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SUMMARY




The aims of the work were to elucidate the manner in
which the thymidine (TdR) analogue, 5-bromo-2'-deoxyuridine

(BUdR) interferes with sporulation in Bacillus subtilis, to use

BUdR as a density-label to analyse chromosome replication requir-
ed for sporulation, and to assess the basis by which BUdR-tolerant

strains can grow in medium containing the analogue.

BUdR inhibited the growth of B. subtilis (thy A, thy B)

when supplied in place of TdR, which is required for growth of
this strain. An isogenic BUdR-tolerant derivative, but-32, greﬁ
normally with a BUdR to TdR ratio of between 7.5 : 1 and 15 : 1,
but only between 1 and 5% of the cells, compared to control cells

using TdR alone, were able to form spores.

Three other BUdR-tolerant, TdR-requiring strains were
independently isolated, and the BUdR-tolerance mutations trans-
ferred by DNA-mediated transformation back into the thy A, thy B
genetic background. Two mutations conferring tolerance to bromo-
uracil (BU), the free base form of BUdR, were also separately

transferred into the thy A, thy B background. Initial character-

isation of these five strains, plus but-32, suggested that classes
of BUdR-tolerance exist, and that the mutation conferring tolera-
nce to BU also confers some resistance to BUdR, in medium con-

taining TdR.
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The basis of the tolerance phenotype of strain but-32
seems to lie in the preferential uptake of TdR over BUdR into
the cell, when the analogue partially replaces TdR in the medium.
The results of incorporation experiments involving radiolabelled
TdrR and BUdR, CsCl density gradient analysis of BUdR~-substituted
DNA, and marker-frequency analysis of DNA replication indicated
that BUdR had a markedly greater inhibitory effect on the rate
of DNA replication in the BUdR-sensitive parent strain than in
strain but-32, and that the level of substitution of BUAR for TdR

in DNA was greater in the sensitive strain than in but-32.

The use of 6-~(p~hydroxyphenylazo)uracil (HPUra), a
specific inhibitor of DNA synthesis, indicated that successful
sporulation only occured on the completion of chromosome replica-
tion. Strain but-32 began to escape the inhibitory effect of
HPUra on sporulation between 60 and 75 min after initiation of
the process in starvation medium, the escape correlating with
termination of chromosome replication, measured by marker-frequ-
ency analysis. Escape from BUdR inhibition of sporulation occured
prior to, but in parallel with, escape from HPUra inhibition,
indicating that BUdR inhibition was limited to the period of
DNA replication which occurs at the onset of sporulation.

Slowing down the rate of DNA synthesis with a subinhibitory con-
centration of HPUra delayed the escape of these cells from HPUra
and BUdR inhibition of sporulation, and also inhibited sporula-

tion, but to a lesser extent than BUdR. In addition, cells
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grown and resuspended in BUdR experienced delayed escape from
HPUra inhibition of sporulation, suggesting that BUJR delayed
completion of chromosome replication during sporulation. Pro-
longed DNA replication in sporulation medium with BUdR was con-
firmed by a) direct measurement of the rate of incorporation of
[140]- TdR into acid-insoluble material, b) density gradient
analysis of BUdR-substituted DNA of strain but-32 during sporu-
lation, and, c¢) by marker-frequency analysis of synchronised
DNA replication during sporulation of Ts134, a TdR-requiring

mutant temperature-—sensitive for initiation of DNA replication.

CsCl density gradient analysis of DNA prepared from
cells of strain but-32 grown with TdR, but initiated to sporulate
with BUdR, showed that by 4h after initiation, 17% of the DNA
was in the completely heavy form, 66% in a hybrid density form,
and 17% in the completely light form. By 7h after initiation
{by which time replication had been completed in cells given TdR
alone) replication had not been completed, and 42% of the DNA -
was in the completely heavy form, 41% in a hybrid density form,
and 17% in the completely light form. The presence of completely
heavy DNA indicated that initiation of chromosome replication
from the origin had occured in starvation medium. The low number
of mature spores formed in BUdR medium were collected 20h after
initiation, freed from cellular material, and the DNA extracted.

The DNA appeared entirely of hybrid density, which supgested



iv

either that incorporation of BUdR during replication into both
strands of DNA prevented sporulation, or that continued initia-
tion of DNA replication, promoted by BUdR, was the basis of the
inhibition of sporulation. The absence of light densﬁty DNA in
spores indicated that a full round of DNA replication must be
initiated in starvation medium in those cells capable of forming

mature spores.

When cells were grown with BUdR until the maximum level
of BUdR substitution for TdR, 20%, was obtained, and the cells
then initiated to sporulate with TdR, a normal level of sporula-
tion was achieved. = 30% of the DNA from these spores was in the
hybrid density form, and 70% in the completely light form. The
apparent absence of completely heavy form DNA suggested that at
least one complete round of DNA replication probably occured
during sporulation, under these conditions, for a spore to be
made. The relatively low percentage of hybrid density DNA, com-
pared to light density DNA, in these spores could not merely be
accounted for by one complete round of DNA replication occuring
in a starvation medium in addition to completion of the rounds of
replication already in progress at the time of initiation of
sporulation. It is proposed that the normal level of sporulation
was achieved either via preferential incorporation into the spore
of the chromosome with the least amount of DNA of vegetative
origin, or as a result of two full rounds of DNA replication under
starvation conditions. In both cases the expected composition of

spore DNA agreed with that obtained by experiment.
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I, ENDOSPORE FORMATION

Cellular differentiation in eukaryotes involves a
morphological transition from the growing cell to one specialised
to carry out a specific function or functions. Examples of cell
differentiation range from the morphological transitions between

diploid vegetative cells and spores of Saccharomyces cerevisiae

and the development of amoeboid cells of the slime mould

Dictyostelium discoideum to stalk and spore cells, to the relative-

ly complex differentiation of fertilised eggs into complex life
forms in higher eukaryotes. However, an amnalysis of the temporal
and spatial control mechanisms involved in the differentiation
process in complex systems is difficult, and some workers, using
the "reductionist" theory, have argued that information gained
from the study of one simple differentiation system can serve

as a model for comparison with more complex systems. With regard
to this approach, bacterial sporulation has been proposed as a

model for development in higher organisms (Freese, 1972).

Al The sporulation process

Bacterial sporulation is initiated at the end of the
logarithmic phase of growth, when certain nutrients in the growth
medium are depleted. The vegetative cells of bacterial genera,

notably aerobic Bacillus and anaerobic Clostridium, are able

to form endospores through an ordered sequence of morphological



and biochemical steps. The endospore, formed within the mother
cell, is dormant and possesses a morpholopy and biochemistry

that distinguishes it clearly from the vepgetative cell (Murrell,
1967). Unlike vegetative cells, mature spores are resistant to
high temperatures and pressure, dessication and radiation. These
properties, together with the pathogenic activity of some sporula-
ting species, have been of interest to both the medical field and

the food industry.

Two experimental procedures can be used for initiation

of sporulation in a species of the Bacillus genus, Bacillus subtilis,

most commonly used for studies on sporulation. Both have the
advantage that the vast majority of cells in ? population can be
induced to sporulate fairly synchronously and in a relatively
short time, although there are apparently no cell-to-cell interac-
tions. In liquid media, sporulation is usually triggered by
starvation for a carbon or nitrogen source, and sometimes by
phosphate starvation. Using the exhaustion method, the culture is
allowed to grow in a rich broth medium until some nutrient becomes
limiting, and the time at which growth ceases to be exponential

in nature is taken as the time of induction, t Hourly

zero’
periods after this are denoted by tl, tz, ts’ etc. (Schaeffer
et al, 1963), With B. subtilis at 37°C, mature spores appear some

.7 to 8h after the point of induction.



The exhaustion method has the advantage of simplicity,
but usually tzero is ill-defined, and vegetative growth may
continue slowly for a time. In addition, the efficiency of
sporulation and the degree of synchrony obtained depend on
the medium used. Also, when the cells do sporulate they are in
a complex chemical environment which is continuously changing,
even when the initial growth is in a defined medium, due to
accumulation of metabolic products. This complicates the measure~
ment and interpretation of biochemical changes accompanying
sporulation. Therefore, to avoid some of these difficulties a

nutrient replacement or resuspension technique was introduced by

Sterlini'and Mandelstam (1969), whereby bacteria that are growing
exponentially .in a rich medium are harvested by centrifugation,

and transferred to an equal volume of resuspension medium contain-
ing a suitably poor carbon source, such as glutamate, and an adequate
supply of ammonia. Since carryover of the growth medium is small,
even in unwashed cells, this method ensures the absence of
metabolites whose identities and concentrations are unknown.

This shift-down procedure gives a more clearly-defined'starting
point and an improved synchrony of sporulation than the exhaustion
procedure. In addition, it is more suitable for experiments
involving radioactive labelling as it is a chemically - defined
medium. On the other hand, the exhaustion procedure is more
convenient for large - scale experiments, and it is more comparable

to the process as it occurs on solid media. For most purposes



the general order of sporulation events is the same using the

two procedures.

The sequence of morphological events resulting in the
formation of a spore has been mainly investigated by electron
microscopy, and is similar for all species of Bacillus and
clostridium that have been examined (Fitz-James and Young, 1969}.
The process is continuous, but it has been convenient to divide
it into stages. Fig. 1 is a diagrammatic representation of the
sequence of events with the stages represented by Roman numerals.
The durations of the stages refer specifically to B. subtilis at
37°C, and are approximate. There is a reasonably close, but not
exact, correlation between the stage number and the hour after

t Stage 0 refers to the vegetative cell.

zero®
In B. subtilis the vegetative cell (approximate dimen-
sions 2.5 ym X 0.6 pm) contains two or more replicating copies
of the chromosome. During growth the cell increases in length
and septa are produced in a central position (Sargent, 1978).
After transfer of the cells to resuspension medium the nuclei
condense to form a single axial filament. This event is conven-
tionally described as stage I. However, as no mutants have been
isolated which are specifically unable to form axial filaments
(Mandelstam et _al, 1975), and similar filaments have been observed

in electronmicrographs of Escherichia coli and other non-sporulating




Figure 1. Scheﬁatic diagram of morphological stages of sporu-—
lation in Bacillus species, as seen by electron microscopy.

The biochemical events are common to most aerobic spore-forming
bacteria. Some are essential for sporulation, some inessential,
but appear to be integrally associated, and some are vegetative
responses of the cells following the nutritional step-down that
initiates sporulation (see text). The times at which the events
occur are slightly variable and depend on the type of organism
and on the experimental conditions. Taken from Young and

Mandelstam (1979).
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bacteria, formation of this structure may be a non-specific
response of DNA to transfer of cells to a poor medium. How-

ever, the usage has been retained by most investigators.

The chromosomes subsequently separate, one of them
migrating to a position near one pole of the cell (Mandelstam
et al, 1975). Stage II is characterised by formation of a membra-
nous septum in a sub-polar position. This occurs by membrane
invagination and growth in a manner resembling that which normally
occurs during cell division, although it differs in that its posi~
tion is sub-polar rather than central . Cell wall material is -
present as protrusions, or spikes, at the site of membrane invagi-~
nation {Yamamoto and Balassa, 1969). However, there is little
cell wall material visible in electron micrographs of the spore
septum itself, although inhibitors of cell wall synthesis, such
as penicillin, prevent formation of the spore septum (Hitchins and
Slepecky, 1969b). Therefore, some peptidoglycan synthesis may be
necessary at this time to give direction to membrane synthesis as
the septum forms (Freese, 1972). However, the peptidoglycan is
subsequently digested away (Guinand et al, 1974) and the process
continues to stage III, which is the formation of a protoplast

free within the mother cell.

At the end of stage II there are two cells of unequal

size, and the larger one proceeds to engulf the smaller one by




movement of the points of attachment of the ends of the septum to
the pole of the mother cell. This engulfment culminates in mem-
brane fusion at the pole, and the whole structure becomes detached
from the mother cell membrane to give a spore protoplast,or fore-
spore. This process results in the two membranes of the spore
protoplast being oriented inopposition i.e. with adjacent outer

membrane surfaces.

Stage IV involves deposition of the primordial germ cell
wall and formation of the cortex between the inner and outer fore-
spore membranes. The primordial germ cell wall is the layer of
vegetative cell-type peptidoglycan laid down closest to the fore-
spore inner membrane, and there is evidence that this becomes the
cell wall of the germinating spore (Fitz-James and Young, 1969).
The spore-specific peptidoglyan, or cortex, is deposited as a
layer external to the primordial germ cell wall. Most vegetative
peptidoglycans are based upon glycan chains of alternating residues
of N-acetylglucosamine and N-acetylmuramic acid, with each muramic
acid residue substituted with a peptide. However, in B, subtilis
cortex, about half of the muramic acid residues are present as the
spore—specific muramic acid lactam. In addition, the cross—linking
of spore peptidoglycan is considerably less than that of the vegeta-
tive polymer (Ellar, 1978). Although the exact function of the
cortex has not been definitely demonstrated, there is evidence to

suggest that it may act as an osmoregulatory organelle functioning




either to dehydrate the spore core (Gould and Dring,1975) or to

maintain the dehydrated state (Ellar, 1978).

Also during stage IV the forespore begins to accumulate
calcium and dipicolinic acid (DPA; pyridine-2,6-dicarboxylic acid).
This latter compound is unique to sporulation and its synthesis

continues in parallel with Ca2+ accumulation. In spores of
most species DPA and Ca2+ are present in approximately 1:1 molar
ratios (Murrell, 1969). It has been proposed that active transport

of Ca2+

by the mother cell results in elevated levels of mother

cell Ca2+, which can enter the forespore by facilitated diffusion,
where it complexes with DPA, which is confined to the forespore
compartment (Ellar and Posgate, 1974). In this way the effective
free Ca2+ concentration in the forespore is lowered, allowing

further uptake by diffusion (Ellar, 1978). The Ca2+/DPA complex is
probably involved in the stabilisation of spore enzymes and nucleic
acids in the protoplast (Murrell, 1981). Mutants have been described
that lack DPA, but which do form heat-resistant spores (Zytkovicz

and Halvorson, 1972). However, these do not retain their dormancy

and are defective in germination, so DPA must be required for the

latter purpose in addition to being a sporulation requirement.

During stage IV the spore can be viewed by phase micros-
copy as a grey body at one end of the cell. Deposition of layers

of protein, the spore coats, around the cortex defines stage V,



and at this stage the spore appears phase~bright. Stage VI is the
"maturation" of the spore, when it shrinks, and becomes resistant to
high temperature, various organic solvents, and other adverse condi-
tions. It is a widely held view that the extreme resistance and
dormancy of bacterial endospores results mainly from a low water

content in the central core (Gould, 1975).

The final "stage", stage VII, involves lysis of the mother
cell, but is not strictly part of the sporulation process, as lysis

of the céll will occur anyway under conditions of nutrient deprivation.

The biochemical events that occur during sporulation
can be divided into several functional classes, depending on their
degree of relevance to sporulation, and some are listed in Fig. 1.
Firstly, there are those events which are essential and sporulation-
specific, such as synthesis of serine protease in B. subtilis
(Leighton et al, 1972; Dancer and Mandelstam, 1975a). In fact, the
production of proteolytic activity is one of the first events to
occur after the induction of sporulation, and many species produce
several distinct enzymes. It is a general assumption that at least
one of these enzymes participates in extensive protein turnover that
sccurs during sporulation in many species. Other examples in this
category include the appearance of DPA at stage V, the enzyme diamino-
pimelate ligase, which is involved in cortex biosynthesis in Bacillus

sphaericus (Tipper and Pratt, 1970), and the spore coat proteins.
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Second, there are events that occur during sporulation
which are not required for normal development, e.g. production
of metalloprotease in B. subtilis (Hageman and Carlton, 1973).
Although events in this category are not essential for spore
formation their times of appearance are precisely controlled and
serve as useful marker events in experiments. The third category
includes those events required for sporulation but which may also
be expressed during vegetative growth, such as synthesis of the
citric acid cycle enzymes, which are required for energy produc—
tion during sporulation (Freese, 1972). Finally, the fourth
category includes certain events which are apparently a result of
the nutritional "step-down' conditions achieved by the replacement
method of initiating sporulation, but which are otherwise unrelated
to the process, e.g. arginine synthesis (Schaeffer, 1969). It is
not clear into which category many known events should be placed,
since mutants with specific defects in these functions have not
been reported. However, many events have been placed into one
of the above categories by the study of sporulation - defective

mutants.

Mutations in unnecessary events should not affect sporu-
lation, whereas mutations in necessary effects should, and if the
event is sporulation - specific, should not affect vegetative
growth. In addition, biochemical events involved in sporulation

should not be expressed in sporulation - defective mutants. In
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practice, such mutants are readily isolated since, on a variety
of solid media, colonies of the sporogenous (Spo+) type produce

a brown pigment, whereas colonies of asporogenous (Spo ) mutants
are poorly pigmented (Iichinska, 1960). However, sporulation -
defective mutants can be further categorised into asporogenous
mutants, which produce no spores at all, and oligosporogenous
mutants, which produce spores at a reduced frequency, most of the
cells being blocked at a defined stage. The frequency of sporulation
in oligosporogenous mutants varies from about 50% to 1:108, but
for & particular mutant the frequency is constant and reproducible
under standard conditions. Also, when a spore produced by an
oligosporogenous mutant is used to establish a new population of

cells, sporulation will occur at the same frequency as it did in

the original population.

In a study of oligosporogenous mutants, Coote (1972b)
obtained evidence that mutations causing oligosporogeny may lie
very close to those causing asporogeny, suggesting that the two
phenotypes may be the expression of different mutations in the
same gene (Pipgot and Coote, 1976). It is probable, therefore,
that oligosporogenous mutants are "leaky" mutants in which a

defective protein is produced in normal amounts.

Many biochemical activities associated with sporulation

increase in activity at particular times during the process.
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(Warren, 1968; Waites et al, 1970). For example, an increase in
exoprﬁtease activity is associated with the earliest stage (0-I),
an increase in alkaline phosphatase activity with stage II, an
increase in glucose dehydrogenase activity with stage III and the
synthesis of dipicolinic acid with stage IV-V. (Waites et al, 1970;
Coote, 1972a). The morphological stage during sporulation at which
many Spo mutants became blocked was determined by electron micros-
copy and the activity of various biochemical markers was zalso
assayed in these strains (Waites et al, 1970). For any one mutant
examined, the structural changes and biochemical activities would
proceed as normal up to the block, but when the differentiation
process stopped as a result of the mutation, the increase in bio-
chemical activities normally associated with later events did not
occur, indicating that the process could be regarded as a
dependent sequence of events, where later steps depended on the

successful completion of earlier ones.

In addition, when a mutation which affected an early
event in sporulation was introduced into a strain containing a
mutation which affected a later stage, it was the early mutation
which determined the phenotype of the double mutant (Coote and
Mandelstam,1973). However, when mutations affecting stages after
stage III were used to construct these double mutants, the
phenotypes of the double mutants in some cases were different
from either of the parent strains. To explain this, it was sug~-

gested that two or more pathways might run in parallel, especially
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during the later stages (Coote and Mandelstam, 1973).

The study of conditional temperature -~ sensitive (ts)
mutants has provided additional information on the time of expression
of spo genes, but the most significant observation appears to have
been that spo loci vary enormously in the time during which they
are expressed. For example, ats spo mutation which affected serine
protease activity was in a locus expressed for at least the first
3h of the process. (Leighton et al, 1972), whereas another ts spo
mutation, which affected a stage II marker event, was in a locus
whose expression was only required for 15 minutes (Young, 1976).
In addition, the complexity of the developmental process has been
accentuated by the observation that spore coat proteins covering
the forespore at stage V are synthesised as early as stage II

(Aronson and Fitz-James, 1976).

B. Initiation of sporulation \

As the inverted membrane configuration around the developing
forespore no longer allows normal active transport of metabolites
(Ellar, 1978), the metabolism of the forespore must differ from
that of the mother cell, which might allow synthesis of spore~
specific proteins to be derepressed. Whereas the asymmetric septa-
tion usually depends on a nutritional signal, the subsequent fore-
spore development depends only on the genetic constitution of the

organism.
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The nature of the signal which the cell recognizes when
fhe concentration of one of the several nutrients required for.
growth decreases has been intensively studied. When Schaeffer et al
(1965) continuously diluted cultures of B. subtilis into the same
medium, they found that cells could sporulate during exponential
growth with a probability that increased greatly when the growth

rate was low because the nitrogen or carbon source could only be
slowly metabolized. They concluded that sporulation was repressed

by a carbon - and nitrogen - containing metabolite which might control
the synthesis of an enzyme required for sporulation. Similar

results were obtained in chemostat cultures by Dawes and Mandelstam
(1970). Therefore, because sporulation of B. subtilis remains
suppressed in the presence of ammonium ions, phosphate, and carbo-
hydrateé such as glucose, and the synthesis of many catabolic enzymes

similarly remains suppressed under these conditions, & phenomenon

known ascatabolite repression, it was suggested that a simple

mechanism controls both sporulation and catabolite repression

(Schaeffer et al, 1965).

The analogy with catabolite repression inspired a search
for the catabolite effector.which still continues. One of the
favoured compounds, cyclic AMP, has however, not been found in sig-
nificant quantities in Bacillus (Setlow, 1973). Elmerich and Aubert
(1973) proposed that the trigger molecule for induction of sporulation

in Bacillus megaterium is glutamine, or alternatively, an intermediate
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in purine biosynthesis whose nitrogen atoms are derived from the
amide group of glutamine, but more recent experiments iﬁdicated
that the enzyme glutamine synthetase itself may be involved
(Reysset and Aubert, 1975). However, in B. subtilis most of the
mutants that are defective in the glutamine synthetase structural
gene will sporulate normally in the presence of added glutamine

{Fisher and Sonenshein, 1977).

Other candidates proposed as effector molecules are the
highly-phosphorylated nucleotides (HPNI to HPNIV) appearing at the
on set of sporulation. They are mainly phosphorylated adenosine
(psAfBj derivatives, apparently associated with the onset of sporu-
lation under carbon or phosphate depletion. They are not formed by
a Spo mutant blocked at stage p (Rhaese et_al, 1977), but their

exact relationship to initiation remains to be established.

More recently, it has been shown that sporulation can be
initiated in the presence of excess glucose, ammonia, phosphate
and other nutrients by conditions causing a partial deprivation in
the synthesis of purine, and in particular, guanine nucleotides
(Freese et al, 1979). Also, in the presence of excess glucose, a
decrease of puanine nucleotides in B, subtilis initiated sporula-
tion, but did not prevent catabolite repression of three inducible
enzymes (Lopez et al, 1980). It was concluded therefore, that the

ultimate mechanism repressing enzyme synthesis differs from that
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suppressing sporulation.

In addition, Freese {(1981) reported that all nutritional
conditions examined so far which cause the initiation of sporu-
lation also resulted in a decrease of guanosine triphosphate
(GTP), whereas the other nucleotides increased in some and decreased
in other cases, and he suggested that GTP may suppress sporulation
directly, in combination with a protein, or indirectly by enabling

the synthesis of another metabolite.

Therefore, there is still some uncertainty about which
molecule(s) bring about the induction of sporulation, but this is
hardly surprising, due to the complex nature of the intermediate
metabolism of the bacterial cell. Until more is discovered about
the control of sporulation and the functioning of the first operon
concerned in the process, it will be difficult to identify the
effector molecule. However, whatever the true initiating event is,
there is presumably some interaction between it and the genetic
loci involved in the initiation of the process, or the gene
products of these loci. There are at least 10 of these loci,
mutations in which cause cells to become blocked at the earliest
stage of sporulation. They are stage 0 or spo O genes, and are
located at widely scattered sites on the B. subtilis chromosome
{see Fig. 2)., A mutation in any one of these genes blocks sporu-

lation prior to completion of any of the morphological stages
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Figure 2. Genetic map of B, subtilis 168, showing Aifferentia-
tion-associated loci. The distribution of genetic markers is
based on that of Piggot et al (1981). Groups of loci whose
orientation relative to each other has not been determined are
shovn as mapping at a single site. Where no orientation is known
and linkage is uncertain, this is indicated by a dotted line.

Map positions placed in parentheses have not been ordered rela-
tive to outside markers and may not have been ordered relative

to each other.
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characteristic of early sporé development, and they are therefore
thought to be regulatory cistrons whose products are directly

involved in the initiation stage. Little is known about the nature
and function of their gene products, although at least some, if

not all of them are thought to be expressed in vegetative cells
(Losick, 1981). Until recently no spoO gene products had been defini-
tely identified, but Rhaese et al (981) have presented evidence that
the spoOF gene codes for the P3AP3 synthetase enzyme responsible for
the production of the highly-phosphorylated adenosine nucleotides
observed at the onset of sporulation. Other spo0 genes have also

been isolated by gene cloning methods (Dubnau et al, 1981; Kobayashi et al,
1981), and it should not be long before the roles of these loci will

be elucidated.

C. The genetic analysis of sporulation

Although our knowledge of the regulation of sporulation
has been enhanced by examination of the morphological and bio-
chemical properties of asporogenous mutants, it has been supplemen-
ted by information gained from genetic studies using mainly techniques
for genetic exchange in B. subtilis, such as transduction and trans-
formation. Mapping of spo mutations using these techniques can
establish the position of any spo mutation on the chromosome.
The generalised transducing phage PBS1 transfers about 5% of the donor

chromosome (Lepesant - Kejzlarova et al, 1975) and is used for
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rough mapping data, by determining cotransduction frequencies of
spo mutations with auxotrophic or other markers of known location.
Fine structure mapping can be achieved by DNA-mediated transformation,

which spans approximately 20 to 30 genes (Bodmer and Ganesan, 1964).

The system of nomenclature in general use identifies the
spo loci by the morphological stages which they affect (Piggot and
Coote, 1976). Thus stage O mutants represent the appearance in
electron microscopy of vepgetative cells. The loci containing
mutations producing this phenotype specifically, with no apparent

effect on any vegetative functions, are denoted spo 0A, spo OB, etec.

To date, some 35 spo loci have been described (Piggot et al, 1981),
and the position of these, relative to non-sporulation loci, are

shown in Fig. 2.

The primary biochemical lesion is not definitely known
for any of the spo loci, but is presumed to be in a sporulation~
specific function, since the mutaﬁts ére not affected in vegetative
growth. Mutations were placed in separate loci if they were
a) separated by a non-sporulation genetic marker, b) unlinked by
transformation, and c¢) blocked at different stages in the sporula~
tion process (Piggot, 1973). The list of spo loci is probably
incomplete, as some mutations have not yet been mapped, but the
genetic map of spo loci (Fig. 2} shows that they are not clustered
into one area of the chromosome. Loci affecting totally different

stages in the process can often be found grouped together. This
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observation is important when a model for the overall control of
the process is considered. There is much evidence favouring
sequentially dependent induction of gené transcription during spore
formation (Halvorson, 1965; Mandelstam, 1976; Piggot, 1979), and
Piggot et al (1981) have presented a simple model focussing on

a short sequence of operon inductions (see later).

There is recent evidence suggesting that different genes
are expressed in the prespore and mother cell of sporulating

organisms, an ‘example of compartmentation. de Lencastre and

Piggot (1979) described a method for identifying which spo loci are
expressed in each cell type. Asporogenous mutants were transformed
with ggg% DNA during sporulation, allowing spore formation with a
pinimum of DNA replication between transformation and spore formation.
After allowing adequate time for sporulation of any organisms that
had "rescued" the relevant §gg+ gene from the transforming DNA,

the cultures were heat-treated to kill vegetative cells, and the
cells plated on minimal medium to allow germination. It was found
that strains bearing mutations at certain loci gave rise to Spo+
colonies whereas othérs gave rise to’Spo— colonies. Under the
conditions used, it was likely that only one of the two copies of
the chromosome in the sporangium was transformed to 5227. The
assumption underlying the experiments was that the sporulating
organism, a two-celled structure, had one wild-type and one mutant
allele for a sporulation gene. If the §£9+ chromosome segregated

into the mother cell, and expression there was sufficient for spore
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formation, then the mutant chromosome would segregate into the
forespore, and the resulting heat-resistant spores would be
genetically asporogenous. Alternatively, if the §ng chromosome
segregated into the forespore and expression there was sufficient,

the resulting spore would be genetically §22+.

Using this method, it was found that one locus, spo VA,
had to be expressed in the forespore, whereas for 8 other loci
expression in the mother cell was sufficient for spore formation,
suggesting that the forespore chromosome is relatively inactive,
possibly due to a change in the micro-environment of the DNA in the

forespore as it becomes dormant (Baillie et al, 1974).

Dancer and Mandelstam (1981), using a similar approach,
induced late-blocked Spo  mutants to form spores by fusing proto-
plasts of mutants and Spo+ strains at stage III of sporulation.

Many of the spores formed retained the spo genotype of the mutant,
and fusions between spo IVC mutants revealed at least two complemen-—
ting groups,or cistrons, in this locus. It can be seen therefore,
that there are probably many more genes than loci controlling

sporulation.

It is also signigicant that many of the substances produced
during sporulation are found exclusively in one or other of the two

cells of the developing sporangium, although it is not possible to

infer the site of synthesis of a compound from its distribution.
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For example, dipicolinic acid is found only in the prespore
(Ellar and Posgate, 1974), whereas the enzyme concerned with its
synthesis'dipicolinate synthetase, is found only in the mother cell

(Andreoli et al, 1975).

D. Regulation of sporulation

Piggot et al (1981) recently presented a simplistic model
of regulation of sporulation genes, focussing on a short sequence
of operon inductions (Fig. 3), but admitted that the actual system
is likely to be more complex. It was presumed that there is an
initiating locus whose transcription is blocked during growth by
repressing compounds, and starvation leads to a lowering of their
concentrations, resulting in initiation of the process by expression

of the first locus.

In this model, the "switching on" of successive operons via
elements CA’ CB’ Cc’ etc. could be mediated by low molecular weight
products of enzyme action (as S, on Cp or Cc) or by protein
(P3 on CD). It can be seen that point mutations that inactivate
different gene products might have different consequences. For
example, in operon A, mutation in G1 or G2 would prevent expression
of operon B and subsequent operons. In operon B, mutation in G3
would prevent expression of subsequent operons. Since operons A and

B together represent only a small part of the overall sporulation

sequence, the phenctype resulting from a G3 mutation might be
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Figure 3. Schematic representation of a sequence of operon
induction during sporulation (Piggot et al, 1981). There are
four operons, A, By C and D. Each contains structural genes
G1’ Gz’ 63, etc., coding for proteins Pl’ P2, P3, etc. Where
the proteins are enzymes, they act on a substrate S: P1 on Sl’

P2 on S_. Each operon also contains a control element (CA in

2

operon A, Cy in operon B, etc.) controlling its transcription.

Compound S, acts on Cy and CC to switch on operons B and C,

respectively. Protein P3 acts on cD to switch on operon D.
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difficult to distinguish from that resulting from a mutation in
G1 or Gz. Thus{ mutations producing very similar or identiéal
phenotypes may map separately. Alternatively, mutation in G4 of
operon B could not prevent the expression of subsequent operons.
Mutation in G would be a typical pleiotropic spo mutation, but if
P4 had no regulatory role and functioned in the final assembly of

a mature spore, then mutation in G4 would give an incomplete spore,

and could be represented by a late spo mutation.

A consequence of this type of model is that each separately
located spo locus must have its own control sections of DNA, hence
the use of the term "“operon' rather than "locus". This model also
assumes that sequential transcription of the rélevant loci is the
primary control mechanism for the changes that occur after initia-
tion of sporulation, and there is strong evidence, from DNA-RNA
hybridisation experiments, that sporulating bacteria produce new
species of messenger RNA (mRNA) (for example, Sumida -~ Yasumoto and

Doi, 1974; Pero et al, 1975).

However, during sporulation, vegetative mRNA continues to
be synthesised, and many vegetative functions continue to be expressed
(Kornberg et al, 1968). The mRNA studies imdicated that sporulation
is a much more complex process than growth, since the sequential
expression of sporulation gemes is superimposed on the expression of
vegetative genes. The pattern of mRNA presenf in sporulating cells

also indicates that two types of transcriptional apparatus may exist
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simultaneously, one type presumably transcribing vegetative genes

and the other capable of transcribing sporulation - specific genes.
The basis for this difference has been the subject of intensive
research over the last few years, and nearly all the work on the
mechanism of transcriptional control has concentrated on the possible
role of RNA polymerase. The isolation of rifampicin-resistant
mutants which are also affected in the capacity to sporulate, but
blocked at different stages during the process, has established that
this enzyme is necessary for sporulation. In addition, their exis-
tence has been used to support the theory that RNA polymerase under—

goes sequential changes during sporulation that could modulate

transcriptional specificity during development of a spore (Doi, 1977).

Therefore, much effort has been put into the isolation and
characterisation of RNA polymerase and its associated factors, in
an attempt to monitor changes in enzyme specificity during spore
formation. It has been shown that core RNA polymerase from sporu-
lating cells is identical to that extracted from vegetative cells
(Linn et al, 1973), and more recently, that there is interference
with the binding of vegetative sigma (o) factor to RNA polymerase
during sporulation, although the ¢ factor itself does not disappear
(Tijan and Losick, 1974). It is generally accepted that promoter
recognition by bacterial RNA polymerases is mediated by this sub-
unit. The principal form of the complete RNA polymerase in B. subtilis
during growth contains a sigma subunit of 55 kilodaltons, known as

055. Studies on the transcription in vitro of cloned sporuiation
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genes have indicated that sporulation can be correlated with the
appearance of sigma-like regulatory proteins that bind to and
modify the promoter recognition specificity of core RNA polymerase.
o§7 is present in growing cells, but has only a minor role in trans-
cription events, whereas it directs the transcription of at least

two cloned sporulation genes, known as "0,4 kb" and spoVC (Haldnenwang

and Losick, 1980). Neither of these genes is recognized by the
principal form of the B, subtilis holoenzyme containing 055. The

0.4 kb gene is known to be under sporulation control as its trans-
cription is severely restricted in mutants blocked at the earliest
stage in development (Segall and Losick, 1977; Ollington et al, 1981).
Rosenbluh et al (1981) recently constructed in vitro a deletion
mutation within the 0.4 kb sequence and inserted this mutation into
the B. subtilis chromosome by transformation with cloned DNA. Cells
harbouring this mutation were oligosporogenous, and electron micros-
copy showed that this mutation, designated SpoVG, impaired sporu-
lation at about the fifth stage. This @herefore identified the

0.4 kb gene as a new sporulation locus and also showed that its product
functions at a late stage. A mutation in the spoVC gene also causes

a block at a late stage (IV to V) in sporulation (Piggot and Coote,

1976).

It has been suggested, therefore, that because it is
present in vegetative cells, before the onset of development, as
well as in early sporulating cells, and as it directs transcrip-~
tion of the 0.4 kb and spoVC genes, 037 could be involved in the

initiation of sporulation (Haldenwang and Losick, 1979).
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At a later stage, 055 or 037 are replaced on the poly-

merase by a third transcriptional modifier known ascwzg (Halden~—
wang et al, 1981). The induction ofcrzg is itself sporulation-
specific, as it was absent in holoenzyme from an early blocked
sporulation mutant, spo OA (Halenwang et al, 1981). 0 %% then
directs the continued transcription of the 0.4 kb and spo¥C genes,
as well as at least one further gene not recognized by either~o§5
or-057. Therefore, 029 could be a regulatory protein that controls
developmental gene expression at an early to intermediate stage of

37 and.(‘!’29 are unlikely to be the

sporulation. Incidentally, ¢
only sigma-like regulatory proteins controlling sporulation RNA
synthesis, and other sporulation -~ associated components of RNA
polymerase have still to be characterised. There is now evidence
that each sigma factor dictates the recognition of specific nucleo-

tide sequences on the promoter regions of particular sporulation

genes (Lee et al, 1980; Moran et _al, 1981).

However, RNA polymerase modification, although important,
may not be the exclusive controlling mechanism, and other, more
general types of tramnscriptional control, such as altered DNA
conformation (Baillie gﬁ_gl, 1974), or modification and restriction
of DNA (Holliday and Pugh, 1975) may operate. In addition, a finer
control over the process may involve interactions at the trans-
lational and post-translational levels. If control mechanisms

exist at these levels they could function by i) regulation of
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translation of particular mRNA molecules, ii) directed changes
in the composition of ribosomes of sporulating cells, or. iii) directed

alterations in transfer RNA (tRNA) or tRNA synthetases.

with regard to the first possible control mechanism,
it was originally proposed that mRNA concerned with sporulation
might have a longer half-life than that of the vegetative cell.

Once sporulation was established in Bacillus cereus, the rest of

the process was resistant to actinomycin D, an inhibitor of trans-
cription (Aronson and del Valle, 1964). 1In addition, Sterlini

and Mandelstam (1969) showed that sporulation - associated biochemi-
cal events continued for periods of up to an hour after the addition
of actinomycin D. However, these findings were contradicted by

the results of other workers, including Szulmajster et al (1963),
using higher concentrations of the antibiotic. It is therefore
difficult to make a definite conclusion about the stability of

mRNA during sporulation from the results of experiments using this
antibiotic since, when a low concentration was used inhibition of
RNA synthesis may have been incomplete, leaving enough residual
synthesis of mRNA to allow sporulation to continue. Conversely, a
high concentration of the drug, which completely blocks transcription,
may also damage the cells so badly that sporulation is impossible.
However, the existence of some individual mRNA molecules with inter-
mediate or long half-lives, such as the 0.4 kb transcript of the

0.4 kb gene (Segall and Losick, 1977), or the dipicolinate synthetase
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mRNA in B. subtilis (Chasin and Szulmajster, 1969), tends to favour
the idea that the production of more stable mRNA species during

sporulation may be a controlling influence during sporulation.

In addition, several investigators, including Fortnagel et al
(1975), have reported that the protein composition of the ribosomes
of sporulating cells and spores differs from that of vegetative
cells. It is also apparent that ribosomes from sporulating cells have
an altered specificity compared with those from vegetative cells
when tested in in vitro translation systems (Chambliss and LeGault-
Demare, 1977). The existence of pleiotropic mutants, both resistant
to antibiotics that inhibit protein synthesis and exhibiting modified
sporulation phenotypes, suggests a possible involvement of transla-

tional control in the regulation of gene expression during sporulation.

Finally, there have been reports of altered tRNA species
in sporulating cells such as the meodification of tyrosine tRNA
(Menichi and Heyman, 1976), and of in vivo modification to a tRNA
synthetase enzyme (Steinberg, 1975). Therefore, post~translational

control mechanisms may also exist during sporulation.

E. DNA replication during growth and sporulation

There is evidence that initiation of sporulation is tied
to the cell cycle (Dawes and Mandelstam, 1970), a relationship

also exhibited during differentiation of eukaryotic cells
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(Holtzer et al, 1972). When B, subtilis was grown in a chemostat
with the carbon or nitrogen source as a limiting nutrient, a

mixed population was established consisting of growing and sporu-
lating cells, and spores (Dawes and Mandelstam, 1970), with the
relative proportions of each dependent on the growth rate. An
increase in the level of sporulation correlated with a decrease in
the rate of growth. When rapidly growing cells were subjected to
repeated short periods of starvation by decreasing the dilution rate,
only a proportion of the cell population were induced to sporulate,
and therefore sensitive to the starvation stimulus. It was therefore
concluded that initiation of sporulation is probably restricted

to a particular point in the cell division cycle.

Further information was obtained from an examination of
the behaviour of sister cells during sporulation (Dawes et al, 1971).
When growing cells of B. subtilis are transferred to a sporulation -
inducing medium the sister cells tend to remain attached, and
either proceed through a cycle of vegetative growth or sporulate
in synchrony, suggesting that he. induction stimulus is effective
only during a critical period of the cell cycle. It is also apparent
that sporulation can only occur while DNA is being replicated. This
conclusion was first suggested by the results of experiments using

B, subtilis Ts134, a thymine or thymidine (TdR)-requiring derivative

of B, subtilis 168 which is temperature - sensitive (ts) for initia-

tion of DNA replication (Dawes et al, 1971). At the restrictive
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temﬁerature (4500}, chromosome replication is completed and there

is no initiation of further rounds of replication. At the permissive
temperature (3500) chromosome replication proceeds normally
(Mendelson and Gross, 1967). A preliminary experiment was carried
out in which the cells were grown to mid-exponential phase at 35°C

in a rich medium containing TdR. The culture was transferred to

45°C for 45 min to allow DNA synthesis to be completed, then centri-
fuged, and the cells resuspended in sporulation medium (SM) (Sterlini
and Mandelstam, 1969). In two portions of the suspension incubated
at 350C, one with and one without TdR, the resulting level of sporu-
lation was very poor. This was not due to cell damage caused by the
exposure of cells to the high temperature as there was no effect

on viability. The possibility was therefore considered that sporula-
tion has to be induced in a sporulation medium before chromosome
replication is complete, and that if it is not, the cells are committ-
ed to another cycle of vegetative growth. To test this hypothesis
the cells were again grown at 35°c, the culture centrifuged and the
cells resuspended in two portions, the first in fresh rich growth
medium, and the second in SM. Both media contained TdR, and again
the chromosomes were allowed to complete replication at 45°C for

45 min. At this point both suspensions were centrifuged and the cells
in each induced to sporulate in SM without TdR. After 10h those
cells which had completed their chromosomes in rich medium produced
no spores, whereas of those that had completed their chromosomes

in poor medium, 10-20% sporulated. This value is low compared to
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the wild-type strain (B. subtilis 168), and was similar to the
value for the control culture not subjected to the higher tempera-
ture. No reason was given to account for the relatively poor sporu-
lation of this strain, but it may be due to partial inactivation

of the ts gene product, even at a temperature of 3500.

In addition, after 45 min at the restrictive temperature,
in those cells which had completed DNA synthesis in rich medium,
the chromosomes appeared in electron micrographs as tightly-
packed nucleoids resembling chromosomes seen in exponentially
growing cells at 35°¢. However, when replication had been completed
in poor medium, the DNA appeared as a diffuse filament extending
along the length of the cell. This is the appearance normally

described as stage I of sporulation.

Therefore, these workers suggested that these results
supported the idea that, for sporulation to be induced, the star-
vation stimulus has to be applied while the DNA is still replicating,
and that once replication has gone to completion in a rich medium

the cells are committed to a further cycle of vegetative growth.

A similar conclusion was reached by Mandelstam and Higgs
(1974), who used the same ts strain to synchronize chromosome repli-
cation. During growth in a rich medium at 45°C the chromosomes

were '"lined up" by completion of rounds of chromosome replication
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already initiated during growth at 35°C. The culture was then diluted
back to SSOC, and incubation continued, to initiate DNA replication

in a synchronous manner. At intervals after the dilution, samples
were transferred to a starvation medium at 35°C and the level of
sporulation determined by a direct count of cells containing phase~
bright spores 6h after the transfer. It was found that, whereas

those cells transferred immediately after completing their chromo—
somes sporulated poorly, the ability to sporulate rose rapidly, and
reached a maximum value (about 10% of the total number of cells)

15 min after reinitiation of DNA synthesis. It was therefore suggested
that sporulation can be induced only when the chromosome replication
fork is passing through a particular region of the chromosome,

some 15 min from the origin of replication.

When chromosome replication during sporulation of a TdR~
requiring mutant of B. subtilis 168 was prevented by TdR starvation,
additional blocks on the production of serine protease and other
sporulation marker events, which could only be relieved by addition
of TdR, were observed (Dancer and Mandelstam, 1975b). Therefore,
the susceptible period of DNA replication lies before. and is nece-
ssary for the occurence of one of the earliest sporulation events.
However, prevention of DNA synthesis in a TdR-requiring strain by
TdR starvation did not prevent the induction of enzymes such as
sucrase and histidase (Coote, 1974), suggesting that even though

repression of sporulation and enzyme induction may involve some
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common catabolite repressor, a fundamental difference exists bet-
ween the two processes. The requirement for DNA replication clearly
distinguishes sporulation from other catabolite-repressed functions
of B. subtilis. 1In fact, the initial stages of sporulation can be
regarded more as a modification of cell division, with the starvation
conditions promoting an unbalanced metabolism, one result of which

is the production of an asymmetrically - located spore septum
(reviewed by Hitchins and Slepecky, 1969a). Therefore, at this stage
it is important to summarise some of the results of investigations

into chromosome replication and cell division during growth.

(1) DNA replication during growth

Under normal conditions of bacterial growth chromosome
replication is coordinated with cell division, but the two processes
can be uncoupled. Donachie et al (1971) achieved this by blocking
DNA synthesis of B. subtilis with nalidixic acid (NAL), or removal
of thymine from thymine - requiring strains. Under both these condi-
tions DNA synthesis stopped immediately, but growth and division
continued for several hours, resulting in the production of some
cells without DNA. The control of cell division in B. subtilis

differs from that of Escherichia coli since, in the latter bacterium,

division can continue if DNA synthesis is inhibited, but only until
each cell contains a single chromosome (Barner and Cohen, 1958).
Sargent (1975) also observed the production of anucleate cells in

B. subtilis Ts134 during growth at the restrictive temperature for
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a period greater than one generation time, after termination of
the existing rounds of chromosome replication at the time of transfer

to the higher temperature.

The rate of DNA replication apparently depends on the fre-
quency of initiation and not on changes in the rate at which DNA
is synthesised (James, 1978). Rapidly-growing cells can initiate
a new round of DNA replication before the previous one has been

completed, 4 phenomenon termed multiforked, or dichotomous, replica~

tion (0Oishi et al, 1964). 1Initiation of replication is an important
point of regulation in cell division, but it is as yet unclear
exactly how it is regulated, although it may involve control via
effector or repressor molecules which reach a critical concentration

at a critical cell mass, termed the initiation mass (see James 1978).

Weake (1972) presented autoradiographic evidence that the
chromosome of B. subtilis is circular, of which at least 50% is
replicated from the origin in a bidirectional manner (Gyurasits and
wake, 1973). There is also evidence that both replication forks
approach the terminus simultaneously (Wake, 1974). In addition,

Hye et _al (1976), using gene frequency analysis of DNA replication,
provided confirmation that complete bidirectional replication occurs
from a specific origin, with both replication forks approaching the

terminus simultaneously.

Once a cell has replicated its genome the sister chromosomes
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segregate so that,at division, each cell contains a complete copy.
Chromosome segregation is thought to require the participation of
the cell envelope, in particular the cell membrane (Jacob et al,
1963; Sargent, 1974). It isapparent that both the origin and terminus
of the chromosome are membrane-~bound in B. subtilis (Sueoka and
Hammers, 1974; Yamaguchi and Yoshikawa, 1975) and in E. coli

(Parker and Glaser, 1974). In addition, there is an association
between the DNA around the replication fork and the cell membrane

in B. subtilis (Hye et al, 1976). Also, restriction enzyme analysis
of the radioactively-labelled terminus region of the B. subtilis
chromosome has shown that, like initiation, termination of replica-
tion occurs at a relatively specific site, rather than an arbitrary
meeting place of both replication forks (Weiss et al, 1981). The
same conclusion was reached by Sargent (1980c), who used a2 similar
approach to label the chromosome terminus of B. subtilis, but his
method of identifying the region was to detect DNA sequences homolo-
gous to bacteriophages SPP and $3T, which integrate into the terminal

region of the chromosome.

Further evidence for a specific termination site came from
an analysis of the replication order of genetic markers in a mero-
diploid strain containing a large non-tandem duplication on one
side of the chromosome (0'Sullivan and Anagnostopoulos, 1982).

The results showed that a B. subtilis terminal marker,gltd, normally

situated symmetrically opposite the origin, remains a terminal
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marker in the merodiploid, where it is not located symmetrically

opposite the origin. In the merodiploid strain the gltA marker was

shown to replicate after another marker situated symmetrically

opposite the origin.

The temporary association of the origin and the terminus
has been implicated in the regulation of replication initiation and
termination (e.g. Jones and Donachie, 1974), but most of the available
evidence supports the theory that membrane~chromosome association
occurs throughout the entire chromosome replication cycle (Ryder and
Smith, 1975; Harmon and Taber, 1976; Beeson and Sueoka, 1979). 1In
addition, Doyle et al (1980) found that cell walls also contain
segments of DNA enriched for genetic markers near the replication
origin and terminus of the B. subtilis chromosome, suggesting that
the binding of DNA-membrane complexes to the rigid cell wall, and
the replication of the wall could be a mechanism by which segrega-

tion of growing chromosomes occurs.

Therefore, the available evidence strongly suggests that
the replication origin, replication fork and replication terminus
are three important control points in chromosome replication, and
their membrane association may play an important role in the organiza-

tion and control of the process.

It is known that termination of DNA replication in E. coli
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is a prerequisite for cell division and appears to provide a
signal that determines its timing (Meacock and Pritchard, 1975).
However, there exist strains of B. subtilis which apparently grow
normally with large deletions in the terminal region (Hoch and
Matthews, 1972), suggesting that termination may not be a crucial

step in cell division.

The uncoupling of chromosome replication and cell division,
by continued growth and division in the absence of DNA synthesis
(see earlier), frequently leads to the production of cells without
DNA, cut off by a septum located to one side of the condensed
chromosome. When a single round of DNA replication, following
germination and outgrowth of spores of two temperature-~sensitive
DNA initiation mutants of B, subtilis 168, was allowed to proceed
to completion at the restrictive temperature, a central division
septum formed between the segregated daughter chromosomes  (Callister
and Wake, 1977). However, at levels of thymine which prevented
progress of the round to termination, central septation did not
occur, and asymmetrical septation occured at a relatively low frequen-
cy. It was therefore suggested by these workers that formation of
the central septum is coupled to termination of DNA replication, and
possibly triggered by it. Furthermore, when the first round of DNA

replication following B. subtilis spore germination was blocked by

a potent and specific inhibitor of DNA replication in B. subtilig,

6-{p~-hydroxyphenylazo)uracil (HPUra), at a stage before termination
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(when the chromosome was 70% replicated), the central septum still
formed (McGinness and Wake, 1979). In these circumstances DNA was
present on both sides of the septum, which presumably closed down
on a partially replicated chromosome. It was concluded that whereas
termination of chromosome replication was not obligatory for the
formation of the division septum with which it is normally coupled
during growth, it may be primarily the position of the septum rather
than its formation that is coupled to chromosome replication during
growth. It was presumed that in the experiment mentioned earlier
(Callister and Wake (1977)) central septation did not occur at a low
level of thymine, which reduced DNA replication to less than 10% of
its normal rate, because the necessary minimum amount of replication
could not be achieved within the time available. Sargent (1975)
suggested that the dnaB gene product in one of these ts initiation
mutants (Ts134) at the permissive temperature may function as a
repressor of septation. Furthermore, McGinness and Wake (1979)
postulated that in the normal situation, termination of replication
could act to derepress the dnaB gene product, and so trigger the
formation of a septum. The idea of production of specific termi-
nation proteins necessary for chromosome release and subsequent cell
division is not new, and was also proposed by Jones and Donachie

(1974) for E. coli, and Winston and Matsushita (1976) for B. subtilis.

(2) DNA replication during sporulation

The first evidence that spores of B, subtilis contain com—

pletely replicated chromosomes was obtained by Oishi et al (1964).
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These workers inferred from the order of replication of genes in
outgrowing spores .and vegetative cells that spores contain complete-
ly replicated chromosomes. Later, it was suggested that spores of
thymine - and TdR -~ requiring strains may also contain incomplete
chromosomes, as they appeared to have anomalous ratios of origin to
terminus markers, when DNA-mediated transformation was used (Ephrati -
Elizur and Borenstein, 1971; Gillin and Ganesan, 1975). The number
of genomes per spore has also been examined by autoradiography of
outgrowing spores (Callister and Wake, 1976). The results of this
work suggested that B. subtilis spores contain one complete genome.
The apparent anomalous gene frequencies found in spores of TdR -
requiring strains are probably incorrect, as the efficiency of
integration of one of the markers, met B, varies depending on its
source. Two mutations, thy A and thy B, are required for the thymidine
~ requiring phenotype (Neubhard et al, 1978), and these originated

from B. subtilis W23 and were transformed into B. subtilis 168,
possibly with other genes from the terminus of W23 (Callister and

Wake, 1974).

Studies with a DNA initiation mutant and the wild-type
strain of B. subtilis 168 have indicated that, for sporulation to
be induced, the biochemical stimulus resulting from the transfer of
exponentially growing cells to a starvation medium had to be applied
at a specific stage of chromosome replication (Mandelstam and Higgs,

1974; Keynan et al, 1976). Synchronous chromosome replication was
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obtained in a culture of B, subtilis Ts134 at the restrictive tem-

perature (Mandelstam and Higgs, 1974; see earlier). At intervals
after reinitiation of DNA replication at the permissive temperature,
samples were transferred to sporulation medium, and the level of
sporulation determined at a later time. It was found that the capacity
for induced sporulation reached a peak about 15 min after chromosome

replication had begun.

However, as it was thought that the use of ts mutants to
impose synchrony on DNA replication might have produced artefacts,
Keynan et al (1976) used an alternative system, i.e., the resporula-
tion of outgrowing B. subtilis 168 spores, to examine the relationship
between the induction of sporulation and chromosome replication. It
had already been shown that there was synchrony of chromosome repli-
cation during outgrowth (0ishi et al, 1964). Spores were germinated
in outgrowth medium, and samples removed to SM at intervals to test
the capacity of cells to sporulate. In this system subsequent sporu~
lation capacity reached a peak when thecells were transferred after
about 110 min in outgrowth medium, at which time it was proposed
that the cells were well into their second round of DNA replication

{see later).

The results of these two experimental approaches have been
interpreted by two different models for the initiation of sporulation.

One model predicts that a certain gene required to trigger asymmetric



42

septation can be activated only while it is being duplicated, and
the cell has to be under step~down conditions for this activation
(Dawes et al, 1971; Young and Mandelstam, 1979). The other model
postulates that the membrane-attached origins of replication have

to migrate towards the cell poles and initiate on one cell end only
the growth of an asymmetric septum before duplication of the chromo-
some terminus enables symmetric septation to occur. The slowing
down of cell expansion is essential for the proper movement of the
origin towards the cell pole and the triggering of asymmetric

septation (Freese, 1976).

Mandelstam et al (1971) found that when & TdR-requiring

mutant of B. subtilis was induced to sporulate by the replacement
technique, TdR had to be present for at least the first 90 min in
the sporulation medium to obtain maximum sporulation, consistent
with a requirement for termination of replication. This was later
confirmed by Dunn et al (1978}, who used HPUra to inhibit DNA
replication of B, subtilis 168. Their results indicated that sporu-
lating cells terminate their final round of DNA replication at the
same time as they escape from the inhibitory effect of HPUra on
sporulation. If added at the point of initiation of sporulation, HPUra
prevented sporulation, and the time after resuspension at which DNA
replication ceased to be essential for the subsequent sporulation

of this strain was determined by removing cells from the sporulation

medium at intervals after tzero’ adding HPUra (at a concentration
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normally inhibitory to sporulation when added at tzero)’ and
continuing incubation of all samples until mature spores were

formed in control cultures (tzo). At this point the level of
sporulation was determined. Using this procedure it was found that
the cells began to escape the subsequent effect of HPUra about 35 min

after tZe , and that escape was essentially complete 2h after ini-

ro
tiation. A similar escape effect was observed by Shibano et al
(1978), who found that HPUra also inhibited sporulation induced by

the nutrient exhaustion method.

Now, since the chromosome replication time of the wild~
type strain in this medium is approximately 55 min (Dunn et al,1978;
Ephrati~Elizur and Borenstein, 1971), it was concluded that those
cells which escaped the effect of HPUra on subsequent sporulation
at 35 min after initiation must have already begun their final
round of DNA replication at the time when they were transferred to
sporulation medium, when they were probably about 20 min into their
final round of replicafion. This result therefore provided evidence
that there is a critical time for induction of sporulation, and
that it occurs some 20 min after chromosome replication is initiated.
Using a different approach, Mandelstam and Higgs (1974) obtained

a value of 15 min, in experiments using B. subtilis Ts134 (see earlier).

They concluded that the biochemical stimulus initiating sporulation
has to be applied when the replication fork is moving through a
particular segment of the chromosome, and tentatively suggested

that this segment contains one of the operons concerned with the
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transition from stage 0 of sporulation to the next stage.

The results of an analysis of the sporulation potential
of outgrowing B. subtilis spores also suggested that induction of
sporulation is linked to a specific stage in the cell cycle (Keynan et 2l,
1976). These workers also concluded that sporulation could only be
induced in cells under starvation conditions at a specific stage of
chromosome replication. The experimental procedure used in this
work was similar to that used to induce "microcycle" sporulétion in
other Bacillus species. This was defined by Vintner and Slepecky
(1965) as the "direct transition of outgrowing bacterial spores to
new sporangia without intermediate cell division." However, spores

of B. megaterium and B. cereus apparently contain amounts of DNA

equivalent to two chromosome complements (Fitz-James and Young, 1959),
whereas there is evidence that B. subtiliﬁ spores contain only one
chromosome equivalent {Callister and Wake, 1976; Wake, 1976). At
intervals during outgrowth of germinated spores of B, subtilis

samples were transferred to SM. Sporulation potential was shown to
reach a peak at about 110 min, and the result was interpreted as
follows. Outgrowing spores transferred to SM from outgrowth medium
before the start of DNA synthesis (before 45 min) could not be expected
to sporulate as they only had 1 chromosome each, which had not yet
started to replicate. Those cells transferred after the beginning

of the first replication cycle (between 45 and 75 min approximately)

had one replicating chromosome and, after completion of this replication,
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each cell divided into two daughter cells,each containing only a
single chromosome (The occurence of cell division in this experi-
ment means that the term microcycle sporulation cannot be applied

to the process). It was suggested that the cells could not sporulate
due to the lack of a second chromosome. However, outgrowing spores
transferred after about 75 min have initiated the second or third
rounds of DNA replication, but had also lost some degree of synchrony
by this time. These cells had divided to give 2 or 4 daughter cells,

each of which contained two chromosomes and will therefore sporulate.

Therefore, if this method of inducing sporulation in B, subtilis
was similar to that used for normal vegetative cells during exponential
growth, it would be expected that the cells transferred later than
110 min in outgrowth medium to SM would have a larger sporulation
potential, as each should have hadmore than one replication fork at
the time of tramsfer. In fact, the sporulation potential decreased
after 110 min. Therefore, it may be that the conclusions derived
from these results are questionable, because of this major difference
between the sporulation potential of outgrowing cells and normal

exponentially growing cells.

In the same report (XKeynan et al, 1976), it was shown that
nalidixic acid (NAL), an inhibitor of DNA synthesis, greatly reduced
DNA synthesis of cells in the outgrowth medium, but did not prevent

the development of sporulation potential when the cells were
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transferred to SM lacking NAL. This suggested that DNA synthesis
in the outgrowth medium was not an essential prerequisite for the
development of sporulation potential. To test if cells could
initiate new DNA replication sites (in the presence of NAL) which
could have become functional on transfer of cells to SM, germinated
spores were incubated in outgrowth medium with NAL. Periodically,

samples were removed and the cells incubated for 90 min in outgrowth

medium without NAL but with chloramphenicol, and the total DNA mea-
sured. This procedure allowed the completion of rounds of replication
that had been initiated in the presence of NAL but prevented the
initiation of new rounds (Yoshikawa, 1965). By the end of the experi-
ment, the cells treated in this manner had accumulated a four-fold
increase in final DNA, sugpgesting that new initiation sites must

have been generated in the presence of NAL. In control cells

(without NAL), the same procedure resulted in a 15-fold increase in
DNA. It was suggested that the fact that sporulation potential deve~
loped in NAL supports the theory that the replication fork should

pass through the "sensitive'" point of the chromosome while the cells
are in a step-down condition. However, the development of sporulation
potential during outgrowth in NAL was unlike that obtained in control
cells since the potential, once developed, did not then decline. 1In
both cases the final spore yield at t20 began to increase for cells
transferred to SM after 60-80 min in outgrowth medium. However, as it
was admitted that by this time the cells were probably becoming asyn-—

chronous, there still remained the possibility that the cells only
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had to initiate and undergo a full round of chromosome replication
in SM, instead of merely completing the round already initiated before

the transfer.

Further experiments, in which low concentrations of HPUra
were used to slow down the rate of DNA replication but not inhibit
sporulation (subinhibitory concentrations), showed that the subsequent
escape of cells from a fully inhibitory concentration of HPUra depended
on the duration of chromosome replication (Dunn et al, 1978). When
the rate of DNA replication was reduced, the escape of cells from the
fully -inhibitory concentration of HPUra was delayed. This was con- -
firmed by Young and Jeffs (1978), who also showed that delayed termi-
nation of replication had no effect on the time of appearance of cer-
tain sporulation events, such as serine protease, alkaline phosphatase
and heat-resistance. It was concluded that the dependent sequence
of sporulation events was actually independent of the time of termina-
tion of chromosome replication. Dancer and Mandelstam (1975b) also
showed that in a TdR-requiring strain, the production of serine
protease, one of the earliest events required for spore formation, was
prevented by TdR starvation. Therefore, it appears that initiation
of DNA replication is required for the appearance of serine protease.
Furthermore, Clarke and Mandelstam (1980) found that the induction of
serine protease and ribonuclease (RNAase), another very early sporula-
tion event, occured equally well, regardless of the time at which

cells were exposed to step-down conditions during the replication
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cycle of synchronized populations of B. subtilis Ts134. They

suggested that a "watershed" operon, i.e. the operon whose activation
under starvation conditions diverts cells into the sporulation path-
way, is one of the stage 0-1 events occuring later than the express-—
ion of protease. However, this conflicted with the results of Young
and Jeffs (1978), where slowing down the rate of DNA replication had
no-effect on the time of appearance of serine protease, and Dancer
and Mandelstam (1975b), who found that inhibition of DNA synthesis

by TdR starvation prevented the induction of serine protease. These
latter two findings sugpest that an event such as initiation of DNA
replication in a SM might be the critical point for induction of
sporulation, rather than replication of a segment of DNA some distance

from the chromosome origin.

In addition, if the only cells thaf successfully sporulate
are those in which replication of a particular operon occurs at the
time 6f transfer to sporulation medium, the proportion of cells which
form mature spores would be relatively low. Yet at least 80% of the
cells present in a resuspended culture of B. subtilis 168 normally
form spores. Therefore, initiation of DNA replication must occur in
many cells in a starvation medium, and this is consistent with the
late escape (60-120 min after tzero) of many cells from HPUra inhibition
of sporulation (Dunn et al, 1978). This contradicts the earlier
finding that if chromosome replication in a ts putant is completed

in a rich medium, new rounds are not subsequently initiated in the
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poor medium (Mandelstam and Higgs, 1974). To test whether this was
also the case with the wild-type strain, and not just an artefact

of the ts st;ain, Dunn et al (1978) used chloramphenicol to inhibit
further initiation of DNA replication during growth of B. subtilis 168.
The cells were then transferred to resﬁspension medium when, after

an initial lag period, there was an observed accumulation of DNA
equivalent to one round of DNA replication. In addition, HPUra still
prevented sporulation when added during this time, indicating that
initiation of DNA replication in this medium was a necessary pre-
requisite for sporulation. Presumably, therefore, cells in which the
critical point has been passed at the time of resuspension are unable
to sporulate without undergoing another complete round of DNA replica-
tion. 1In this way it can be seen that most cells transferred to

sporulation medium do eventually sporulate successfully.

Sargent (1980b) described a method for determining the rate
of termination of chromosomes destined to be packaged into spores,
by specifically labelling the terminus. When a sporulating culture
of a TdR-requiring derivative of the wild-type strain was pulse-
labelled with[ 3%] ~-TdR, and then treated with HPUra to inhibit DNA
synthesis, the only labelled spores formed were those that had comple~
ted replication during the pulge period. DNA-mediated transformation
was used to show that the DNA of spores formed in the presence of
HPUra had the same ratio of origin to terminus markers as DNA from

untreated spores. Also, spores formed in the presence of HPUra had
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the same DNA content as untreated spores, and presumably contained
completed chromosomes. The rate of termination of chromosomes des-
tined to be packaged into spores, as determined by this method,
reached a broad peak 2h after initiation of spofulation, but still
continued at a considerable rate 4h after tzero' This result differed
from that obtained in the study of HPUra inhibition of sporulation

in the wild-type strain, in which escape from HPUra inhibition was
essentially complete 2h after t ero (Dunn_ et al, 1978). This difference
was not merely due to the use of a TdR-requiring strain in the experi-
ment of Sargent (1980b), since he reported that essentially similar
results were obtained with the wild-type strain. In addition, the
amount of spore DNA synthesised in resuspension medium was close to
half the amount of DNA present in mature spores (Sargent, 1980b),
suggesting firstly, that chromosomes destined to be packaged into
spores are replicated from close to the origin and possibly initiated
in the sporulation medium, and second, that regardless of the time at
which replication of the spore chromosome is completed, the template
strand is always of vegetative origin. However, in this experimental
procedure the cells were initiated to sporulate after growth to about
600 pg (dry weight) per ml (E540 anf 3.0), followed by resuspension
at 200 pg (dry weight) per ml in starvation medium. In the original
paper describing the nutrient replacement method for initiating sporu-
lation (Sterlini and Mandelstam, 1969), the bacteria were grown to

a density of 250 pg (dry weight) per ml, and resuspended in starva-
tion medium at the same density. There remains the possibility there-

fore that cells resuspended in starvation medium at a higher density
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(Sargent, 1980b) were already under conditions of nutrient depri-
vation. Thus, sporulation might have already been induced in at
least some of the cells, so that on resuspension in a starvation
medium the behaviour of the replicating chromosomes may have been
different to that normally occuring when sporulation is initiated

during mid-exponential growth.

The hypothesis that there may be a requirement for a compl-
ete round of replication initiated from the origin under sporulation
conditions differs from the model proposed by Mandelstam and Higgs
(1974), i.e. that only those cells in which a replication fork was
passing through a particular segment of the chromosome, some distance
from the origin, under step~down conditions, would be induced to
sporulate. If this latter theory is correct, then a proportion of
cells in a growing population, with replication forks lying before
the critical point, would only require to complete, in sporulation
medium, the round of replication initiated in growth medium to

successfully sporulate.

One obvious experimental approach which could be used to
determine which of the two theories outlined above was the most likely
would be to use the TdR analogue, 5-bromo-2'-deoxyuridine (BUdR),
to label DNA during growth of a TdR-requiring strain. The amount of
DNA replication occuring during sporulation could then be monitored

by density gradient analysis, by noting the progressive loss, both
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during and after completion of sporulation in medium lacking BUdR,

of the heavy BﬁdR label initially present in both strands of DNA in
cells at the time of initiation of sporulation. Such an experiment
might go some way towards solving the following problem. Is initia-
tion of chromosome replication from the origin required for sporula-
tion, or do growing cells merely have to terminate in sporulation
medium a round of replication already initiated at the point of induc-
tion of sporulation, when the replication fork lies before a critical
point some distance from the origin? However, this experiment has
proved impossible to perform because of the toxicity of the analogue
for TdR-requiring strains (see section II). This problem could be
overcome by the isolation of a BUdR-tolerant strain which could in-
corporate BUdR instead of TdR into DNA, without any effect on cell
viability or DNA replication. Several bromouracil (BU)-tolerant strains
of B. subtilis w23 (Ehg, Eig) have already been isolated (Bishop and
Sueoka, 1972), as has a BUdR-tolerant derivative of B. subtilis 168
(thy, but-32) (Coote, 1977). However, as yet these strains have not
been used §uccessfu11y in an analysis of chromosome replication during
éporulation. Adams and Wake (1980) attempted to density-label the
chromosomal terminus of strain but-32 with BU, but found that all
chromosomes labelled with BU in starvation medium were excluded from

mature spores.

Finally, Sargent (1980b) postulated that the wide distri-

bution of times of initiation of replication of the chromosome destined
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to be packaged into a spore observed in his experiment might be
scheduled by a clocklike process which is a normal feature of vege-
tative growth and in some way related to cell age, and that when
initiations occur after the onset of starvation, the chromosowmes
are modified by a special mechanism, as yet unknown, so that they

participate in sporogenesis.

In summary, therefore, studies with a TdR-requiring strain
ts for initiation of chromosome replication, and the wild-type
strain, have indicated that, for sporulation to be induced, cells in
sporulation medium must be replicating DNA, and furthermore, a
replication fork must be positioned before a critical segment of the
chromosome. If the replication fork has passed this point the exis-
ting round of replication is terminated and the cells undergo another
round of DNA replication before sporulation can continue. In addition,
termination of chromosome-replication is a requirement for successful
sporulation. The results of experiments involving an analysis of
synchronized DNA replication, either in a ts initiation mutant, or in
outgrowing spores of the wild-type strain, have suggested that the
critical point for initiation may lie some 20 min after the chromosome
origin. The escape time of the wild-type strain from HPUra inhibi-
tion of sporulation is consistent with this theory. However, when
wild-type cells with completed chromosomes, obtained by exposure of
growing cells to chloramphenicol, were transferred to starvation

medium, chromosome replication was initiated and spores were obtained
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(punn et _al, 1978). This suggested that initiation of chromo-
some replication may be a requirement for sporulation. .Furtherb
more; Sargent (1980b) has also presented evidence that initiation
of chromosome replication from the origin may be required for
sporulation. However, unlike the known requirement for termi-
nation of chromosome replication, there remains an as yet
unresolved question about the necessity for initiation of chro-

mosome replication during sporulation.

IT. The effect of BUdR on growth and differentiation

The halogenated TdR analogue, 5-~bromo-2t'-deoxyuridine
(BUdR) is, where required, readily incorporated in place of TdR
into DNA by most cellular and in vitro DNA synthesising systems.
This results in an increased buoyant density in CsCl equilibrium
density gradients compared to the normal unsubstituted DNA,
a property which has been widely exploited in experiments designed
to discriminate between newly-synthesised and previously-synthe-
sised DNA during chromosome replication in both eukaryotit and
prokaryotic cells (Braun and Wili, i962; Mueller and Kajiwara,
1966; Smith et al, 1970). However, its usefulness in this respect
has been limited by different effects on a variety of cells.
Firstly, BUdR has been reported to induce the synthesis of viral
antigens and viral replicatibn in certain virus-negative cells

(Hampar et al, 1971; Sugawara et al, 1972). In addition, a cyto-

toxic and mutagenic effect of BUdR has been reported for cells
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grown over a long period of time in the presence of the analogue,
or when its concentration is high (Roy-Burman, 1970). Also,
Kato (1974) reported induction of sister-chromatid exchangesﬁy
BUdR in mammalian cells, a property correlating well with the

mutagenic effect of the analogue (Davidson et al, 1980).

However, it is the specific effect of BUdR on differen-
tiating cells which has been most extensively reported. BUdR
apparently affects systems as dissimilar as chick embryo muscle
cells (Bischoff and Holtzer, 1970), cultured mammary tissue of
pregnant mice (Turkington et al, 1971) and malignant cells
(Schubert and Jacob, 1970). The first observed effect of BUdR
on differentiation was inhibition of development of presumptive
myoblasts (Stockdale et al, 1964) and in most eukaryotic systems
investigated, BUdR prevents the expression of differentiated func-
tions (Rutter et _al, 1973). In some cases, however, it has been
shown that BUdR has the opposite effect and induces or activates

the expression of certain differentiated functions(Schubert and
Jacob, 1970; Koyama and Ono, 1972). A selection of the effect
of BUJR on various systems is listed in Table 1. These
observations led many workers to suggest that BUdJR couldbe used
as a tool for investigating, at a molecular level, the basic

regulatory mechanisms underlying development (Maclean, 1976).

A. Toxicity and mutagenicity of BUdR

The molecular structures of TdR and BUAR are given in

Fig. 4, the only structural difference between the two being
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TABLE 1. The effects of BUJR on various cell systems.

System Feature measured or studied
Repression
Chondrocytes Chondroitin sulphate synthesis

(Mayne et al , 1973)

Chondrocytes Cell shape
(Abbot and Holtzer, 1968;

Coleman et al., 1970)

Myoblasts Myogenesis
(Stockdale et al., 1964;
Rogers et al., 1975;
Bischoff and Holtzer, 1970;

Lough and Bischoff, 1973)

Chick erythropoiesis Haemoglobin synthesis (Weintraub

et al., 1972)

Mouse leukaemia cells Haemoglobin synthesis

(Ostertag et _al., 1973)

Mouse leukaemia cells Thymidylate synthetase activity

(de Clerq et _al., 1981)

Melanoma cells Pigmentation and tumourigenicity
{Silagi and Bruce, 1970;

Silagi et al., 1977)



TABLE 1. (contd.)

Melonoma cells

Melanoma cells

>\ coliphage transcription

Limb=-bud nesenchyme

Tetrahymena pyriformis

Tetrahymena pyriformis

RNA synthesis

Amnion cells

Mouse fibroblasts

Mouse fibroblasts

Dimethylsulphoxide (DMSO)-
stimulated Fri@mﬁleukaemia

cells

Cultured tobacco cells

57

Adhesion

(Evans et al., 1977)

Fluorescence polarisation

(Rosenthal et al., 1978)

Photosensitisation
(Jones and Dove, 1972)
Histology

(Levitt and Dorfman, 1872

Cell division

(Lykkesfeldt and Andersen, 1974)

Ribosomal DNA transcription

(Lykkesfeldt and Andersen, 1977)

Mucopolysaccharide synthesis

(Mayne et _al., 1971)

Ribonucleotide reductase

activity (Meuth and Green, 1974)

Chromatin transcription

(Hill et al., 1974)

Globin mRNA synthesis

(Priesler et al., 1973)

Chloroplast differentiation

(Seyer and Lescure, 1977)
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TABLE 1. (contd.)

Rat Hepatoma cells

Rat Hepatoma cells

Human sternal marrow cells

Nicotinia glauca

Hela cells

Dictyostelium discoideum

Physarum polycephalum

Frog embryos

Mammary gland cells

Exocrine pancreas cells

Rat odontogenesis

DNA methylation
Singeret al., 1977)
Tyrosine aminotransferase

{Stellwagen and Tomkins, 1971)

Resistance to radiation

(Djordjevic and Szybalski, 1960)
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