the unselected division mutation. 

The cell division locus of BR95 div IV-B1 was trans

ferred to CUIlO^ by transformation with high concentrations 

of DNA (congrossion: Nester, Schafer and Lederberg 1963; 

Young, Smith and Re illy 1969). ilv+ transformants were sub-

cultured on selective media and examined microscopically 

for the production of minicells. One of the CUli.03 div IV-B1. 

thyA. thyB« metB transformants selected this way was used 

for further studies. 

Kinetics of DNA Synthesis 

The incorporation of 3H-thymine (New England Nuclear 

Corp., Boston, Mass.) into components insoluble in cold 10% 
trichloroacetic acid was used as a measure of DITA synthesis. 

Cultures were grown in 10 ml of TSB plus 2 jag of thymine per 

ml and 5>0 jiCi of 3n-thymine at 30 C with bubbling until the 

cultures reached the early logarithmic phase of growth at 

which time they were split into two factions: one faction 

was incubated further at 30 C and the other incubated at 1$ 

C. Samples (0.1 ml) were removed from the growing cultures 

at the indicated times and added to 8 ml of 10$ cold tri

chloroacetic acid. After standing for at least 1 hr. at lj. 

C the samples were filtered through 0.22 ji Millipore filters 
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and washed twice with equal volumes of cold trichloroacetic 

acid. The dried filters were suspended in 10 ml of fluor 

consisting of: 

2.5>-Diphenyloxazole (PPO, Scintillation Grade, Amersham/ 
Searle, Des Plaines, 111.) 2 g 

l,I|.-bis (2 -(5-phenyl oxazole)) benzene (P0P0P, Scintil
lation Grade, Amersham/Searle) 0.£ g 

Toluene 1 liter 

Vials were counted in a Tri-Carb liquid scintillation 

system (Packard Instrument Co., LaGrange, 111.). 

Autoradiography 

Cells were grown as for DNA kinetics. Samples (0.2£ 

ml) were removed at the desired times and added to an equal 

volume of formaldehyde (3.8#) containing 200 jug cold thymine 

per ml. After standing in the fixative for at least 20 min. 

the cells were washed three times with distilled water by 

filtration through a Swinney filter. The washed cells were 

resuspended in distilled water to obtain a slightly turbid 

suspension and two or three drops from a Pasteur pipette 

were spread on the surface of subbed slides. Five slides were 

prepared for each sample. Subbed slides consisted of cleaned 

glass slides dipped in a solution of 0.01# chromium potassium 

sulfate and 0.5# gelatin and allowed to dry (Caro and van 

Tubergen 1962). Slides coated with the specimen were dried 

on a heated surface (££ to 60 C). 
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For coating slides with emulsion the procedure of 

Caro and van Tubergen (1962) and Caro and Schnos (1965) was 

followed. Ilford L-lj. Nuclear Research Emulsion (llford 

Limited, Essex, England) was used. Thirty grams of emulsion 

were added to 20 ml of distilled water at 1$ C in a Copeland 

jar. These procedures were carried out in a darkroom with 

a safelight. 

The emulsion was stirred gently to avoid the for

mation of bubbles and kept at \\$ C during the coating pro

cedure. Slides were dipped corapletely in the emulsion and 

allowed to drain dry overnight in the dark. They were 

stored in light-tight slide boxes until development. The 

first set of slides for each sample was examined at 3 to 5 

days and subsequent slides developed depending on the results 

of the first set. 

For photographic processing the following solutions 

in staining dishes were used. All solutions were kept at 20 

C + 1 0. 

Developer: Kodak D-19 min. 

Stop: Distilled water without additives 1 min. 

Fixer: Kodak F-2lj. prepared as follows: 

Distilled water at £0 C £00 ml 
Sodium thiosulfate'fxEoO 2lj.O g 
Sodium sulfite (anhydrous) 10 g 
Sodium bisulfite (anhydrous) 25> g 
(dissolved in sequence) 

Water added to 1 liter 1 min. 
Wash: $ changes distilled water 2 min. each 



The slides were air dried in a dust-free area and 

stored in slide boxes. For examination under the light 

microscope a drop of 67# alcohol was used for mounting the 

coverslip. 

Photpgr aphv 

Photographs were taken with a 35mm Canon camera and 

bellows mounted on a Wild M20 Research Microscope. Cells 

were photographed using a phase contrast condenser and a 

100X oil immersion objective. Kodak Panatomic-X film was 

used and developed according to Kodak instructions. 

Electron Microscopy 

Cells wore treated in the following manner, accord

ing to procedures outlined by Dr. R. M, Cole, National 

Institutes of Health. Cultures were fixed by addition of 

1 ml of glutaraldehyde, buffered to pH 7.2 in 0.2M sodium 

cacodylate (Sabatini, Bensch and Barnett 1963)# to 12.5 ml 

of culture. The mixture was immediately centrifuged and the 

cells re suspended in 3 ml of the buffered glut ar aldehyde 

for one hour at room temperature. Three-tenths ml of 1% 
tryptone medium (Ryter and Kellenberger 1958) was added and 

the suspension maintained at the same temperature for 1.5 

hrs. Following centrifugation, the cells were placed in 

0.2 M sucrose buffered at pH 7*2 in 0.1 M phosphate, and held 

for two days at 1|. C. At this point samples were mailed to 

Dr. Cole for completion. 
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Secondary fixation at room temperature in acetate-

veronal-buffered 1% osmium tetroxide, and subsequent washing, 

agar embedding, and treatment with uranyl acetate, were 

carried out according to Ryter and Kelleriberger (1958). 

Dehydration was performed by passage of the agar 

cubes through a graded series of ethanol concentrations to 

propylene oxide, from which final embedding was made in Epon 

812 (Luft 1961). 

Sections, silver-grey to gold, were cut with a diamond 

knife on an LK TJltratome I and were placed on carbon-Ponnvar-

coated copper grids. All sections were stained for 3 min. 

with alkaline lead citrate (Reynolds 1963). Examination and 

photography were done with a Hitachi electron microscope, 

Model HU-11C, operated at 1$ KV. 

Growth of Clones 

Growth chambers were constructed as follows: 6 drops 

of molten TSA (containing 20 ;ug of thymine per ml) from a 

Pasteur pipette were deposited on a clean 22-mm round no, 2 

cover slip and allowed to solidify. One drop of an appropri

ate dilution of spores in TSA was deposited in the center of 

the agar and spread evenly over the entire agar surface. The 

inoculum was allowed to dry at room temperature (25 0) until 

the agar surfaoe was dull in appearance. The agar surface 

was then pierced with a sterile toothpick to create air 

reservoirs throughout, and a second cover slip was applied 



h3 

to the top; the chamber was sealed with a thin strip of 

Parafilm stretched taut around the circumference. The 

chamber was placed on a standard microscope slide and trans

ferred to a microscope stage inoubator which maintained a 

temperature of 30 C at the slide surface. The growing clones 

were observed with a Wild phase-contrast microscope. 

Measurements of Clones 

Time lapse photographs were taken as previously de

scribed. Overlapping photographic sequences were taken of 

clones extending beyond a single microscope field. All 

photographs were printed to a standard magnification. The 

prints were assembled to give continuous contour lengths of 

clones at each stage of development. Clone lengths were 

measured from the photographic prints by using a precision, 

wheel-type, map-measuring instrument (Minerva map measurer, 

Switzerland). The locations of cell divisions along clone 

length (and consequently individual cell lengths within) 

were determined by the same procedure. 

Minicell Purification 

Minicells to be used in the production of antiserum 

and for antigenic studies were purified by a modification of 

the technique of Khachatourians and Saunders (1973)• At the 

end of exponential growth 1-liter cultures were harvested by 

centrifugation for 10 min. at 7,000 rpm in a GSA rotor spun 
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by a Sorvall RC2B refrigerated centrifuge at Ij. C. The pel

let was resuspended in a minimal volume of growth medium 

(usually 5> Ml) and exposed to seven periods of sonication of 

1 min, each by using a Bronwill Biosonick at a setting of 90. 

The sonication was done at 0 C, and a 1-min. cooling period 

was allowed between successive exposures to ultrasound. The 

sonicated suspension was diluted to $0 ml with growth medium 

and centrifuged at 7>000 rpm for 10 min. in a SS-31}- rotor at 

Ij. C In a Sorvall RC2B refrigerated centrifuge. The super

natant solution was discarded* and the pellet was resuspended 

in a minimum volume of growth medium. Sonication was re

peated as described above (usually 3 to 6 additional 1-min. 

exposures) until no parental cells could be detected by phase 

microscopy. The sonicates were centrifuged at 1,000 rpm for 

10 min. in a SS-3lj. rotor as described above to bring down 

unbroken rods. The supernatant was decanted, diluted with 

growth medium to $0 ml and centrifuged at 6,000 rpm in a SS-

3k rotor as described above. The pellet was resuspended in 

a 30 to 60 jaliter volume of the same medium. The suspensions 

were placed in capillary tubes (75 mm in length; 1.2 mm 

internal diameter), and one end of each tube was plugged. 

The capillaries were centrifuged at ll,j>00 rpm (13,000 x g) 

in an International micro-capillary centrifuge, Model MB, 

for 10 min. 
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After centrifugation, two bands are evident, an 

upper band containing debris and a lower band containing 

minicells. The bands were separated, and the highly puri

fied minicells were used in subsequent experiments. A 

minicell suspension of 0.2 absorbance at 666 nm 613 

measured by a Spectronic 20 colorimeter, contained a maximum 

of 2 X 10^* colony-forming units (CFTT)/ml and approximately 

2 X 109 minicells/ml, as determined by microscopy counting 

with a Thoma cell counting chamber (Hawksley, England) • 

Production of Anti-Serum 

Minicells were purified from 5 liters of CUli03 div 

IV-Bl cells grown overnight in minimal liquid medium at 30 C. 

The purified minicells were resuspended in 3 ml of saline 

and mixed with an equal volume of Freund's incomplete ad

juvant. The mixture was injected subcutaneously into several 

sites on the back of a rabbit twice weekly for three weeks. 

Two weeks after the final injection the rabbit was bled by 

cardiac puncture. After the blood was allowed to clot at 

room temperature for one hour, the serum was collected. The 

serum was centrifuged for 10 min. at 3,000 rpm in a SS-3lj. 

rotor at 1|. C in a refrigerated Sorvall RC2B centrifuge to 

remove any unclotted cells, decanted and stored frozen until 

used. Before use, a sample of anti-serum was first heated 

at j>6 C for 30 min. to inactivate complement. 
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Preparation of Antigens 

Antigens for immunodiffusion and imnnmoelectrophore-

sis were prepared from one liter cultures grown overnight in 

minimal medium at 30 C, The cultures were centrifuged for 10 

min. at £,000 rprn in a GSA rotor at 0 by using a refrig

erated Sorvall RC2B centrifuge, The cells were resuspended 

in 10 ml. of sodium phosphate buffer, 0.05> H, pH 7.1# con

taining 30% sucrose. Lysozyme was added to a final concen

tration of 1 mg/xnl and deoxyribonuclease to a final 

concentration of 10 jig/mi. The cells were incubated at 37 

0 until all rods had been converted to spheroplasts as 

determined by observation in the phase contrast microscope. 

The spheroplasts were centrifuged at £,000 rpm for 10 min, 

at Ij. 0 in an SS-3lj. rotor in a refrigerated Sorvall RC2B 

centrifuge. The supernatant, representing the outer surface 

of the cells, was decanted and stored frozen until use. 

Spheroplasts were resuspended in buffer without su

crose and sonicated in an ice bath for 30 sees. Membranes 

were prepared from the ruptured spheroplasts according to 

the method of Beaman, Pankratz and Gerhardt (197^)* The 

membranes were sedimented at 20,000 g in an SS—3^4- rotor for 

20 min. at lj. C. The supernatant was decanted and frozen; 

this represented cytoplasm. The membranes were washed in 

buffer four times by centrifugation at 20,000 g for 20 min. 

Membranes were solubilized by incubation in the presence of 
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1% sodium dodecyl sulfate at 37 C for 60 min.; dithioth-

reitol was also added to the membrane fractions before 

solubilization. Membranes were frozen until used. 

Immunodiffusion 

Immunodiffusion was carried out by the double dif

fusion technique (Ouchterlony and Nilsson 1973). Molten 

Noble agar in sodium phosphate buffer, O.OJ-JM, pH 7,1, plus 

0,1$ merthiolate, was poured into plastic petri dishes, 21 . 

ml per plate. Wells were out into the agar with an agar 

gel cutter (Shandon Scientific Co., London). The inner well 

was filled with anti-serum. The antigens to be tested for 

homology were placed in the outer wells, one antigen per 

well. Plates were developed in a moist chamber at room 

temperature for two to three days or until precipitin lines 

could be seen. The plates were photographed with a Canon 

camera fitted with a macro-photo lens. 

Immunoelectrophoresis 

Immunoelectrophoresis was oarried out by the macro-

technique (Ouchterlony and Nilsson 1973). 20 ml of molten 

Noble agar in sodium barbital buffer, 0.0f>M, pH 8.6, was 

carefully poured onto the surface of a lantern slide 

cover glass. When solid, plates were out with a gel cutter 

(Grafar Corp., Detroit, Mich.). The antigens to be tested 

were placed in the wells and electrophoresed in a Deluxe 
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electrophoris chamber (Gelman Instrument Co., Ann Arbor, 

Mich.), Power was supplied by a voltage and current regu

lated DC power supply, Model No. 3-10l!|-A (Buchler Instru

ments, Port Lee, N. J.). Goat or guinea pig serum plus 

brom-phenol blue was used as a marker. After electro

phoresis was complete, the troughs were filled with anti

serum and incubated and photographed as for immunodiffusion 

plates. 

Adsorption of Anti-Serum to Lateral Walls 

Tryptlease-soy broth, 100 mis, was inoculated with a 

loopful of CUk03 tms-12 from a TSA plate grown overnight at 

30 C. The liquid culture was incubated at 30 0 with shaking 

for several hours. Upon reaching midlogarithmic phase, the 

culture was transferred to C and continued for approxi

mately one hour, during which time the cells had grown into 

long filaments, as determined by examination under the phase 

contrase microscope. The culture was pelleted by centrifu-

gation at £>000 rpm in a SS-3i^ rotor in a Sorvall RC2B 

refrigerated centrifuge for 10 min. at 4 C, resuspended in 

sodium phosphate buffer and flagella were removed according 

to the method of DePamphilis and Adler (1971) in a Waring 

blender. The culture was again pelleted by centrifugation 

and re suspended in 1/10 th volume of buffer. A few drops of 

the cell suspension were mixed with an equal volume of un

diluted anti-serum in a small test tube and incubated for 20 
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mins. At the same time, in another tube, a few drops of 

the cell suspension were mixed with serum collected from the 

same rabbit before injection with minicells. 

Meanwhile, cultures of CUltQ3 tms-12 . div IV-B1 . and 

E. coli S/6/£ were grown in TSB at 30 C with shaking until 

late logarithmic phase. Flagella were removed as before. A 

few drops of the CTJU.03 wild-frrpe suspension were added to 

one tube of CUli03 tms-12 filaments plus anti-serum and to one 

tube of CUii.03 tms-12 filaments plus normal rabbit serum. 

Likewise, a few drops of the E. coli suspension was added to 

other tubes containing 0Uli03 tms-12 filaments plus anti

serum or normal rabbit serum. After incubation for 10 mins., 

a drop of each of the mixtures were placed onto microscope 

slides, covered, and observed under the phase contrast 

microscope for agglutination. 

Materials 

Lysozyme and deoxyribonuclease were purchased from 

Sigma Chemical Co. (St. Louis, Mo.). 



CHAPTER 3 

RESULTS 

Mapping and Preliminary Characterization 

In the process of screening nitrosoguanidine induced 

unit ants of B. subtilis M-ll, a mutant clone was isolated 

which regularly produced minicells regardless of growth 

medium or temperature. As nitrosoguanidine is known to 

produce multiple closely linked mutations, the mutation 

responsible for the cell division defect was transferred by 

congression into another genetic background. CUk03 ttnrA. 

thyB, metB. ilvD was chosen to be the recipient because the 

thymine requirement facilitates the labelling of DNA. 

Figure 1 illustrates the differences between the mini-

cell producing strain and the wild-type as seen in phase 

contrast micrographs. Photographs were taken of cultures 

grown overnight at 30 C on a TSA plate. Figure 1A illus

trates the short rods of regular length that make up 

stationary phase cultures of CUk03 div IV-B 1+. In Figure 

IB, picturing CU/j.03 div IV-B-1. many minicells are evident; 

also notable are rods of many different lengths, usually 

longer than those found in the wild-type culture. 

As two other minicell producing strains of JL. sub-

tllis have been previously isolated, the mutation was mapped 

SO 



Fig. 1. Phase Contrast Micrographs of CTTli.03 div 
IV-B1+ and Cujt03 div IV-Bl. 

Cells were grown overnight at 30 C on TSA. (A) 
CUli.03 div IV-Bl*: (B) CUlt03 div IV-BI. 
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(in collaboration with J. N. Reeve) to determine if it might 

lie in a known gene or represent a new loci controlling cell 

division (Van Alstyne and Simon 1971; Reeve et al. 1973)• 

PBS1 lysates were prepared on CUli03 div IV-BI and used to 

transduce recipient strains containing auxotrophic markers 

of known location. The div IV-B-1 mutation cotransduces 67$ 

with leuA and 9i|$ with pheA (Table 2), Its position on the 

subtilis linkage map is shown in Figure 2. The minicell 

producing mutant of Van Alstyne and Simon (1971) was reported 

to map at about two oTclock; the div IV-A 1 minicell mutation 

has been mapped at six o'clock (Reeve et al. 1973). 

Table 2. Linkage of diY IV B-l to auxotrophic markers of 
known location.# 

Total No. No. of 
Selected of Recom- Recombi Co-

Donor Recipient Marker binants nants In Trana-Recipient 
Examined heriting fer 

Unselected Index 
Marker 

CUJ4.O3, BR9£, trp02 •phe+ 208 196 0.914-
thy A, ilvC. "PheA 

•phe+ 

thyB. 
metB, div 
IV B-1 

Mil, metB. l'eu+ 205 137 0.67 
leuA, ura .1. 

Mil, metB. ura 308 0 0 
leuA. ura 

•fcPBSl stocks were prepared on CUI4.O3 div IV B-l and crossed to 
the listed auxotrophic strains. Recombinants were selected 
on appropriately supplemented minimal plates. The div IV 
B-l transductants were picked with toothpicks onto the same 
media as used for selection and morphology of transductants 
determined by microscopy. 
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f"ec4 ura 

Pig. 2, Linkage Map of JB» subtil is Showing Loca-of w _ _ Map — 

tion of div IV-B1 as Mapped by PBSl Transduction 



The very close linkage of div IV-B1 to pheA sug

gested that these mutations may be cotransformable. A three 

point transformation cross with strain CPli03 div IV-B1 DNA 

as donor and JR9i?l as recipient wa3 carried out (Table 3). 

Table 3» Mapping of div IV-B1 by three factor crosses.# 

Recipient 
Selected 
Marker Class 

Recombinants 
No. 

Suggested 
Order 

JR9£l, trp-
02, leuA, 
PheA 

Phe 

leu+ 

phe . leu", div 
IV-Bl* 
phe+. leu", div 
IV-B1 
phe+. leu*. div 

phe*. leu . div 
IV-B1 

leu*1*, phe", div 
IV-Bl^ 

leu*1", phe". div 
rv-Bi 
leu+, phe , div 
IV-B1 

leu4", phe , div 
"IV-BI 

198 

23*1-

10 

23 

£2 

8 

28 

leuA. div 
IV-B1, PheA 

leuA. div 
IV-B1, PheA 

ttDHA was extracted from CUli03 thyA. thvB, metB. div IV-B1 
and used to transform JR951 trp-C2, leuA, pheA, Trans-
formants phe* and leu+ were selected on minimal plates 
containing tryptophan plus leucine and tryptophan plus 
phenylalanine, respectively, Transformant colonites were 
picked with sterile toothpicks onto the media used for 
selection and plates containing tryptophan only. After 
2i|. hrs. at 37 the clones were screened microscopically 
for the presence of the div IV-B1 morphology. 



The div IV-Bl locus is cotransf oraiable with -pheA and 

9# cotransformable with leuA. Three-factor cross data 

indicate that div IV-Bl mutation is located between leuA 

and r>heA. much closer to pheA than to leuA. The relative 

map positions of known markers in the leuA-pheA region 

are compared to div IV-Bl in Figure 3. 

leu A 

1 I 

att105 pheA 

II ! I 
i i 

ilvC 
II i I 

rodB1 divlVB 

Pig. 3. Map of the ilv C-phe A Region of the 
B. subtilis Genome Constructed by Transformation. 

As division mutants are often characterized by ab

normal morphology, thin sections of CITk03 div IV-Bl were 

examined in the electron microscope. Figure ij. is a compo

site of electron micrographs of representative cells from 

late logarithmic phase cultures groxm in TSB. In A, a 
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' division resulting in the formation of a minicell ia. shown 

in progress to the left of the central septum; a minicell 

producing division has heen completed on the right. No 

gross aberrations in either membrane or wall are apparent* 

Minicell cytoplasm appears homogeneous and filled with 

ribo.soraes. Figure I|B illustrates a long filament with a 

minicell at the right pole. The electron opaque material 

seen dispersed throughout the filament, but absent in the 

minicell is DtfA. Figure I}.C is an enlargement of the right 

end of the filament and attachment minicell seen in B. 

The structure attached to the septum is a mesosome, an 

invagination of the membrane seen in electron micrographs 

of bacteria and associated with both the chromosomes and 

septa in dividing cells (Burdett 1972). Another filament 

with four minicells at one pole is pictured in ijD. Mul

tiple minicells at one location are commonly seen in the 

div XV-B1 mutant. Sections of purified minicells, shown 

in 1|E, appear to be ultrastructurally normal and some con

tain me sosomes but no D1TA. 

Chemical analysis of minicells and the lack of 

incorporation of thymine-a-^C into acid precipitable 

material by minicells have confirmed that B. subtllis 

minicells lack D1TA (Reeve et al. 1973). 
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The reason for the lack of D1TA in minicells can be 

seen in the autoradiographs shown in Figure f>. Grain dis

tributions indicate DITA-free regions at the cell poles and 

at various positions along cell length. Arrows point to 

minicells and short rods being produced at grain-free 

regions. The lack of D1TA in the poles of GUli03 div IV-B1 

is not abnormal; DNA is not usually found in the pole 

regions of _B. subtilis. A direct comparison of the pat

terns of segregation in wild-type versus minicell producing 

strains is made difficult by the fact that wild-type cells 

are generally much shortor than div IV-B1 filaments. It 

does not appear, however, that segregation is grossly 

defective in CUb.03 div IV-B1. 

Comparisons of the growth rates and kinetics of incorp

oration of % thymine by CTJlj.03 div IV-Bl"1' and 0UU.03 div IV-B1 

are shown in Figures 6 and 7* Cultures grown overnight at 

30 C on TSA plates were used to inoculate TSB liquid cultures. 

% thymine was added at the time of inoculation, and the cul

tures were incubated at 30 C for three generations before the 

cultures were split and half of each culture transferred to 

C for further incubation. At the time of the split, 

sampling began. The rates of biomass increase, as measured 

by optical density, are virtually identical for the raatant 

and wild-type at both temperatures (Figure 6). Likewise, the 
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Pig, I4.. Ultrastructure of CUlu03 div IV-Bl. 
Thin Sections of Parent and Mlnicells. 

lSjim 

Pig. 5. Autoradiography of -Thymine Incorpora
tion into CUlt03 div IV-Bl Cells. 



Fig. 6. Ittnetics of Growth of Ct7a.03 div IV-B1* 
and CUH03 div IV-B1. 

Cells were grown in TSB with bubbling aeration. 
Increase in optioal density was measured with a 
Speotronic 20 colorimeter (Bausch and Lomb, Inc., 
Rochester, N. Y.), Circles: CU14.Q3 div iy-Bl*: 
squares; CU1l03 div IV-B1. Open figures: cells 
growing at Zj.5 C; closed figures: cells growing at 
30 C. 
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Pig. 7. Kinetics of Incorporation of ^-Thymine 
by cult.cn div IV-B1+ and CUli03 div IV-B1. 

Cultures were grovm in TSB plus 2 )ig of thymine/ 
ml and £>0 >iCI of -thymine/ml with bubbling aera
tion. Sampling, at times indicated, vxas done into 
10$ cold Trichloroacetic acid. Symbols as in Pig. 6. 
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rates of DTTA synthesis, as measured by incorporation of %-

thymine, are substantially the same for both strains (Figure 

7). 

It seems that the div IV-B1 mutation does not affect 

ultrastructure, growth, DNA synthesis, or segregation. 

Clonal Analysis of Cell Division 

Germination of spores of CtJli03 div IV-B1 in growth 

chambers at 30 C is followed several hours later by the 

appearance of the outgrowing cell. The initial steps in 

germination and outgrowth are illustrated in Figure 8. 

Phase-bright spores as they appear before germination are 

shown In Figure 8A, Germination, shown in B, is marked by 

a darkening and swelling of the spores. Later the spores 

split apart and the new cell emerges (C). The new cell in

creases in length, and frequently the spore coat remains 

attached to one of the cell poles £8D). 

The attachment of the spore coat to one cell pole 

was used to orient all of the subsequent cells produced by 

the clone, A photographic record was then made of the 

developing clone, as shown in Figure 9A. As the clone 

develops, divisions arise at various sites along the clone 

length. The locations of divisions and the production of 

minicells are easily observed. Figure 9B illustrates the 

manner in which these date were assembled for study, A line 

diagram of the same clone was obtained by plotting the 
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10 u 

Fig. 8. Early Stages of Germination and Outgrowth 
of CUh-03 div IV-Bl Spore3 in Growth Chambers at 30 C. 

(A) Phase bright spores prior to germination; 
(B) germination; (C) emergence of new cells from 
spores; (D) a young cell with spore coat attached to 
upper pole. Bars 5 
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Pig. 9. Growth and Division Patterns of a Typical 
0Ulu03 div IV-B1 Clone Following Spore Germination. 

(A) Phase-contrast micrographs of living cells 
growing in chamber described in text. Spore coat is 
attached to the left of the clone. Numbers indicate 
time (minutes) of incubation since time of first 
photograph. Bar; 10 aim. (B) Line diagram of the same 
clone obtained by plotting the contour lengths and 
division sites found in (A) with a wheel-type map 
measuring instrument. 
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contour lengths and divisions found in A with a wheel-type 

map measuring instrument. In the clone illustrated in Figure 

9, the first division is normal but the next two take place 

in close proximity to the central and distal poles, result

ing in the production of two minicells. The minicell pro

ducing divisions which take place at the central division 

site are illustrated at greater magnification in Figure 10, 

Eventually three minicells are produced at this site in the 

clone. The distal pole, shown in Figure 11 at greater mag

nification, produces one minicell. At the same time in this 

clone, five rods are produced by equatorial divisions 

(Figure 9B). 

The pattern of cell division, the location and 

frequency of minicell production within the clone and the 

growth of individual cells were determined from the line 

diagrams for lj£ clones of Cirli03 div IV-B1, constituting a 

total of 316 cells, in this manner. 

The probability of a minicell being produced may be 

calculated from the total number of divisions observed in 

all of the clones and the total number of minicells pro

duced. One hundred forty-eight minicells were produced by 

clones that underwent lf.72 cell divisions. The probability 

of a minicell being produced by any one division in a 

CUitQ3 div IV-B1 clone is therefore or 0.31. The 

probability of a normal division is 1 - 0.31 or O.69. If 



Pig. 10. Detail of Central Minicell Cluster 
from Figure 9. 

Numbers indicate time (minutes) since time of 
first photograph. Bar: 5> 



Fig. 11. Detail of Distal Pole of Clone Shown 
in Figure 9. 

Numbers indicate time (minutes) of inaubation 
since time of first photograph. Bar: jam. 
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every division has the same probability of producing a 

minicell, one would expect 3*22 divisions to occur for each 

minicell produced, resulting in slightly more than one mini-

cell for every three genome-containing cells. A total of 27 

young clones were observed which contained a single minicell. 

The average number of cells (including minicells in these 

clones is lj..ll (Table if.). 

Table Zj., First minicell appearance in div IV-B1 clones. 

Total lTo. 

o
 + 

o
 Clones VJith 

of Cells 1 2 3 
Per Clone Mini- Mini- Mini- Total Ho, of Total ITo. of 

cell cells cells Cells Cell Divisions 

2 8 b 
3 9 27 18 
If. it- 2 2k 18 
% k k h.0 32 
6 5 h 1 60 $0 
7 1 7 6 
8 
9 

l 
l 

1 16 
9 \ 

10 l i 20 18 
11 2 22 20 

The initial cell formed during spore outgrowth con

tains two poles which become the most distal and proximal 

poles relative to the spore coat. These are the oldest 

poles in the clone. The first division in a developing clone 

results in two new poles which become the second oldest poles 

in the clone. Each subsequent division similarly results in 
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now polos that may be assigned a relative age in the cloned 

history. Figure 12 illustrates relative pole ages in a 

four-cell clone, assuming the second round of division is 

synchronous in both sister cells. The two poles produced by 

each division are callod sister poles and assigned the same 

age since they arise at the same time. These assumptions 

are useful in constructing the following simple model con

cerning the location of the first minicell produced within 

a clone. 

Pig. 12. Relative Pole Ages in Pour-Cell Clones. 

Pir3t two rounds of division during out-growth 
are diagramed. See text for assumptions and details. 

If P — the probability of a minicell being produced 

per cell division and it is assumed the minicell can be 

formed at either the promial or distal pole relative to the 

spore coat with equal likelihood, then h P = the probability 

t 

i 

) i 

l l  3 1  
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of a minicell being produced at either pole per cell divi

sion. At any particular location in the clone, the age of 

the pole becomes important in determining the probability 

that a minicell will be located at that position; for the 

older a pole is, the more cells it has been part of and the 

greater chance that an abnormal division might arise next 

to it producing a minicell. If a relative age is assigned 

to each pole as gp equals the age of a pole in generations, 

then 3gP x gp equals the probability of a minicell being 

located at apole of age g. 

Figure 13A illustrates this theoretical distribution 

of the relative frequency of minicells at each pole in four-

cell clones. Figures 13B shows the location of first mini-

cells In 27 clones. Virtually all of the minicells are 

found at either the proximal or distal poles, or at the 

poles created by the first division near the center of the 

clone length. 

Table £ summarizes observations of the location of 

the second minicell produced in clones with respect to the 

location of the first minicell already present in each clone. 

A four-cell clone contains one minicell and three rods; there 

are a total of six poles, two adjacent to the minicell and 

four elsewhere. If each pole has an equal probability of 

producing a minicell during a subsequent round of division, 

then there are twice as many chances for the second minicell 
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Expected Distribution 
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Normalised clone length 
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Observed Distribution 

0 25 50 75 100 
Normalised clone length 

Pig. 13. Theoretical (A) and Observed (B) Distribu
tion of Minicells in Pour-Cell Clones Following Spore 
Germination. 

Model based upon random location with respect to cell 
poles of first minicell-producing division during out
growth, (B) data obtained by plotting the normalized 
location of the first single minicell produced during 
clone development. 
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• to occur elsewhere in the clone than there are for the Becond 

minicell to occur next to the first minicell. These calcu

lations were repeated for clones of each cell size in which 

the first and second minicells oould be identified from the 

photographic record. In 12 clones minicells were observed to 

arise simultaneously from sister poles; these clones were 

excluded from Table 5. When the expected and observed vsiues 

in Table 5 are compared, there is an excess of minicells pro

duced by divisions adjacent to the first minicell rather than 

by divisions elsewhere in the clone. In all lj.6 clones, 59 of 

II4.8 minicells, or \±0% of all minicells, we re located in 

clusters rather than at separate locations within the clone. 

Table 5» Location of second minicell in div IV-B1 clones.# 

Total No. Next to First Elsewhere 
of Cells - -00™ •0—/ /—0- Total 
in Clone Observed Expected Observed Expected Observed 

0 1.00 3 2.00 3 
5 k 1.25 1 3.75 5 
6 3 1.80 6 7.20 9 
7 2 0.83 3 4.16 5 
8 1 O.lij. 0 0.86 1 
9 1 0.25 1 1.75 2 
10 0 0.22 2 1.78 2 
11 0 0.10 1 0.90 1 
12 1 0.09 0 0.91 1 

Sum 12 5.689 17 23.312 

X (1)= 8'*?1 ^(1) C <* = °'0^ = 3.8t|-

#Chi-square analysis indicates location of second minicell in 
clones is not random* 
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Figure llj. illustrates an unusual phenomenon occasion

ally observed in CUiiQ3 div IV-B1 clones: the division of a 

short rod, probably enucleate, into several minicells. The 

short rod was produced by division at the distal pole of a 

clone. At 3££ mins. after the beginning of the photographic 

record, the rod has just begun to separate from the mother 

cell; by 360 mins. it is attached to the mother cell by what 

appears to be a thin fragment of wall. Fifteen minutes later, 

the rod has divided into three minicells vihile a fourth mini-

cell has been produced simultaneously next to the rod by the 

mother cell. 

The growth rates for the clones grown out from CUliO^ 

div IV-B1 spores were plotted as a function of length increase 

versus time. The plots for two typical clones are shown in 

Figure 15. The doubling time for both of these clones is 

less than one hour. Despite the occurrence of divisions 

which result in cells incapable of growth (minicells and 

short rods), the clones continue to increase in length at an 

exponential rate. 

When growth rates were compared for individual cells 

within clones, no differences could be found between those 

cells which had produced minicells or short rods and cells 

which had divided normally during the same round of division. 

Minicell-producing cells increased their lengths at the same 

rate as cells not producing minicells in the same clone. 
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Pig. llj.. Division of a Short Rod Produced by 
a CUljjCH div IV-B1 Clone Growing at 30 C in Chamber 
Following Outgrowth from Spore. 

Numbers indicate time (minutes) of incubation 
from time of first photograph. Bar: £ ;am. 
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Fig. l£. Rate of Length Increase of CUii03 div IV-Bl 
Clones in Growth Chambers at 30 C# 

Lengths were obtained by measuring clones in photo
graphic histories as shown in Fig. 9(A), with a wheel-type 
map measurer. Rates of length increase for two typical 
cones are plotted. 
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Moreover, no differences could be found in the sizes of cells 

which produced minicells compared to those which divided 

normally. For example, cells which divided normally at the 

first round of division had a mean length of 52.9 Jim's, 

while cells which produced minicells at the first division 

had a mean length of 53.3 jam's. 

Spores of CUk(n div IV-Bl4* were germinated and grown 

in the chambers at 30 C under the same conditions for com

parison with the mutant strain. The line diagram of a 

typical wild-type clone is illustrated in Figure 16. The 

rate of increase in length is comparable to a CUli03 div IV-B1 

clone. The pattern of division, however, is quite different. 

Although the divisions become asynchronous at the third round, 

septa are located so as to divide the cells in half equally. 

Analysis of Antigenicity 

As minicells consist entirely of polar material, an 

investigation into possible differences between poles and 

side wall was undertaken using antiserum produced by a rabbit 

following injections with CUli.03 div IV-B1 minicells which had 

been purified by sonication. The ability of the antiserum to 

adsorb to side walls was tested using a temperature-sensitive 

cell division mutant that grows into long filaments at high 

temperature. This mutant, CTTli.03 tms-12. was chosen because 

the ratio of lateral wall to polar is much higher in the 

mutant than in typical B. subtilis rods. Before addition of 
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Fig. 16. Lino Diagram Illustrating the Growth 
and Division of a CU14.03 div IV-Bl"** Clone in Growth 
Chamber at 30 C. 

Contour, lengths and division sites from the 
photographic record were measured with a wheel-type 
map measurer. Numbers indicate time (minutes) of 
incubation from time of first photograph. Bar: 10 jam. 
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anti-minicell serxua to 0Uk03 tms-12 filaments, the flage11 a 

were first sheared from the cells in a Waring blender. This 

was done to eliminate the possibility that antibodies 

directed against flagelliji, the protein of which flagella 

are composed, could make it appear that anti-minicell serum 

adsorbs to lateral wall, Flagella are located all over the 

surface of B. subtilis. It is very unlikely that anti-

minicell serum contains antibodies against flagellin; soni

cated minicells have lost their motility, and flagella are 

not seen in electron micrographs of sound purified minicells. 

Nevertheless, this precaution was taken. Flagella were also 

removed from CITli03 wild-type cells and from E. coli S/6/£> 

cells used in this experiment. 

A GUIl03 tms-12 liquid culture, grown at 30 C in TSB, 

was transferred to ij-f? C to convert the rods into filaments. 

After the conversion was complete, the culture was centri-

fuged, flagella were removed and the cells were resuspended 

in buffer. Anti-minicell serum was added to the flagella-

less filaments and allowed to incubate in the cold. After 

adsorption for approximately 20 mins,, flagella-less CUk03 

wild-type rods were added to the filaments plus antiserum. 

If anti-minicell serum contains antibodies directed only 

against poles, we would expect to see the rods attached only 

to the poles of the filaments and not along their lengths. 

But, if minicells share antigens in common with the lateral 
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surface, rods should attach all along the length of the fil

aments. The results (Figure 17) indicate that poles and 

sides must have some common antigens. Rods can be seen ly

ing lengthwise along both sides of and also across the fila

ments. Attachment of rods to filaments is not restricted 

to polar sites. 

That this attachment is indeed a specific reaction 

is evident from the controls. For the first control (Figure 

18), the same procedure was performed with the exception 

that instead of adsorbing anti-minicell serum to filaments, 

normal rabbit serum was used. Some of the rods have collided 

with filaments in the course of floating around in the liquid 

under the cover slip and have been trapped by the filaments. 

No rods are seen on both sides of the same filament, however, 

and none lie across filaments. A few free rods are also 

evident. 

In the second control, E. coli S/6/£> cells were added 

to the incubation mixture of filaments plus anti-minicell 

serum. The E. coli cells did not attach to the B. subtilis 

filaments (Figure 19). The E. coli cells have clumped with 

each other, however. The same phenomenon was observed.when 

E. coli cells were added to B. subtilis filaments plus normal 

rabbit serum (not illustrated). This could be due to a 

number of reasons. One explanation could be that one or 

more proteins in the whole, undiluted serum might cause a 
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Pig. 17. Adsorption of Anti-Minicell Serum to 
Lateral Walls of CUu.03 tms-12 Filaments. 

CUk03 tms-12 cells were incubated at 10 C to promote 
growth in filaments. Flagella were removed in a War
ing blender. Anti-minicell serum was allowed to adsorb 
to filaments, then CUii03 tma-124" rods, after removal of 
flagella, were added to filaments plus antiserum. Bar; 
10 jam. 
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Pig. 18. Failure of CPlj.03 tma-12"** Rods to Adsorb 
k° QU^-03 tma-12 Filaments Plus Normal Rabbit Serum* 

CUll03 tm3-12 filaments produced by growth at i|£ C, 
and with flagella removed by shearing in a Waring 
blender, were mixed v/ith normal rabbit serum. After 20 
mins., CPii.03 tma-12 rods grown at 30 C. and also with 
flagella removed, were added to the Ctm.03 tma-12 fila
ments plus normal rabbit serum. 



81 

Pig. 19. Failure of E. coli 5/6/$ to Adsorb to 
CUlu03 fans-12 Filaments Plus Anti-Minicell Serum. 

Anti-minicell serum was added to CTJUJ03 tms-12 
filaments produced by growth at 1$ 0. E. coli cells 
grown at 30 C were added to filaments plus anti-serum. 
Bar: 10 jam. 
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non-specific aggregation of the E. coli cells, in a manner 
I 

similar to that in which bovine serum albumin, when used in 
i 

some serological tests, increases the size of the aggregation 

and makes it visible to the naked eye (Kijapinski 1972). As 
i 

an alternate explanation, the rabbit may have acquired anti-
i 
i 

body to E. coli by ingesting feces; or may have antibody to 
* j 

some substance similar enough to an E. coli surface antigen 

to cross-react with it. For example, purified E. coli lipo-
i i 

polysaccharides cross-react vrith antibodies directed against 

both the A and B antigens of the human ABO blood group 
J 

(Race and Sanger 1968). The phenomenon of agglutination of 

the E. coli cells *ras not investigated further. 
! 

Antiserum produced against CPlj.031 div IV-B1 minicells 

was next used to test the degree of homology between various 

antigens of GtJli03 div IV-B1+ and CUli03 div IV-B1 cells. 

Both immunodiffusion and Immunoelectrophoresis were employed 
i ! 

in this series of tests. For the immunodiffusion tests, the 

technique used was the double diffusion method of Ouchter-

lony (Ouchterlony and Nilsson 1973). A single inner well, 

with a volume of 0.2 ml, surrounded by six smaller wells, 

with volumes of 0.1 ml each, were cut into Noble agar in a 

petri dish. Antiserum was placed in the inner well and the 

antigens to be tested for homology were placed into the outer 

wells, one antigen . per well. Both antiserum and antigens 

diffuse into the agar in all directions. When molecules of 
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an antigen and its specific antibody encounter each other, 

a reaction takes place and a precipitin line forms in the 

agar. Lower molecular weight antigens diffuse faster than 

higher molecular weight antigens. Therefore, lower molecular 

weight antigens should form precipitin lines farther from the 

antigen well than will the antigens of greater size. If 

antigens from neighboring wells are homologous, the precipi

tin lines will merge with one another, forming one continu

ous line. If, however, the antigens are not homologous, 

the precipitin lines will cross one another and form "spurs" 

in the agar. 

The results of the immunodiffusion tests comparing 

cellular fractions from CUli.03 div IV-B1+ and CUij.03 div IV-B1' 

are shown in Figure 19. In Figure 20A are shown the precipi

tin lines formed by the reaction of the antl-minicell serum 

with the "wall fraction" from the two strains. These lyso-

zyme digests of intact cells should be expected to contain 

more than just peptigoglycan and teichoic acid; they should 

also contain the contents of the periplasmic space, enzymes 

and precursors involved in wall synthesis, and possibly 

other components of the outer surface such as released meso-

somes binding proteins and transport enzymes. The wall 

fraction prepared from CUkQ^ div IY-B1 apparently contains 

four distinct antigens while the CUliQ3 div IV-B1 wall frac

tion has been resolved into only three. The precipitin 



Pig. 20. Immunodiffusion of 0Uk03 div IV-Bl* 
and CUli.03 div IV-Bl Cellular Fractions with Anti-div 
IV-Bl Minicell Serum. 

(A) Wall fractions; (B) cytoplasmic fractions; 
(C) membrane fractions. Right-hand we lis: CtJli.03 div 
IV-Bl4" antigens; lower walls: CI3UQ3 div IV-Bl antigens; 
large, upper wells: anti-div IV-Bl minicell 3erum. 
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Pig. 20. Immunodiffusion of CUlu03 div IV-Bl+ 
and CUll03 div IV-Bl Cellular Praotiona with Anti-
div IV-Bl Mlnloell Serum. 



85 

lines closest and furthest from the antigen wells of the two 

strains merge with one another, indicating identity with one 
I j 

another. The two inner lines of the wild-type strain merge 

with the single inner line of the mutant. No spurs appear. 

The cytoplasmic fractions are illustrated in Figure 

20B. Unfortunately the resolution is not as clear as that 

for the wall fractions. Only the bands closest to the anti

gen wells do not seem to merge with one another; but neither 

do they cross; The inner bands appear to merge. 

The membrane fractions (Figure 20C) have formed very 
j 

broad bands close to the antibody well. Again there are no 

obvious differences between CUU03 div IV-B1+ and Ct7li03 div 

IV-B1. 

In the Immunoelectrophoresis test, the antigens are 
| 

separated not only on the basis of their size, but also on 

their charge. The antigens to be tested are placed in wells 

on the same plate. An electric current is applied across 
• 

the plate and the antigens migrate toward one of the poles. 

When electrophoresis is complete, troughs are cut between 

the wells and parallel to the direction of the electrical 

current. Tho troughs are filled with antiserum. Antibody 

molecules diffuse into the agar toward the antigens diffusing 

from the locations to which they had migrated during electro

phoresis. Reaction between antibody and antigen results in 

precipitin arcs. 
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Figure 21 illustrates the results of the immuno-

electrophoresis of the wall fractions. There appears to be 

one major antigen present in both mutant and wild-type. 

In Figure 21a another arc appears to the right of the major 

arc in the mutant fraction, but is absent in the wild-type. 

Upon repetition under the same conditions, however, this 

extra arc shows up in the wild-type and not the mutant. As 

this arc appears to be weak, its presence or absence may 

reflect differences in filling the antigen wells. The wells 

are quite small, with an approximate volume of 0.01 ml, and 

must be carefully filled with a long tipped Pasteur pipette. 

Errors in dispensing the antigens might conceivably have an 

effect upon an antigen whose concentration is already low. 

The precipitin arcs formed by reaction of antiserum 

with membrane fractions appeared to be identical for both 

strains with duplicate tests. The best defined test is 

pictured in Figure 22. 

Major differences are seen in the number of arcs 

between the cytoplasmic fractions. There are several arcs 

present in the mutant that are absent in the wild-type 

(Figure 23A). Some of these extra arcs in the mutant frac

tion represent antigens which have migrated farther than the 

most clearly resolved arc in both mutant and wild-type; 

others have migrated less. When the test was repeated, but 

with the period of electrophoresis increased to better 



Pig, 21. Immunoelectrophoresis of CUlt03 div 
IV-B1+ and CUljD3 div IV-B1 Wall Antigens. 

Wall fractions were prepared and electrophoresed 
as described in text. Troughs were filled with anti-
div IV-B1 minicell serum. Cathode was to the left. 



Fig. 22. Immunoelectrophoresis of CUZi.03 div 
IV-Bl and CflJli03 div IV-Bl Membrane Fractions. 

Membranes were prepared and electrophoreaed as 
described in text. Cathode was to the left. Troughs 
were filled with anti-div IV-Bl mlnloell serum. 
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Pig. 23. Electrophoresis of CUlt03 div IV-Bl"*" 
and CUE03 div IV-Bl Cytoplasmic Fractions. 

Cytoplasms were prepared and electrophoresed as de
scribed in text. Cathode was to the left. Troughs 
were filled with anti-div IV-Bl minicell serum. (A) 
Electrophoresis of antigens for shorter duration than 
in (B). 
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resolve the slower migrating antigens, most of the material 

appears to have been run off the plate entirely (Figure 22B). 

The left end3 of precipitin arcs are just barely visible on 

the right edge of the plate. In the mutant fraction at least 

one antigen has remained and formed a precipitin arc which 

is entirely lacking in the wild-type. Shorter periods of 

electrophoresis do not resolve the antigens well enough to 

distinguish between the two strains. Further investigation 

of this difference in cytoplasmic antigens is necessary to 

determine whether or not it is due to the cell-division 

defect in CUli03 div IV-B1. 



CHAPTER k 

DISCUSSION 

The minicell-producing strain of B. aubtilis. CUlj.03 

div IV-B1. appears to be defective in control of division 

site location. No other gross abnormalities could be 

detected. The rate of growth for CUlt.03 div IV-B1 is identi

cal to the wild-type (Figure 6). The rate of DNA synthesis, 

as measured by the incorporation of 3H thymine, also appears 

normal (Figure 7) • Autoradiographs indicate that MA does 

not fail to segregate (Figure £>). Thus CUli.03 div IV-B1 does 

not appear to be a DNA mutant in the classical sense. 

Minicells are produced by the div IV-B1 mutant in 

minimal or in rich media, on plates or in liquid, from room 

temperature to i}£ C, and at all stages of growth. Minicells 

apparently consist entirely of cell pole surface; once parti

tioned from the parent cell they do not grow or divide. 

Minicells produced by the same culture may vary considerably 

in size (Figure Ij.). In addition, short rods are also pro

duced by this mutant. Short rods contain soma lateral sur

face; although they are unable to grow they may divide 

(Figure 34). 

Strains of B. subtilis carrying the minicell mutation 

in combination with temperature-sensitive DNA arid cell 

91 
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division mutants have been constructed in this laboratory 

by S, Travis ana J. Poos. The behavior of these strains 

indicates that B. subtil is minicell-producing divisions are 

dependent upon normal DNA synthesis and cell division. Thus, 

the div IV-Bl mutation appears analogous to those mutations 

in other species of bacteria responsible for minicell pro

duction (Khachatourians et al. 1973J Frazer and Curtiss 

1974). 

Mapping of the div IV-Bl mutation by PBS1 transduc

tion and by transformation indicates that it represents a 

previously unknown locus in B, subtilis involved in the 

regulation of cell division. 

The property of spore production by B. subtilis pro

vides the opportunity to observe a new coll as it emerges 

and grows out from the spore and to follow its progeny 

through a number of division cycles. This has been exploited 

in constructing photographic records of clones grown out from 

Ctrlj.03 div IV-Bl 3pores, The analysis of these photographic 

records have provided information which may help to eluci

date the nature of the cell division defect. 

Minicells may be produced at the first division of 

the new cell following outgrowth from the spore, although 

most first divisions result in two genome-containing cells. 

Unlike the case reported for E. coli. a polar division in 

the div IV-Bl mutant strain does not appear to have the same 
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. probability of occurrence as does a non-polar division 

(Adler and Hardigree 1972)• In the early stages of growth 

following emergence from the spore, only approximately one-

third of all divisions result in minicell production. 

The locations of the first minicells in each clone 

fit reasonably well, despite the small sample size, with 

the expected distribution based upon the random location 

model which takes into account pole ago (Figure 13), It 

appears that the first minicell to arise in developing clones 

may appear at any of the cell poles, but that the older a 

pole is in terms of generations, the greater the chance a 

minicell will arise next to it. 

Minicells have been frequently observed to occur in • 

clusters such as shown in Figure 9. Such clusters frequent

ly arise as a result of minicell production by adjacent 

sister poles. In view of the fact that adjacent sister poles 

arise simultaneously, they should, at least for the first 

few generations of their existence, remain identical in gen

eration age (until the sister cells become asynchronous). 

It follows then that sister poles should have identical 

probabilities over this period for minicell production. An 

amount of clustering would be expected, therefore, in rela

tion to the sister pole age correlation. A number of oases 

have been observed, however, in which clusters of three or 

more minicells arise at sister poles or in which adjacent 



91*. 

minicells are produced from the same parent cell. Of 17 

cases in which there are two-mini cell clusters produced from 

sister poles, four clones have been observed to progress to 

three-mini cell clusters as shown in Figure 9. These inci

dents suggest that pole age may not be the only factor 

influencing the production of minicells in clusters. 

An interesting and unusual phenomenon observed in 

this mutant is the ability of the short rods to divide with

out apparent elongation. In the example illustrated in 

Figure llj., three abnormal divisions, two in the short rods 

and one in the parent cell, seem to take place simultaneously. 

In view of the ultimate dependence of all macromolecular 

synthesis on genetic material, the division of short rods 

suggests that the division machinery may have been produced 

prior to the separation of the short rod from the parent 

cell. 

In addition to the difference in minicell frequency 

already mentioned, the clonal histories have made apparent 

another difference between the minicell producing strain of 

E. coli and B. subtilis CtJfi03 div IV-B1. Adler and Hardi-

gree (1972) also photographed sequences of the E. coli 

minicell-producing mutant. They observed that either a 

minicell-producing or a nonnal division could occur in a 

given cell, but not both. Although our photographs were not 

taken at the short time intervals used by Adler and Hardi-

gree, in producing films of E. coli minicell production, a 
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. number of incidents were observed in which a long cell 

divided simultaneously to produce several progeny, one of 

which is a minicell. Paulton (1970* 1971)? has demonstrated 

that in rapidly growing B. subtil is cultures, newly divided 

cells contain several already initiated cell division sites. 

Unfortunately, we were not able to take films of the clones 

which would demonstrate whether or not multiple divisions 

within a single clone arise simultaneously or sequentially. 

In B. subtilis separation of daughter cells does not quickly 

follow septation as it does in E. coli. For this reason 

newly arisen divisions cannot be clearly distinguished in 

the phase contrast microscope except under high magnification 

(1000X). A young clone very soon grows out of the field at • 

this magnification, making it necessary to take overlapping 

photographs of adjoining fields. The later sequences often 

necessitated the photographing of at least ten, and sometimes 

even twenty, adjacent fields in order to record the entire 

clone. 

Observations concerning the growth of the div IV-B1 

strain were also made from the photographic records of the 

clonal histories. Growth appears to take place in both 

directions; this can be seen directly from the photographs 

by comparing the growing cells with respect to fixed markers 

in the agar (Figure 9A). When the increase in length of the 

total clone was plotted against time, it was found that the 

elongation rate is exponential. 
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In view of the finding that sides and ends of B. 

subtilis differ in their resistance to autolysin, the ability 

of anti-serum made against minicells to adsorb to lateral 

wall was investigated (Fan, Pelvit and Cunningham 1972). It 

was found that anti-minicell serum could adsorb to the lat

eral walls of rods and filaments as well as to the poles 

(Figure 17). This finding does not eliminate the possibility 

that biochemical differences exist between side wall and 

polar wall; it should be interpreted only as indicating that 

sides and poles share enough antigens in common (other than 

flagellin) to allow cross-adsorption to occur. If this ob

servation can be extended to other bacteria as well, mini-

cells purified from pathogenic strains may be excellent 

vaccines. Being enucleate, minicell3 are incapable of repro

duction and non-plasmid specified toxin production within a 

host. 

Inouye and Pardee (1970) reported changes in the 

poly-acrylamide gel electrophoresis patterns of membrane 

proteins between an 13. coli K-12 mutant and its wild-type 

parent. The appearance of one of these proteins was found 

to be associated with septum formation. Antibody made 

against CUltQ3 div IV-B1 minicells failed to detect any dif

ferences between wall and membrane antigens prepared from 

CUli-CH div IV-B1+ and CUk03 div IV-B1 (Figures 20, 21 and 22). 

Differences were found between the cytoplasmic fractions 
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• prepared from mutant and wild-type cells (Figure 23). Wheth

er the extra antigens found in CUii.03 div IV-B1 are a direct 

result of the cell division defect cannot be concluded at 

this time. 

A number of models have been put concerning the regu

lation of cell division in bacteria; some of these include 

suggestions regarding the nature of the defect responsible 

for the production of minicells. Inouye (1969) proposed that 

minice 11-producing strains produced an excess of a factor 

which induces septum formation upon the completion of D1TA 

replication. According to this model, septum formation is 

normally suppressed by a factor (M), which is inactivated by 

another factor (I). Factor I is periodically produced in a 

limited amount at the end of VNA replication. If a strain 

overproduced factor X, extra septations would occur. 

3?his model doe3 not explain why the abnormal septa

tions in minicell-producing strains occur only adjacent to 

existing poles, and not at random locations within the cell, 

It also appears that the minicell-producing strains of B. 

subtilis isolated in this laboratory do not divide more often 

than do wild-type strains. If extra divisions took place in 

the mutant, CPli03 div IV-B1 rods would be shorter than CUli.03 

div IV-B1* rods. That this is not true can be seen directly 

from Figure 1. A statistical analysis of the number of 

divisions versus cell length in CPli03 div IV-Al. div IV-B1. 
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- and wild-type haa indicated that both minicell-producing 

strains actually divide less than does the wild-type (Mendel-

son and Keener 197^). 

Adler and Hardigree (1972) have suggested that E. 

coli may contain division sites close to cell poles that are 

destined to become centrally located as the cells grow and 

whioh function in the generation following their origin. In 

the minicell-producing strain of E. coli, these potential 

division sites become prematurely activated and produce septa 

at least one generation earlier than they were destined to. 

There i3 evidence that assembly of precursors for each septum 

takes place at least one generation prior to its final com

pletion and at a site which represents the future location 

of that septum (Donachie, Jones and Teather 1973)* 

If a division site adjacent to a pole is to eventual

ly arrive in the center of the cell, linear extension of the 

cell must take place distally to that site. This could be 

accomplished by elongation of the cell in one direction by 

a single site located exactly at the polo. The evidence 

regarding growth sites in rod-shaped bacteria has been re

viewed in Chapter 1. As was previously stated, models which 

suggest growth by intercalation of new material into old do 

not seem to be supported by those experiments which most 

accurately distinguish between turnover and mobility of sur

face material and elongation of the cell. As for unique 

growth sites, experimental evidence supports the existence 
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. of single elongation sites at positions varying from equa

torial to sub-terminal to polar (Ryter 1971; Begg and Dona-

chie 1973; Mendelson and Reeve 1973; Hyter, Hirota and 

Schwarz 1973). Until this controversy is resolved, the 

accuracy of the model of Adler and Hardigree will also 

remain unresolved. 

Some of the observations made on the growth and 

division of the div IY-B1 mutant strain following outgrowth 

from spores do not agree with observations made by Adler 

and Hardigree (1972) in their time-lapse photographs of the 

£• col3- minicell-producing strain. As previously noted, 

they never observed a single cell undergoing a normal division 

and a minicell division at the same time. E. coli minicells* 

were observed to come only from the very enda of the rod and 

tended to be rather uniform in size. These observations sug

gested to Adler and Hardigree that there were only three 

potential division sites per cell, the usual one near the 

midpoint of the cell and two others near the poles. 

In the photographic record of the CUli03 div IV-B1 

clones, a number of incidents have been recorded in which 

several septa seem to appear simultaneously within one cell. 

A few cases have even been observed in which two adjacent 

septa are formed simultaneously in the center of a cell so 

that a minicell arises in the center of the cell and not at 

an existing pole. CPit.03 div IV-B1 minicells and short rods 



may vary considerably in size, and short rods may divide 

into two or three minicells within a period of time con

siderably less than would be predicted if septa were formed 

only sequentially, one per generation (Figure llj.). If the 

Adler-Hardigree model can be extended to B. subtil is, the 

distribution of potential division sites seems to be far 

more complex in B, subtil is CUli.03 div IV-B1 than in the E. 

coli minicell-producing strain. 

The theory that minicells represent division at 

sites that have not been inactivated from a previous divi

sion cycle, rather than prematurely activated sites, has 

recently been presented by Teather, Collins and Donachie 

(197l(.). These investigators measured the lengths of cells 

sampled from exponential cultures of the 33, coli minic ell-

producing strain, P678~j?lj., and its vrild-type parent, P678. 

Wild-type cells were found to be uniform in length; over 

95$ of the cells fell within a two-fold range. The range 

in size of a sample of the minteell-producing strain was 

nine-fold, with about 90^ of the cells from two to four 

times the length of a normal cell. In addition, no cells 

intermediate in size between minicells and the normal new

born cell were found in the mutant strain. 

According to Teather et al, (197^4-) $ potential 

division sites arise by the same mechanism in both mutant 

and wild-type; but are inactivated after one division in 

the wild-type. Division sites remain active indefinitely 
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. in the minicell strain, but only enough division factor for 

a single division is made per generation and it is consumed 

entirely in the formation of a single division. 

Assuming that the probability of a division is equal 

at all sites, whether polar or non-polar, and that only one 

division takes place per generation per cell, the frequency 

of minicells per cell per doubling time was predicted to be 

0.7l|.8 in an exponentially-growing culture. Microscopic 

observation of living cells growixigon nutrient agar at 37 C 

revealed that the ratio of polar to non-polar divisions was 

0.72. 

If this model is correct, the ratio of minicells to 

cells should remain constant in an exponentially-growing 

population. It should also be independent of medium and 

temperature. However, Frazer and Curtiss (197^4-) have re

ported that the yields of minicells produced by E. coli and 

£>. typhimurium strains vary with the growth medium; higher 

yields are observed on media that allow faster growth rates. 

The seme observation has been made regarding B. subtilis 

CUli.03 div IV-B1 (Mendelson and Keener 197ij-) • Mendelson and 

Keener (197^) have also found differences in the ratios of 

minicells to rods during the various stages of exponential 

growth in both minimal liquid and trypticase-soy broth at 

30 C. leather et al. (197lf-) appear to have observed cells 

growing on nutrient agar for only one hour periods. 
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These observations, along with the finding of occa

sional minicells oven in wild-type bacterial cultures, sug

gest that there is a physiological, as well as genetic, 

basis for polar divisions (Neale and Chapman 1970, Frazer 

and Curtis s 197W • 

In B. subtilis CUk03 div IV-B1 polar divisions do 

not have the same probability of occurrence as do non-polar 

divisions (0.31 vs. 0.69 in the first few hours after out

growth from spores); minicells and short rods are not uniform 

in size, but may vary considerably from just visible in the 

phase contrast microscope to several micrometers. Clusters 

of minicells at one location in a clone appear to arise at a 

much faster rate than would be predicted by a model which 

suggests that 3epta are made sequentially, one per generation 

per cell. 

Based upon the observations of the div I7-B1 clones, 

an alternate hypothesis concerning the defect responsible 

for minicell divisions seems warranted. We propose that 

rod-shaped bacteria possess some mechanism to insure that a 

single septum is initiated and assembled at each division 

site, normally the center of a "unit" cell which has doubled 

in length. In minicell-producing strains, and occasionally 

in wild-type cultures, this controlling mechanism is defective 

so that several sites at random locations within a few micro

meters of each other become sites for septum initiation 
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during a aingle division cycle, although the actual assembly 

of each of these sites may be delayed somewhat. Multiple 

septations arise by simultaneous, rather than by sequential, 

division initiations. Multiple septations oould arise by 

sequential division initiations providing the time between 

initiations is short enough to occur within a single cell 

cycle. 

The manner in which simultaneous multiple initia

tions of septation could give rise to different patterns of 

minicell production is schematically illustrated in Figure 

21}.. Closely following cell elongation, multiple septa are 

initiated in the center of the cell. In Figure c^A, the 

septa are assembled from left to right, so that two minicells 

appear to be produced by a single pole. In 2i|B, the assembly 

of the medial septum takes place first, followed by the 

assembly of the lateral septa. In this case two minicells 

are produced by sister poles. In 2lj.C, the left lateral sep

tum is assembled first, followed by the assembly of the right 

laterial septum, giving rise to a short rod. Finally, the 

medial septum is assembled and the short rod divides into 

two minicells. Clusters of more than two minicells would 

arise by this model if more than three septa were to be 

initiated in close proximity to one another. 

Examples of the simultaneous formation of several 

septa in close proximity to one another have been previously 
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. reported. Mendelson and Cole (1972) have published electron 

micrographs of thin sections of a temperature-sensitive mu

tant returned to 30 C after growth at Ij.5 0. There are two 

examples of two septa and one example of three septa in very-

close proximity to one another, The septa within one site 

appear to be at nearly identical stages of assembly (Figure 

6B, C and D, from Mendelson and Cole 1972), The authors 

themselves suggest that "cross walls occasionally are initi

ated almost simultaneously in close proximity to one another." 

They also suggest that the size of the tiny cells will depend 

upon the rate of lateral wall elongation between the septa 

and the rate of assembly of the septa. Rodalakis, Thomas and 

Starka (1973) have reported finding in the electron micro

graphs of thin sections of an envC mutant of E. coli K-12 

"several constructions of the envelope in the proximity of 

incomplete septa, as if there were several unsuccessful 

attempts at division." 

One can imagine a number of ways in which bacteria 

might produce multiple septations in close proximity, A few 

suggestions are offered below. 

Burdett and Murray (197W have recently suggested 

that the "division potential protein" of Reeve, Groves and 

Clark (1970) might be a mucopeptide (peptidoglycan) hydro

lase (s) which modifies the existing mucopeptide network to 

allow for the insertion of the newly synthesized septum. 
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Somehow the cell must insure that there is a single distinct 

site in the center of the cell upon which the hydrolase acts 

to allow septum assembly. Supernumerary septa might be 

formed if a defective hydrolase was not able to correctly 

distinguish this unique site and recognized several sitew as 

targets of action. Alternately, the cell might produce 

several sites at its center which could be recognized by a 

normal hydrolase. 

It has been commonly suggested that division sites 

arise in growth sites and that the same machinery is in

volved in making lateral surface and in making septa. 

Complexes of enzymes assemble membrane and wall precursors 

into lateral surface. When elongation has proceeded suf

ficiently to double the cell's length, some triggering 

mechanism causes the complex to start synthesizing the sep

tum. Several ways may be envisioned in which cells insure 

that the septum-making complex assembles a single septum. 

All the machinery in the envelope synthesizing complex may 

remain tightly aggregated at a single site within the growth 

zone so that when triggered into malting the septum, all the 

enzymes are coordinated into making a single septum. If the 

sub-units of this giant multi-complex did not remain closely 

aggregated, but "wandered" slightly within the growth zone, 

supernumerary cross-walls would result if each sub-unit or a 

set of sub-units together were each still capable of producing 
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a septula upon being triggered. On the other hand, a dis

persal of envelope synthesizing machinery might be the normal 

process during elongation of the growth zone, with the cell 

somehow selecting only the centermost complex to assemble the 

septum. In minicell-producing strains, this selective pro

cess might be defective. In rich medium, when cell3 are 

growing rapidly, there may be more sots of complexes involved 

in making envelope than when cells are growing more slowly, 

as in minimal medium. More supernumerary septa, and thus, 

more minicells would bo expected under conditions in which 

growth is rapid. This is exactly what has been observed 

(Prazer and Curtiss 197i)-> Mendel3on and Keener 197it) • 

One difficulty with the model that suggests multiple 

septations arise simultaneously within a single division site, 

is the observation that minicells and short rods may arise at 

the proximal and distal poles of the clones. These sites are 

not normal sites for division following spore outgrowth, but 

had been division sites in the cell which produced the spore. 

The cell which emerges from the spore is very small, as can 

be seen from Figure 8C. It is likely that the entire lateral 

surface at this early stage is one continuous growth zone. 

But how potential supernumerary septa in this growth zone 

might preferentially segregate to the oldest poles in the 

clone remains to be adequately explained. Unfortunately, 

there does not seem to be any experimental evidence to sug

gest an answer to this problem. 
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The model does, however, explain minicell clustering, 

division of enucleate short rods, and non-uniformity in size 

of minicells found in the div IV-Bl mutant. 
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