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N ' ABSTRACT

Mutations that confer resistance to catabolites in

sporulation (crs) are located in six distinct loci on the

chromosome of Bacillus subtilis. One of the c¥s mutations,

crsEl, is found in the rpoBC operon which codes for B8 and

3' subunits of RNA polymerase. Some stv and std mucations

in the same operon also confer partial resistance to glucose.

Another mutation, crsA47, is located in the géne for the

~» c-factor of RNA polymerase. These findings ;pdicafe that

certain mutations in RNA polymerase can alter the response
of cells to the inhibitory effect of catabolites on sporula-
tion. '

The crs mutants differ from each other in the growth
cEaracteristic and glucose utilization. Specific activities
of IMP dehydrogenaée and alkaline phosphatase vary widely
among the c¢rs mutants. These results suggest that the
growth characteristic and the enzymes examined are not ;lose-
ly related to catabolite resistance-in sporulation.

The crs mutants are resistant to at least one of the

-membrane-affecting agents, cerulenin, ethanol and NaCl in

sporulation. This suggests that the membrane and its asso-

ciated functions are important in initiation of sporulationm.
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It is also suggested that functions affecred in the crs

mutants are related to the membrane.

Mutations scal9, rfmll, eryl and relA can offset the
catabolite reéis;énce in some of the crs mutants. Possibly,
these suppressors suppress the catabolite resistance by

/’Ei?ﬁffecting the membrane or by causing a metabolic imbalance
///“ which affects membrane functions.
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Chapter T

INTRODUCTION

Bacterial sporulation

Under certain conditions, species of Bacillus,

Clostridium, Sporolactobacillus, Desulfotémaculum,

Sporosarcina and Oscillospira are able to form endospores

(Buchanan and Gibbons 1974). The spores are in a dormant
state and usually they are resistant to the lethal effec; of
heat, drying, organic solvents and other toxic agents. The
existence of bacterial spores was first noticed as early as
the 1870's when Pasteur's studies on spontaneous generation
were challenged by the observation that infusions of hay

after boiling failed to remain sterile. Tyndall and Cohn then
demonstrated that the organisms which survived boiling were
endospores of the hay bacillus (Bacillus subtilis) (quoted

S
in Pavis et al. 1973). 1In 1877, Cohn and Koch described the

formation of spores in Bacillus anthracis, the pathogen of

anthrax (quoted in Davis et al. 1973). Sinée then, studies
on the properties of spores and the process of sporulation
have been carried out in many laboratories. Most investiga-
tions have been undertaken with species of Bacillus and

L . P . - .
Clostridium because of their importance in medicine and in
1
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various industries. More recently, sporulation has been
considered as a simple model system of celiular differentia-
tion, and consequently the morphological, biochemical and
genetic aspects of bacterial sporulation have been intensive-
ly investigated in the past threé decades (see reviews by
Piggot and Coote 1976; Sonenshein and Campbell 1978; Young
and Mandelstam 1979; Freese 1981; Losick 1982).

.

. -
1. Morphologital changes during sporulation

The development of the bacterial spore is associated

with a sequence of morphological changes which have been inve-

stigated by the electron microscopy. Although these changes
are continuous, it is convenient to divide the process of
sporulation into several stages as described bv Yohng and
Fitz-James (1959a, 1959b) and Ryter (1965).

Vegetative cells are referred to .as in étage 0 in
which chromosomes are seen as discrete, compact and roughly
spherical bodies. Sporulation usually starts in a large
fraction of cells at the time when exponential growth ends
or when cells growing exponentially in a nutrient-rich me-
dium are transferred into a nutrient-poor medium. This time
is taken as the time of induction of sporulation (to) and
the hourly periods thereafter are designated as €1, o and

-

so on (Schaeffer et al. 1963; Sterlini and Mandelstam 1969).

3
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Sctage I (g, - tl) is indicate@ by the formation gf.
an axial nuclear filament from the fusion of two or more
nuclear bodies observed in the vegetative cells. The chro-
moﬁomes subsequently separate and ome of them migrates to a
position near the pole of the ceii. Since no mutants unable
tq form the axial nuclear filament have been found and be-
cause similar filaments are often observed in cells of non-
spore-forming bacteria, it is suggested that the axial fila-

_ment may Tepresent a non-specific fesponse of the DNA under
certain conditions (quoted in Robinson and Spotts 19833.

Stage II (tl - t2) begins when the cytoplasmic mem-
brane invaginates asymmétrically at one end of the cell to
form a prespore which contains a copy of the chromosome. The
development of the prespore septum differs from the cell-divi-
sion septum in that it is sub-polar rather than central énd
that only a small amount of cell wall materials are deposited
between its two Dembrane layers. The prespore septum is
formed by de novo membrane synthesis rather than by ‘the .re-
arrangement of pre-existing membrane.

During stage IIIL (t:2 - t3), a free farespore is
formed within the mother cell by bulging of the double-
layered prespore septum into the cytoplasm of the mother cell,
followed by movement of the points of éttachment of the ends
gf.the septum toward the pole of the cell. The forespore

protoplast thus formed is surrounded by two membrane layers
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which are oriented witﬁ opposite pdiaricy. After the forma-
tion qf the'foreSpore, the cell is committed to continue sub-
sequent development. After this time, sporulation ill pPro-
- ceed normélly even if the.sporu}ating cells are transferred
into a fresh medium. It has been suggestéd that. the pheno-
menon of commitment may be related to the absence of active
transport of nutrients through the forespore double-layered
membrane (Freese et al. 1970).

Stage IV (t3 - taj is marked by the synthesis of a
germ éell wall and a cortex layer between the two membrane
layers around the forespore protoplast. At the end of stage
IV, the forespofe becomes visible under the phase-contrast
microscope as a gréy body at one end of the cell.

The subsequent formation of a spore coat around the
cortex is referfed to as stage V (ta - t5.5). During this
stage, the spores become phase-bright as seen under the phase-
contrast microscope. After the ‘development of refractility,
the spores acquire resistance to a number of organic solvan%i

such as chloroform and octanol. The resistance to octanol has

been associated with the development of the spore coat (Ryter

1 1965) .

b ]
Stage VI (t5 o - t5) involves the matnrationfof the
spores, at which time the ores undergo a number of changes
to develop their characteristic resistance to heat and other

~ -
/



physical conditions. Finally, the mother cell is lysed and
the spore is released. This stage is referred to as stage

VII (after t7).

2. Biochemical changes during sporulation

The morphological changes during sporulation are
associated with a number of ﬁequentially occuring biochemical
events (Warren 1968; Schaeffer 1969; Waites et al. 1970) .
One of the earliest biochemical events is the préduction of
both extracellular and intracellular proteases shortly after
tg (Millet 1970; Prestidge et al. 1971; Reysset and Millet
1972; Cheng and Aronson 1977). The ex;racellular protease
activity includes a serine protease with an dlkaline optimum
pH and a metalloprotease with a neutral optimum pH (Millet
1970; Prestidge et al. 1971). The metalloprotease has been
thought to be unrelated to sporulation sincé mutants lacking
this activity sporulate norﬁally (Michel and Millet 1970).

On the other hand, the serine protease seems to be intimately
related to initiation of spofulation.' Many B. subtilis mu-
tants whose sporulation is blocked at stage O (gggg‘ﬁutants)
are usually unablerto produce the serine protease (see
review by Schaeffer 1969). Inhibitors of sefkne protease,

phenylmethylsulphonyl fluoride and m-amino benzeneboronic

acid can suppress sporulation but not vegetative growth of
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wild-type cells (Dancer and Mandelstam 1975; Geele et al.
1975). However, it has been reported that certain mutants
of B. subtilis deficient in extracellular protease are able
to sporulate (quoted in Szulmajster 1982). ' Several other
Bacillus species do not produce detectable amount of tﬁis
enzyme and yet they form spores'(LeVisohn and Aronson 1967;
Millet and Aubert 1969; Slapikoff et al. 1971). Cdnsequently,
it is sugges;ed that the exﬁracellular serine protease may
not be essential for sporulation (Piggot and Coote 1976;
Young and Mandelstam 1979; Szulmajster 1982). The intrace-
llular serine proteaselis thought to be involved in protein
turnover that occurs during early stages of sporulation
(Forster and Perry 1954; Korﬁbefg et al. 1968). This acti-
vity may also be involved in the post-translational modifica-
tion of proteins required'for sporulation (Sadoff et al.
1970; Cheng and Aronson 1977; Szulmajster 1982). Kerjan et al.
(1979) have isoclated a mutant'which has a mutation in\fhs\
structural gene of an intracellular protease. “This mutant is
temperature-sénsitive in both sporulafién and the production
of intracellular protease wﬁile the production of extracellu-
\Ehr\gfotease is unchanged. Revertants of this mutant which
regaiﬁxzae ability to produce intracellular protease at high
temperature also regain the ability to sporulate under the
same condition. 'Thus these authors suggest that the intra-

tellular protease plays an important role in sporulation.



The production of antibiotics soon after ty is ano-
ther biochemical event that occurs at the beginning of spo-
rulation (Abraham and Florey 1949). The antibiotics pro-

duced by B subtilis inhibit growth of Staphylococcus aureus

(Schaeffer et al. 1963) and B. subtilis strain H (Spizizen
1965). Since many stage O mutants are deficient in anti-
biotic production, the possible role of antibiotics in in-
itiation of sporulation has been proposed (see reviews by
Schaeffer 1969; Katz and Demain 1977). However, mutants that

are unable to produce the antibiotics but are able to sporu-

late have been isolated from Bacillus licheniformis (Haavick

and Thomassen 1973). From the above observations, it seems
that synthesis of the antibiotics is not obligatory for
sporulation.

It has been known that changes in the activity of
many enzymes occur during early stages of sporulation. The
activity of enzymes involved in the tricarboxylic acid cycle
(TCA cycleB increases significantly at the beginning of spo-
rulation (Hanson et al. 1964). The elevated TCA cycle enzyme
activities maintain the concentration’of ATP required for
sporulation (Freese 1972; Ohné and Rutberg 1976). Many mu-
tations'affecting TCA cycle enzymes block sporulation at
stage 0 (Klofat et al. 1969; Szulmajster and Hanson 1965;
Freese and Marks 1973). -These mutations are not sporulation-

specific since they also affect vegetative growth under cer-

p



tain conditions. In some ca es sporulation of these mutants
can be restored by the éféigzon of TCA cycle intermediates to
the cultures (Ohnré and Rutberg 1976) or by the partial inhi-
bition of synthesis/of guanine nucleotides (Freese et al.
1979c). Freese and Fortnagel (1969) have reported that the
addition of acetate but not other carbon sources can restore
sporulation of a number of stage 0 mutants that lack the
pyruvate dehydrogenase complex. These authors suggest that
an elevated concentrquon of acetyl-Coenzyme A is more im-
portant for sporulation than for growth.

Enzyme activities in the respiratory chain also un-
dergo a significant increase soon after ty (Taber et al.
1972; Felix and Lundgren 1973; Weber and Broadbent 1975).
This increase is necessary for providing a sufficient amount
of ATP required for sporulation. Mutants lacking cytochromes
are usually asporogenous (Taber et al. 1972; Taber and Freese
1974). Certain stage 0 mutants do not show the wild-type
pattern of an increase in cytochromes and menaquinone after
the end of exponential growth (Taber et al. 1972; Weber and
. Broadbent 1975). Lang et al. (1972) have found that inhi-
bition of the electron transport chain by the addition of

cyanide has little effect on growth of Bacillus cereus but

strongly inhibits sporulation. These observations suggest
that a typical electron transport system is not required for

vegetative growth but is absolutely required for sporulation



(Fortnagel and Freese 1968; Lang et al. 1972).

A rapid decrease in the activity of several enzymes
occurs during the initial stage of sporulation in Bacillusk
species (Deutscher and Kornmberg 1968; Bernlohr and Gray
1969). The relationship between the decrease in enzyme
activities and initiation of sporulation is unclear.

Bernlohr and Gray (1969) suggest that the decrease in activi-

ties of threonine dehydrogenase, asvartokinase and pyruvate

kinase in B. lichgniformis is related to the physiociogical
conditions of celis and not to the process of sporulation.,

\  When cells enter the stationary phase, the synthesis of as-
partate transcarbamylase stops; this is followed by the in-
activation of the existing enzyme (Maurizi and Switzer 1978).
Since the céssatiOn of aspartate transcarbamylase svnthesis
is also observed in a number of stage 0 mutants, it is not
clear whether the decrease in the enzyme activity is related
to sporulation (Maurizi and Switzer 1978). The decrease in
inosine monovhosphate (IMP) dehydrogenase, the first enzyﬁe
fé;\the_s4zthesis of guanine monophosphate (GMP) from IMP,
has alsoc been reported by Deufscher and Kormberg. (1968) .
They have found that, in an asporogenous B. subtilis mutant
the activity of aspartate transcarbamylase decreases as in
the wild-type straigs, where as IMP dehydrogenase remains at
a relatively high level for up to 10 h of incubation. The\

»
same mutant is also unable to show a decrease in adenylate
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kinase activity which occurs in wild-type cells (Deutscher
and Kornberg 1968). These investigators have not been able
to decide whether the regulaﬁion of IMP dehydrogenase and
adenylate kinase is directly related to sporulation, or the
deérease in the levels of these two ehzymes observed during
sporulation is simply due to proteolytic degradation.

‘ The synthesis of alkaline phosphatase haé been re-
garded as a-rsporulation-associated event (Young and Mandelstém
1979). The activity of this enzyme bégins to increase
during stage II of sporulation (Waites et al. 1520). This
increase fakes place even in the presence of excess inor-
ganic phosphate, the condition which represses the synthesis
of alkaline phosphatase during vegetative growth
(Anagnostopoulos 1960; Glenn an&qﬁhggglstam 1971; Ichikawa
and-Freese-l974). Mutants that are unable to produce this
enzyme during vegetative growth can produce it normally
during sporulétion (Ichikawa and Freese 1974). Some spo
mutants ére unable to synthesize this eniyme (see review by
Piggot and Coote 1976). Piggot and Taylor (1977) have re-
ported that the ability to synthesize alkaline phosphatase
in these spo mutants can be restored by introducing other -J/)
mutations designated as sap. How;ver, the svo sap double
mutants are still asprogenocus. Isolation of mutants with the

altered structural gene of alkaline phosphéﬁase would be

helpful to determine whether this enzyme is necessary for

2
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sporulation. However, this type of mutant has not been
reported so far.

During stage II, an extracellular DNase is produced
which is active against double-stranded DNA (Akr%gg 1978) .
Stage 0 and stage IT mutants which are unable to produce
alkaline phosphatase are also unable to produce the extra-
cellular DNase (Akrigg and Mandelstam 1978).  Another en-
zyme, glucose dehydrogenase is synthesized during the transi-
tion from stage III to stage IV (Waites et al. 1970; Coote
1972). Mutants blocked at or before stage II'do not synthe-
sizé this enzyme. IF is not clear whether the extracellular
DNase and glucosé dehydrogenasé&”have a specific role in
spo¥e formation, although the latter enzyme is known to play
a role in spore germinatioﬁ (Prasad gglgl. 1972) .

The assembly of the spore coat at stage V involves
the modification 3f pre-existing precursors (Cheng and

Aronson 1977; Pandey and Aromson 1979). Antisera made ag-

-
ainst an alkali-soluble coat protein fraction of subtilis

can precipitate proteins from cells at stage II of gporula-

tion, indicating that the synthesis of the spore coat precur-jw
sors starts as early as stage II (Wood 1972). This conclu- ‘%&?'

sion is supported by the observation that spore coat pro-
teins are synthesized in mutants whosé sporulation is blocked
at stage II (Wood 1972).

,Dipicolinic acid (DPA) is synthesized at stage V

Bty I
ST
U
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(Vinte:¥a§62). The location of)DPA in spores is indefinite
(discussed in Pearce and Fitz-James 1971). All mutants blocked
before or at stage IV and some stage V mutants cannot pr@duce
' DPA e Teview by Piggot and Coote 1976). It is generally
beﬁd that DPA 4s relat.e_d to h.eﬁt-resistance of gpores (see
reviewy by Hanson gﬁ al. 1970). Murrell (1981) suggests that
the heat-resistance may be the result of intéractions of DPA or
Ca-DPA complex with macromolecules such as DNA.and proteins.
On the other hand, some DPA—less mutants have been shown to be
able to form heat-resistant spores (Hanson et al. 1972;
Zytkovicz and Halvorson 1972). The spores produced by these
mutants tend to lese heat- re51stance upon storage and do not
germinate in v&ious liquid medlé///Hanson et al (1972)
suggest that DPA may be requ1rea_?bf malntalnlng the estab-.
lished heat-resistance and for normal %ef&ination.

A
3. Genetic studies on sporulation ™~

L

Spizizen (1958) has reported the DNA-mediated trans-
formatlon for tryptophan auxotrophy in B. subtlllé Takahashi
(1961} has discovered bacterlophage PBS1 and successfully

"used this phage in transduction crosses.. The size of trans-

formlng DNA‘ixagggnts varies from about 10° 7

to lO daltons,
which is less tha%® 0.5% of the,égilip chrpmosome of B.

subtilis. The small size of traqﬁformlng DNA allows fine ge-



13

netic analysis of closely linked mutant genes. At the same
time, this situation makes the construction of a continuous
linkage map extremely difficult. Transducing particlés of
- phage PBS1l, on the other hand, transfer as much as 5-8% of the
donor chromosome into recipient cells (Yamagishi and
Takahashi 1968a). Phage PBS1 has been useful in construct-
ing the circular genetic map of B. subtilis (Lepesant-
Kejzlarova et al. 1975). By the use of transformation and
traﬁgduction, numerous mutations affecting sporuiation as
well as those affecting vegetative functions.have been gene-
tically characterized (see review by Henner and Hoch 1980).
Genetic analyses involving spo mutations were fifst
carried out by transformation. The spo mutations are defined

as mutations that affect sporulation but do not affect vegeta-

tive growth. It has been shown that there are a number of

e

spo loci that contrel different stages of sporulation
(Schaeffer et al. 1959; Schaeffer and Ionesco 1960; Spizizen
1961) . Takahashi (1965a, 1965b) has studied spo mutations

by PBSl-mediated transduction and by transformation and es- -
tablished the first linkage map for spore genes in B. (:H\\\

—

subtilis. Since then at least 33 spo loci have been iden-
tified on the chromosome of B. subtilis (see review by Piggoﬁ
and Coote 1976). Among them, nine are spo0 loci that con-

trol the earliest stage (stage 0 to I) of sporulation. These

loci have been designated as spo0OA, spo0B and so on according
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to the phenoﬁypes of the mutants and their map positidns.
Other spo locis including seven stage I1I, five stage III,
seven stage IV and five stage V loci have been alsa identi-
fied (Piggot and Coote 1976).

As spoQ mutants have a block at the earliest stage
of sporulation, studies with these mutants have been exten-
sively carried out to obtain information on initiation of
sporulation. = Mutations in the spoQ loei often result in
pleiotropic phehotypes. As discussed earlier, many gﬁgg
mutants are not only defective in sporulation but are also
unable to produce proteases and antibiotics. They also fail
to show an increase in the enzymatic activities of the TCA
cycle and the respiratory chain. In addition, many spol
mutants- appear to be hypersensitive to antibiotics producgd
by wild-type strains of the same species (Ito et al. 1971). .
They are also hypersensitive to polymixin B (Guesvin-Michel
1971a; Michel and Millet 1970) which is known to bind prefe-
rentially to phospholipfds (Sebek 1967). Many spo0 mutants
are sensitiv® to several bacteriophages that are unable to
infect wild-type cells (Ito and Spizizeﬁ 1971).. According
to these authors, this trait may be related to the membraﬁe

since it has been shown that in Escherichia coli certain mem-

brane proteins are involved in the restriction of phage T4

(Frankel et al. 1968).

The loss of transformability is often observed in

L ¢



15

spoQ“mutants (Spizizen 1965). In B. subtilis, mesosomes
which are membranous vesicles, are considered to be involved
in the establiéhment of the competent stage for transforma-
tion (Vermeulen and Venema 1974). Smith et al. (1983) have
recently shown that a-membrane-bound protein is responsible
for the binding of transforming DNA and is present only in N
competent cells. X
Moreover, spo0 mutants are often found to be hyper-.
producers of a membrane-bound enzyme, nitrate ;Eatgtase A
(Bohin et al. 1976a). During the last two genera?éﬁggﬁaf‘\
growth, the phospholipid composition of spoQ mutants appears
to be different from that of wild-type strains (Rigomier et
al. 1974). All these results suggest that the pleiotropic
phenotypes of the spo0 mutants may have been resulted from
certain alterations in the membrane (Ito et al. 1971; Ito
and Spizizen 1971; Schaeffer gé al. 1971; Bohin et al. 1976a).
The functions affected by the spo0 mutation# have
/been invest;gated by isolating their syppressor mutations.
Some $po0A mutations can be suppressed by either a nonsense
suppressor (Hoch and Spizizen 1969) or a missense suppress-
or (Hoch 1971). These authors sugg;st that‘the spo0A gene
product may be a protein which is required for the positive
control of sporulation. In agreement with this view,

Trowsdale et al. (1978a) have reported that the spo0A muta-

tions are recessive to the wild-type allele in the svoOA/sp_o+

I 4
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partial diploids. The spoQB gene product has also been su-
ggested to be a protein from the observations that the
spo0B” allele is dominant over the spo0B ﬁutations in partial
diploids (Hoch et al. 1978) and that some mutations in the
spo0B locus result in Spots phenotype (Hirochika et al.
1981). Recently, the gggggf gene has been éloned by several
groups of investigators (Hirochika et al. 1981; Bonamy and
Szulmajster 1982; Ferrari et al. 1982). The cloned gggQ§+
gene codes for a polypeptide which has a molecular weight
of 39,000 (Hirochika et al. 1981) or 24,000 (Bonamy and
Szulmajster 1982). This protein is synthesized in both ve-
getative cells and sporulating cells (Hirochika et al. 1981).
Several investigators have studied partial suppressor
mutations which overcome some of the pleiotropic effects of
SpO0A and spo0OB mutations. The partial suppressor mutations
include cpsX (GuespinMichel 1971a, 1971b), abs (Ito et al.
1971), tol (Ito 1973) and abr (Trowsdale et al. 1978b).
These mutations are capable of reverting the pleiotropic
phenotypes of the spo0 mutants but not the 4sporogenous
phenotype. Shiflett and Hoch (1978) have found that the

spo0A abrB double mutants differ from the parental spo0A

strains in one of several ribosomal proteins. These authors
suggest that the spo0A strains may be defective in trans-
lation of mRNA that are related Eb the pleiotropic pheno-
types such as the production og/broteases and antibiotics.

/
/

\
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This defect can be overcome by abrB mutations which alter
~

the ribosomal protein (Shiflett and Hoch 1978).

Dubnau et al. (1981} have cloned a DNA fragment from

B. licheniformis which can complement spoOH mutations of B.
subtilis. The cloned DNA fragment codss for a 27,000-dalton
polypeptide. It is not clear whether the spoOH gene of B.
subtilis is homologous to this cloned DNA fragment of B.

licheniformis (Dubnau et al. 1981).

In spite of the above investigations, the exact
functions affected by the spo0 mutations and the identity

ra
of the spo0 gene products are still unknown. \\\_//
LR
' ’ -‘«*
4. Transcriptional and translational control of sporulation

(1). Transcriptional control

It has been found that some bacteriophages such as
B3 and ¢e can grow in vegetatively growing cells but not in
sporulating cells (Yehle and Doi 1967; Sonensheinland Roscoe
1969) . Losick and Sonenshein (1969) have observed that RNA
polymerase from vegetative cells can transcribe ¢e DNA, while
that from sporulating cells fails to do-so. These authors
suggest that there 1is a change in template specificity of
RNA polymerase occuring at the beginning of .sporulation.

Sporulating cells are known to synthesize new species

of mRNA that are absent during vegetative growth (Doi and



Igarashi 1964; Aromson 1965; Yamagishi and Takahashi 1968b;
Di Cioccio and Strauss - 1973; Sumida-Yazumoto and Doi 1974).
However, a significant number of genes that are expressed
during the vegetative growth phase continue to be transcribed-
during sporulation (Sumida-Yazumoto and Doi 1974). Doi
(1977) suggests that two types of transcription apparatus may /
exist simultaneously in sporulating cells: one type is capable
of transcribing vegetative genes and the other type is capable
of tramscribing sporulation-specific genes.

The corerenzyme of RNA polymerase from sporulating
cells is found to be associated with several types of spo-
rulation-specific polypeptides that are not normally found
in vegetative cells (Nishimoto and Takahashi 1974; Duie et
al. 1974; Linn et al. 1975; Fukuda and Doi 1977). Fukuda and
Doi (1977) have observed that a species of RNA polymerase
from sporulating ceils contains a polypeptide with molecular
weight of 28,100 (61) or 20,000 (62). The transcriptional
activities of §-containing enzyme are higher than those of
vegetative holoenzymes when assayed with poly (d(AT)) as
template, indicating a regulatory role of the ¢-factors
(Fukuda and Doi 1977). These authors suggest that the new
(forms of RNA polymerase recognize a new set of genes that
are necessar& fér the process of sporulation.

Losick and his co-workers (Haldenwang and Losick

1979; Haldenwang et al. 1981) have identified three forms of
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B. subtilis sigma factors (o~ 7, ¢ and 529) which confer

distinct promoter specificity to the RNA polymerase. The

o 37 29
RNA polymerase containing o or ¢

are able to transcribe
two cloned sporulation-related genes (0.4kb and spoVC) in
vitro, whereas éhe enzyme containing vegetative sigma factor
(055) fails to do so (Haldenwang and Losick 1979; Haldenwang
et al. 1981; Moran et al. 198la). The nucleotide sequences
of the promoter regions in the cloned 0.4kb and spoVC genes
differ significantly from those of the cloned vegetative
genes of B. subtilis (Moran et al. 198la, 1981b). They are
also different from the E. coli promoters (Rosenberg and
Court 1979).

Evidence for the transcriptional control of sporula-
tion has been also obtained from the studies on RNA poly-
merase muténts of B. subtilis that are resistant to anti-
bioties such as rifamycin, streptovaricin and streptolydigin
(Haworth and Brown 1973; Sonenshein et al. 1974). The rifa-
myci; resistance (rfm) and streptovaricin resistance (stv) “
mutations are located in the rpoB gene which codes for the 8
subunit of RNA polymerase (Halling et al. 1977). On the
other hand, the rpoC gene which codes for the 8' subunit is
affected by the streptolydigin resistance (std) mutations
(Halling et al. 1978). Doi (1982) suggests that the

rpoB and the rpoC genes form an operon which regulates RNA

polymerase synthesis in B. subtilis. While most rfm, stv

-



and std mutants sporulate normally, some mutants are found
to be asporogenous (Spo ) or unable to sporulate at restric-
tive temperatures (Spots) (Doi 1977; Wayne et al. 1981).
Hirochika and Kabayashi (1978) have reported that a group

of rfm mutations can suppress the Spots phenotype of a fusi-
dic acid resistant mutant which has an altered elongation

factor G for protein synthesis.

(2); Translational control

The existence of translational control of gene
expression in E. coli and other bacteria (Steitz 1969; Hsu
and Weiss 1969; Dube and Rudland 1970) has prompted a search
for a similﬁr mechanism which might occur during sporulation.
Many mutants of B. subtilis that are resistant to ribosome-
;ffecting antibiotics such as streptomycin (Leighton 1974),
erythromycin (Domoto et al. 1975), spectinomycin (Graham and
Bott 1975) and fusidic acid (Fortnagel and Bergmann 1973)
are deficient in spo:ulation. The deficiencies have been
associated with changes in ribosdmal proteins (Leighton 1974;
Domoto et al. 1975; Graham and Bott 1975) or in elongation
factor G (Fortnagel and Bergmann 1973). Fortnagel ég al.
(1975) have reported that ribosomes from vegetative and spo-
ruléting cells differ in structure and sensitivity to fusi-
dic acid. Chaﬁbliss and Legault-Demare (1975) have found

that one of the initiation factors for protein synthesis



from sporulating cells has a lower activity than that from
vegetative cells in translating mRNA synthesized after SPO-1
infection. These observations suggest that changes in trans-
lational specificity might occur during. sporulation. How-
ever, there is no direct evidence showing that ribosomes
from sporulating cells can preferentially translate sporula-
tion-specific mRNA. Aronson and Del Valle (1964) have reported
the presence of long-life mRNA in sporulating cells. However,
other investigators have not been able to confirm the exist-
ence of such long-life mRNA (Szulmajster et al. 1963; Leighton
and Doi 1971). As for tRNA, no difference has been found be-
tween sporulating cells and vegetative cells in isoaccepting
species of tRNA (Vold 1975). '
Recgntly, RNA molecules that carry a polyadenylated
tail of 160-180 nucleotides at their ;Tj;;a {(poly(A) RNA),

have been found in sporulating cells of Bacillus polymyxa

(Kaur and Jayaraman 1979) and B. subtilis (QEaef-Dodds and
Chambliss 1978; Kerjan and Szulmaister 1980). Szulmajster
(1982) has observed that the proportion of poly(A) RNA in-
creases significantly during sporulation in B. subtilis.

This increase is sporulation-specific since a stage 0 mutant
fails to do so (Szulmajster 1982). The populations @f poly(A)
RNA are heterogenous in size and have messenger activities
(Szulmajster 1982). Kerjan et al. (1982) have found that a

cloned DNA fragment hybridizeable to poly(A) RNA is able to
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transform a spo0B mutant to gggggf. From these results,
Szulmajster (1982) suggests that poly(A) RNA may be trans-
ctibed from DNA sequences that contain spo genes. Jayaraman
and Murthy (1982) have proposed that in B. polymyxa early
spore genes ma%?pe entiched in d(AT) sequences and located

in the membrane-bound DNA. Szulmajster (1982) speculates that

poly(A) may be necessary for protecting the newly synthesized

mRNA during sporulation.

5. Initiation of sporulation : . -

(1). Modification of RNA polymerase

As discussed earlier, several lines of evidence
suggest the existence of transcriptional control of gene
expression during sporulation. Modified forms of RNA poly-
merase which contain various sigma-like factors are sqggested
to play an important role in the sequential expression of
sporulation-specific genes (Fukuda and Doi 1977; Haldenwang
and Losick 1979; Haldenwang et al. 1981).

Losick (1981l) suggests that spo0 gene products may
be involved in the modification of RNA polymerase. A single
mutation in the spo0 genes often causes pleiotropic effects
and changes the synthesis of several proteins (Brehm et al.
1975). Losick (1981) proposes that the spol gene products

may interact with the transcriptional or translational ma-

TN

—
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chineries of vegetative cells. According to the same au-
thor, the spc0 gene products, which are ''vegetative proteins”
are components of a pathway that senses the nutritional con-

dition of cells. In vegetative cells, one of the sigma fact-

ors, g2 or 037 binds to the core enzyme of RNA polymerase.

Upon nutrient deprivation, the spol gene products turn on

early sporulation genes by direct or indirect interaction

37

with the ¢~ -RNA polymerase or with the promoters that can

be recognized by the 037-RNA polymerase. The spo0 gene pro-

>3 and 037 from the core enzyme and

replace them with a new sigma factor; 029 which allows the

ducts would then remove g

transcription of genes that are expressed in stages II and
III. As Losick (1981) has pointed out, a test of this model
requires information on the genes that code for different
sigma factors and the mode of action of the spo0 gene pro-

ducts.

(2). Highly "phosphorylated nucleotides

Rhaese et al. (1975) have identified a number of
highly phosphorylated adenine nucleotides that appear during
the onset of sporulation of B. subtilis. Two of these nucle-
otides, ppApp and pppApp,‘are:synthesized by riboscmes of .
sporulating cells but not by those of spoQ mytant. cells
(Rhaese et al. 1977). Anoth;r ﬁucieotidg, PPPAPPP, is syn-

thesized by a membrane-bound synthetase (Rhaese and

—



Groscurth 1976). The pppAppp synthetase is present duriﬁg
vegetative growth but does not start to synthesizelpppAppp
until phosphorylated metagolites of glucose are used up
(Rhaese and Groscurth 1976). Mutants which accumulate
sugar-phosphates and fail to sporulate cannot synthesize
PPPADPPPD. Tﬁese results have led Rhaese and Groscurth (1976)
to propose that the synthesis of pppAppp upon nutrient de- ,,/////
ficiencies triggers initiation of sporulation. Since mutants
carrying spoQF mutations are unable to produce this nucleo-
tide, Rhaese;ggxél. (1977) suggest that the spoQF gene may
code for the synthetase for pppAppp. However, the pﬁrified
preparation of pppAppp synthetase has not been available -

for its charactegization.‘ Several. other laboratories have
not been able ﬁo detect pppApvp under their sporulation cén-
ditions (Nishino et al. 1979; Smith et al. 1980). Recently,
Kawamura and Saito (1983) have shoﬁn that an intefgenic sup-
pressor mutation, sofl, can fully restore sporulation of a
‘mutant in which the spoOF gene promoter and a part of thé

structural gene have been removed by a 0.7kb-deletion. -

(3). Deprivation of guanine nucleotides and stringent

response

Freese and co-workers (Mitani et al. 1977; Freese et
al. 1978) have found that leaky purine-requiring mutants spo-

rulate well in the presence of excess glucose, ammonia and

-
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phosphate when exogenous purine supply is limited. These
authors have also found thrat the inhibitory effect of glucose,

,~ ammonia and phosphate can be overcome by the addition of ha-
dacidin and decoyinine which are inhibitors of purine nucle-
tide synthesis. With the exception of 6é-azauracil, none of
the inhibitors of pyrimidine nucleotide synthesis has the sti-
mulatory effect on sporulation (Freese et al. 1978). Alth-
ough 6-azauracil inhibits de ggzg'UMP synthesis, it also

causes a decrease in GIP level (Lopez et al. 1979). Hadaci-

ad Ltor of AMP syrnthesis, lowers the concentrations

34
A6 .
decoyinine, an inhibitor of GMP synthesis, decreases

d GTPqén wild-type cells (Lopez et al. 1979).

the concentration of GIP, while increasing the concentration
of ATP (Lopez et al. 1979). Under various conditions known
to initiate sporulation, there is always a decrease in the
level of GDP and GTP. The level of adenosine, cytidine and
uridine di- and triphosphates increases in some cases and
decreases in other cases under the same conditions (Lopez et
al. 1979, 198la). Freese and co-workers conclude. that a
decrease in the level of GDP and GIP is important in initia-
tion of sporuiation

Lopez et al. (138ibj—have reported that sporulation
can be initiated by the stringent fesﬁonse under conditions
of partigi depfivation of amino acids and the initiation of

sporulation is accompanied by a decrease in GTP level. Re-
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laxed mutants (relA) which are unéble to produce the stringent
response do not sporulate amder the same-conditions, neither
show the decrease in the level of GTP (Lopeé et al. 1981b).
These authors suggest that the initiation of sporulation by
the stringent response is due to the decrease of GTP level
rather than the accumulation of ppGpp and pppGpp. Ochi and
Freese (1983) have shown that a number of ribosome—affectiﬁg
antibiotics such as chloramphenicol and fusidic acid inhibit
sporulation by preY?gzing the stringent respvonse. Again, the
inhibitory effeéf’%f these aﬁtibiotics can be counteracted

—_—

by the addition of decoyiﬁine (Ochi and Freese 1983).

(4). Importance of the membrane

~\

It has been known that the activity of membrane-
bound electron transport system increaseg/éggnificantly at
the onset of sporulation (Felix and Lundgren 1973; Taber et

\UEL' 1972; Weber anQ'Broadbent 1975). Mutan?ifﬂhjéhﬁdo not
show such an increase are often asporogenous (Taber et al.

1972; Taber and Freese 1974). 1In agreement with these re-
]

sults, changes ;é,the composition of membragg_?%oteins du-
ring early stages of sporulation have been also detected

(Goldman 1976; Andreoli et al. 1981).

The plelotronlc Dhenotypes of spo0 mugants discussed

earller have been suggested to be the result of alteratloﬁ%
J

S
in the membrane (Schaeffer et al. 1971; Rigomier et al.

\
- Al
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1974). The abs mutations, which can suppress some of the
pleiotropic phenotypes of spofA mutants have been found to
affect‘the eletrophoretic pattern of membrane proteins (Ito
and Spizizen 1972). Bohin et al. (1976b) have shown that
ethanol, which changes the phospholipids of the mémbrane
(Rigomier et al. 1980), blocks sporulation at stage 0. Bohin
and Lubochinsky (1982) suggest that successful initiation of
sporulation depends on the proper rearrangement and interac-
tion of membrane constituents. Furthermore, Wayﬁe et al.
(1981) have shown that the SpotS phenotype induced by anti-
biotic cerulenin, an inhibitor of fatty acid synthesis (Wille
et al. 1975), can be physiologicall§ suppressed by the addi-
tion of fibosg ér synthetic lipids into the culture media.
The Spots phenotype of various mutants which are affected in
RNA polymerase or ribosomes can alsc be suppressed by various
carbon sources or synthetic lipids (Wayne and Leighton 1981).
- The same authors suggest that a correct state of membrane
synthesis or functions.is a critical reguirement for in-
itiation of sporulation.

-

L
6. - Inhibition of sporulation by catabolites

(1). Effect of catibolites on developmental processes

Relatively high concentrations of glucose and other

carbon sources are known to suppress sporulation of B.



subtilis (Schaeffer et al. 1965; Freese et al. 1970).
Schaeffer et al. (1965) have found that cells‘svbrulate du-
ring the exponential growth phase at a probability which de- )
pends on the_natﬁre of both the carbon and the nitrogen sour-
ces present ln the medium. These authors suggest that spo-
rulation is repressed by carbon- and nitrogen-containing ca-
tabolites $hich control the synthesis of a sporulation-spe-
cific protease. F}eeséiﬁnd co-workers (Freese et al. 1972,
1974; Oh et al. 1973) have Teported that mutants which accumu-
late various catabolites in cells because of the subsequeht
metabolic block by mutations fail to sporulate. At leasgﬁﬁ\\.“ S
three compounds, glucose-6-phosphate, glycerolphosphate, and
é heitherto unidentified compound derivéd’frOmImalate havé
been found to suppress sporulationm.

Glucose is also known to inhibit other bacterial
developmental processes such as flagellar formation (Adler
and Templeton 1967). The formation of flagella requires 25

specific gene products (for review see Silverman and Simon

197%). Mutant strains of E. coli and Salmonella typhimurium

defective in adenylate cyc%ase-are_unable ﬁo-form flagella

(Yokota and Gots 1970). Dobrogosz "and Hamilton (1971) have
observed that the addition of cAMP toj;ild-type cultures of
E. coli grown in the presence of glucose can release the ca-

tabolite repression of flagellar formation. Thus it appears

that cAMP plays an important role in flagellar formation.
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Silvérman éﬁd Simon (1974) have reported that a c¢fs mutation
‘aliows the formation of flagella under the condition of ca-
tabolite repression. These authors suggest that the cfs mu-
tation'permits the tran;cription of its adjacent flal gene
even when the cAMP-CAP éomplex is absent. According to these
authors, the flal gene product may in turn/induce the expres-
sion of other flégella-specific genes.

. The relation between catabolite repression of.indu-
cible enéymes-and inhibition of sporulation by catabolites
in B. subtilis has been studied by several investigators.
Coote (1974) has found that, when chromosome repliéation of
a thymigglrequiring mutant is blocked by thymine starvation,
~ the iﬁductibn of several enzymes such as histidase, sucrase
and a-glucosidase can proceed normally while sporulation
cannot be.initiatédf\\The author copcludes that the mechanism
for overcoming the inﬁibition of sporu&ation differs from .
that involved in overcoming the repres;ion of inducible en-
zymes. Takahashi (1979) has shown that some crs mutants
that are resistant to glucose and other carbon sources for
sporulation a?e not resistant in induction of acetoin dehf—
drogenase. It is concluded that tﬂére is no necessary close
relation between catabolite repression of this enzyme and that
of sporulqpion (Takahashi 1979). Lopez et al. (1980) have
reported that, in the presence of excess glucose, the addi-

tion of decoyinine can initiate sporulation but cannot over-
¥
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come the catabolite repression of inducible enzymes such as
acetoin dehydrogenase, inositol dehydrogenase and sorbitol
dehydrogenase. These authors conclude that the .mechanism
which represses the syntheses of\Ehese enzymes differs from

that which inhibits sporulation.

d
.

(2). Effect of catabolites on induction of enzymes

Makg?n and Sutherland .(1965) have found that the
— .

¥, . . ..
*_intracellular concentration of cAMP in E. coli is low when

/. the synthesis of inducible enzymes is repressed by glucose.

This observation suggests a positive control by cAMP in the
regulation of inducible enzyme synthesis. The action o?/gég?
requires a protein factor, CAP (Emmer et al. 1970). 1It is
generally believed that the cAMP-CAP complex binds to the
promoter site of catabolite sensitive operons, whicﬁtallows
the transcription of these operons. The enzyme for the syn-
thesis 6f“cAMP, adenylate cyclase, is associated with the
membrane. Glucose and other carbon sources may lower the
intracellular concentration of cAM? by inhibiting the acti-
vity of this enzyme. |

In B. suﬁtilis, the synthesis of aﬁ indd{ible en-
zyme, acetoin dehydrogenase is repressed by various bhospho-
rylated intermediates (Lopez and Thoms 1977). Recently,
Fisher and Sonenshein (1984) have isolated a mutant which

lacks glutamine synthetase. 1In this mutant the syntheses of
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several enzymes such as aconitase, histidase and citrate
synthase are relatively insensitive to catabolite repression.
Fisher and Sonenshein .(1984) suggest that either the gluta-
mine synthetase protein or the product, glutamine is involved
in the regulation of several metabolic pathways in B. i
subtilis. Fisher and Magasanik (1984) have also isolated a
mutant which can synthesize aconitase and histidase in the
pfesence of glucose. Since the levels of pyruvate, 2-keto-
glutarate and oxaloacetate in this mutant are lower than
those in wild-type strains, these authors suggest that these
metabolites are involved in mediating gatabolite repression
of enzyme synthesis in E.‘subtilis (Fisher and Magasanik 1984).
The foregoing observations indicate that glucose and
other carbon sources have a profound effect on both develop-
mental processes and enzyme synthesis in bacteria, ﬁowever,
in spite of repeated attempts made by several investigators,
the presence of cAMP and adenylate cyclase has not been demon-
strated in Bacillus species (Ide 1971: Setlow 1973; Bernlohr

t al. 1974). At present, the mechanism by which the cata-

bolites inhibit developmental processes and enzyme synthesis

in §:‘sg€tilis is still not clearly understood.

(3). Catabolite resistant mutants for sporulation

In B. subtilis, mutants that are able to sporulate in

the presence of glucose and othWer carbon sources have been

!
i
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{
isolated in several laboratories. Freese et al. (1970) have

described a mutant which is capable of sporulating in the
presence of glucose. This mutant lacks phosphoenolpyruvate
transferase activity and cannot grow with fructose as the sole
carbon source. Ohné and Rutberg (1976) have isolated a mu-
tant whose sporulation is resistant to glucose as well as
maiate. These authors suggest that glucose and malate inhi-
bit sporulation possibly through a éommon mechanism., TIto

and Spizizen (1973) have isolated a number of catd mutants
that are insensitive to glucose in sporulation. Dod and
Balassa (1978) suggest that their scoC mutants may be iden-
tical with the catA mutants. The ggggP mutant reported by
Kunst et al. (1974) is capable of sporulating in the presence

of glucose. The catA, scoC and sacUh mutants described by

the above authors_are found to be hyperproducers of protease.
To obtain information on initiation of sporulation,
Takahashi (1979) has isolated a number of B. subtilis mutants
(crs mutant!ﬁ which are able to sporulate in the presence of
glucose and other carbon sources at 55mM. Takahashi (1979)
has found that mutants which are isolated with fructose,
gluconate, mannose, ribose and malate as selective agent are
also resistant to glucose. Similarly, mutants that are iso-
lated with glucose as selective agent are also resistant to
carbon sources other than glucose. ?akahashi and MacKenzie

(1982) have shown that the catabolites block sporulation of



wild-type strains at stage 0, while the crs mutants show the
normal morphological changes of spore formation. These auth-
ors therefore suggest that functions which are inhibitea in
wild-type cells by the cataboliEes but not in the crs mutants
may be important for initiation of sporulation. ’

To elucidate the mechanism by which crs mﬁtants show
resistance to catabolites, the effect of a number of inhi-
bitory agents on sporulation of these mutants has been in-
vestigated (Takahashi and MacKenzie 1982). It has been found
that, while sporulation of wild-type strains is inhibited by
novobiocin and acridine orange, some of the c¢rs mutants are
resistant to these agents. Since single mutations carried by
these mutants confer resistance to catabolites as well as |
to these two agents, Takahashi and MacKenzie (1982) suggest -
that there may be some common paths befween the effect of ’
catabolites and that of these agents. §i/

Takahashi (1979) has found that, although most of
the crs mutants are nesistant to glucose for sporulation,
only those which are isolated with fructose or glucose as
selective agent are able to synthesize acetoin dehydrogen-
ase in the presence of glucose.r The crs mutants differ
from each other also in their sensitivity to the inhibitofy
effect of novobiocin and acridine orange on sporulation

(Takahashi and MacKenzie 1982).

The present thesis includes the following investi-

~

-



gations on the crs mutants :

(1) To establish relations between the ¢rs mutants,
genetic mapping of the mutants was carried out by transduc-
tion and transformation.

(2) Biochemical and physiological characterization
of the crs mutants were undertaken to identify the functions
that are affected in the mutant strains.

(3) Since suppressor mutétions are useful in deter-
mining the function affected by a mutation and interrelations
between groups of mutations, attempts were made to isolate

mutants which showed the CrsS (sensitive to catabolites for

'sporulation) phenotype due to the presence of a suppressor

mutation. The efféct of the suppressor mutations and other

[

mutations such as rfmll, revé4, ervl, and reld on sporulation

of the crs mutants was also investigated. -




Chapter 11
MATERIALS AND METHODS

1. Symbols and abbreviations <::“““/,

The units of length, weight, volume and time were

abbreviated as in the Canadian Journal of Microbiology.
The following abbreviations were used to designate
mutants that are resistant to various carbon sources for

sporulation (Takahashi 1979):

Yy
GLU : , . glucose
GLN | gluconate
FRU fructose
B MAL 7 malate !
MAN mannose |
RIB ribose

Symbols to designate the genotypes and the pheno-
types of mutant strains were according to Demerec et al.
(1965). The following symbols were used to designate the

genotypes of mutant strains used in this study:

crsA, B, C, D, E, F catabolite-resistance for {f
. ’ sporulation
sca ' . suppressor for c¢rs muta-
tions v
rfm rifamycin resistance ‘
o = - : (
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std . streptolydigin-resistance

stv streptovaricin-resistance

hS

The following symbols were used to abbreviate

various phenotype

CrsR () ! ' catabolite resistant
\ (sensitive) for sporu-
N lation
S~
EryR (8) ervthromycin resistant
(sensitive)
Rme () rifamycin resistant
(sensitive)
Sth (8) streptovaricin resistant
(sensitive)
Sth-(s) _streptolydigin resistant
(sensitive)
StrR (S) streptomycin resistant
(sensitive)
+
_Spo sporogenous
- Spo : asporogenous
Spots temperature sensitive
- for sporulation

2. Bacteriopﬂ%ge'amd bacterial strains

Bacteriophage PBS1 (Takahashi 1961) was obtained
from our laboratory stock. The phage-was maintained in
spores of B./subtilis acéording to Takahashi (1964).

Strains of B. subtilis used in this study are listed

in Table.l. Sporogenous strains were maintained on
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Table 1.

——r

Bacterial strains used

Stréin Genotye Source
SB19E I. Takahashi
WS strAl I. Takahashi
WSnal strAl pnalAl I. Takahashi
Kit-1 trpCZ‘purAlﬁ cysAlég R. A. Dedonder
Kit-2 £rpC2 aroI906 dall R. A. Dedonder
purB33
Kit-3 C23§re12 metC3 R. A. Dédonder
Kit-4 rpC2 pyrDl ilvAl R. A. Dedonder
t:hyAl thyBl
Kit-5 trQCZ gltA292 R. A. Dedonder
Kit-6 trpC2 axoDl20 lysl R. A. Dedonder
Kit-7 ‘trpCZ leuA8 aroG932 lR. A. Dedonder
: aldl
Kit-8 trpC2 hisAl thr5 R. A. Dedonder
Kit-9 trpC2 sacA321 ctrA4dy R. A. Dedonder
GLU-47 strAl crsA4? I. Takahashi
GLU-1 crsAl I. Takahashi
FRU-4 crsAéb I. Takahashi
GLU-40 crsB4Q L. Takahashi
RIB-2 crsCl - I. Takahashi
GLN-2 crsC2 I. Takahashi
MAN-1 crsDl crsEl "'I. Takahashi
» - =
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Table 1. Continued

Strain Genotype Source
MAN-A1 crsDl MAN-1 td CS20
MAN-B1 crsEl MAN-1 td €821
—_— —_—
MAL-4 crsF4 I. Takahashi
1A177 ery-1 guaAl BGSC
1A187 trpC2 ksgAbl8 thvAl BGSC
thyB1l
14248 trpC2 rfm590 BGSC
1S17 trpC2 spoQE1ll pheAl BGSC
CB400 eryl T. Leighton
€B2401 ~ . eryl revé | T. Leighton ;
IS56 reld lysl trpC2 .I. Smith ;
§
CS1 trpC2 crsA4? GLU-47 td Kit-6 %
CSZ ‘t?pCZ aroDlEdfcrsA47 GLU-47 td Kit-6
CS3 trpC2 lzsl(;rsAAY GLU-47 td Kit-6
CS4 , £rpC2 crsal GLU-1_etd Kit-6
cSs £rpC2 crsak FRU-4_ td Kit-6
—LtS¢ 1
cs13 trpC2 metC3 trel2 Kit-3 Gly® revertant.
CcS14 trpC2 pyrDl trel2 Kit-4 Thy' Ilv' rever-
: tant
CS19 purAlé cysAlé Kit-1 Trp+ revertant
€S20 : purAlé . WS tf €S19
Cs21 .cysAls WS tf (CS19
‘-7
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faﬁ&§ 1. Continued

Strain Genotype Source

CsS22 ' WS tf CS21

€823 stTAl Ws_tef (CS21

CS24 ersDl crsEl MAN-1 td .CS21

CSs27 cysAld crsDl - MAN-1__td ,CS19

CS28 | purAlé crsDl MAL-A1 td CS19 .

CS29 strAl crsEl WS __tf MAN-B1l

C530 rfml crsEl : Spontaneous Rfm® mutant
of MAN-B1

__CS31 rfmll crskl Spontaneous Rfm® mutant

of MAN-B1

CS33 rfmll : CS31__tf cCs22

CS35 rfmllastrAl CS31__tf .cs23

CS3e ‘ rfmll sﬁrAl crsié CS35__td FRU-4

CS37 rfmll strAl crsCl . €835 td RIB-2

CS38 rfmll strAl crsF4 CS35__td MAL-4

CS39 rfmll strAl crsDl CS35_ td MAN-AL

€S40 rfmll crsA47 CS33__td GLU-47

CS4l (: rfmll strAl crsC2 CS35__td _GLN-2 :

CS.70 | :;g%%zgrisgz trpC2. GLU-47 tf Kit-6

CS71y metC3 crsF4 trel? MAL-4_ tf CS13

CS75 std4 crsEl Spontaneous Sth mutant
of MAN-B1 .

A\
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. Table l/. Continued
Strain Genotype - Source
N
g Ccs88 stv23 Spontaneous Sevt mutant
of CS22
CS90 stv27 | . ‘Spontaneous St¥™ mutant
_ / - of CS22
— cs122. ¥ strAl crsA47 scal9 MMS mutagenesis of
CS123 strAl crsA47 scall i
A\\\\S;\hﬁ_—/NE .i .
CS1l4 trAl crsA47/z21ldl GLU-47 tf Kit-7
aroG932 trp@Z * ’ r
& '
CS1l46 strAl crzd47 thrS GLU-47 tf Kit-8°
hisALl txrjpC2 . S
\ Y ' v ' .
C5225 . stv53k§trAl EMS mutagenesis of, WS
N .
CS249 crsAl scal9xr\\ cS122_ tf CS4
crsAd scald CS122 Ff CS5
- C5256 std201 strAi\ “EMS mutagenesis of WS
(4:\\ CS277 stv53 std201 itrAl . 08225 tf (CS256
€S294 stg339 syd201 strAl EMS mutagenesis of CS256
’f,H/észga ' étrAl crsCl thrs CS146_ tf RIB-2
C5299 < strAl sgjél thr5 p8146 tf MAN-B1
C3300 ¢ StrAl craf4 thrs-'f¢B +~) CSl46_ tf MAL-4
CS302 s strAl crsDL ‘ CS146 tf MAN-Al
CS304 strAl scal9 crsF4 CSI%? td ECS§OO
CS305 . strAl crsF4 CS122__td ,CS300
g >~

—— .
C ' . A
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Table 1. Continued

trpC2

Strain Genotype Source
CS306 strAl scal9 c¢rsCl CS122 td _CS5298
CS309 strAl scal9 crsEl | CS122 rd _CS299
CS318 strAl sca27 crsA4? CS123 ¢f (CS870
aroD120 trpC2
CS319 strAl scalQ crsA4? cS1l22 «¢f LCS70
aroDl120 trpC2
CS320 strAl scal9 trpC2 WS- td _CS319
CS327 strAl revé WS td .CB2401
CS?;O eryl crsd4d? CB400 td GLU-47
CS331 eryl crsCl CB400 td RIB-2
CS332 eryl crsDl CB400 td CS302
C5337 eryl crsF4 CB400  td- CSBQS
CsS338 eryl std4 crsiEl CB400 tf _CS75
CS340 strAl scal9 cysAlé CS21 tf _CS320
CS341 scal9 crsDl MAN-A1 td _CS340
] 5365 relA crsDl trpC2 MAN-1 tf _IS56
QS370 crsEl leuA8 trpC2 MAN-1 tf Kit-7
CS372 leuA8 trpC2 MANfl tf VKitf7
| CS373 crsCl leuA8 trpC2 RIB-2 tf Kit-7
CS374 - strAl leuA8 trpC2 WS tf Kit-7
CS375 strAl crsF4 leuAl CS8374 tf MAL-4
CS377 strAl crsA47 leuA8~ €S374 tf €Sl

—_—y
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Strain Genotype _ Source

CS384 ‘TelA trpC2 IS56 td EC5372
£s387 relA crsCl trpC2 IS56 td .CS373
CsS391 relA crsEl trpC2 IS56  td _CS370
CS395 strAl .relA crsF4 IS56 td iCS375
CS410 gtrAl relA crsA47 trpC2 IS56 td _CS377
BGSC:

tf

Bacillus Genetic Stock Center of the Ohio State
University. .

, transformation; td , transduction mediated by
phage PBS1. Arrows point from the donor to the
recipient.
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Schaeffer's Sporulation (SP) agar at 4°cC. Asporogenous
strains were kept frozen at -40°C in Difco Penassay Broth

(PA) containing 15% glycerol.

3. Media

(1) . Difco Penassay Broth (PA) .

(2). Difco Tryptose Blood Agar Base (TBB)

(3). Spizizen's Minimal Medium (MM) (Spizizen 1958)

(NH#)ZSO& 2.0 g
K, HPO, -14.0 g
KH2P04 | 6.0 g
Sodium citrate 1.0 g
MgSO,, . 7,0 o2 g
Distili;d'water 1.0 liter

The pH of this medium was ddjustedsto 740, After
autoclaving, 50 mL of 10% glucose was added. MM agar
contained 15 g of Bacto-agar (Difco) per liter. For the
growth of auxotrophic strains, the medium was supplemented
with appropriate amino acids (20 ug/mL), purines (50 ug/mL)
or pyrimidines (50 ng/mL) .

43



(4) . Schaeffer's Sporulation Medium (SP) (Schaeffer et al.
1965) . /

Nutrient Broth (Difco) 8.0 g

KC1 1.0¢g
Mg504.7H20 0.25 g
MhClz.AHZO (1.9%) 0.1 mL
Distilled water 1.0 liter

The pH of this medium was adjusted to 7.0. After
autoclaving, 7.1 mi- of FeSOa.7H20 (0.277) and 10 mlL of
Ca(N03)2.4H70 (2.3%) were added. SP agar contained 15 g of

Bacto-agar (Difco) per liter.

(5) . _Takahashi'& Spore Basal Medium (SBM). (Takahashi 1979)

N ‘
KZHPO4 ‘ 14.0 g u
KHZPO4 6.0 g
MgSOA.7H20 ’ 0.2 g
MnC12.4H20 (1.9%) 0.1 mL
Distilled.water 0.5 liter

The. pH of this medium was adjusted to 7.0. After

autoclaving, the following stock solutions were added prior

to use:
Sodium glutamate (10%) 50 mL
‘ Ca(NO5) ,.4H,0 (2.3%) 10 mL
FeSOh.7H20 (0.0027%) 10 mL

Carben source (0.55M) 100 mL unless otherwise
. stated
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v Distilled water final volume: 1 liter

L_sBM agar contained 15 g of Bacto-agar (Difco) per
!

‘liter. For the growth of auxotrophic strains, the medium

L3

was supplemented with appropriate amino acids (20 wug/mL),

purines (50 uwg/mL) or pyrimidines (50 ug/mL).

(6). Do;;Ee—strength Sporulation-Glucose Medium (2x5G)

(Leighton and Doi 1971)

Nutrient Broth (Difco) 16.0 g
KC1 - 2.0
g y
MgSO,, . 7H,0 N 0.5g \\“\\\H\
MnCl,.4H,0 (1.9%)° 0.1 mL
1.0 liter

Distilled wateﬁ

The pH W&S:édjﬁsted to 7.0. After autoclaving, the

following stock solutions were added:

4.

Ca(NO,) . 4H,0 (2.3%) 10 mL
FeSO,.7H,0 (0.27%) 0.1 mL | \\h\d)
Glucose (10%) 10 mL . - ‘

‘Bacterial cultures -

Liquid cultures were obtained by inoculating cells

grown overnight on TBB agar into 10 mL of a medium in a

250-mL flask. To test the effect of catabolites on sporu-

lation, cells were inoculated into SBM containing glucose

\"

v
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or other carbon sources at 55mM. To test the effect of N
various inhibitors other than catabolites, cells were grown
in SP medium and the inhib£tory agents were added at half

an hour before the end of exponential growth unless other-
wise stated. The cultures were grOWn in a water bath shaker
at 37°C for 24 h énd the growth was monitored with a Klett-

Summerson Colorimeter equipped with a green #54 filter.
«Various stages of sporulation ﬁg;e designated as follows:

o> the end of exponential growth; €yr Cpueves o, hourly
interval fhereafter. The numbers of viable cells and

spores were determined by'plating 0.1 mL of appropriatelvy di-
luted samples on-TBB agar and incubated at B?OC for 24 h.

To determine the numbers of spores, cultures (1l mL) were

heated af\égig/{n#a water béth for 15 minaprior to dilution.

[

" 5. Preparation of phage PBS1 lysates

\

Phage PBS1 lysates used in transduction crosses were
prepared and the plaque-forming units were estimated accor-
ding to Takahashi_(1963). ‘Donor strains were grown in PA h\\}

at 37°C for & h and the cultures were diluted IO“time%)with.
- y .

I
PA and infected with PBS1l phage stock at a multiﬁiidiay oL
infection of 1. The-infected cultures were shak2n at- 37°¢
<

4
for further 1 h and'then placed in an incubator at 37°C for . ¢

18 h without shaking. The cell debris ﬁere removed by cen-

ol

—

A o
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trifugation (5,000xg, 15 min) and the—zresulting lysates were
sterilized bf filtration through.a'Millé?ore membrane filter
(O.ﬁf um pore size). StEain SB19E wasvroutinely used as
indiéator bacteria to determine the plaque-forming units of

the lysates.
In some cases, a soft agar method was used to pre-

pare the PBS1 lysates.— This method was essentially the iame

as the plaque-assay technique decribed by Takahashi (1963)
except that the number of phage particles, added was much
higher (about 3-5x105 per plate). Aftexr the plates were

incubated overnight at 30°C, 5 ml of PA was added to the
- [
agar plates. The soft agar layer was collected in a cen-

trifuge tube aqé shakenlvigorously with a Vortex-Genie mixer.
2
The lysates were obtained by centrifugation and followed by

filtration. | '

L~

rd
J

4
6. Preparation of DNA

"-‘\.___-

Procedures for preparing DNA used in transformation
crosses were described by Takahashi (19654). The concentra-
fion of DNA was measured by the diphenylampite méthod
(Burton 1956). A standard Qurve was established with calf

thymus DWA solutions. . ' ' -
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7. Transduction

Procedures for transduction experiments were as
described by Takahashi (1961). Recipient cultures (2 mlL)
grown in PA for 4 h were mixed with the donor lysate at a
multiplicity of infection of about 1. The infected cultures
were incubated further with shéking for 30 min and 0.1 mL-
samples were plated on appropriate selective agar media.

&
8. Transformation

Procedures for transformation exggyiments were accor-
ding to Takahashi (1965a). Recipient cultures were grown in
PA with shaking for 4 h. The cultures were diluted 10 times
with MM supplemented with 0.01% Difco Yeast Extract and 0.01%
Difco Casamino Acids. The diluted cultures were incubated
with shaking for 90 min to establish competent state. To 2
mlL of the competent cultures donor DNA was added at final
concentrations of 0.02-0.05 ug/mL to determine the frequen-
cies of co-transformation. For -the purpose of testing recom-
bination between two unselected markers or introducing an
unseleited marker into recinient cells, DNA was added at
final concentrations of 1-2 ug/ml. The DNA-treated cultures
were incubated further with shaking for 30 min and then 2.1

mL-samples were plated o?/EQQfopriate selective agai media.
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9. Selection of recombinants: .

To select transductants and transformants from re-
cipient strains carrying auxbtrophic markers other than dal
(D-alanine), the treated cultures were plated on MM agar
supplemented with appropriate nutrients and incubated at
37°C for 2-4 days. To select Dal+—;é26ﬁbinants, samp les
were plated on TBB plates;and incubated for 18 h. To select
antibiotic resistant recombinants, 9.1 mL-samples were mixed
with 10 mlL of melted TBB agar in a petri dish and were incu-
bated Tox 3 h in order to overcome phenotypic delay. The
plates were then overlaid with 10 mL of TBB agar containing
each of the following antibiotics: streptomycin (Sigma Chem.
Co.), 2 mg/mL; erythromycin [(Abbott Laboratories Ltd.,
Montreal), 5 ug/mL; rifamycin (Sigma Chem. Co.), 100 yg/mL;
strepfovaricin, 100 wg/mL; streptolydigin, 200 ug/mL. Stre-
ptovaricin U-7750 (complex: loﬁ 11560-3) and streptolydigin
U-5481 (free acid; -lot 2677-Dev-117L) were supplied by Dr.
G.B.Whitfield of the Upjohn Co., Kalamazoo, Mich., U.S.A.
The plaggs were incubated for 2 d;§s¢///

To detect linkage relations between the selected
markers and the unselected catabolite resistance (crs) mar-
ker, at least 100 transduc;;nts or transformants from each.

cross were streaked twige on the agar plates from which

they were selected to obtain single colonies. The colonies



were examined for their morphology. The resistance to
: ’ S
glucose was deterimined in SBM containing glucose at 55mM.
When the linkage relations between the selected
marker and other upselected markers were investigated, the

recombinants were streaked as patches on appropriate agar

e "\\
- A
media.
10. Identification of relA recombinants .
== -
s
When relA mutation was used as an unselected marker,
the relA-carrying\Eg9ombisiffs were identified bY streaking
the colonies on MM agar containing norvaline at 30 ug/mL
. 1
for crs mutants other than crsA-carrying strains. A con- A

centration of 15 ug/mL was used for crs utants. Norvaline

interferes with the charging of isoleucine [tRNA, resulting

L

in the synthesis of ppGpp in rela’ strains.

The ppGpp thus
synthesized would positively regulate the syq/ﬁgsés—o£~r§6"’

leucine. An elevated concentration of iso eucine would

i, o c 4y
counteract the inhibitory effect of norvaline (Stephens

- ~

t l.‘l97§). SincL relA mutants are defective in ppGpp
synthesis gﬁﬂ’hnable to regulate the isoleucine synthesis;
they are more sensitive to norvaline than wild-tyove strains.
Under our_eiperimental condition, relA strains were wunable
to form colonies on norvaline-containing MM agar dﬁe to the

. lack of stringent resvonse. On the other hand, relat strains

A
I
B3
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formed colonies after 2-4 daye of incubation. The results
obtained were further confirmed by the amino acid-analogue

disk method of Price and Gallant (1982).

11. Mutagenesis and isolation of mutants

. e~
For isolation of antibiotic resistant mutants cells

growing exponentially in 10 mL of PA were treated w1th 0.1 mL
of ethylmethanesulfonate (EMS) obtalned from Aldrich Chem,

Co. Inc. for 20 min. The treated cells were collected by

centrifugation and washed twice with PA. The cells were then :

»
resuspended in 20 mL of PA and incubated with shaking for

2 h. Mutahts that were resistant to rifamycin (50 wg/mL),
streptovaricin (50 ug/mL) or streptolydigin\(IOO vg/mL) were
isolated by plating the treated sampleq_gn/TBB-agar contaln-
ing respective antibiotic at the concentratlon lndlcated

’
qﬁ%o determine catabolite resistance of the EMS-induced’

R
Were replica-plated on SEM containiig glucose at 55mM.

After 3 days of incubation at 37°C, colonies showing darker

pigmentation were se their sporulation in Tiquid

an
SBM containin lucose was examined,
I¥ylng mutants that were sensitive to

Suppressor-¢
glucose forﬁkggfulgtlon)were lsolated/ffﬁﬁ_zhglucose resis-

tant strain, GLU-47 (créAd?), byi the fBllowmng nrocedure

SR
\ w 7 N

. .
-~ ST
-

Rfm™, Sth and Std mutants for sporulation, the 9olonies }{E‘
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Cells of GLU-47 growing exponentially in 5 mL of PA were
treated with 0.05n0L of methylmethanesulfonate for 20 min.
The treated cells were collected by centrifugation and
washed twice with PA. The cells were resuspended in 10 mL
of PA and incubated with shaking for 2 h. To enrich the
Suppressor-carrying CrsS cells, the cells were collected-by
~ ' centrlfugatlon and resuspended in 10 mL of SBM contalnlng

——

glucose at SSmM The cultures were incubated for 24 h.
e

" Singe most GLU-47 cells began the process of sporulation
, g

“~=soon after thé Tesuspension, the proportion of mgtants that
= failed to sporulate would gradually increase duejto their
continuous growth. (Then 0.5 mL of the cultures wak mixed

with 9.5 mL of SP medium and was incubated with shaking for

5&&ﬁ‘”Tﬂe culture (1.0 mL) was heated at 80°C for 15 min to

4
eliminate the possible asporogenods mutants. The heated

samples were appropriately diluted and plated on SBM agar
containing glucose at 55mM. Colonies which showed light
pigmentation on the plates after 3 days of ipcubation at
3706 were isolated. To confirm the phenotype of the mutant
strains isolated, the frequency of spores was determined in
liquid SBM containing glucose at 55mM. Suppressor. carrying
strains that still retained the orlglnal crs mutatlon

(crsA&?) were ldentlfled by transductlon and transformatlon.
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12. Resuspension technique

In some experiments, a resuspension technique was
used to grow cells, initiate sporulation and to obtain
samples for glucose determination and enzyme assay. Cells
were grown in SP medium. At t_, . the cells were collected
by centrifugation and resuspended in the same volume of SBM

containing glucose or other carbon sources at 55mM.

13. Determination of glucose

- L ]

Cultures grown in glacose-containing media'we?e
chilled in an ice water bath and centrifuged at 5,000xg for
10 min at 4°C. . The concenérations of glucose in supernatanﬁ
fluids were determined by‘thé method of Raabho ahd:Ierkildsen

(1960) described in Sigma Technical Bulletin No. 510.

14. Preparation of cell extracts

Cell extracts used in the assay of inosine monophos-
phate (IMP) dehydrogenase and malate dehyﬁrogenaéﬁ)were
prepared according to Deutscher and é%fnberg (1968). . Cultures
(20-40 mL) were chilled in an ice water bath and cen;rifuged
gagﬁlg min at 5,0d§§g.in a reffigerated centrifuge. The

cells were washed once with-buffer A which contained 50mM

1

7/



Tris-HC1 buffer,pH 7.9, 10mM MgCiz. 10mM mercaptoethardl N
and 0.1lmM éthylenediaminetetraacapic acid;‘?Deutscher and
Kornberg 1968). The'cellé,were fésuspended in 2 mll of --
‘Buffer A contalnlng lysozyme (Worthing Blochem Co. Freehbld,
. N.J., U S5.A.) at 200 wg/mL. After incubation at 37 C for
20 min, the lysate was sonicated with a Braunsonic 1510
for 2 min. Four pulses of 30 sec were ed, with l-min
intervals between pulses. Sampiés were kept in an iée water
bath tﬁroughout sonicatian. Essentially no intact vegetative
cells could be seen under the phase-contrast microscope after
the treatment. The treated samples were centrifuged for 30

min at 17,000xg and the resulting supernatant fluids were

used fgﬁvépzyme assay and protein determination.

15.(’Engzme assavs
*

(1). IMP dehydrogenase

-» ' e -'IMP dehydrogenase was assayed at 37°C by measuring
the rate of increase in the' absorbance at 340 nm resulting
from the\reduction_of the éxidized nicotinamide adenine

dinucleotide (NAD+). A Pfe Unicam SP30 Spectroppotomete:

was used to determine the absorbance. The reaction mixture

contained 70mM Tris-HCl buffer, pH 8 5, S0mM (NHA) SOA,

___25mM glutathione, 8mM NaD " and 1mM IMP The reaction was

:"//’\sfg;teﬁsz;gdding 0.1 mL of the cell extract to a pre-warmed

5
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(37°C) cuvette (light path of 1 em) containing the reaction
mixture. A molar extinction coefficient of 6.23xlO3M-lém‘l
was used to determine the concentration of the reduced form
of nicotinamide adenine dinucleotide (NADHj. Specific

activity was expressed as nanomoles of NADH produced per ﬁin

per mg of protein.

{2). Malate dehydrogenase

Malate dehydrogenase was assayed at 37°C according
to the method of Yoshida (1969). The rate of increase in the
absorbance at 340 nm resulti;g from the reduction of NAD™
wés measured with a Pyes Unicam SP30 Spectrophotometer. The
reaction mixture contained 50mM Tris-HCl buffer, pH 8.8,
10mM sodium malate and 2mM NAD . The reaction was started
by adding 0.1 mL of the cell extracts to a pre-warmed (37°C)
cuvetfe confaining the reaction mixture. :Specific-activity

was expressed as nanomoles of NADH produced through the

oxidation of malate per min per mg of protein.

(3). Alkaline phosphatase

Alkaline phosphatase was asayed according to the
method of Ichikawa and Freese (1974) with the following
modifications. Cultures were chilled in an ice water bath
and centrifuged at 52000xg for 10 min. The cells were washed

once with 0.1M Tris-HCl buffer, pH 7.6. The cells were re-
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suspended in 1.0M Tris-HCl buffer, pH 8.0. One drop of
toluene was added into 2.5 mL of the cell resuspension in

test tubes. The_Eest tubes were shaken vigorously by hand

for 1 min and were kept in a water bath at 37°%. Tﬂe toluene-
treated cell reéuspension (0.5 mL) was added into prewarmed’A
test tubes (37°C) containing 1 mL of 1M Tris-HC1 buffer,
_pH 8.8, and 0.5 ml of 10mM nitrophenol phosphate. The mix-
tures were incubated in a water bath at 37°C for 20 min and
the reaction was stopped.by adding 1 mL of 2 N NaOH. The mix-
tures were then centrifuged at 5,000xg for 10 min. Absor-

e in the supernatant fluids at 410 NmM was measured with a
Spetctro-20 Spectrophotometer. Spec1f1c actlvyéy of alkaline
phosphatase was expressed as nanomoles oﬁhpfnitrophenbl pro-
duced per min by the amount of cells that gave an absorban
at 600 nm of 1.0 (light pa%h of 1 cm) in 1 mL. A molar ex-

tinection coefficient of 16.2::#:103}/1-1cm'1 was used to determine

the concentration of p-nitrophenol.

16. Determination of protein

~ 5 N

’

The concentrations of protein in cell extracts were de-
termined by the method of Lowry et al. (1951). To 0.5 mL of ap-
propriately diluted cell extracts, 2.5 mL of a mixture contain-

1ng 2% Na,CO,; solution in 0.1N NaOH and 0.5% CuSOa.SHZO solu-‘

' ‘.
tion in 1% sodium potassium tartrate (50:1) was added and let
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stand for 10 min at room temperature. Theh 0.25 mlL of 1IN
Folin-Ciocalteau Phenol reagent was added to the above mix-
_ture. After 30 min at room temperature, the absorbance at
750 nm was determined with a Spectro-20 Spectrdphotqmeter.

A standard curve was established with bovine serum albumin

_solutions.
-
17. Electron microscopy \\\

o

A PrpeéaEFes for electron miecroscopic examination were
e - -
described by Takahashi and MacKenzie (1982).

a 4 -

%
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Chapter III _

GENETIC MAPPING OF crs MUTATIONS
: o

1. Preliminary mapping by PBS1 transduction
. RN

-

. To detect linkage relations between ¢rs genes and
other genes which wére already well characterized, a series
of transduction experime%ts were performed with nine Kit
strains constructed by Dedonder et al. (1977). Genetic marav'
kers carried by the Kit strains are linked with each other
by transduction mediateq’by phage PBS1 and cover the entire
chromosome of B. subtilis (Lepesant-Kejzlarova et al. 1975).

. » P ..
A mutation can be located on the chromosome by examining its

linkage with these reference markers. Since our ¢rs mutants

3
- are prototrophic and are able to grow on MM containing ammo-

nium sulfate as nitrogen source and glucose as carbon source
(Takahashi 1979), it was possible to use these mutants_és
donor to transduce various auxotrophic markers carried by
the Kit strains for prototrophy. The prototrophic trans-
ductants were then examined fo; their ability to sporulate

in the presence of inhibitory concentrations of carbon sources.

It was found that mutations crsAl, crsA&7, crsAd,

crsCl and crsC2 were linked toKaroDlZO and lzél of Kit-6.
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Mutétioan;sBAO was linked to purB33 of Kit-2. Mutation
crsF4 was linked to metC3 carriad by Kit-3 and to pyrDl
" carried by Kic-4, Strain MAN-1 which was later found to
carry‘two crs mutations showed a linkage with purAl6 and

cysAl4 of Kit-1. -

2. Mapping of crsA47, crsAl and crsAéd

' /

Previous studies (Takahashi 1979; Takahashi and
MacKenzie 1982) revealed that mutant strains GLU-47 (crsA47),
GLU-1 (crsAl) and FRU-4 (crsA4) had very similar phenotypes.
These mutants were resistant to glﬁcose not only in spo—, |
rﬁlation but also in induction of acetoin dehydrogenése
(Takahashi 1979). They were also resistant to novobiocin
and acridine orange for sporulation (Takahashi and MacKenzie
1982). It is possible thﬁrefore that gﬁ;ée strains carry
mutations which afe located within a/biagle locus. This was
tested by transformation experiments in which the constructed
. strains CS1 (trpC2 crsA47), CS4 (trpC2 crsAl) and CS5 (troC2

g;géﬁ);were‘tfﬁﬁgkormed for prototrophy with relatively high

concentrations of DNA (1.5-2.0 ug/mL) extracted from strains

GLU-47, GLU-1, FRU-4 and WS (a wild-type strain). No cata-
_bolite sensitive recombinants were found among the Trp+
transformants (500-3000) obtained in crosses between crsA47,

crsAl and crsA4. On the other hand, approximately 7% bf



P | 60

TN
Trp+ transformants were catabolite sensitive when{strain WS

b

N
was used as donor. It appears that these three mutations
' ! ¢
cannot be separated by transformation. 4

To determine the gene order, three-factor crosses by
transduction were carried out. Kit-6 was transduced with
lysates of strains GLU-47, GLU-1 and FRU-4 to oﬁéain Aro’

and Lys+ transductants. Results presented in Table 2 suggest

that the gene_order would be "aroD120-(crsA47, crsAl, crsA4)-

ysi*.

3. Mapping of crsCl and crsC2 l -

To determine linkage relations betweeﬁ the crsC
markers and aroD120 ‘and lysl, Kit-6 was transduced with
RIB-2 (crsCl) and GLN-2 (crsC2) as donor. Results of three-
factor crosses indicate that both crsCl and crsC2 are also
located between aroD120 and lysl (Table 3). The co-trans-
duction frequencies for each of the crs markers with
aroD120 and lysl were similar (9-14%). Recombination tests
by transformation carried out as in the previous section.
suggest that the mutations, crsCl and crsC2, méy be in<the
same locus (data not shﬁwn).

Since both/gzgé and crsC genes were found to be lo™
cated between a;oDlZO ﬁnd lysl, recombination tests‘between

these two genes were cargied out. When mutant strain RIB-2



-
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Table 2. Three-factor transduction crossés involving
(crsA47, crsAl, crsAd4), aroDl20 and lysl
" Recipient Donor  Selected Recombinants?2 Suggested
b No.
genotype genotype marker Aro Crs= Lys colonieg,:order
aroD120 crsA47 Aro 1 0 9 239 aroD120-
lysl _ 1 1 0 139 crsaby-,
Kirogy  |OWUT4D 1 o 1 0 IvsI
1 1 1 6
Lyst 0 0o 1 262
: . 0 1 1 29
1 0 1 1
T . 1 1 -1 5
aroDl20 . crsAl Aret 1 0 0 156 aroD120-
lysl - (GLU-1) 1 1 0 190 crsAl-
o 1 0 1 0 Lysl
(Kit-6) 1 1 1 0 .
Lys 0 0 1 111
o U 1 4
1 0 1 0
1 1 1 2
aroD120 crsAd Aro’ 1 0 0 5 arcD120-
lysl (FRU-4) 1 1 0 52 crsAd-
(Kit-6) 01 2 Iysi’
1 1 1 )
Lys' 0o o0 1 102
0 1 1 7
1 0 1 0
1 1 1 1

é0.‘recipient‘phenot:ype; 1, donor phgﬁqupe.

Ly

bCrs, ability to sporulate in the presence of glucose.

{

\.
\~

A
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Table 3. Three-factor transductiom ctosses involving
(crsCl, crsC2), aroD120 and lysl
Recipient Donor Selected Recombinants? Suggested
_ , s
genotype  genotype marker Aro ‘Crs2 Lys Cgiéngzs order
/ I
yf n :
arpDl20 crsCl Aro L 0 0 183 aroD120-
!lys (RIB-2) 1 1 0 18 quCI-
(Kit-6) T 9 1 L
I 1 1 1
LysT 0 o 1 266
0 1 1 25 ;
1 0 1 0
1 1 1 2
aroD120Q crsC?2 Aro’ 1 0 0 373 aroD120-
Tys] (GLN-2) 1 1 0 46 crsC2-
. 1 0 1 3 lys]
(Kl[’.—6) 1 1 1 6 e
- (7 .
LysT> 0 0 1 442
0 1 1 67
1 0 1 -1 )
1 1 1 6

éO,(::jiiiient;'phenotype; 1, donor phenotyve. -
——— —/ ‘
QCrs, ability to sporulate in the presence of glucose.

,_,__/

r:‘: | <
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‘ €
(crsCl) was used as donor to transduce CS2 (trpC2 aroD1l20 N

ersA47), 26 -of 147 Aro+ transductants were cgtabolite sensi-

tive (Crss).\\ggfggg.dther hand, no CrsS transductants were

\ _ :
found among 56 Lys+ transductants when CS3 (trpC2 lysl (i
crsA47), which carried lysl instead of aroD120, was trans- ~
duced with lysates of RIB-2. These results would be expected

if the gene order were "aroD120-crsA47-crsCl-lysl". In the

former cross, the formation of catabolite sensitive recombi- \\7\
nants requires only 2 single crossover, whereas in the latrer J///
Cross it requires a double crossover. These resu}ts indic-

ate that;crsA47 and ¢rsCl can be readily separated by trans-

duction. " The suggested geneegrderlboﬁld be “=roD120-crsA47-

crsCl-lysl" (Fig. 1). ‘Since the map positions of aroD120

and lysl are 230 and 210 respectively fﬂ;nner and Hoch
1980), it is estlmated that the map p051t10nm?bf crsA and

crsC would be approximately 225 and 2290, respectively.

4. Mapping of crsDl and erskEl

ot
Preliminary results indicated that strain MAN-1

carried a crs mutation which was linked to purAlé and cysAl4

by transduction. However, when strain CS19 (purAlé cysAls)

. = ’ +
was transduced with MAN-1 as donor, three types of Cys
transductants were cbserved. They were arbitrarily desig-

nated as type A, B, and C. Type A colony had the phenozi?e



Fig.

1.

Genetic map showing the positions of crsA47 and
crsCl. The gene locations were determined by
transduction. = Arrows point from the selected
marker to the unselected marker. Mapping unit
distance = 100% - percentage of co-transduction.
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of Cst and agpéared smooth on TBB agar. Type B was also
CrsR but was énugh on TBB agar. Type C—;as C;rsS and had the
colonial morphology‘of the recipient strain. Whgg,Pur+
transductants were selected, only type A and C colonies were

observed. These observations suggest that MAN-1 carries two

v

crs mutations. Two mutations designated as crsDl and c¢rsEl
give type A'and type B phen&types, respectively.

" When CS21 (cysAl4) was transduced for prototrophy
MAN-B1 (crsEl), a type B transductant as donor, appro-
£ thé Cys+ transductants were type ngnd 15%
'type C, and no type'A colonies appeared. Wpen‘g pe A
tant, MAN-A]l (arsDl) was used as donor to tramsduce

cs21, onl

type A and tyﬁg\g were observed among the Cys+
pe .

transductdnts | However, w another type A strain, CS24
(crsDl crsEl) was used af donor, types A, B and C transduc-

tants were obtained. These observations<suggest thai

=
B strains carry crsEl, whereas type A strains carry eithe

c;sbl alo or both crsDl and crsEl.

. »’ . .
The results of transduction crosses involving crsDl,

crsEl, purAlé and cysAl4 are shown in Table 4. ,.Since nalAl

L.
(resistane to nalidixic acid), guaAl and ksgA6l8 (resistance

to kasugamycin) are known to be located between ourAlé and

: N : X ’
~— —~. cysAlé (see review by Hénner and Hoch 1980), they were used

as reference markers in the crosses« Results of the above

crosses indicate that ersDl is located betweeﬁ purAlé and
" /
Y | .

o

”

e me e

e
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Tahle 4. Three-factor or four-factor transduction crosses

involving crsDl, crsEl and neighbouring markers

2
Recipiepnt Donor Selected Recombinants? Suggested »,
genotypé genotype marker C].as.s;es’E No. order
’ CrsD Cys CrsE &
cysAlé  crsDl cyst 0o 1 9 ‘—;T> .
crsElL ' 0 1 1 49
(s2b (MAN-1) ool 0y
1 1 1
t Pur CrsD CrskE
+
puralé crsDl ' Pur 1 4] 0" 79
(cs20) ~ <ZsEL 1 91 m
(MAN-1) 1 o0 1 0
N Pur CrsD Cys CrsE
cysAl4 N\_ ersDl cys' 0 0 1 0 ‘18 purAlé-
purAlé crsE]L - 1 0 1 n. 0 crsDl-
v (cS19)  /(MAN-1) ? 8 1 i ?3 cysAly
0 ’ l 1 O } 036
0 1 1 1
1, 1 1 04
1 1 1 ™~ L
Purt 1 0 o\ 0 6g
2 ° ' 1 0 1 0 o -
1 0 0 1 0
. 1 0 1 1. 0 M :
1 1 ¢ 0 '
;Z> 1 1 o 1'15 !
‘ 1 1 1 0 :
~ 1 _l. 1 1 |
(M -
- ..Q :
} 3

4
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Table 4. Continued
Recipient Donor Selected Recombinants2 Suggested
genotype genotype marker Classesh No. order
) CrsD Cys CrsE
crsDl crsEl Cys+ 0 1 0 26 " crsDi-
cysAl4 (MAN-B1) 0 1 1 cysAl4-
(CS27) 1 1 0 7 crsEl
7 1 1 1 10
_ ) Nal CrsD Cys
ersD1 nalal cyst o 0 1 28  nalAl-
cysAl4 (WSnal) 0 1 1 8 ¢rsDl-
1 0 1 0 cysAls
(C827) 1 1 1 12
‘ . Pur Nal CrsD '
crsDl . nalAl Pur I . 0 0 31 urAlGI >
B s Lt ER
1 1 1~ 11
‘ " Gua CrsD Cys '
aal -~ cnglA Gua " 1 0 gﬁ 6 *’guaA -
‘ery : ersD / 1 1 N 31 crsDl-
(1A177)  (CS27) L0 L 0 cysald
A \\\£\} 1 1 16
\ Ksg' CrsD Cys .
cysAls ksgAbl8 - Cy 0 0 1 68 ksgAb618-
crsDl (1Af87) 0 1 L1 28  “crsDI-
(cs2$) : | I ?\ I 03, CysAld

ECrsD, catabolite-res{stant transductants which were smooth

on TBB agar; CrsE, catabqlitegresisvlnt transductants.which °
.were rgug og TBB agar. ., ff .

‘ 7 - \‘ . - : '.»'
’."' g o . L) e

-

' A r; . * :
s g . ) " N 4 :
- ~ . -
. . v .
A . . . - B . - ) +

éO,'recip_ient phend¢ype; 1, do orjgheno;;§5: o '

——
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cysAl4. Further crosses showed that crsDl was located at
the right of nalAl (WSnal), guaAl (1Al77) and ksgA61l8
(1A187). Since the co-transduction frequency of crsiEl with
cysAls (85%) was much higher than that of crsDl with cysAl4
(37%), the location of crsEl was assumed to be at the right
of crsDl. The possibility that crsEl might be located be-
tween EEEgl and cysAl4 was eliminated from the observation
that tﬁpe C colonies (CrsS recombinants) could be readily

obtained in crosses-between CS27 (crsDl cysAl4) and MAN-B1 )

(cxsEl) in which Cys+ transductants were selected (Table 4).

If the gene order were."crle-crsEl-cysAlA", it would re-

quire double crossover to form type C recombinants. Since

transformation crosses to be presented in the next section -

show that crsiEl is. tocated bfcﬁézﬁfZ§;A14 and strAl, the

probable gene ordegt¥ would be\:purAl6-nalAi-guaAl-ksgAs18-

crsDl-cysAlé-¢ SEE:;ErAl" (Fig. 2). Since the mapn positions

. )
of ksgAbl8, cysAl4 and strAl are 5, 10 and 10, respectively

&
(Heqﬁ}r and Hoch 1980), the map position of crsDl would be

' 2%
appr&%imately 5 and that of crsEl would be approximately 10.

L]
*

5. Furtg%r mﬁﬁping of crsEl

<

C> ‘ '

“w

It Has.been reported that mutations conferring re-

gisﬁance to rifamycin (rfm), streptovaricin (stv) and strep-
: -

tolydigin (std) are locaﬁed_in }Qs,structural genes for 8

- -
»
Z s N
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o
and 8' subunits of RNA polymerase (Halling et al. 1977,

1978). These mutations are located between cysAl4 and strAl

(Haworth and Brown 1973; Sonenshein et al. 1974). As crsEl

.mutation was also located in this Tegion, tM® sensitivicy

of MAN-B1 (gzggl)\éo rifamycin, streptévaricin and strepto-
lydigin was invastigafed. It was found that vegetative
growth of both MAN-Bl and a wi;d-type strain (CS22) was
equally sensitive to these drués, indicéting that the‘ggg@é
mutation is not ref;ted to resistance to these drugs. This

observation allowed us to use these resistance markers in

mapping exp%;lmgnts of the crsEl mutation. Two rifamycin

resiﬁpant (Rfm ) mutants, CS30 (rfml crsEI) and CS31 (rfmll
w
crsEl) were 1sobated from straln MAN-B1 (crsEl) and used
}n transformation crosses \yAnother Rfm® mutant strain, 1A248
-
(rfmSOO).ob;alned from the Bacillus Genetlc Stock Center of
Ohio State University, wds also included in the experiments.

N
ResuLﬂs shown in Table 5 indiqate that crskEl is located be-

ﬁeen the rfm mutationg and str ansfern;q‘tlorr fre=—

quencies of crsEl with DEmll 730 and[rfml wéréZXQ%n 69%
~

and 60%, respeqrively. / A T

Since it has been shown that.stv and std ma gﬁ§~ére

also~Tocated be®ween or close to rfm and SETA ?haw h and
Brown 1973), these additiopal garkers were also used to map

the erskl mutation. Two .Spontaneous sevk mutants, 9688

3

\f\ﬁ éf; (\ % : | ﬁjfﬂ
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Table 5. Three-fdactor transformation crosses involving
érsEl.and neighbouring markers
v
Recipient Donor Selected Recombihants2 Suggested
genotype genotype‘ marker ClassesE Egiogfes order
Cys crsE Str
: +
cysAld crsEl Cys — 1 0 0 110 cysAlé-
(CS21) StrAl 1 1 0 21 crskEl-
1 0 1 14 StrAl
) (CS29) 1 1 1 54 SLIAZ
R N
Str 0 0 1 71 cysAl4-
. 0 1 1 139 ~ “crsELl-
« 1 5] 1 10 StrAl
1 1 1 82
Rf E Str
o qy’trg
crsEl. strAl Str 0 0 1 28 rfml-
r ) 0 1 1 16 . crskEl-
(C530) (WS) 1 o0 1 1 STTAL
1 1 1 1
crsEl 0o 0,.1 264 rfmll-
T 0. 1 1 17 crsEl-
(cs31) SR A SRS SR
strAl, 1 y) 0 180 rfml-
1 1 55 crsEl-
(€323) 1 0 Ew 7 StrAl
1 1 1 219 N )
. “ .
strAl 1 0 0 43 rfmll-
1 1 0- 15 crsikl- =—
(C523) 1 N O b sStTA
1 1 1 119
- -
“'.
<
B —_ ) - ' Ld
‘_\‘c.f\_/\‘ /7\ ‘_
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Table 5. Continued
—— \
—- -
Recipient Donor Selécted Recombinants2 Suggested
. b No. of
genotype{_ genotype marker Classes= colonmies order
\;m
’// Rfm crsE Str
scrAl rfm500 REm® 1 0 9 64  rfm509-
crskl (1A248) 1 ., 1 0 38 crskEl-
1 1 1 113

é0, recipient phenotype; 1, donor phenotype.

b
on TBB agar.

NS -

&

=CrsE, catabolite-resistant transformants which were rough

b5
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strain CS22, and an Sth mutant, CS75 (std4 crsEl) was iso-

lated from MAN-Bl (crsEl). These resistant strains were
used in three-factor traﬁsformation crosses. Results pre- .,
sented in Table 6 indicate that crsEl is located between
std4 and ggg'mutationsi Co-transformation frequency between

crsEl and std4 was 81%. From the above results, it is sug-

gestéd that the gene order would be "rfml-rfm500-(rfmll,

stv23-stv27)-crsEl-std4-strAl" (Fig. 3).

6. Mapping of crsB4O
43

A glucose resistaht mutant, GLU-40 which-requires *?
hfgﬁ'concentrations of 1ucoa€ for sporulation, has pro-

rties that are distincl’

s,

from those of GLU-1 and GLU-47
akahashi 1979; Takahashi;and MacKenzie 1982). Prelimi-

nary experiments indicated that the mutation crsB40 way

linked to purB33. The fr quency of co-tramsduction and
that 6f co-tgansformation|between crsB40 é;d purB33 were
85% and‘382 respectively. \ From the,map“pbéition of purB33,
which is 55 (Henner and HochH 1980), the map position of

0 is assumed to be approximately 55. No linkage was

observe

testeiff

Between crsB40 afid %fher auxotrophic markersL

;

/

"



Table 6. Three-factor transformation crosses involv

crsEl and neighbouring markers

ing

74

A3

- on TBB agar.
4

—_— \ ' “ _ 'Y

. A ) a
Recipient Donor® Selected Recoﬁglgigggz\‘- Suggested
genotype genotype\\ﬁfrker Classesg cgiénggs order
) {
\
. Rfm CrsiE Std
stdé ££m500 REn® 1 . 0 0 127  rfm500-
crsEl ~ 1 1 0 88 crskEl-
Py (1a248) 1 o 1 9 st
(CS75) 1 1 1 283
stdé sed® 0 0 1 89  rfm509Q-
crsEl 0 1 1 123 crsEl-
(Cs75) O T g T
rsE Std Str
sttAl  SerX Jo o 0 1 28 crsEl-
0 1 1 16 stda-
(W) 1 0 1 7 stral
-1 1 21 114
Stv CrsE Std
std4 0 0 1 35 stv23-
crsEl 0 1 1 51 crsEl-
(C575) R S TPy 2
Stv27 std4 0 0 1 26 stv27-
(CS90) - crsEl 0 1 1 | 31 crsEl-
1 0 1 3 St
(CS75) 1 1 1 98
l'-j. -. . )
50,.recibient phenotype; 1, donor phenotype.
b Co D s .
—CrsE, catabolite-resistant transformants which were rough



. Fig.

3.

U :

Genetic map showing the relative position of
crsEl. The gene locations were ‘determined by

transformation. Mapping unit distance =-:1007% -
percentage of co-transformatfon.
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7. Mapping of crsF4

Preliminary results indicated that crsF4 mutation
carried by MAL-4 was linked to metC3 (Kit-3) and pyrDL
(Kit-4) by transduction. To determine the location of
crsF4, an asporogenous mérkef (spo0Ell) which is iocated
between metC3 and pyrDl (quoted in Piggot and Coecte 1976),

was used as a reference marketr. When CS71 (metC3 crsF4)

was transduced with strain 1S17 (spoOEll) as donor, it was

found that, of 461 Met+ transductants examined 255 were Spo+

~and CrsR§12OO were Spo , and only 6 were Spo+ and Crs>

(Table 7). If the gene order were‘”crth-metCB-SDOOEll",

the catabolite resistant recombinants would be produced at

a very low frequency, since thé formation ¢f this type of

transductaﬁts requires double crossover. 1In fact, the cata;
bolite resistant Spo+ transductants were more abundant than
other classes of &ransductants. This observation therefore

@liminated the gene order, "crsF4-metC3-spoQEll". Trans-

formation crosses revealed that crsF4 and spoQEll could be
readily separated (data not shown). Since the phenotypes

of crsF4 spoOEll double mutant strain and the spoQEll strain

were not distinguishable, the relative positions of crsF4

and spoOEll could not be established from the present data.

From the map position of spoOEll, crsF4 is assumed to be

+ located at a map position of approximately 120.



/

. | . (3 '/ -
; ) . ™ N 4{ |
-~ Table 7. -Transduction crosses involving, crsF4, metC3,
“~
/ pyrDl, and spoQEll
Recipient Donor Selected Redombinants Suggestgg\
genotype —}Genotype' marker Classesh cggénggs grder
- l/—‘\\
Met CrsF !
- + T, ’
metC3 crsF4 Met 1 a 205
(CS13) (MAL-4) L1 104 B}
“~~ . /
CrsF Pyr oo ) G
pyrDl crsF&4 Pyr+ 0 ‘1 445 K *
(CS14) (MAL-4) vt = o
Met CrsF Spo . ) !
metC3 spoQE1L Met ™ 1 UJI 0 255 metC3-
Crsra 1 1 0 6 crsF4-
(cS71) . (1817) 1 0 ' 1 | ,5, SpoDELL
1 1 1 - -y >
2, recipient phenotype; 1, donor phenotype.
12CrsF, catabolite-resistant transductants showing MAL-&
phenotype; Spo, asporogenous transductants which were re- _ -t

cognized by the absence of pigment on MM agar supplemented
with MnCl2 at 1.9 mg/L.

-




Chapter IV
CHARACTERIZATION OF crs MUTANTS
v o {

‘1. rowth, sporulation and glucose .utilization of GLU-47
o ~
.

-

It was feported that B\ subtilis mutants which were
\Qdefectlve in glucose trangport (Freese et al. 1970) or ma-
Yate metabolism (Ohné and‘Rutberg 1976) sporulated well‘;n
i the presence of these compounds .() To determine whether the
CrsR phenotyve of strain GLU-47 is due to a similar defect,
growth rate GES_%E5£6ée utilization of thlS mutant were inve-

stigated. Cells were grown in SBM contalnlng glucose. The

. rate of growth as expressed in doubling't&qg'waé determined

v

during the eipoﬁential growth phase.\ The doubling time .of

.ﬁt\ ‘ GLU-47 was .148 min, which‘waoﬂmhch longer than that of a
-4 J b T : "

wildrtype strain, WS (50 min) under EPE same condition

s
'(Table 8).

The resuspension technlque descrlbed in Chapter II

- ‘ -~

9 was used to determine/glucose utilization and spore forma- -
tion. It was found that the frequency of spores’ in GLU-47
was’a 67, 7 h after—cedls were resuspended in SBM contalning

glucose (Fi% 4) . This icates that a maJoriF? of cells
‘
have started sporulation saon after resuspension. ,In con-

trast, the.fréqueﬁcy of spores in W6 was less tt{ian"lq.-4 evéﬁ?
v ' 78
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‘,
Tanle 8. Growth rates of strains GLU-47 and WS in SBM

containing different carbon sources

Doubling time (min)
Carbon source

GLU-47 ' WS
Glucose 148 50
Fructose ' 148 50
Malate . 154 76
Glycerol 156 58
Ribose 7 184 70

Gluconate 188 .109

Note: Cells were inoculated into SBM containing various
carbon sources at 55mM. The doubling times were determined
during the exponential growth phase.



- Fig. 4.

‘Growth, sporulation and glucose utilization of

strains GLU-47 and WS. Cells were grown in SP
medium. , At € o5 the cells were resuspended in

SBM confﬁining glucose at 55mM. (O, viable cell
counts; [J, spore counts; @, glucose concentra-
tions. Solid lines, WS; broken lines, GLU-4&7.
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20 h afrter resuspension.. Glucese was.almbst ccmplezely
utilized in the wild-tvpe cultgre-lo h after the resuspen-
sion. In GLU-47, on.the other hand, only 60% of glucose
was metabolized after 20 h (Fig. 4&4).

To detérmine whether the slow growth of GLU-47 and
its slow utilization of glucose were due to a . deficiency in
glucose transport or metabolism, the growth rates of GLU-47
and WS in SBM containing ca;g;n sources other than glucose
were determined. It was found that the growth rate of
GLU-47 was again slower than that of WS with all carbon
sources tested (Table 8). The doubling times of GLU-47 with
these carbon sources varied from 148 min to 188 ﬁin, while
t?ose of WS varied from 50 min to 109 min (Table 8). Since
cells take up and utilize these carbon sources through dif-
ferent mechanisms, the results seem‘to indicate that the
slow rates of growth and glucose utiliz&tion in GLU-47 are
due to altered cellular fﬁnctiOns other than giucose trans-

port and metabolism.

2. Growth, sporulation.and glucose utilization of other

CTS mutants

i3

The growth rate of other crs mutant strains in SBM
containing glucose was also investigated. Tt was found

that the doubling time of strain MAL-4 (crsF4) was similar



to'that of GLU-47 (crsat?) (Table 9). On the other hand,
the doubling times of strains RIB-2 (crsCl), MAN-AL (crsDI1)
and MAN-Bl (crsEl) were--similar to or only slightly longer
‘than that of the wiid—type strain (WS) (Table 9). Glucose
ﬁtilizatioq and spore formation in the above crs mitiants
were determined by the resuspens;on technique. Glucose was
almosf completely metayd}ized by RIB-2, GLN-2 and MAN-Al
after 10 H of incubafién (Table 10). During the same period,
both MAL-4 and MAN-Bl metabolized about 70-80% of glucose
(Table 10), . Strainé GLU-47 and MAL-4 sporulated well after’
lO.h ofgincubation, while other ¢rs mutant strains did so:
after 20 h. The abbve results indicate tﬁat'although the
crs mutants show the_séme CrsR phenotype’, their growth
characteristics and the rates of giuéose utilization vary

considerably.

3. Changes in enzymatic activities in crs mutants

(1). IMP dehydrogenase

Deutscher and Kornberg ( 68) reported that the
level of IMP dehydrogenase decreased at Ehe beginning of
sporulation. Freese et al. (1979b) found that the addition
of my;ophenolic acid, an inhibitor of IMP dehydrogenase
could'initiate sporulation in the presence of excess glucose,

ammonia and phosphate. To determine the relation between
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A
Table 9. Growth rates of crs mutants in SBM containin;\

glucose at 55mM -

+

Strain Doubling time (min)

~
GLU-47 (crsA47) . 148 {
RIB-2 (crsCl) 61

MAN-Al (crsD1) B 55

MAN-B1 (crsEl) 73

MAL-4 (crsF4) | 120

WS (wild-type) 50

Note: Cells were inoculated into SBM containing glucose at
>5mM. The doubling times were determined during the exponen-
tial growth phase. .

4
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Table 10. Glﬁcose utilization and sporulation of crs

mutants

Glucose utilized (%) Frequency of spores

Strain -
10 h 20 h 10h 20 h

GLU-47 (crsAd?) ~ 13 60 QB 5.7%107  5.6x107%
RIB-2 (crsCl) 100 100 5.5x107>  1.0x107t
GLN-2 (crsC2) _ 98 100 5.5x107°  5.0x107!
MAN-Al (crsD1) 100 100 2.0x10f3(7 5.0x107%
MAN-BL (crsEL) 80 100 " 1.6x107%  2.0x107%
MAL-4 (crsF4) 69 100 1.1x107%  4.s4xi0”t
WS (wild-type) 100 100 4.7x107> 6:&x10-5

Note: Cells were grown in SP medium. At t_, . the cells

were resuspended in the same volume o¥ SBM containing
glucose at 55mM. The viable cell counts varied from

8.4x10%/mL to 4.7x10%/mL.
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IMP dehydrogenase anéqtgkaboli:e resistance in sporuilation,
the levels of this enzvme in various ¢rs mnmutants were de-
termined. At the time of resuspension, specific activity
of IMP dehydrogenase in strain GLU-47 (crsA47) was onlvy
about 30% of that in WS (Fig. 5). After the resuspensicn,
the level of this enzvme in GLU-47 decreaﬁed considerably
:freéardless of the presence or absence of glucose. A sharp
decrease in the level of IMP dehydrogenase was observed in
WS cells resuspended in SBM %Without glucose, a condition
under which WS cells sporulated well after 8 h. 1In the pré-
sence of glucose, however, a considerable amount of enzyme
activity was stili present in WS cells 7 h after the resus-
pension (Fig. 5).

Specifig activities of IMP dehydrogenase found in

A M
cells of other cr3 mutants are summarized in Table 11. At

 the time of resuspension, specific activities of this’ enzyme
in strains MAN-B1l, MAN-Al, GLN-2, RIB-2 and MAL-4 were
45-807% of that in WS. Afﬁer 4h 6} incubatiqp in SBM con-
taining glucose, the enzyme activities -in MAN;Bl and MAL-4
decreased considergbly as in the case of GLU-47. On the
other hand, the levels of this énzym;min RiB—Z, GLN-2 and
MAN-Al decreased only slightly (Table 11). It is ;uggested
that this enzyme may not be closely related to the CrsR
phenofype of crs mutants.

-~
h Y

-



Fig.

5.

C\ |

Specific activity of IMP dehydrogenase in strains
GLU-47 and WS. Cells were grown in SP medium. At
5.5 the cells were resuspended in SBM containing:

glucose at 55mM (M) or no glucose (@). Solid
lines, WS; broken_ lines, GLU-47.,
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Table 11. Specific activity of IMP dehydrogenase in crs

mutants
Specific activity of IMP dehydrogenase
Strain
0 h 4 h
GLU-47 (crsdA47) 5.3 1.7
RIB-2 (crsCl) 11.3 11.0
GLN-2 (crsC2) 11.0 . 3.9
MAN-Al (crsDl) 10.2 8.3
MAN-B1 (crsEl) 8.2 & 3.0
MAL-4 (25553? 14.4 3.5
. WS (with glucose) 17.9 9.2
WS (without glucose) 17.9 | 5.8

Note: Cells were grown in SP medium. At t.g.5 the cells

were resuspended in the séme_volume of SBM containimg glucose o
at 55mM. Specific activity.-of IMP dehydroggenase was assayed ﬁi
at the time of resuspension (0 h) and at h after it.
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(2). Alkaline phosphatase

Waiﬁes et al. (1970) reporteﬁ that specific activi--
ty of alkaline phosphatase increased significantly during
stage II of sporulation. The synthesis of this enzyme could
be repressed by inorganic phosphate_during végetative growth
but not during sporulation (Glemn and Mandelstam 1971;

" Ichikawa and Freese 1974). Although the function of alka-
line phosphatase during sporulation is not clear, the synthe-
sis of this enzyme is'considered to be one of the marker v

gggnts that are associated with spofulation (Young and
M;ndelstam 1979) .~ The levels of alkaline ﬁhospﬁétas;'in crs
mutants were determined by the following technique. Ceils
were grcwn.in SP medium supplemented with_ phosphate buffer
(10mM), pH7.0, to repres; the synthesis of alkaline‘phos-
phatase during vegetative growth. At t.o.s the cells.were
resuspendgd in SBM with of without the addition of glucose.

"In contrast to the case of IMP dehydrogen;se, it was found
that the background level of alkaline bhosphhlase of GLU-47 '
was much higher than that of WS at the time of cell resu;r \
pension.(Fig. 6). -In SBM coﬁtaining glucose, specific
activity of alkaline phosphatase 'in WS remained at a very
low level throughout the experiment. In the absence of
glucose, a significant increase in the enzyme activity in WS

was observed after 4 h of incubation. This increase was

expected since WS cells sporulated well in SBM without



'Fig. 6. OSpecific activity of alkaline phosphatase in
strains GLU-47 and WS. Cells were grown in SP
medium supplemented with phosphate buffer (10mM),
pH7.0. At t_, o the cells were resuspended in

SBM containing glucose at 55mM (l) or no glucose
(@). Solid lines, WS; broken lines, GLU-47.
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glucose. 1In GLU-47, an increase.in the enzyme ‘activity
dccured 1 h after cell resuspension regardless of the
presence 0r absence of glucose. Furthermore, the highest
enzyme activity observed in GLU-47 was twice thét in WS
without glucose (Fig. 6).

The effect of glucose on alkaline phosphatase in
other ¢rs mutants was-also investigated. Svecific activities
‘of this enzyme in strains RIB-2, GLN-2, MAN-Al, MAN-Bl and
MAL-4 varied from 40% to 170% of that in WS at the time of
cell resuspension (bele 12). After 4 or 5.5 h of incuba-
tion in SBM without glucose, the level of this enzyme in-
creased in all the strains tested. This is expected since
all the strains sporulated well after 10 h under this con-
dition. In the presence of glucose, the increase was ob-
sarved oﬁly in GLU-47, MAN-Bl and MAL-4. The enzyme acti-
vities in RIB-2 and GLN-2 remained at a low level. In con-
trast, MA&-Al showed a decrédase in the enzyme activity (Table
12). These results indicate that glucose suppresses the in-
crease in alkaline phosphatase activity in strains RIB-2,
GLN-2 and MAN-Al but not in GLU-47, MA&-BI and MAL-4. There-
fore, the effect of glucose on alkaline phosphatase in crs
mutants seems to be variable. It may be concluded that the
level of this enzyme is not directly related to Crst

. phenotype of these mutants.



Table 12. Effect of glucose on specific activity of

alkaline phosphatase in crs mutants

<, ¢
Addition Alkaline phosphatase
Strain of glucose ) T
6/h 4 h 5.5 h
’ v "
GLU-47 + 0.91 2.25 o 2.33
(crsA47) - 0.91 2.31 2.48
RIB-2 -+ 0.15 ND 0.10
(crsCl) - 0.15 ND 1.78
GLN-2 + 0.25 ND 0.13
(cxsG2) - 0.25 ND 1.43
MAN-A1l + 0.43 ND 0.07
(crsDl) - 0.43 ~— ND 1.85
MAN-B1l + 0.43 0.71 ND
(crsEl) - 0.43 1.39 ND
MAL-4 + 0.62 1.04 ND
(cxrsF4) - 0.62 1.33 ND
\ ' .
WS + 0.36 0.1¢ 0.20
(wild-type) - 0.36 0.31 0.85

Note: Cells were grown in SP medium supplemented with phos-
.o 5 the cells were resus-

phate buffer (10mM), pH7.0.

pepded in the same volume of SBM containing glucose at 55mM

(+) or without glucose (-).

At t

ND:

not determined.
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(3). Malate dehvdrogenase

It has been known that the activity of malate dehy-
drogenase undergoes a significant increase during the ini-

-tial stages of sporulation (Hanson et al. 1963; Deutscher

Iy

and Kormberg 1968). To determine whether the level of ma-
late dehydrogenase is related to CrsR phenotype, this

enzyme was assayed in strains GLU-47 and WS. Cells were
grown in SP medium and at t_g 5 the cells were reSuspended,J-
in SBM with or without the addition of'glucose.- At the timé
of cell resuspension, specific activities of malate dehy-
drogenase in GLU-47 and WS were similar (Fig. 7). After the
resuspension, no significanﬁ change in the enzyﬁe activity
was found in WS up to 10 h. 1In GLU-47, the enzyme activity
decreased to about 607 of its original level 2.5 h after
resuspension and thereafter remai;ed at a relatively constant
level (Fig. 7). Since the presence or absence of glucose did
not significantly influence the level of malate dehydrogenase
in both GLU-47 and WS (Fig. 7), this enzyme may not be close-
ly related to Ehe inhibitory effect of glucose on sporulation
and to the Crs? phenotype of the mutant strain.

—

4. Effect of various inhibitors on sporulation of crs mu-

tants ‘ - o

It was reported,that a variety of agents such as

-



Fig.

7.

Specific activity of malate dehydrogenase in
strains GLU-47 and WS. Cells were grown in SP

medium. At t_, s the cells were resuspended in

SBM containing glucose at 55mM (M) or no glucose
(@). Solid lines, WS; broken lines,CLU-47.
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goﬁobiocin (Takahashi and MacKenzie 1982), cerulenin (Wayne
et al. 1981) and aliphatic alcohols (Bohin et al. 1976b)
could inhibit s?orulation of wild-type strains of B.
subtilis.” Bohin and Lubochinsky (1982) succeeded’'in iso-
~lating a number of ssa mutants that were able to sporulate
in the presence of aliphatic alcohols. Takahashi and

enzie (1982) observed that certain crs mutants were re-
sistant to novobiocin in sporulation.

Wayne et al. (1981) reported that low concentrations
(L-4 ug/mL) of cerulenin™added at the time of inoculation
greatly reduced sporulation of wild-type cells at 47°C but
not at 37°9C: temperature sensitive asporogenéus phenotype
(Spots). However, it was found that under our cdqdifion ce-
rulenin could inhibit sporulation of a wild-t?pé strain
(WS) even at 37°C. Cerulenin added to® the culture -at the_
time of inoculation or at to.5 greatly reduéed the épore
yield in the wild-type culture (Fig. 8). The discrepancy
betweerl our results and those of Wayne et al. (1981) may be
due to the different culture media used in the experiments.
To determine the stage at which sporulation is

blocged by cerulenin, samples were taken at different times
from a wild—tﬁpe culture (WSj to which cerulenin (1 ug/mL)~
was added at C.p 5 @nd the percentage of cells ,showing dif-
ferent stages of sporulation was determined under the elec-

tron microscope. As shown in Table 13, the great majority

-

¢



Fig. 8.

Effect of cerulenin on sporulation of a wild- type
strain (WS). Cells were grown in SP medium.
Cerulenin at various concentrations was added at
the time of inoculation ([J) or at t 0. 5 (0.

In all experlments. the viable cell count per mL.

varied from 3.5x108 to 6.3x108.
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.Table 13. Electron microscopic observation of cells

treated with cerulenin

Stages of sporulation

Time of

sampling (0+1I) I1 IIT v v

ty 90 5 5 0 0
tq o 90 2 8 0 0

tg 88 6 5 1 0

ty '_ | 88 6 5 1 0

Note: Cells of WS (wild-type) were grown in SP medium and
cerulenin (1 ug/ml) was added at t.g. 5 Samples were taken

at times indicated in the table and immediately fixed for
-electron microscopic examination. The results were ex-
pressed as the percentage of cells showing different stages

of spprulation.
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of cells were unable to form spore septum (stage II) in the
presence of cerulenin. Since several authors proposed that
the filament formation (stage I) may not be required for
sporulation (quoted in Robinson and Spotts 1983), the numbers
of cells having the morphology of stage 0 and I were pre-
sented together. This ultrastructural analysis suggests

it cerulenin blocks sporulation at a very early stagg?k

The stage of sporulation which, is sensitive to
cerulenin was alsoc determined by adding the drug to a wild-
type culture at different times. The results are summarized
. in Table 14. It appears that sporulation of strain WS is
very sensitiv;“;o cerulenin at t, and it becomes less sensi-
tive after £ o- On the contrary, strain GLU-47 sporula-
ted normally regérdless of the time of addition of cerulenin
(Table 14).

Table 13 summarizes the sensitivity of various crs
mutants to cerulenin. In addition to GLU-47 (crsA47), other
crs mutants such as GLN-2 (crsC2), MAN-B1 (crsEL) and MAL-4
(cxsF4) were also able to sporulate in the presence of ceru-
lenin. ' On the other hand, sporulation of mutant strains
RIB-2 (crsCl) and MAN-Al (crsDl) was sensitive to this an-
tibiotic. Cerulenin at 1 wg/mL had practically no effect on
the viability of the wild-type strain (WS) as well as those
of the crs mutant strains tested.

-

To investigate the effect of ‘ethanol on sporulation
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Table 14. Effect of cerulenin introduced into cultures at

different times

WS (wild-type) GLU-47 °
Time of Viable cell Spore Viable cell Spore
additlon count count count count
.10 5.3x108  4.0%10° 4.6x10%  4.4x108
tg s 5.8x10°  2.6x10° 3.5x10°  4.5x10%
£ 3.6x10%  5.0x10% 4.5%x10°  3.5x10°
£ ¢ 5.9x10%  '1.9x10° 3.5x10%  3.5x10°
ty o 4.5%x10%  2.1x10’ 5.0x10%  3.5x108
no 5.5x10°  1.1x10% - 5.1x108  4.1x108
cerulenin -

Note: Cells were grown in SP medium and at different tites
cerulenin was added at 1 ug/mL. The numbers of viable cells
and spores were determined after 24 h.
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Table 15. Effect of cerulenin on spqrulation of crs mutants

_ - Viable cell Spore
Strain count (V) count (S) S/V

RIB-2 (crsCl) 4.0x108 1.6x10° 4.0x1073
8 7 -1

GLN-2 (crsC2) 1.4x10 9.1x10 . 6.5x10
. S 7 -2

MAN-A]l {(crsDl) _ 3.6x10 1.2x10 3.3x10
: . 8 8 ' -1

MAN-B1 (crskEl) 3.4x%x10 1.8x10 5.3x10
- 8 8 in-l

MAL-4 (crsF4) 4.2x10 3.2x10 7.6x10
. 8 _ 6 -3

WS (wils-type) 5.8x10 2.6x10 4.5x10

Note: Cells were grown in SP medium and at 4.5 cerulenin

was added at 1 ug/ml,., The numbers of viable cells and
spores were determined afrer 24 h.

i
-~
e
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of crs mutants, cells were grown in SP medium and ethanol
(0.7) was added to the cultures at t_y 5. The numbers of
viable cells and spores were determined after 24 h. Mutant
strains GLU-47 and MAL-4 were gplé to sporulate in the pre-
sence of ‘ethanol (Table 16). 1In contrast, sporulation of
mutant strains GLN-2, RIB-2 aﬁd“MAN-Al and the wildjtype
strain (WS) was inhibitea by tﬂ%s aléohol. Similar results
were obtained when méthanol (1.1M) or isopropanol (0.5M)

was used in place of ethanol (data not shown). On the other
( hand, vegetative grcwth of all the strains tested was equal-
(’ ~ly sensitive to tHese alcohols at concentrations used in the

yﬂ(/

previous experiments. §

In our prelimihary experiments it was found that the
presence of'NaCl'at 0.85M gfeatly inhibited sporulatiﬁn of
wild- type strains. This concentration of NaCl had practl:
cally no lﬁgzgltory effect on viability of the cells. The
effect of NaCl on sporulation of crs mutants was then,inve-
stigated. Cells were grown in SP medium and at t.0.s ste-
rile sdlid NaCl was added to the cultures. Results present-
ed in Table 17 show that mutant strains GLU-47, MAN-AL,
MAN-B1 and MAL—ﬁ are able to sporulate in the presence of
NaCl at 0.85M, while strains RIB-2 and GLN-2 are unable to
spoylag normally under the same c0nd_iti‘on'_.

The effect of NaCl on sporulation of GLU-47 was in-

vestigated by adding NaCl to the culture at t.o.s and by

/‘) |
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Table 1A4." Effect of ethanol on sporulation of ¢rs mutants

A

w/’\

- . Viable cel Spore
Strain count (V) © ~ count (S) 7 S/V .
T
GLU-47 (crsA47) 4.6x10% 9.4x10" 2.0x107 %
) 8 6 -3
L RIB-2 (crsCl) 3.9x10 2.1x10 .5.4x10
' 8 6 -2
GLN-2 (crsC2) 2.4x10 7.6x10 3.1x10
MAN-Al (crsD1) 2.8x10 3.0x10° 1.1x10"2 7
MAN-BLl (crsEl) 6.1x10° 4.1x10’ 6.7x107% ,////'
- 8 8 -1 ’5\3
MAL-4 (crsF4) 3.2x10 2.8x10 8.8x10
’—h\*\ws e 8 6 -3
(wild-type) 4.7x10 2.5x10: 5.3x10
(Note Cells were gr in SP medlum and ethanol was added
(0.7M) at The rumbers of viable cells and spores
were dete 1ned after 24 h. ) .
. -
\\
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Table 17. Effect of NaCl on sporulation of crs mutants

3.2x10°

Viable cell’ Spore
Strain count (V) count (S) S/V
GLU-47 (crsA47) 2.5x10% 2.2x108 8. 8x10" %
' ' 8 6 A3
RIB-2 (crsCl) 1.5x10 1.4x10 9.3x10 —_~
8 6 -2
GLN-2 (crsC2) 1.3x10 3.1x10 2.4%10
MAN-Al (crsD1) 9.7x10’ 2.1x10’ 2 .2x1071
8 7 -1
MAN-Bl {(crsEl). 1.6x10 6.1x10 3.8x10
T 8 8 -1
.MAL-4 (crsF4) 2.2x10 1.3x10 5.9x10
. 8 5 3
WS (wild-type) 1.7x10 5.5x10

Note: Cells were grown in SP medium and solid NaCl (0.85M)

was added at t-O.S'

were determined after 24 h.

The numbers of viable cells and spores
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estimating the numbers of spores periodically. Although the
appearance of mature spores was delayed by the presence of
NaCl, the final yield of spéres was not affected greatly in
the mutant culture (Table 18). Under the same condition a
wild-type culture (WS) had a spore count only 5.5x105/mL at
€rp- -
To determine the stagé of sporulation which is sen-
sitive to NaCl; cells of a wild-type strain (WS) were grocwn
in SP medium and at different times NaCl was added to the
" culture. The numbers of viable cells and spores were deter-
mined after 24 h. The results are summarized in Table 19.

During the period between the mid-log phase and the

0.5
a9
addition of NaCl reduced greatly the numbers of spores.

During-the period between t1 .0 and L4 0 both the numbers

of viable cells and spores were reduced greatly by NaCl. At

—

1\
present )\ it is not clear why sporulation is relatively in-

sensitive to NaGl at €1 o

)
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s
Table 18. Effect of NaCl on sporulation of GLU-47
Time of GLU-47 WS (wild-type)
sampling +NaCl -NaCl -NaCl
£, 4.0x10% 2. 4x10° 1.5x10°
tg 5.2x10% 1.3x10° 1.5x107
tg 1.0x10° 2.1x108 7.3x107
t10 1.1x10’ 3.8x10° -
£00 1.3x10° 5.1x10% 1.7x108

Note: Cells were grown in SP medium and at t_, o NaCl was

added at'O.QSM. The results were expressed as the number
of spores per mL.

\
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p
Table 19. Effect of NaCl added at different times on
éporulation'
Time of Viable cell Spore
S/V
.addition count (V)' count (8)
t1 s 9.8x10’ 5.6x10% 5.7x107%
gl 7 -3
g 9.6x10 3.6x10° 3.8x10”
ty s 1.7x10% 4.7x10° 2.8x10" >
£ g 1.8x10°8 2 .8x10’ 1.6x10° 1}
ty | 8.0x10’ 2 4x10® 3.0x10"%
T g 8.0x10° 2.0x10% 2 .5x10°3
ts 9.0x10° 1.3x10° 1.4x10" 2
No NacCl 3 8 -1
added 5.9x10. 3.3x10 536x10

Note: Cells of a wild-type strain (WS) were grown in SP
medium and at the times indicated NaCl was added at Q.85M.
The numbers of viable cells and spores were determined after

24 h.

wn



Chapter V

RELATIONS BETWEEN THE crs MUTATIONS AND QEEER MUTATIONS

Suppressor mutations are useful in determining the
function affected by a mutation and relations between
groups of mutations (Hartman and Roth 1973; Sharrock and
Leighton 1981). 1In the present study, attempts were made to
isdate suppressor-cafrying mutants from a mutant strain
GLU-47 (crsA47). 1In addition, relations between crs muta-
tions and other mutations which are known to affect various

T
cellular functions were also examined.

1. Suppression. of crs mutations by sca mutations

-

.

(1). Isolation of supvressor-carrying mutants from GLU-47

To isolate suppressor-carrying mutants, cells of
GLU-47 (crsA47?) weré treated with methylmethanesulfonate as
described in Chapter II. From the treated cultures, two
Crs® strains, CS122 and CS123 were isolated. These two mu-
tants sporulated well in SBM containing glucose at 1llmM but
did so poorly when glucose concentration was raised to 55mM
(Table 20).

To test the presence of the original crs mutation in

106
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Table 20. Sporulation of suppressor mutants in SBM

_Glugose Viable cell Spore

Strain (mM) count (V) count (S) S/V

GLU-47 55 8.5%10° 6.0x10° 7.1x10° L

(cTsALT) 11 5.8x10° 4.5%x10°8 7.8x10” !

cS122 55 1.3x10° 8.5x10°  6.5x10"%

(crsA4? scal9) 11 1.0x10° 3.4x10° 3. 4x107 !
N\ cs123 55 2.4x10° 1.3x10’ 5.4x107°
: (crsA47 sca27) 11 1.6x10° 2.7x10°8 1.8x10" !

Note: Cells were grown in SBM coﬂgaining glucose at
concentrations indicated. The numbers of viable cells and
spores were determined after 24 h.

7
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CS122 and CS123, one of Dedonder's Kit strains that carried
aroD120 and lysl was transduced with lysates of CS122 and
CS123. It was found that about 30-40% of Aro transductants
were resistant to glucose for sporulation. This indicates
that the original crsA47 mutation is still present in' strains
€S122 and CSl23: The two suppressor mutations, scal9 (CS122)
andAggggz (CS123) are probably intergenic suppressors since
they are not linked to crsA47 by transduction.

Previous results showed that sporulation of GLU-47
was resistant to inhibitory agents such as novobiocin, ceru-
lenin, ethanol and NaCl. To determine whether the suppres-
sor mutations could suppress not oniy the CrsR phenotype of
GLU-47 but also resistance to these inhibitors, properties
of double mutants carrying crsA47 and one of the SUppressor

mutations were investigated. Cells of CS122 (crsA47 seal9)

and CS5123 (crsA47 sca27) were grown in SP medium and the

.

inhibitory agents were added to the cultures at ﬁ As

-0.5°
shown in Table 21, sporulation of both strains was sensitive
to all the agents tested. Therefore, scal9 and sca27 sup-

press not only resistance to glucose but also resistance to

these inhibitors.

(2). Growth, glucose utilization and enzyme activities of

sca-carrying mutants

It was found earlier that growth rate and the rate
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Table 21. Effect of various inhibitory agents on sporu-

lation of suppressor mutants

Inhibitory Viable cell Spore

Strain agent count (V) count (S) 5/V
5122 None 4.3x108 2.1x108 4.9x107 1
(§§§%§§ Novobiocin 7.7x107 5.0x10% 6.5x10" %
S Ethanol 3.7x108 1.6x10° 4.3x10”%
Cerulenin 3.3x108 2.0x10’ 6.7x10"2
NaCl 2.2x10° 8 . 4x100 3.8x10"2
5123 None 6.6x10° 9.7x107 1.5x107t
(ersAs7 Novobiocin §.0x107 5.5%107 9.2x1073
- Ethanol 5.1x10° 3.0x10° 5.9x107%
_ Cerulenin 5.6x10° 3.2x10% 5.7x1073
NaCl 1.1x10%  7.sx10° 6.3x10"3

»

Note: Cells were grown in SP medium and novobiocin (5 pg/ml)
ethanol (0.7M), cerulenin (1 pg/mL) or NaCl (0.85M) was
added at t.o.5 The numbers of viable cells and spores

were determined after 24 h.

]
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of glucose utilization of crsA47 mutant were much lower than
those of a wild-type strain (WS). Experiments were carried
out to determine whether the suppressor mutations could
alter the rate of growth and glucose utilization in crsA47-
carrying strains. It was found that doubling times of CS5122
and|, CS123 were 72 min and 75 min, respectively in SBM con-
taining glucose. These values indicate that the suppressor

mutants grow at a much faster rate than the parental strain

GLU-47 does. The rate of glucose utilization was determined

in SBM containing glucose by the resuspension technique.
After 16 h of incubation, glucose was almost completely used
up in both CS122 and CS123, whereas only about 40% of the
original amount of glucose was metabolized by GLU-47 during’
the same period. |

Earlier experiments revealed that the activity of
IMP dehydrogenase in GLU-47 was lower than that in the wild-
type strain (WS). The presence of glucose greétly inhibited
the decrease in the enzyme activity in the wild-type strain
but not in GLU-47. To determine the effect of sca mutations
on this enzyme, the enz&me activities in double mutants that
carried crsA47 and an sca mutation were determined. Cells
were grown in SP medium. At t_, o specific activities of IMP

dehydrogenase in CS122 (crsA47 scal9) and CS123 (crsA4/

sca27) wére considerably higher than that in GLU-47 (crsA47)

(Fig. 9). \Aﬁter resuspension of cells in SBM containing

(



Fig. 9.

Specific activity of IMP dehydrogenase in strains
€S122, CS123 and GLU-47. Cells were grown in SP

medium. At t.g.s the cells were resuspended.in

SBM containing glucose (55mM). 'C), CS5122;
O, cs123; W, GLU-47.
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glucose, the enzyﬁe levels in CS122 and CSlZ3ffailed to show
the signiﬁ;cant decrease that occured in GLU-47 (Fig. 9).

As for alkaline phosphataée,_it was found that the
activity of this enzyme in GLU-47 increased rapidly afcer
resuspension of cells in SBM regardless of the presence or
absence 0f glucose. 1In order to determine the levels of
this enzyme in CS122 and CS123, cells were grown in SP me-
dium supplemented with phosphate buffer (lOmM)Z'pH?.O. Cell§
were then resuspended and incubated in SBM containing glu-
cose. At the time of resuspension, béckground levels of
alkaline phosphatasé in both CS122 and CSI%E_Egye only about
'one.third of that in GLU-47 (Fig. 10). 1In contrast to the
rapid increase in specific activity of the enzyme in GLU-47,
the enzyme activities in strains CS122 and CS123 remained

Y
at a very low leveﬂ(throughout the experiment (Fig. 10).

N

(3) Mapping of sca mutationms .

In order to map these two sca mutations, a series of
strains that carried both crsA47 and auxotrophic markers
were constructed by introduciqg crsA47 mutation into
Dedondor's Kit strains (Dedondor et al. 1977). The-Kit
strains were transformed to sex® with relatively high con-*
centrations (1-2 pg/mL) of DNA extracted from GLU-47 (strAl
qrsA&?)._ Among the StrR transforﬁants, those which had re- .

ceived the crsA47 mutation could be recognized by their
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Fig. 10. Specific activity of M;hosphatase in
strains CS122, CS123 ¥Yand GLU-4 Cells were

grown in SP medium supplemented with phdsphate
buffer (10mM), pH7.0. At Lo s the cells were

. .
L . . -
. resuspended in SBM containing glucose (55mM) .
/_o?ucsuz; O, cS123; M, GLu-47.

Ve
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rough colonial morphology ‘'on TBB agar and by their CrsR pheno-
type. Colonies having StrR CrsR phenotype were then examined
for the presence of the auxotrophic markers that were origi-

nally carried by their parental Kit strain. The c¥sA47-carry-
ing Kit strains were then used as recipient and CS122 (crsA47?

scald) or CS123 (c:sA&? scal2?7) as donor in traﬂ%duction‘crosses.

Prototrophic transductants for the auxotrophic markers carried-
by the recipient strains were examined'fo; their ability to
‘sporulate in the presence‘of glucose. It was found that about
10-207% of the protgfrophic transductants for aroG932 (CS145)

or thr5 (CS146) had the CrsS phenotype. On thé other hand,
prototrophic transducﬁants for other auxotrophic markers were
still crst. .These results indicate that both scal9 and sca2l
are linked to aroG932 and thr5 (Table 22). Three-factor trans-

N : . .
duction crosses were carried out in which CS146. (crsA47 hisAl

thr5) was treated with lf%ates of CS122 (scal9 crsA47) or CS123

(sca27 cfsA&?). Thr+ transductants were selected. If sca mu-

tations were located’pé%ween hisAl and thr5, transductants

. + o
showing Thr His™ crs® phenotype would be produced at the low-
est<§requéncy since the formation of these transductants re-

quired "a double crgﬁ%over. In fact, the frequencies of Thr'
Y

'.His+ CrsR transdqgtanEF were 10-12% whereas no Thr+ His+ CrsS
transductants were5ﬁroduced (Table 22). Thus, the gene order

£,

may be "hisAl-thr5-sca27-scal9-aroG932" (Fig.ll). Since the

< . .
map positions of'3roG932 and thr5 are 270 and 290, respective-

ly (Henner and Hoch 1980), those of scal9 and sca27? were esti-

bt
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Table 22. Trénsduction crosses involving scai9, scaZ27 and
neighbouring markers

Reéipient Donor Selected Recombinants® Suggested
genotype genotye marker Classes ‘ Egiogges order
aroG932 CcrsA4? aroT  AroO Scag - =
crsAL/ scal9 1 0 391
(CS145) (CS122) . 1 1 58

His Thr Sca
hisAl crsAb7 Thr' 0 1 g 158  hisAl-
thrb scalg 0 1 1 33 thr5-
crsA4l (CS122) , i i 8 38 scal9
(CS146) v

His Thr Sca
hisAl crsAb7 Thrr 0 1 o0 114  hisAl-
thrs scaly B 0 1 1 35 thrs-
crsA4’ (CS123) ,\% i g lg scal2]
(CS146)

4, recipient phenotype; 1, donor phenotype.

=Sca, transductants which were sensitive to glucose for
sporulation. : -

-
v



r\Fi;g.sg.l. "Genetic map showing the positions of scal9 and

sca2’7. The positions were determined by trans-

duction. Mappigg unit distance = 100% - percentage
of co-transducén. ~Arrows point from the sele-
cted marker to e unselected marker.

-

~

L

)



116

L~

hisA1

thr5

mnn_.NN

scal9

aroG932

e ————«————————————————

88

ﬁ

78

85

—>>

100.

87




=t

117

mated to be approximately 280.
To determine whether the sca mutations were located in
the same gene, recombination tests.were carried out. Strains

WS (wild-type), CS122 (crsA47 scal9) and CS123 (crsA&7 scal27)

were used as donor. Strain CS318 (aroD120 crsA47 scal7) was
transformed with the donor DNA and Aro+-transforménts were se-
lected. It was found that, when CS123 was used as donor, none
of 2244 Aro’ transformants showed Crs® phenotype. ‘When €S122
was used as donor, however, 15 of 1758 Aro+ transformants (0.9%)

were CrsR. When WS was used as donor, 31 of 3380 Aro+ trans-

. formants (0.9%) were CrsX. If scal9 and sca2? were located in

the same gene, the crs® transformants would be produced at an

extremely low frequency in crosses between scal9 and sca27. In

act, the frequency of Crs™ transformants with CS122 as donor
I

. - .
was similar to that with WS as donor. It is therefore concluded

that these two mutations are not located in the same gene.

(4). Suppression of other crs mutations by scal9

To investigate the effect of scald on Crglphenotype of
crs mutants other than crsA47, double mutants that carried both
scal9 and one of the crs mutations were coﬁstructed. All the
constructed dauble mutants sporulatéd1pod§1y in SBM containing
glucose (Table 23). This indicates that scal9 can suppress not
onLy(ksR phenotype of crsA47 but also thdt of other crs muta-

tions (crsAl, crsAé4,,crsCl, crsDl, crsEl and crsFﬁj.

(x
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Table 23. Sporulation of strains carrying scal9 and crs

mutations
: Viable cell Sbore

Strain count (V) count (S) S/V

. : 9 7 -3
WS. (wild-type) 3.4x10 1.1x10 3.3x10
CS249 (scal9 crsal) 1.5%x10° 1.1x10° 7 .3x10”%
GLU-1 (crsAl) 1.0x10° 5.3x10° 5.3x10° 1
CS250 (scald crsad) 1.8x10° 6.7x10° 3.7x10° %
FRU-4 (crsAd) 6.5%x10° 5.0x10° 7. 7x10” !
CS306 (scal9 crsCl) 2 4x10° 2 5x10°  1.o0x10”®
RIB-2 (crsCl) 2. 2x10°7 7 .5x108 3 . 4x107 1
CS341 (scal9 crsDL) 3.2x10° 2.9x10° 9.0x10"°
MAN-AL (crsDI1) 1.8x10° 8.0x10° 4.4x10° 1L
CS309 (scal9 crsEL) 3.5%x10° 4.1x10° 1.2x10"%
'MAN-B1 (crsEl) 2.3x10° 5.3x10% 2.3x107 %
CS304 (scal9 crsF4) 1.3x10°  1.2x102 9.2x10°8
MAL-4 (crsFé) 2. 2%x10° 6.4x10% 2 .9x107 L

Note: Cells were grown in SBM containing glucose at 55mM.

The numbers of viable cells and spores were determined after
24 h.
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2. Suppression of crs mutations by an rim mutation

During the previous mapping study of crsEl mutation
(Chapter III) it was found that a double mutanf (CS31) which
carried crsEl and rfmll (rifamycin.resistance mutation) was
unable to sporﬁlate in the presence of glucose, while another

double mutant (rfml crsEl) remained glucose resistant. To

determire whether suppression of catabolite resistance in
strain CS31 was due to the presence of Eﬁgli-mutation. this -
mutation was introduced into strain MAN-Bl (crsEl) by trans-
formation with DNA extracted from CS31. About 100 Rfm™ _
transformants tested were catabolite sensitive for sporula-
lation, indicating that rfmll was indeed acting as a suppres-
sor for crsEl mutation.
‘ The rfmll mutfation was subsequently introduced into
strain FRU-4 (crsA4), RIB-2 (crsCl), GLN-2 (gﬁ), MAN-Al
(crsDl) and MAL-4 (crsF4) by transduction with strain CS35

(rfmll strAl) as donor rather than strain CS31 (rfmll crsEl)

since rfmll was closely linked to crsEl. Transdudtants
showing the REmY StrR phenotypé were selected to ensure
that the Rfm\ phenotype observed was due to the rfmll muta--
tion and not due to a spontaneous rfm mutation. By this ’

technique, strains CS36 (rfmll strAl crsA4), CS37 (rfmll

strAl crsCl), CS41 (rfmll strAl crsC2), CS38 (rfmll stral

crsF4), and CS39 (rfmll strAl crsDl) were constructed. An-
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other strain, CS40 (rf;II\ErsA47) was obtained by transduc-

ing GLU-47 (strAl crsA47) with lysates of CS33 (rfmll)sand

by selecting Rme StrS recombinants. It was found that the

constructed rfmllIrmutants carrying crsA4 or crsA47 mutations
"\- “"-— - - -

sporulated normally in SBM containing glucose, while those ca-

rrying c¢rsCl, crsC2, crsDl or crsF4 mutations did so poorly

under the same condition (Table 24). It can be concluded

that rfmll can suppress the CrsR phenotype of crsCl, crsC2, -

crsDl, crsEl and crsF4 but not that of crsAA and crsA47.

3. Relation between ervl]l and crs mutations

Sharrock and Leighton (1981, 1982) reported that an
intergenic suppressor mutation, rev4 could confer resistance
to the inhibiﬁory effect of cerulenin and etﬂénol on sporu-
lation. It would bé of interest to know whether this muta-
tion can also confer resistance to catabolites for sporula-
tion. Sharrock and Leighton“% original strain CB2401 which
carried both rev4 and eryl mutations was first tested for

the ability to sporulate in SBM contaiﬂ&ng glucose. It was

. found that strain CB2401 (rev4 eryl) sporulated poorly

in the presence of glucose and that a single mutant CB400
which carried eryl only also sporulated poorly u?der the

same condition. As ervl is known to cause Spots phenotype

(Sharrock and'Leighton 1981), the failure of strain CB2401
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Table 24. Sporulation of strains carrying rfmll and crs
mutatdions | o7
i Viable cell Spore ’
Strain count (V) count (S) S/V
. 9 7 -3
WS (wild-type) 3.4x10 1.1x10° 3.3x10
9 4 -5
. €833 (cfmll) 1.4x10 3.7x10 2 6x10
CS40 (rfmll crsA47) 9.0x108 2.1x10% 2 .3x10” !
CS36 (rfmll crsAd) 9.4x10°8 4. 2x108 4.5x10° 1
4
CS37 (rfmll crsCl) 4. 8x10° 1.3x10° 2.7x10”%
CS41 (rfmll crsC2) 2.2;}09 1.5%x10° 6.8x10°%
CS39 (rfmll ersDl) 1.3x10° 4.9x10° 3.8x10°°>
€S31 (rfmll crsgl) 2 .8x108 1.1x10° 3.9x1073
CS38 (rfmll

crsFh) ~ 2.4x10? 1.5x10°  6.3x107%

Note: Cells were grown in SBM containing giucose at 55mM.
The numbers

24 h,

B

of viable cells and spores were determined after

L4
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to show CreX phenotype might be due to the presence of eryl

mutation. Attempts were then made to construct a strain

that carried rev4 alone. Strain CBZQGT“(ervl rev4) was
S

Y

treated with lysates of WS (strAl) and StrR Ery~ transduc-

tants were selected. The constructed strain 337 (strAl

rev4) sporulated well in SBM containing glucosé (Table 25). /(/;
It can be concluded from these results that rev4 can confer{
CrsR phenotype and that eryl is able to suppress the CrsR
Phenotype of revé4 mutant.

The effect of eryl mutation.on CrsR phenotype of our

crs mutants was then determined. Double mutant strains,

CS330 (ervl crsA47), CS331 (eryl crsCl), CS332 (exryl crsDl),

CS337 (eryl crsF4) and CS338 (eryl crsEl) were constructed

by transdqsfion oT by transformation. It was found that

CrsR phenbtype of double mutants carrying crsCl, crsDl, crskEl

or crsF4 was suppresséd by eryl mutation (Table 26). The
only crs mutation which was not affected by eryl was \crsA47/
(Table 26).

~ Sharrock and Leighton (1981) showed that rev4 could

s phenotype caused by eryl mutation. In order

suppress Spdt

to determine whether our crs mutations Have a similar sup-
pressing effect, the above eryl EES double mutants were grown
in 2xSG medium at 47°C and the number of viable cells and

spores were determined at tio- Results shown in Table 27

indicate‘thap the SpotS phenotype caused by eryl can be sup-
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Table 25. "Effect of glucose on sporulation of strains

carrying rev4 mutation

L4

Viable cell Spore

‘Strain count (V) count (S) S/V
9 o 6 -3
CB400 (egzl) - 2.3x10 .8.9x10 3.8x10
CB2401 (eryl revé) 3.1x10 4.0x10 1.3x10
N _
CS327 (strAl revéd) 1.7x10? 8.Ef&9§ 5.0x10"1

Note: Cells were grown in SBM containing glukose at 55mM.

The numbers of viable cells and spores were determined afrer
24 h.
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Table 26. Effect of glucose on sporulation of various

eryl crs strains

A Viable cell Spore'
Strain N count (V) count (S) S/v
CS330 ‘(eryl crsA4?) 6.6x10° 8.6x10’ 1.3x10" 1
CS331 (eryl crsCl) 2.9x10° 1.7x107 5.9x107°
CS332 (eryl crsDdl) 2.3x10° 1.6x10° 7.0x10"7
CS338 (eryl crsEl) 2 .5x107 3.8x10" 1.5x10"2
9 N 1 -8
CS337 (eryl crsF4) 4,0x107 5.0x10 1.3x10 :
o
N

Note: Cells were grown in SBM containing glucose at S55mM.
The numbers of viable cells and s

24 h.

pores were determined ?ﬁrér
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Tbale 27. Effect of high temperature (47°C) on sporulation
. .
of eryl crs strains ’\\
Viable cell Spore
Strain - count (V) count (S) S/v .
~/
[ 8 ' 7 2
CB400 (eryl) 5.1x10 . 2.3x10 5.9x10°
CS330 (eryl crsA47) 1.2x10°8 1.0x108 8.3x10"
CS331 (eryl crsCl) "2.5x10°8 4.5x10° 1.8x10"
CS332 (eryl crsDl) 3.2x108 7.8x10° 2 . 4x10"°
CS338 (eryl crsEl) 2.9;T68 1.9x10° 6.6x10"
CS337 (eryl crsFh) 1.0x108 2.5x10" 2.5%x10"
Note: Cells were grown in 2xSG medium at 479

of viable cells and spores were determined at t

C. The numbers
10,

el A e B T A
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pressed by crsA47, crsEl and crsF4 but not by crsC& and

crsDl. - -

4, Stringent response and crst phenetype

L -

It was reported that stringent response was not ab-

solutely required for sporulation since relaxed mutants .

(relA) sporulated normally (Rhaese et al. 1975; Nishino et

al. 1979). Howevgr, sporulation could be initieted by the

stringent response to partial amino acid deprivation @ﬁppez

et al. 1981b). Endo et al. (1983) a mutant strain

~in which partial stringent response caused cells to Sp

late in tbe presehce'of glucose. In the p esen;/arudy, the

relatlon between the stringent response and Cng phenotype »

elA mutgtﬁgn car-
1980) was introduced into

of our crs mutants was investigated. The
ried by strain IS56 (Smith et al.
our crs strains by/transduction and transformation. Recom-
' binants that carried the relA mutation were identi by
e reld my fIaQ\‘d

the procedure cibed in Chapter II. The re%A crs double
mute?pa\zgz:lthen examlned for _their &élllty to sporulate
in SBM co ning glucose. It was found é;at doub%iJﬁutants

~carrying relA and one of crsA47,lcrsC}f\g;sEl and crsF4 were.—(ﬁﬁ

&

able to sporulate in SBM containing gluegée (Table 28).

“Strain CS365 (relA crsDl) was sensitive to glucose (Table

28). These results suggest that the stringent response is

S

(.
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Table 28. Effect of glucode on specrulation of relA ers
strains
> ] ' Viable cell Spore
Straln - count (V) count (S) S/V
/ CS384 9 7 3
(relA trpC2) | 3.0x10 2.2x10 7.3x10
CS410 - : 9 8 -1
/ (el trsA47 trpC2) 1.0x10 5.1x10° 5.1x10
£ CS387 ) 9 -8 -1
(relA crsCl trpC2) 2.5x10 8.8x10 3.5x10
r £S365 | 9 7 -3
Vo (relA crsDl trpC2) 2.2x10 . 2.0x10 9.1x10
S391 9 9 1
€S395 ) 9 9 : -1
(relA C::;Z\trpCZ) 2.6x10 1.3x10 5_0x}0

b

Note: Cells were grown in SBM containing glucose at 55mM.

The numbers of viable cells and spores were determined after
24 h - il '4
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necessary for the CrsR phenotype of crsDl mutant but not for

that of crsA47, crsCl, crsEl and crsF4 mutants.

5. CrsR phenotype of stv and std mutants

Earlier mapping studies (Chépter ITI) indicated that
the crsEl mutation was located between std and stv muta-
tions. Since std and stv fall within the rpoBC operon which
regulates the synthesis of 38 and 3' suwbunits of RNA poly-
merase (Halling et al. 1977, 1978; Doi 1982), crsEl may also
be locatéd in this operon. If this is the case, it would be
possible that certain mutdtions in this.operon might show

prhenotype. Attempts were made to isolate mutant strains

Crs
that carried rfm, stv, and std mutations to investigate the
relationship between catabolite resistance and these ﬁuta—

tions,. A wild-type sfrain.(WS) was treated with EMS and

| plated on TBB agar containing streptovaricin or streptoly-

digin to isolate resistant mutants. Sth and Sth colonies
thus obtained were replica-plated onto SBM agar containing

" glucose. After 3 days of incubation, colonies that éhowed

‘dark-brown pigmentation were selected for further study. In

liquid SBM containing glucose, the frequencies of spores of

R 2 2

these Stv to 9.7x10 °,

and Std® mutants ranged from 7.6x10°
while that of WS was only 8.9x10-3 (Table 29). Transforma-

tion analysis in which WS was used as recipient and these
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Table 29, Effect of stv and std mutations on sporulation

] Viable cell Spore
Strain P count (V) count (S) S/V

. 9 7 -3
WS (wild-type) 2.7x10 2.4x10 8.9x10

. a 9 8 )
CS225 (stv53) 2.9x10 2.8x10 9.7x10
CS256 (st£d201) 3.3x10° 2 .5x108 7.6x1072
CS277 (stv53 std20l) 2. 8x10” 4.2x108 1.5x1071
- 8 N

CS294 (stv339 std201) 2.5%x10° 6.6x10 2.6x10"

Note:

24 h.

cells were grown in SBM containing glucose at 55mM.

The numbers of wviable cells and spores were determined after
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mutants as donox showed that such "‘partial resiséance” to
glucose and the Sth or Sth phenotype could not be sepa-
rated from each other. However, none of the ﬁme mutants
isolated from the EMS~treated WS cells showed such partial
resistance to glucose. ] |

The catabolite.resiétance of double mutants carrying
both stv and std mutations was then investigated. Std® StvR
double mutants wefe constructed by transformation in which
strain CS5256 (std201) was used as.recipient.and CSZZS-(QEXQQ)
as donor. The frequency of spores of a double mutant CS277

(std201 stv53) in SBM-containing glucose was 1.5x10f1, which

was slightly] higher than those of the parental strains

<Table 29).
Double mutants having Std Stv phenot?“g\yere also

obtained by treating ‘strain CS256 (std201) with EMS. One

of the double mutants, CS294 (std201l stv339), sporulated

at a frequency of 2.62:10-l in the presence of glucose (Table
29). Mutants showing C:SR phenotype among the double

mutants obtained occured at a frequency of about 1%. On the

other hand; éhe same treatment of stréin QSZZS (stv53)

failed to produce double mutants showing the CrsR phenotype.

These observations indicate that only certain stv or std

mutants or certain stv std double mutants are .able to spo- -

rulate in the presence.of glucose.

L \

%
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Chapter VI

. DISCUSSION

1. Genetic mapping of crs mutants

Mutants of B. subtilis that are able to sporulate in
the presence of inhibitory concentrations of catabolites
h;ve been isolated by many investigators (Freese et al.
l970; Ito and Spizizen 1973; Kunst gg al. 1974;_0hné and
Rutberg 1976; Dod and Balassa 1978; Takahashi 1979). In the
present study, a humber of crs mutations carried by the
catabolite resistant mutants isolated by Takahashi (1979)
have been mapped on the chromosome of B. subtilis.

Ito and Spizizen (1973) have isolatéd several catA
mutants which are insensitive to glucose in sporulation.
These mutants produce extracellular protease at, a level five
to six times higher than that of wild-type strains. Dod and
Balassa (1978) have suggested.that their scoC mutants may be
identical with the catA mutants. The mutant gene catA has
been found tb be linked to metD by PBSLl .transduction (Ito
and Spizizen 1973). Since the map position of metD has been

reported to be 95, the map position of catA (scol) would be

approximately 90 (Henner and Hoch 1980).

The sacUh mutants isolated by Kunst et gl. (1974)
131
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are capable of sporulating in the presence of glucose and

they are hyperproducers of extracellular protease. The
sacUh gene is located at a map position of 310. From the

map positions of different catabolite resistance genes su-

mparized in Table 30, it is clear that our crs mutations

are genetically distinct from the catA (scoC) and the sacUh
mutations described by the ahove authors. Furthermore,

unlike the catA (scoC) and the sacUh mutants, our Crs mu-

tants are not hyperproducers.of extracellular protease

(I. Takahashi wunpublished data).

3

According to results of our mapping study, crs muta-
L]

\\\\;\\\ tions are not clustered at one region of chromosome; they

o

: L}pre distributed randomly at six distinct loci,(Table 30).
/ Although all the c¢rs mutants examined in the present study

2
are able to sporulate in the presence Rf glucose, they
L

show varving degree of sensitivity to gIQS;se in indugtion
of an inducible enzyme, acetoin dehydrogenase (Takahashi
1979). They also show different sensitivity to novobiocin,
acridine orange (Takahashi and MacKenzie 1982), cerulenin,
aliphatié alcohols and NaCl in sporulation. From these re-
sults, it is suggésted that, although the crs mutants show
the same CrsR phenotype, the functions that are affected in
these mutanfs ﬁay be different from each other.

Several authors have reported the existence of other

. A
types of ca%abolite resistant mutants. It was found in the

)

.-
—
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Table 30. Map positions of yarious catabolite resistance

genes

Mutant genes mapped in the Mutant genes mapped by

present stgdy . other authors
Genotype (strain) po??gion genotype po??iioné
crsDl (MANSAL) 5 catA : 90
crsEl (MAN-B1) 10 scoC 90
crsB40 (GLU-40) 55 sacy® 310 -
crsF4 (MAL-4) 120 -
crsCl (RIB-2) 220 i
crsC2 (GLN-2) 220 \
¢crsAl (Gﬁﬁ;l) 225 ; g
crsAb (FRU-4) 225 f)
crsA47 (GLU-47) 225 ’ ~_

.- | |

2 The map positions were estimated from the positions of
enetic marRers to which catA, scoC and sacU" were linked
by PBS1 transduetion (Henner and Hoch 1980). catA: Ito and

Spizizen (1973); scoC: Dod and Balassa (1978); sacUh: Kunst
et al. (1974),

-"i . N
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present study that the revé mutant whose mutation was iden-
tified as a suppressor for Spots phenotype of eryl-carrying
mutants was able to sporulate in the preseﬁce of glucose.

The revéd mupatién is located between narA (map position: 320)
and sacA (map position: 335) (Sharrock and Leighton 1981).
Some leaky guanine—requirihg mutants have been shown to spo-
.rulate well in the presence of excess glucose when guanine
supply is'limited (Freese et al. 1978, 1979b). Freese et al.
(197O)Ahavé reported that a mutant which lacks phosphoenol-
pyruvate transferase activity sporulates normally in the
presence of glucose. thé,and'Rutberg (1976) have isolated
a mutant which is resistant to glucose and malate for sporu-
’ lation. These mutants are found to be unable to metabolize
_ either fructose (Freese et al. 1970) or malate (Ohné and
‘Rutberg 1976) as the sole carbon source. As crs mutants

can use both fructase and malate as the sole carbon source
(Takahashi 1979), the Crs mutants appear to be distinct from
these mutants.

One of the crs mutations, crsEl, was mapped between
ﬁﬁg and std mutations. ‘Halling et al. (1977) have reported
Ehat rfm mutations affect the rpoB gene which codes for
the 8 subunit of RNA polymerase. The std mutations, on |
the other hand, éfféct the rpoC gene &hich codes for the‘as'
subunit of .the enzyme (Halling et al. 1978). The rpoB and
rpoC gene have been suggested to form an operon (rpoBC) (Doi
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1982). Although the RNA polymerase subunits of strains

‘carrying the rfm, stv, std &nd crsEl mutations used in the
present study have not been examined, it is very l%kely,
from their map positions, that these mutations also fall
within the rpoBC operon.

Mutations in the rpoBC operon often pfoduce pleio-
tropic effects in B. subtilis. Sonenshein et al. (1974) have
reported that some rfm and std mutations lead to Spo or
Spots phenotypes. Ryu and Takayanagi (1979) have reportéd
fifteen Eﬁg_mutéﬁts which ;re deficient in glutamate syn-
thase. Sporulation in some of the mutant strains is blocked
at stage 0, but not in other strains7T “\These authors have
concluded tﬂat a certain modification of RNA polymerase may
affect the‘expression of the‘glﬁtamate synthase gene.
Hirochiia and Kobayashi (1978) have found that an rfm wmuta-
tion can suppress Spots-phénotype of a mutant affected in
the elongation factor G for protgin/éynthesis. As the crsEl
mutation was located in the rpoBC operon, it was expéﬁted -
that this miftation could confer résistanbe to RNA: polymerase-
affecting antibiotiés. -In fact, vegetative growth of strain
MAN-B1 (crsEl) was sensitive to rifamy:in, streptovaricin and
streptolydigin. However, this observation doeé not rule out
the possibility that crsEl might confer resistance to a hi-

. . -
therto unidentified antibiotic. It is possible that -the re-

'sistance to catabolites and other inhibitors may be due to

/‘/fﬂ“
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the pleiotropic effect of this mutatlon
It has been reported that lpm mug\ttnns/Whlch confer

Tresistance to lipiarmycin are also located between rfm (stv)
*

™

and std (Sonenshein et al. 1977). Lipiarmycin is known to
block initiation of RNA synthesis by inhibiting the o=factor-
containing RNA polymerase (Sonenshein and Alexander 1979).
Some of the lpm mutations can counteract Spots phenotype of
certain mutants, and consequently the mutant cells regain

the ability to sporulate at high temperatures (D.M. Rothstein,
Ph.D. these, Tufts University, Boston, Mass., 1977; quoted

in Sconenshein et al. 1977).  This situation seéms to be
analogous to the finding that crsEl mutation co%lg/éﬁﬁp{ggﬁ
Spots\Ehenotype induced by gatabolites and other inhibitors.
Genetic analysis involg;ng lpm and crsEl mutations énd an-

N

. . . ‘s s : . N
investigation on the sensitivity of crsEl-carrying strain

to lipiarmycin may yield useful information.
'According to R.H. Doi; crsA47 mutation is located

in the gene for the ,-factor of RNA polymerase (personal com-

munication). Furthermore, R.H. Doi anqeco-workers have found N

a change in the nucleotide sequence in the promoter region of

the gene for the o-factor in crsA47 mutant. The foregoing

observation made with crsEl and crsA47 ﬁ Ftions indicate

that certain changes in RNA polymerase may alter'the respomnse

of cells to the inhibitory effect of catabolites and other in-
TN
)

/
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hibi;ors.

2. Properties of c¢rs mutants

.!
In the present iﬁydy, it was found that mutant

strains that carried crsA47 or crsF4 mutation grew at a

slower rate than that of the wild-type strain. On the other

hand, strains carrylng crsCl or crsPl mutation grew almost

as 5#st as the w11d type strain did. This observation sug-

gests that slow growth is not a necé;sary conditiog for a >
mitant to achieve CrsR phenotype.

The slow~growth‘r§Eéland slow rate of glucose utili-
zation of sEFain GLU-47 (crsA47) appeared to indicate a de-

-

Oort or metabolism. However, the

growth rates of this mifant with othe carbon .sources such
/ .

as glycerol, glucogﬁte, ribose and malate were also lower - (//

than those of the/@ild-type strain. Since cells transport
. (4nﬁ§:;;tabolize these carbon sources through different mecha-

nisms, an alteration iq’?ﬁnctions other than trans

metébolism of glucose may be responsible for/the slow growth -

o
of GLU-47.

Freese et al. (1979b) have shown thit the presence -
of mycophenolic acid, an inhibitor of IMP dehydrogenase makes
wild-type B. subtilis cells to sporulate 4% the presence of

glucose. Sporulation of leaky guanine auxot¥ophic mﬁ}ants

~

! “
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N
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is resistant to glucosé when exogenous supply of guanine is
limited (Freese et al. 1978, 1979a). These authors have
‘suggesteq that the ability to sporulate in the presence of
glucosezfégmonia and phosphate is due to low levels of GDP
and GTP; In the present study, it was found that GLU-47
had a much lower activity of IMP dehydrogenase at the time
of cell resuspension as well as duriﬁg incubation in SBM
Jr_;}rcontain:‘.m:g glucpseﬁ Considering the fgct that IMP dehydro-
genase.ié the first enzyme for the sygzgésis of GMP from
IMP, the above observation seems tgQ- suggest that the slow
growth rate and CrsR phenOtyﬁéébf GLU-47 are the results of
the “Low activity qf‘fﬂis enzyme. However, the addition of
:guanosine, which is readily transported into B. subtilis

cglls (quoted in Freese et al. 1979b), could not increase

the grqwtﬁlratefﬁf strain GLU-A?f&neither could it suppress

L ,
CrsR phenotype (d not shown). In addition, specific
acéE;IEibs 0 dehydrogenase in some crs mutants such as

RIB-2 (crsCl) and GLN-2 (crsC2) were similar to that in the
wild-type strain. Thus, it can be concluded that this en-
zyme may not be closely related to CrsR phenotype.

The level of alkaline phosphatase among crs mutants
fluctuated widely at the time of cell resuspension. It was
also found that glucose completely inhibiéed the increase of
this enzyme in some mutants but not in the others. There-

fore, the level of this enzyme and changes in the enzyme ac-

B

-
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tivity due to the'presence of glucose may not be necessarily
related to CrsR phenotype. -

' Ohné (1975) hgs-repprted that malate dehydrogenase
is repressed in cells grown in SP medium containing glucose,
In theppresent study, however, it was found that the pre-
sence of gfucose had little effect on the level of this en-
zyme’in both the wild-type strain (WS) and the mutant strain
(GﬁU—47). The difference betweeﬁ our results and Chné's
results (Ohné 1975) may be due to the media and the cultural
conditions used. Our results suggest that malate dehydro-
genase may not be involved in inhibition of sporulation of
wild-type cells by glucose..

. )

7

. ‘ /
3. Effect of various inhibitors on sporulation

4

Previous studies have indicated ﬁﬁat strains that

carry crsA or crsF mutation are resistant not only to cata-
bolites but also resistant to the inhibitory effect of novo--
biocin on sporulation (Takahashi and MacKengie 1982). In

the present study, sporulation of these mutants was found to
be also resistant to cerulehiﬁ, alcohols and NaCl, agents
that inhibiﬁed sporulation of wild-type strains. Since

single mutation crsA or crsF alone causes Tesistance to all

L

the agents tested, it isdgossible that the above agents
DA

affect sporulation thr \a common mechanism, (-

-

-

A
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In E. coli, glucose is known to affect several mem-
brane-related functions such as cell perﬁeability, oxygen
uptake (Halpern et al. 1964) and oxidative phosphorylatign
(Heﬁpfling'l970)- The amount of membrane-bound succinate
dehydrogenase (Gray et fii l966)‘and‘cytochromés (quoted in
Haddéck and Jones 1977) i; reduced in the preseﬁce of glu-
cose. Furthermoré, the amount of several outer membrane
proteins is also.altered by the presence of glucose or other
carbon sources (Mallick and HerrlichA1979). Some of the
above dﬁﬁgges have been found to be due to a decrease in the .
intracellular concentration of cAMP. Glucose and other car-

.bon sources are known\to ;nhibit the activity of_membraégQ
Bound adeﬁylate cyclase, -the enzyme for the synthesis of
cAMP (see revzew by Botsford 1981)

In B. subtilis, glucose is known-to repress the TCA
cycle enzymes such a& citrate synthase- (Fleahtner and Hanson '
1969) and aconitase (Ohné 1974). As in the case of E. coli,
the synthe51s of membrane bougéﬁFucc1nate dehydrogenase and

N
cytochromes in B. subtilis is repregled by glucose (Kusaka

1973; Ohné 1975). Kusaka (1973) has reported that electro-
bhorétic patfer

of membrane proteins from cells/of B.

ubtilis o Bx/ ereus jgrown In the presence of glucose is

f very different from—that in the absence of glucose. The

same author has also found that the presence of glucose re-

duces contents of phospholipi ~diglycerides. Moreover,
) .
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gluéose represses induction of the gluconate-transport sys-
i tem-in B. sﬁbtilis {Dowds gﬁ al. 1978). According to
_Rhaese and Groscurth (1976), phosphorylated metabolites ‘of )
élucose suppreéé sporulation by inhibiting membrane-bound
pppAppp synthetase.

Novobiocin is known to be an inhibitor of DNA gyrase
(Géllért gﬁ al. 1976). However, Vazquez~Ramos and Mandelstam
(1981) have found that this antibiotic does not inhibit DNA
synthesis'in sporulating cells. They conclude . that the in-
hibitory effect of novobiocin on sporulation is not due to
inhibition of DNA'synthesis. These authors have found that
although the synthesis of alkaline phosphatase is inhibited

by novobiocin, serine protease synthesis is not affect by

this antibiotic. They suggest that inhibition of transcrip
tion of certain.gehés may be the reason'for-the inhibitorj
effect of this antibiotic on spore formation. On the other
hand,” novobiocin has also been found to affect permeability
of E. coli cells (Brock and Brock 1959). Hooper gg.gl.
(1982) have shown that novobiocin interacts not only with
DNA gyrase but'al;o with cellular cqmponents which are in-
volved‘in the permeation of this antibiotic into E. coli
cells. It is possible that novobiocin inhibits sforulation
by affecting the membra;: or membrane%associéted functions.

Cerulenin has been known to be a specific inhibitor

pf fatty acid synthesis in both prokaryotic and eukaryotic

“
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organisms (see review by Omura l976)z This antibiotic causes
abnormal release of periplasmic 2-lactamase in E. coli
(Choudhurp 1978). It also inhibits secretion of various
enzymes sucg as protease 1in B. subtilis (Mantsala 1982).
Petit-Glatron and Chambert (1981) have found that the inhi-
bition of synthesis of extracellular enzymes in B. subtilis
by cerulenin is d;e to its physicochemical interaction with

the membrane rather than its inhibitory effect on lipid syn-

t gl;l(l981) have shown that Spots pﬁenotype

thesis. Wayne
induced by this antibiotic can be suppressed by the addition
~of variods carbon sources or synthetic lipids into the cul-
B ture med}a. These-observations suggest that cérulenin pro-
babl§ inhibits sporulation by affecting the membrane.

The inhibitory effect of ethanol on sporulation has
been investigated bthohin and co-workers (Bohin et g;f
1976b; Rigomier et al. 1980; Bohin and Lubochinsky 1982).
These authors have shown that several sporulation-associated
events, for example, excretion of extracellular enzymes are
also inhibited by the presence of ethanol. Ethanol prefe-
¥entially inhibits the synthesis of phosphatidylglvcerol and
markedly decreases the relatiﬁe amount of branched fatty “‘
acids in phospholipids (Rigomier et al. 1980). According to
these authors, the above changes may result in alterations

in lipid-protein interactions and the expression of various

membrane-associated functions. Bohin and Lubochinsky (1982)
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have isolated ssa mutants which sporulate well in the pre-
sence of ethanol or other aliphafic alcohols. The composi-
tion of phopholipids in ssa mutants differs from that in
wild-type strains. Bohin and‘Lubochinsky (1982) suggesﬁ
that the regulation ef membrane synthesis may be altered by
the ssa mutation.

Ingram (1940) has reﬁbrted that NaCl at concentra-
. ' . T
- tions of 0.6M or higher reduces the rate of respiration in ~
B. cereus. This effect has been attributed to prfcipitation
of some proteins in the membrane-bound respigatory chain by
NaCl (Ingram 1947). In a marine bacterium,~NaCl at 0.5M
stimulates the activity of NADH ox1dase, 4nd at the same
time it inhibits t?g_actlvgty of su001na£eﬂdé§iﬂrogenase
{/;;}'(Ichlkaya et al. 1981). In addition, the compositions of
' phosphqlipids and fat&y acids iﬁ'é moderately halopQ}lic S

bacterium Pseudomonas halosaccharolytica vary”significantly

. - 4
in the presence ofVdifferent concentrations of NaCl (Chno et
al. 1979): Alterations in the composition of phospholipids
and fatty acids by NaCl have also been observed in a haloto-

-

lerant bacterium, Staphylococcus aureus (Kanemasa et al.

1972). 1In E. coli, the presence of NaCl gauses an'incrgsig

in cyclopropane fatty acid§ and a‘decrease in unsaturated

fatty acids in cells during the statlonary phase (McGarrity
- and Armstrong 1975) As the,meltlng points of cyclopropane

‘- fatty agids are higher than those of the homologous unsatu-
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rated fatty écids, cyclopropanization of unsaturated fatty ~3
acids in the presence of NaCl will reduce membrane fluldlty
A lesy fluid membrane will consequently affect various mem=
brane-associated functions such as resplratlpn and transport
of substrates (McGarrity and Armstrong 1975;. It appears

that NaCl has a profound effect on ghe physicochemical
W . -

e state of the membrane and its associated functions.
///ii\> The foregoing discussions on the mode of action of
- : )
,/’“"’\\\i\h,/// catabolites, novébiocin, cerulenin, ethanol and NaCl sug-

)

gest that .these agents inhibit sporulation by affectiﬂg
the membrane structure or functions associated with the

4 - - - membrane. Indeed, several lines of evidence indicate the
importance of the membrane or .membrane-associated funct%ons
in the process of.sporulatioﬂ. It has been repofted that
activities of TCA cycle enzymes.increase éf the beginning of
sporulation (Hanson et al. 1964; Ohné 1975); Activities in
the electron transport system also increase §ignificantly
soon éfter ﬁO (Tater gﬁ al. 1972; Felix and Lundgren 1973;
Weber and Broadbent 1975). Mutants that fail to undergo
these changes are asporogenous (Fortnagel and Freese 1968;
Taber et gl; 1972; Taber and f&eese 1974) . Changes in mem-
brane protein ?omposition guring early stages of sporulation. *e
‘have been observed in both B. subtilis (Goldman 1976) and

B..cereus (Andreoli et al. 1981). In addition, many spo0

mutants differ from wild-type strains in phospholipid compo- |

¢
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sition and in various membrane-related™functions (Ito et al.
1971; Schaeffer et al. 1971; Rigomier et al. 1974; Bohin et.
giﬁ 1976a). Hence, it seems -that certain alterations in the

membrane take place during the initial stage of sporulatiom.
If these alterations fail to occur;%&'préceed improperly due
to the presence éf various inﬁibitors or spol mutatioms,
sEPrulatipn will be blocked at early stages.

The effects of various membrane-affecting agents on
sporulation of crs mutants are summarized in Table 31. With
the exception of GLU-40, which may be affected in glucose
transpozt or metabolism (Takahashi 1979), all the ¢rs mutants
are resistant to at least one of the membrane-affecting
agents tested (Table 31). It is suggested that functions -
altered by these mutations may be related to the membrane.
Indeed, our preliminary results of electrophoretic analysis
of membréne proteins have revealed that in SP medium crsA
mutant ceils'at 0.5 containfseveral membrane prbteins’
which-are practically absent in wild-type cells.

R,

4. Suppressors of crs mutations

—_-—--____'_—'5—-.___,

" .'A suppressor mutation may occur in the gene that
L4
\‘-~ L . . L) hd
harbors the original mutation (intragenic suppressor); or,
it may. occur ocutside of the original mutant gene (intergenic

suppressor). Intergenic suppressors can be divided into two

T
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catagories: direct suppressors and indirect suppressors.

Direct suppressors achieve their suppressiﬁg effect by modi-

. fying tRNA or ribosomes so that mRNA traiiii:%ed from the

original mutant gene can be translated into proteln which
is functional orﬁbértially functional. Indirect suppressors,
on the other hand, allow the éxpression of wild-type charac-
ters without altering the mutant gene products. Rathér,
they suppress the mutant phenotype by openning a new meta-
bolic pathway, or removing the inhibitory molecules or modi-
fying protein molecules (%?é‘revie; by Hartman and Roth
1973). | -

In the present stud&, the effect of.various.mutations
which might act as suépressors for crs mutations was inves-

o

tigated. The effects of scal9, rfmll; eryl and relA muta-

tions on the crs mutants are summarized in Table 32.

The sca mutations which were not linked‘to~anj-of
the crs mutations were found to be able to suppress CrsR
phenotype of crsA47 mutant. Thus, the sca mutations are
acting as intergenic suppressors for c%§A47. One of the sca
mutatioﬁs, scal9 can also sﬁppress CrsR phenotype of other
crs mutants whose mutations are localized in various regions
of the chromosome.

In E.lggli, the‘inability of 2 mutant lacking the

~

membrane-bound lactose permease to grow on lactose as the

Co
* sole carbon source can be corrected by a number of Suppressor



148
- AN

Table 32. Effect of various "suppressor mutations' on

sporulation of crs mutants
Zrs Suppregsor
mitation nutarion scalg rfmll eryl rela

‘\'
+ CIrsA47 + //f~\\? - -
. L ) .

. crsCl + o+ + -
crsDl + + + +
crsEl - + + + ;~,\\
crsF4 + + + -
Note:  +: suppressed (sensitive to glucose), -: not'supp-
ressed (resistant to glucose) . ‘

\ #,
%\_/
(s _
Q.



. 149
-

mutations that alter the cell envelope (Lazdunski and Shapiro

1972). In B. subtilis, it has been found that the abs muta-
tion can suppress some of the membrane—aSQSEiated phenotypes
of a spo0A mutant by céusipg changes in thé\membfane-proteins
(Tto and Spizizen 19%2). ‘The present data show that the sca
%9tations su%press not only CrsR Phenotype of crsA47 mutant
Eut also its resistance to a variety of mémbrane-affecting
agents in sporulation. In our earlier discussion, the resis-
tance to these agents has been suggested to be due to a.ltera-

tions in the membrane. It is possible that the sca muta-

tions act as indirect suppressors which suppress the pheno-

\ types” of) the crsA47 mutant by reétoring the membrang;to its

ild-type state.
A rifamycin resistance mutation, rfmll was shown to

be able to s ppress CrsR phenotype of mutants that carried

crsCl, crsCZ, crsDl, crsEl or crsF4. The rfmll mutation did
not inhibif spgruiation of-wild—typé strains at both 37°C
and 45??, Ehus it represents a new type of rfm mutation
which biﬁcis sporulation of the crs mutants in the presence
of- zlucose while allowing ﬁqrﬁal sporulation to take place
in the agsence of glucose,

Two hypothéses have been proposed to explain the

mechanism by which RNA polymerase mutations block sporula-

tion. According to one hypothesis, the mutations may inter-

~fere with the sequential modifications of RNA polyﬁerase_so

(
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that the affected enzyme cannot transcfibe sporulation-
tgpecific genes (Doi 1977; Losick 1982). The alternative
h&pothesis is that the affected RNA polymerase would change
the rate of transcription and therefore create a metabolic
imbalance which lnterferes w1th the process of sporulation
~(Waymne et él._;9811 ;31nce rfmll mutatlon did not affect
spotulation in wild-type straﬁns, the suppression of‘CrsR
phenotype by this muta{igﬂﬁiignot be due to a failure to
transcribe sporulation-specific genes. The rfmll mutation
probabiy acts as 4 suppressor for the crs mutants by creat-
ing a metabolic imbalance which oc:gzé-only in the presence
of glucose.
An erythromyc1n resistince mutation, eryl could alsc

suppress Crs phenotype of c¢crsCl, crsDl, crsEl and crsF4 mu-

tants. - This mutation has been shown -to alter ribosomal pro-
tein L17 (Sharrock et al. 1981). Unlike rfmll, the eryl mu-
tation causes SpotS phenotype in wild—tyag.stréins (Sharrock
et al. 1981). The Spo'ts phenotype can be correcued by the

addition of varlous carbohydrates or synthetlc llpidS to the

. culture media (Wayne and Leighton 1981). ThlS observatlon

has led these authors to conclude that eryl blocks sporula-
tion of wild-type cells at high temperatures by causing a
-metabolic imbalance which disrupts'the_membrane. It is possi-
ble that eryl also suppresses Ccrst phenotype of ﬁhg crs mu-

tants by causing a metabolic imbalance. The present results

if
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also show that our crsd47, crsEl and crsF4 mutations can

suppress the Spots enotype of eryl mutant. This observa-
“tion suggests *that the disruption in the membrane of eryl
mutant at high temperatures: can be compensated by these crs

<
mutations.

In E. coli, the stringent response caused by amino
acid starvation is known to'affgct the synt;esis of rRNA,
tRNA, ribo;omal pfoteiné and a number of oth; roteins.

The synthesis of lip;ds is also undey the sétingent control
(see review by Gallant 1979). As mutants of B, subtilis

that carry relA mutation sporulat; no;mally, it is_quggestedr
that tﬁe stringent response is not required for sporulationm
(Rhaese et al. 1975). 1In the present studyl it was_foﬁnd

that the relA mutation did not suppress sporulation of

crsAd7, crsCl, crsEl and crsF4 mutants in the presence of
giucose. However, C;SR phenotype of crsDl mutant was sup-
pressed by the relA mutation. Thus, stringent response is
required for crs® phenoéype of the gzggl.mutant. The mecha-
nism by which the stringent response is involved in achiev-
ing the CrsX phénotype of crsDl mutant is still unknown.

As the thorough characterization of the double
mutants that carry crs mutations and suppressor mutations
has not been carried out, this investigation is still in the

preliminary stage. Further experiments, for example, elec-

. trophoretic analysis of membrane proteins from the double-
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mutants must be carried out before any definitive conclu-
~_
A
.

In summary, a number of ¢®s mutations which confer

; <
sion ran be drawn.

hY

resistance to catabolites for sporulation have reen mapped
on the chromosome of B. Subtilis. Among them, c¢rsEl and
crsA47 mutations are located in genes for RNA polymerase,
indicating that certain mutations in thi; enzyme can altef
the response of cells to the inhibitory effect of catabolites

on sporulation. Changesin the ratesgof growth and glecose

utilization, and in the activities IMP dehydrogenase,

-~

alkaline phosphatase and malé éhydrdgenase are not nece-

'\__;
ssary conditions to achievk catabolite resistance for spo-

rulation. Sporulation of the c¢rs mutants is resistant to at’
* .

least Jone of the membrane—affecting\agents, iﬁcluding novo-
biocin, cerulgnin, ethancl and NaCl. The Cst phenotype and
resistance to the membrane-affecting agents can be suppressed
by several other mutations. It is suggested thagjﬁgnctions
affected in the crs mutants ar@ related to the mepbrane,

\ .
which is important in initiation of sporulation.

J
!

L 4




f

4

REFERENCES

Abraham, E. P., a¥d H. W. Florey. 194§. Antibiotics from
bacteria in the genous Bacillus. In Antibiotics.
Oxford University Press, Oxford, England. pp. 471-
. 492 and 1533-1541. *

- Adler, J., and B. Templeton. 1967. The effect of environ-

mental conditions on the motility of Escherichia
cali. J. Gen. Microbiol. 46: 175-184"

Pl

Akrigg, A."1978. Purificafion and'properties of a manganese-
" stimulated deoxyribonuclease produced during sporu-
lation of Bacillus subtilis. Biochem. J. 172: 69-76.

-

Akrigg, A., and J. Mandelstam. 1978. Extracellular
manganese-stimulated deoxyribondclease as a marker
event in sporulation of Bacillus subtilis. Biochem.
J..172: 63-67. ' '

Andreoli, A. J., M. Kao, R. Chui, J. Cabrera, and S. K. §.
Wong. 198l. Two-dimensional polyacrylamide gel
electrophoresis analyses of ¢ toplasmic and membrane
proteins from sporulating cel%s and forespore and
mother cell comparthents of Bactllus cereus. In

Sporulation and germination. Edjted by H. S.
- Levinson/ A. L. Sonenshein and D, J. Tipper. -
~ American Society for Microbioldgy. Washington,D.C.

168-173.

oulos, C. 1§gai;'Alkaline phosphatase formation
Bacillus subtilis. Fed. Proc. 19: 48

n, 4. L. 1965. Characterization ofomessenger'RNA in.
sporulating Bacillus caerxeus. J. Mol. Biol. 11:
_ 576-588)( .

Aronson, A. I., and M. R. Del Valle. 1964 RNA" and protein
synthesis required for bacterial sptre farmation.
i Biochim. Biophys. Acta, 87; 267-276. - '

N

Bernlohr, R. W., and B. HQ;FHESA. 1969. Enzyme inactivation
during initiation wf sporulation. ¢In Spores 1IV.
Edited by L. L. Campbell. American Society for. Micro-

g 153

~



3 . 154

biology. Bethesda, Md. pp. 186-195

Bernlohr, R. W., M. K. Haddox, and N. D. Goldberg. 1974.
Cycllc guanosine-3' 5'-monophosphate in Escherichia

coli and Bacillus llchenlformls J. Biol. Chem.
249: 4329-4331.

Bohin, J.-P., A. Bohin, and P. Schaeffer. 1976a. Increased
" mitrate reductase A activity as a sign of membrane
alteration in early blocked asporogenous mutants of.
Bacillus subtilis. Biochimie, 58: 99-108.

BOhln J.-P., and B. Lubochinsky. 1982. Alcohol- re&ﬁstant
sporulatlon mutants of Bacillus subtilis. /J.
Bacteriol. 150: 944-955.

Bohin, J.-P., D. Rigomier, and P. Schaeffer. 1976b. Ethanol
sensitivity of sporulation in Bacillus subtilis: a
new tool for the analysis of the sporulation pro-
cess. J. Bacteriol. 127: 934-940.

Bonamy, C.,/and J. Szulmajster. 1982. Cloning and expres-
sion of Bacillus subtilis spore genes Mol. Gen.
Genet. 188: 202-210.

Botsford, J. L. 1981. Cyclic nucleotidés in prdkaryotes.
Microbiol. Rev. 45: 620-642.

Brehm, S. P., F. Le Hegarat, and J. A. Hoch. 1975. Deoxy-
ribonucleic acid-binding proteins in vegetative*
Bacillus subtilis: alterations caused by stage.0
sporulation mutations. J. Bacteriol. 124: 977-984.

Brock, T. D., and M. L. Brock. 1959. Effect of n
on permeablllty of Escherichia coli. Arch®
Biophys. 85: 176-185.

Buchanan, R. E., and N. E. Gibbomns. 13&4 Bergey's
of determinative bacteriology. Ength edi
Williams and Wilk¥ns company. Baltimore.

'Endospore-forming rods andscocci. pp

Burton, K. 1956. A study of the'lconditions mechanism ~
“of the diphenylamine reaction for the lorimetric

esti n of deoxyribonucleic aC1d Bivchem. J-
62: 3 323\

\

Chambliss, G. B. ., and L. Legault Dema;e 1977. Functidnal
' modifidations OE‘;he translatlonql system in Bacillus
. . S ) ?. . - .'

)’ L] - i R '
Y - 8 r .



155

subtilis during sporulation. J. Bacteriol. 132

Cheng, Y.-S., and A. Aronson. 1977. Alterations of spore
coat processing and protein turnover in a Bacillus
cereus mutant with a defective postexponentia
intracellular—~protease. Proc. Natl. Acad. Sci.
U.S.A. 74: 125%c1258.

Choudhurp, T. K. K. 1978. Consequence of cerulenin-released
beta-lactamase in clinical coliforms. Anti. Agents
Chemoth. 13: 121-123. .

L

Coote, J. G. 1972. Sporulation in Bacillus subtilis. Char-
acterization of oligosporogenous mutants and compa-"
rison of their.phenotypes with those of asporogenous
mutants. J. Gen. Micrgbiol. 71: 1-15.

Coote, J. G. 1974. Comparative studies on inducation of
sporulation and synthesis of inducible enzymes in
Bacillus subtilis. J. Bacteriol. 120: 1102-1108.

Dancer, B. N., and J. Mandelstam. 1975, Production and
possible function of series protease during sporu-
lation of Bacillus subtilis. J. Bacteriol. 121:

« 406-410.
. : s
Davis, B. D., R. Dulbecco, H. N. Eisen, H. S. Ginsberg, a
W. B. Wood. 1973. Microbiolegy. Secoyd edition.
R Harper and Row, Publishers, Inc. Hage//;oun, Maryland.
PP. 4-5. - : .

'Dedonder, R., J.-A. Lepesant, J. LepesanE-Kerzlarova, A,

Billault, M. Steinmetz, and F. Kunst. }977 Cons-

truction of.a Kit of refer®pce strains rfor rapid {
genetic ping in B..subgidis 168 Appl Environ. !
Microbiodhg 33: 989- 593 .

Demerec) M., E. A. Adelberg, A. J. Clark and P. E. Hartman.
: 1965. A proposal for a unlforE nomenclature in
cteriat genetics.: Genetics 54 %1-76.

M.P., and A. Kornberg. 1968. Biochemical studies
bacterial agﬁgﬂgation and germination. VIII.
atterns of. enﬁzm development: dur%pg growth and
.sporulation of g;llus subtllls.f .Biol. Chem.
243; 4653~ 4660 _ ‘

— 4

”Dl ClOCClO “R. A. ) and N. Strauss. 1973. Patterns of ‘trans-
crlptlon in Bacillus subtilis during sporulation eVl

- N . .- ~

-



156

J. Mol. Biol. 77: 325-336.

Dobrogosz, W. J., and P. B. Hamilton. 1971. The role of
cyclic AMP in Chemotaxis in Escherichia coli. Biochem.
Biophys. Res. Commun. 42: 202-207.

Dod, B., and G. Balassa. 1978. Spore control (Sco) muta-'
tions in Bacillus subtilis. III. Regulation of ex-
tracellular protease syntheSmi in the spore control

mutation ScoC Mol. Gen. Ge . 163: 57-63.

- Doi, R. H. 1977. Genetic control of sporulation. Annu. Rev.
Genet:. 1l: 29-48. -

Doi, R. H. 1982. RNA polymerase of, K Bacillus subtilis. In
The molecular biology of the bacillii. Vol. I.
Bacillus subtilis. Edited by D. A. Dubnau. .Academic
Press. New York. pp. 71-110

Dei, R. H., and R. T. Igarééhi. 1964, Genetic transcrip-
tion during morphogenesis. Proc. Natl. Acad. Sci.
~ - U.S.A. 52: 755-762. T

Domoto; T., K. Kobayashi, and Y. Kobayashin._ 1975. Erythro-
wycin-resistant, conditional asporoghnous mutant of
Bacillus subtilis. In Spores VI. Edixed by P.
Gerhardt, R. N. Costilow, and H. [-eRadoff. American

Society for Mlcroblology Washington,D. pp. 307-

313.
- /“_-“
Dowds, B., L: Baxter, and M. McKillen. 1978. Catabolite
. repression in Bacillus subtilis. Biochim. Biophys.
Acta, 541: 18-34. , J

DuEe; S; M., and P..S. Rudland. !1970. Cbéntrol of ransla-
tion by T4 phage: Altered binding of disfavdred #
messengers Nature. 2267820-823, s

Dubnau, E., M. Ramakrishna, K. Cabane, aqﬂi&w Smith. 4981,
. ' Clonlng of an early sporulatlon gene in Ba lus
© subtilis. 7J. Bacterjol. l47: 622- 632

Duie, P., M. ski, and J SzulmaJster 1974. Inmuno--
logical st es on the sigma subunit of the A{poly—
merase- from vegetative and sporulating cellstof
Bacillus subtilis. FEBS Lett. _48: 214-217.

// \

Emmery, M., B. de Crombrugghe I. Pastan, and R. Perlmahn.
(/ 1970 Cyclic AMP receptors protein of E. coli: Its

Fa



Endo, T.

+ 157
/

role in the synthesis of inducible enzymes. Proc.
Natl. Acad. Sci, U.S.A. 66: 480-487.

, H.-0. Ishihara, and E. Freese. 1983. Properties
of a Bacillus subtilis mutant able to sporulate
cantinually during growth in synthetic medium. J.
Gen. Microbiol. 129: 17-30.

Felix, J. A., and D. G. Lundgren. 1973. Electron transport

Ferrari,

Fisher,

Fisher,

system associated with membranes of Bacillus cereus
during vegetative growth ‘*and sporulationm.
Bacteriol. 115: 552-559.

F. A.; D. Land, E. Ferrari, and J. A. Hoch. 1982.
Molecular ‘cloning of the spoOB sporulatl locus in
bacteriophage lambda. J. Bacteriol. 152: 809-814.

S. H., and B. Magasanik. 1984. Isolation of
Bacillus subtilis mutants pleiotropically insensitive
to catabolite repression. J. Bacteriol. 157: 942-944.

S. H., md A. L. Sonenshein. 1984, Bacillus
subtilis glutamine synthetase mutants pleiotropically
altered in glucose catabolite repression. | J.
Bacteriol. 157: 612-621.

. ‘ 5
Flechtner, V. R., and R. S. Hanson. 1969. Coarse and fine

control of citrate synthase~from Bacillus subtilis.
Biochim. Biophys. Acta, 184: 252-262. ©

Fortnagel, P., and R. Bergmann. 1973, Alteration of the\\

ribosomal fraction of Bacillus gubtilis during spo-
rulation. Biochim. Biophys. Acta, 299:. 136 141.

Fortﬂagel, P., R. Bergmann, B. Hafema%n,-and C. Lengeléen.

1975. Structural and functional alterations of
Bacillus subtilis ribosomes. In Spores VI. gEd%ted
%% ‘P, Gerhardt, R. N. Costilow, and H. L. Sadoff.

erican Soc1ety for Mlcroblology Washington,D.C.
PP . 391-306.

Fortnagel, P., ahd E. Freese. 1968. Anal§513 6f sporulation a

Frankel,

mutants. II. Mutants blocked in the citric ac1d
cycle. J. Bacteriol. 95: 1431-1438.

— ,
J. W., and J. J. Perry. 1954. Intracellula Gtéts
occurlng during endotrophic sporulation in Baci
mycoides. J. Bacteriol. 67: 295-302.

F. R., C. Majundar, S. Weintraub, and D.M ¥rankel. 1968, >



5
N

158

& » ,{.
DNA polymerase and the cell membrane after T4 infec-
tion. Cold Spring Harbor Symp. Quant. Biol. 33:
495-500 . :

Freese, E. 1972. Sporulation of bacilli, a model of cellular
0> differentiation. Curr. Top. Dev. Biol. 7: 85-124.

Freese, E. 1981. 1Initiation of bacteriol sporulation. In
Sporulation and germination. Edited by H. S.
Levinson,. A. L. Sonenshein, and D. J. Tipper.,

American ngfety~for Microbiolegy. Washington,KD.C.

pp. 1-12. * :

. Freese, E., and U. Fortnagel. 1969. Growth and sporulation

of Bacillus subtilis mftants blocked in the pyruvate-

dehydrogenase complex. J. Bacteriol. 99: 745-756.

Freese; E., J. E. Heinze, and E. M. Galliers. f979a. Par-
tial purine deprivation causes sporulation of
Bacillus subtiIts in the presence of excess ammonia,
glucose and.phosphate. J. Gen. Microbiol. 115:
193-205.

4

Freese, E., J. Heinze, T. Mitani, and¢ £. B. Freese. 1978.
Limitation of nucleotide§4igduces sporulation. In
Spores VII. Edited by G. Chambliss, and J. C. Vary.
American Society for Microbiology. M¥shington, D=C.-
pp. 277-285. . - ’ IK/

Freese, E., T. Ichikawa, Y. K. Oh, E. B. Freese, and C.
Prasad. / 1974. Deficiencies 'or -excesses of matabo-
lites .interfering with differentiation. Proc. Natl.
Acad:]Sci.'U.S.A; 71: 4188-4193. ' '

/ ' .
Freese, E.,”W. Klofat, and*‘E. Galliers. 1970. Commitment
. to sporulation and induction of glucose-phosphoenol-

pyruvate-transferase.’\ Biochims Biophys i Acta, 222:
265-289. : ' :

b -
~.

Freese, E.,".J.-M, Lopez, and E. Freese. _1979b. (Initie
tion of bacterial and yeagt sporulatiom by partial
deprivation of guanine nudleotides. Ig\ﬁRegulation
of macromolecular synth®sis ow molecular weight
mediators. Edite , and’ G. Koch.

ppfx127-193. ,
-

Freese, E.,y B. Freese, M. D, Diestérhaft,fand C.

Oh,

7 AT . 1972. Suppression of sporulation of Bacillus
subtilis. In Spores V. Edited/b . 0. Halvorson, ,

. - » : E 2l acm _ 0 -
' . 3
-

- ' - - i—j T —
SRR )
“ [ / ~3 .



N

159

\

2
R. Hanson, and L. L. Campbell. American Society
for Microbiology._ﬂyashington.D.C. pp. 212-221.

Freese, E. B., and C. L. Marks. 1973. Developmental block
in,citric acid cycle mutants of Bacillus subtilis.
J. Bacteriol. 116: 1466-1468. :

Freese, E. B., N. Vasantha, and E. *Freese. 1979¢c. Induc-
' tion of sporulation in developmental mutants of
Bacillus subtilis. Mol. Gen. Genet. 170: 67-74.

&

Fukuda, R., and R. H. Doi. 1977. Two polypeptides asso-
-ciated with ribonucleic acid polymerase core of
Bacillus subtilis during sporulation. J. Bacteriol.
129: 422- | -

Gallant, J. A. 1979. Stringent control in E. coli. Annu-
Rev. Genet. 13: 393-415.

Geele, G., E. Garrett, and J. H. Hageman. 1975. Effect of
- benzeneboronic acids on sporulation and on produc-
tion of serine protease in Bacillus subtilis cells.
In. Spores VI. Edited by P. Gerhardt, R. N.
Costilow, and H. L. Sadoff. American Society for
Microbiology. Washington,D+C. pp. 391-396.

Gellert, M., M. H. O'Dea, T. Itdh, and J. Tomizawa. 1976.
Novobiocin and coumermycim~{nhibit DNA supercoiling
catalized by DNA gyrdse. Pric. Natl. Acad. Seci.
U.S.A. 73: 4474-4478. ‘

Glenn, A. R., and J. Mandelstam. 1971. Sporulation in
? Bacillus subtilis 168. Comgarison of alkaline phos-

phatase from sporulating gﬂa vegetative cells.
Biochem. J. 123: 129-138. ¢ . -

Goldman, A. C. 1976. Membrane protéin alterations during the .
early stage of sporulation of Bacillus—suhtilis. J.
Supramplc. Struct. 5: 457-473. T

s

Graef-Dodds, E., and G. H. Chambliss. 19 n and
- partial characterization of oli X idylate-

Spores VII. Edited by G. Ch iss, and J. C.
Vary. American Society for Midrobiology. Washington,
D.C. pp. 237-241.

Graham, R. S., and K. F. Bott. 1975. idtic resistant
. mutants of Bacillus subtilis conditional for sporu-

lation. Mol, Ge 137: 227-237.
P e 0
" i ) : - . ]
e ' L
o N - . ;j) 7
% \ = 4 /\ _ "_;\-:_\\_,A




160
Cray, C. T., J. W. T. Wimpenny, and M. R. Mossman. 1966. /
Regulation of metabolism in facultative bacteria.
11. Effect of aerobiosis, anercbiosis and nutrition 2

on the formation of Krebs cycle enzymes in
Escherichia coli. Biochim. Biophys. Acta, 117: 33-41.

— -
Guespln-Mlchgl J. F. 1971%1 Phenotypic reversion in some
early blocked sporulation mutants of Bacilluse sub-
tilis. Isolation and phenptype identification of
partial revertants. J. Bacteriol. 108: 241-247.
I
Guespin-Michel, J. F. 1971b. PheRrotypic reversion in some
early blocked sporulation métdnts of Bacillus
subtilis. Genetic™study of Polymyxin resistant
partial revertants. Mol. Gen. Genet. 112: 243-254.

Haavick, H. I., and S. Thomassen. 1973. A bacitracin- . *
negative mutant of Bdcillus licheniformis which is
able’ to sporulate. J. Gen. Microbiol. 76: 451-454.

Haddock,- B. A., and C. W. Jones. 1977. Bacterial respira-
tion. Bacteriol. Rev. 41: 47-99.

Haldenwang, W. G., N. Land, and R. Losick. l§§l A sporu-
. lation induced sigma-like regulatory protein from
B. subtilis.. Cell, 23: 615-624.

Haldenwang, W. G., and R. Losick. - 1979. A modified RNA
polymerase transcribes a cloned gene under sporula-

.~ tion control in Bacillus subtilis. Nature, 282:
\—256 260.

Halling, S. M., K. C. Burtis, and R. H. Doi. 1977. Recqgs-
titution studies shawing that rifampicin resistance
is deteymined by the largest polypeptide of Bacillus

-+ subtilis polymerase. J. Biol. Chem. 252: 9024-
93031 - : )

Halllng, S. M., K. C. Burtis, and R. H. Doi, 1978. B8’ sub-
~unit of bacterial RNA poXymerase is responsible for

streptolydigin reSLStaqce in Bacillus subtilis.
Nature, 272: 837-839. ‘ A -

L

a rn, Y. S., A. Even-Shoshen, and M. Artman. 1964.
Effect of glucose on the-utilization of succinate and
the activity oq tricarboxylic acid-cycle engymes in

.E. coli. Biochlm\\Blophys Acta, 93: 228-236.

— LY &

Hanson, R. S., J?/Bllcharska, and J. Szulmajster. 1964
™ Relationship between the tricarboxylic acid cycle:



e

enzymes and sporulation of B. subtilis. Biochem.

Biophys. Res. Commun. 17: 1-7. .

Hanson, R. S.,, M. V. Curry, J. V. Garner, and H. 0. Halvorson.
1372. Mutants of Bacillus cereus strain T that
produce thermoresistant spores lacking dipicolinate
and have low levels of caleium. Can. J. Microbiol.
18: 1139-1143. )

'

Hanson, R. S., J. A. Peterson, and A. A. Yousten. 'f§70
Unlque biochemical events in bacterial sporulatlon
Annu. Rev. Microbiol. 24: 53 90.

Hanson, R. S., V. R. Srlnlvasan and H. 0. Halvorson. 1963.
Biochemistry of sporulatlon II. Enzymatic changes
during sporulation of Bacillus cereus. J. Bacteriol.

- 86: 45-50.

Hartman, P. E., and J. R. Rofh, 1973. Mechanisms of sup-
pression. Adv. Genet. 17: 1-105.

Haworth, S. R., and L. R.<fPown. 1973, Genetic analysis
of ribonucleic acid polymerase mutants of Bacil
subtilis. J.-Bacteriol. 1lé&4: 103-113.

Hempfling, W. P. 1970. Repressiouprof oxidative phos
tion in Escherichia coli B by growth in glutose and
other carbohydrates. lochem viophys. Res.

41: 9-15. ~ N

1980. The Bacillus subtilis
. Rev. 44: 57-82.

. Henner, D. J., and J. A. Hoch.
chromosome. Microbi

Hirochika, H., and Y. Kobayashi. 1978. Suppression of tem-
perature-sensitive sporgtation of a Bacillus ;
subtilis elongatlon factor G mutant by RNA polymer- .
ase mutatlons J. Bacteriol.’ 136: #983-993..

+

Hirochika, H.,-Y. Kobayashi, F. Kawamura, and H. Saito. 1981,
Cloning of sporulatlon gene spo0B of Bacillus .
subtilis and its genetic and biochemical analysis.

. acter101 146: 494-50

Hoch, J} A, 1971 ﬁmnetlc ana1y51s o} Jg;otroplc negative
" sponyulation putants in Bacillus subtilis. J. 'y
N // Bacteriol. 105: 896-901. ‘

( Hoc]?,'J..A., M. A. Shiflett, J. Trowsda and S. M. H. Chen.
/1978, Stage 0 genes and their pfAducts In Spores
I Edlted by G. Chambliss, and J. C. Vary. /

N -

u‘ ) - - . .



162

-

)

£

American Society for Microbiology. Washington,D:C.
pp. L127-130. ’

Hoch, J. A., and J.'Spizizen. 1969. Genetic control of
- some early events in sporulation of Bacillus subtilis
168. In Spores IV. Edited by L. L. Campbell.
American Society for Mlcroblofzgy Bethesda, Md.

/ pp. 112-120.
/ ‘Hooper, D. C., J. S. Wolfson, G. L. McHugh, M. R Wincers,
- and M. N. Swartz. 1982. Effect of novo iocin,
r coumermycin Al, clorobiocin, and their analogs on

Escherichia coli DNA gyrase and bacterial gxowth.
Antil. Agents Chemoth. 22: 662-671.

‘Hsu, W.-T., and S. B. Weiss. 1969, Selective translation
of T4 template RNA by ribosomes from T4-infected
Escherichia coli. Proc. Natl. Acagy, Sci. U.S5.A. 64:
345-351. _

Ichikawa, T., K. Akatani.:T. Nijyhihara, and M. Kondo. 1981.
The effect of salts on enzyvmes of respiratory chain
of marine bacterium_ 5-1. J. Gen. Microbiol. 125::
439-449 . : -

.y _

Ichlkawa T., and E. Freese. 1974. Alkaline phosphptase
productlon in Bagillus subtilis. Biochim. Bjophys.
Acta, 338: 473<479.

Ide, M. 1971. Adenylcyclase of bacteria. Arch. Bicghem.
Biophys. : 262-268.

Ingram, M. 1940.
‘cereus. - III. The\changes in the rate of respyration
caused by sodium chloride, in relation to hydrogen
ion concentratlon; I Bacteriol.>£g: 683-694.

Ingram, M. 1947. A theory Xelating the action of gdalts on
= —. bacterial respiration to their influence onlthe so-
- lubility of proteins.: Proc. Roy. Soc. B1l34:\ 181-201.
r. LIto, J. 1973.- PIeiotroplc nature of bacterlophage tdlerant
mutants obtained idf early-blocked asporogenous mu-
tants of Bacillus subtllls 168. Mol. Gen. Genet.
124: 97-106. T

Itoy J., G. Mlldner and J. SplleenJ 1971. Early blocked
asporogenous mutants of Bacillls subtilis 168. I.
Isolation and characterization{of mutants regsistant
to antibiotic(s) produced by sporulating\gagillus

R




) 163
Y ;

S »
subtilis 168. Mil. Gen. Genet. 112: 104-109.

Ito, J. and J. Spizizen. 1971. Abortive infection of spo-
rulating Bacillus subtilis 168 by %2 bacteriophage.
J. Yirol. /- 515-523.

Ito, J. and J. Spizizen. 1972. Early-blocked asporogenous

< mutants of Bacillus subtilis 168. 1In Spores V.

’ Edited by H. 0. Halvorson, R. Hanson, and L. L.
Campbell. American Society for Microbiology.
Washington,D.C. pp. 107-112.

Ito, J. and J. Spizizen. 1973. Genetic studies of catabo-
. lite repression insensitive sporulation mutants of
Bacillus sulfrilis. Colloq. Int. Ci{N.R.S. 277: 81-82.

Jayaraman, K., aﬂ!hg. Murthy. 1982. Localization of (dA-dT)-
Tich #equeMkes in the membrane-bound DNA and their
possible role in sporulation ¢f Bacillus polymyxa.
Mol. Gen. Genet. -185: 158-164. '

Kanemasa, Y., T. ?Bshioka, and H. Hayashi. 1972. Alteration
- of the phospholipid composition of Staphylococcus
aureus cultured in medium containing NaCl. Biochim..
Biophys. Acta, 280: 444-450. :

Katz, E., and A. L. Demain. 1977. The peptide antibiotics
of Bacillus: chemistry, biogenesis, and possible
functions. Bacteriol. Rev. 41: 449-474,

Kaur, S., and.K. Jayaraman. 1979. Appearance of polyadeny-
lated RNA species during.sporulation in®Bacillus
M polymyxa. Biochem. Biophys. Res. Commun. 86: 331-339.
Kawamura, F., and H. Saito. 1983. Isolation and mapping of
- ‘a4 new suppressor mutation of an early sporulation
gene spoQF mutation in Bacillus subtilis. Mol. Gen.
Genet. 92: 330-334. - s

Kerjan, P., K. Jayaraman, and J. Szulmajster. 1982. Studies
on the nature andLrgre of polyadenylated RNA in spore
developntent of Bacillus subtilis. Mol. Gen. Genet.
185: 448-453.

Ker®n, P:‘,\ E.»Keryer, and J. Szulmajster. 1979. Characte-
ri%ation of a thermosensitive spérulation mutant of
Ba®illus subtills affected in the structural gene of
an intracellular protease. Eur. J. Biochem. 98:
353-362. N . - g -

.




164

_Kerjan, P., and J. Szulmajster. 1980. TIsolation and chara-
cterization of polyvadenylated RNA species from spo-
rulating cells of Bacillus subtilis. Biochem.
Biophys. Res. Commun. 93: 201-208. '

Klofat, W., G.-Picciolo, E. Chappelle, and E. Freese. 1969.
Production of adenosine triphosphate in normal cells
-and sporulation mutants of Bacillus subtilis.. J.
Bio. Chem. 244: 3270-3276.

. Kornberg, A., J. A. Spudich, D."L. Nélson, and M. D.

Deutscher. 1968. Urigin of proteins 1n sporulation.
Annu. Rev. Biochem 37: 51-78.

Kunst, F., M. Pascal, J. Lepesant- Kerlarova J.-A. Lepesant,
A. Billault, and R. Pedonder. 1974. Pleiotropic
@gutacigns affécting sporulation conditions and the
synthesis of extracellular enzymes in Bacillus
subtilis 168. Biochimie, 56: 1481-1489."

Kusaka, I. 1973, Effect of glucose on the biosynthesis of

the membranes of Bacillus. Biochim. Biophys. Acta,
345: 62-73.

Lang, D. R., J. Felix, and D. G. Lundgren. 1972. Develop—
ment of a' wembrane-bound respiratory system prior
- to and during sporulation in Bacillus cereus and its

relationship to membrane structure. J. Bacteriol.
110: 968-977. '

Lazdunski, C., and B. M. Shapiro. 1972. 1Isolation and some
properties of cell envelope altered mutants of
Escherichia coli. J. Bacterlol 111: 495-498.

Lelghton T. J. 1974, Soo;ﬁiatlon specific t*J slaticnal

- discrimination in Bacillus subgilis. ol. Biol.
86: 855-863. L2 N *

Leighton, T. J., and R. H. Doi. ‘1971. The stability of
: messenger ribonucleic acid during sporulation in
Bacillus subtilis. J. Biol. Chem. 246: 3189-3195,

Lepesant-Kejzlarova, J., J.-A. Lepesant, J..Ualle,‘ﬁ.
- Billault, and R. Dedonder. 1975. Revision of the
linkage map of Bacillus subtilis 168: indications

for c1rcu1ar1ty of the chromosome. J. Bacteriol. ,
121: 823- 83& ' o '

Levisohn, S., and A. I. Aronson. - 1967. Regulation of ex-.
tracellular protease production in Bacillus cereus.s

e
. ‘ - . .
\/7 : . “--.»Yi

Do B R | S 7



165

J. Bacteriol. 93: 1023-1030.

Linn, T A. L. Greenleaf, .and R. Losick. 1975. RNA poly-
merase from sporulatlng Bacillus subtilis. Purifi-
cation and properties of a modified form of enzymes
containing two sporulation polypeptides. J. Biol.
Chem. 250: 9256-9261.

Lopez, J. M., A. Dromerick, and E. Freese. 198la. Response
of guanoszne 5' -trlphosphate concentration to nu-
tritional changes and its significance for Bacillus
subtilis sporulation. J. Bacteriol. 146: 605-613.

Lopez, J. M., C. L. Marks, and E. Freese. 1979. The de-
crease of guanine nucleotides initiates sporulation

of Bacillus subtilis. Biochim. Biophys. Acta, 587:
238-252.-

Lopez, J M., K. Ochi, and E. Freese. 1981b. Initiation of
\ of Bacillus subtilis sporulation caused by the strin-
gent response. lIn Sporulation and germination.
Edited by H. S. Levinson, A. L. Sonenshein, and D.
J. Tipper. American Soc1ety fo Microblology
Washington,D.C. pp. 128-133, ' .

Lopez, J. M., and B. Thoms. 1977. Role of sugar uptake and

metabolic intermediates on catabolite repression in
Bacillus subtilis. J. Bacteriol. 129: 217-224.

Lopez, J. M., B. Uratani-Wong, and E. Freese. "1980. Ca-
tabolite repression of enzyme synthesis does not
prevent sporulatlon J. Bacteriol. 141: 1447-1449.

L051ck R. 198l. Sigma factors, stage 0 genes, and sporu-
lation. In Sporulation and germinatiog. Edited by
H. S. Levinson, A. L. Sonenshein, and D. J. Tipper.
‘\Amegigan Society for Mlcroblology - Washington,D.C.
pp. 48-56. .
Losick, R. 1982. Sporulation genes and their regmlation.
In The molecular biology of the baeilli. Vol. I.

Bacillus subtilis. Edited by D. A. Dubnau.
Academic Press, New York. pp. 179-201.

Losick, R., and-ﬁfngjsonenshein 1969. CHange'in the tem-
plate speciffcity of RNA polymerase during sporula-
tion of Baciljus subtilis. WNature, 224: 35-37.

Lowry, 0. H., Rosebrough, A. L. Farr, and R. J. Randall.

1951. Prot n measurement with the Folin phenol

i
;



¥ o 166

reagent. J. Biol. Chem. 193: 265-275.,

Makman, R. S., and E. W. Sutherland. 1965. Adenosine 3',5'-
- phosphate in Escherichia c¢oli. J. Biol. Chem.
240:,1309-1314.

Mallick, U., and P. Herrlich. 1979.. Regulatio;\ﬁf-aynthes'
of a major outer membrane protein: cyclic AMP repré-

\ . sses Escherichia coli protein III synthesis. P:
Natl. Acad. Sci. US5.A. 76: 5520-5523. -jﬁii

’\'_‘\

Mantsala, P.  1982. Inhibition of protein secretion by derﬁie->-

nin in B. subtilis. J. Gen. Microbiol. 128: 2967-
2972.

{_
0

"Maurizi, M. R., and R. L. Switzer. 1978. Aéﬁartate-trans-

\

carbamylase synthesis ceases prior to inactiVation<?~o

of the enzyme in Bacillus subtilis. J. Bacteriol.
135: 943-951. . :

% 5

McGarrity, J. T., and J. B. Armstrong. 1975 The effect of
.- salt on phospholipid- fatty acid composition in )
Escherichia coli K-12. - Biochim. Biophys. Acta, 398:
258-264. h '

MicHel, J., and&{. Millet. 1970. Ph§siological studiés on
early-blocked sporulation mutants of Bacillus
subtilis: J. Appl. Bacteriol. 33:'220-227.

Millet, J. 1970. Characterization of proteinases excreted
by Bacillus subtilis Marburg strain during sporula-
tion. J. Wppl. Bacteriol. gg:‘207-219. -

Millet, J., and J.-P. Aubert. 1969. Etude de la megateri-
opeptidaSe, protease exocellulaire de Bacillus

megaterium. ITI. Biosynthese et role.physiologique.
nn. lnst. Pasteur Paris., 117: 461-473,
I

. Mitani, T., J. E. Heinze, and E. Freese. 1977. Induction
of sporulation in Bacillus subtilis by decoyinine
or hadacidin. Biochem. Biophys. Res. Commun. 77:
1118-1124. '

Moran, C. P., Jr., N. Lang, C. D. B. Banner, W. G. Haldenwang,

' 4

and R. Losick. 198la. Promoter for a developmentally

regulated gene in Bacillus subtilis. Cell, 25:
783-791. RS

Moran, C. P., Jr.,N. Lang, and R. Losick. 1981b. Nucleo-
tide ‘'sequence of a Bacillus subtilis promoter reco-

v h , '

S oS . . .' ) t

y s YT



. i
167
o -,
. | ’. gnized by Bacillus subtilis RNA polymerase contain-
" ing o°'. Nucleic Acid, 9: 5979-5990.

» Murrell, W. G. , Biophy31cal studies on.the molecular
g mechanisms”of spore heat resistance and dormancy.
In Sporulatibn and germination.  Edited by H. S.
Lavigson, A. L. Sonenshein, and D. J./Tipper.
can Society:for Microbiology. . Washington,D.C.

"64-77.
e
Nishimoto, H., and I\ Takahashi. 1974. Teﬁplate specificity
and subunits Of RNA polymerxase, fﬁo'lasporogenous‘
h mutants of Bacillus subtilis Can.'J. Biochem. '52:

966 973.

»~

Nishino, T., J. Gallant P. Shalit. L. Palmér, and T. Wehr
fl 1979. Regulatory nucleotides 1nvolved in the rel

. function of'Bacillus subc1115 J. Bacteriol. I40:
© 671-679. _

. <
v‘ . -

Ochi, K., and.E. freese. 1983. Effect of antibiotics on
' sporulation.causéd by the stringent response in .~

. Bacillus sub%éﬁi J. Gen. Microbiol:. 129: 3709- ‘ é
Cﬁ {Oh:'Y. K., E. B. Freese, and E. Freese. 1973. Abnormal =~ ?

. <. septati and inhibitiop. of sporulatiocp by accumula-
// - ' tion ofgz;g\glycerophosph e in Bacillus subtilis
T mutants . Bacteriol. 11l): 1034-1045.

e

- Ohné, M. 1974, Regulation of/ aconitase synthegis in
” . - .Bacillus subtilis: inductien, fee'dback repression

) " - and catabolite represgion. J. Bacteriol. 115:
\738.“;745 . -

¢« °~ the citric ac cycle in Bacillus subtilis. J. %
Bacterlol 12 224-234 _ L : !

Ohﬁe ‘M., nd B. Rutberg. 1976. Repre331on of sporulation ;

in Bacillus subtilis by L- malate. J. Bacteriol: - | -:. :

. Ohné, M. 1975. Regﬁ%g?iqn of the dicarboxylic acid part of

1 5: 453-460Q. §
- -1
Ohno,'Y., I. Yano, and M. Masui. -1979. Effect of NaCl con- . ;
centration and temperature the pho#pholipid and - ' i
fatty auhd compositions of a wWoderately halophilic IR
v p bacteri Pseudomonas halocc arolytica.” J./ Biéchem. i
85 4]:3 421 » " [ . ) . ! ’.' 1
. L . ﬁul & . R ; |

) LD - L ETW xi .o

L - ’ o (J .
. : ) . ¢



168

Cmura, S. 1976. The antibiotic cerulenin, a novel tool for -
biochemistry as an inhibitor of fatty acid synthesis..
Bacteriol. Rev. 40: 681-697.

Pandey, N.K., and A.I. Aronson. 1979. Properties of the

Bacillus subtilis spore coat. J. Bacteriol. 137:
1208-1718.

Pearce, S.M., and P.C. Fitz-James. 1971. Spore refractility
in variants of Bacillus cereus treated with actino-
mycin D. J. Bacteriol. 107: 337-344.

Petit-Glatron, M.-F., and R. Chambert. 1981. Levansucrase of
Bacillus subtilis: conclusive evidence that its pro-
duction and export are unrelated to fatty acid the-
sis but modulated by membrane-modifying agents. T.
J. Biochem. 119: 603-611,

Piggot, P.J., and J.G. Coote. 1976. Genetic aspects of bacte-
‘ rial endospore formation. Bacteriol. Rev. 40: 908-962.

Piggot, P. J., and S. Taylor. 1977. New types of mutation af-
fecting formation of alkaline phosphatase by Bacillus
subtilis in sporulation condition. J. Gen. Microbiol.
107.769-8a.

Prasad, C., M. Diesterhaft, and E. Freese. 1972. Initiation
of spore germination in glycolytic mutants of Bacillus
subtilis. J. Bacteriol. 110: 321-328.

Prestidge, L., and V. Gage, and J. Spizizen. 1971. Protease
activities during the course of sporulation in
Bacillus subtilis. J. Bacteriol. 107: 815-823.

Price, V.L., and J. Gallant. 1982. A new relaxed mutant of
‘ Bacillus subtilis. J. Bacteriol. 149: 635-641.

Raabo, E., and T.C. Terkildsen. 1960. On the enzymatic determi-
nation of Blood glucose. Scand. J. Clin. Lab. Invest.
12: 402-407.

Reysset, G., and J. Millet. 1972: Characterization of an intra-
cellular protease in B. subtilis during sporulation.
Biochem. Biophys. Res. Commun. 49: 328-334.

Rhaese, H.J., H. Dichtelmuller, R. Grade, apd R. Grosurth. 1975.
High phosphorylated nucleotides in@ol;ga\in regulation
of sporulation in Bacillus subtilis. In Spores VI. Edi-
ted by P. Gerhardt, R.N. Costiloy, and H.L. Sadoff. Am-
erican Society for Microbiology. Washington,DC. PP.335-340.

Rhaese, H. J., and R. Groscurth. 1976.  Control of develop-



p—a
n
0

~ ment. Role of regulatory nucleotides synthesized by

membranes of Bacilius subtilis in initiation of spo-
rifation. Proc. Natl. Acad. Sci. U.S.A. 73: 331-335.

Rhaese, H. J., J. A. Hoch, and R. Groscurth. 1977. Studies
on the control of development. Isolation of Bacillus
subtilis mutants blocked early in sporulation an
defective in synthesis of highly phosphorylated
nucleotides. Proc. Natl. Acad. Sci. U.S.A. 74:

© 1125-1130. I |

Rigomier, D., J.-P. Bohin, and B. Lubochinsky. 1980.
Effects vf ethanol and methanol on lipid metabolism
in Bacillus subtilis. J. Gen. Microbiol. 121:
139-149, e -

Rigomier, D., B. Lubochinsky;-aﬁd'P. Schaeffer. 1974. Com-
posiion en phespholipides de mutants asporogenes
de Bacillus subtilis. C. R. Acad. Sci. 278D: 2059-
2061 -

¢

Robinson, R. W., and C. R.'épotts. "1983. The ultrastructure
of sporulation in Sporosarcira ureae. Can. J.
Microbiol. 297 807-§14.

Rosenberg, M., and D: Court ., 1979. Regulatory sequences
involved in the promotion and termination of RNA
transcription. Annu. Rev. Genet. 13: 319-353.

Ryter, A. 1965. Etude morphologique de la sporulation de
Bacillus subtilis. Ann. Inst. Pasteur Paris, 108:
40-60.

hiod

Ryu, J.-I., and S. Takayanagi. 1979. Ribonucleic acid
polymerase mutation affecting glutamate synthase
activity in and sporulation of Bacillus subtilis.
J. Bacteriol. 139: 652-656.

Sadoff, H. L., E. Celikkol, and H. L. Engelbrecht. 1970.
Conversion of bacterial aldolase from vegetative
to spore form by a sporulation-specific, protease.
Proc. Natl. Acad. Sci. U.S.A. 66: 844-849.

Schaeffer, P. 1969. Sporulation and the production of

antibiotics, exoenzymes and exotoxins. Bacteriol.
Rev., 33: 48-71.

Schaeffer, P., J. Guespin-Michel, B. Cami, J. F. Rouyard,
and P. Mazliak. 1971. Membrane changes in some
pleiotropic sporulation mutants of Bacillus subtilis.




A

170

In Spore research. 1971. Edited QE-A.N. Barker, G;F.
Gould, arid J. Wolf. Academic Press, Londeon. pp. 333-334.

Schaeffer P., and H. Ionesco. 1960. Contribution a l'etude

genetique de la sporogenese bacterienne. C.R. Acad.
Sci. 251: 3125-3127. "

Schaeffer, P., H. Ionesco, and Jacob. 1959. Sur le
Determinisme genetique de la sporulation bacterlenne
C.R. Acad. Sci. 249:. 577-578.

Schaeffer, P., H. Ionesco, A. Ryter, and G. Balassa. 1963. La
sporulation de Bacillus subtilis: etude genetique-et
physiologique. Col. Int. C.N.R.S. (Paris). 1l24: 553-563.

Schaeffer, P., J. Millef, and J.-P. Aubert. 1965. Catabolic re-
pression of bacterial sporulation. Proc. Natl. Acad.
Sci. U.S.A. 54: 704-711. '

Sebek, 0.K. 1967. Polymyxlns ang circulin. In Antibiotiecs I.
Mechanism of action. Edited by D. Gottlieb, and P.D.
Show. Springer-Verlag. New York. pp. l42- 152.

Setlow, P. 1973. Inability to detect cyclic AMP in vegetative
or sporulatlng cells or dormant spores of Bacillus
megaterium. Biochem. Biophys. Res. Commun. 52: 365-372.

Sharrock, R.A., and T. Leighton. 1981. Intergenic suppressors
of temperature-sensitive sporulation in Bacillus |
subtilis are allele non-specific. Mol. Gen. Genet.

183:7532-537.

Sharrock, R.A., and T. Leighton. 1982_ Suppression of defective
sporulation phenotypes by the Bacillus subtilis muta-
tion rev4. Mol. Gen. Genet. 186: 432-435. -

G

Sharrock, R.A., T. Leighton, and H.G. Wittmann. 1981l. Macrolide
and aminoglyciside antibiotic resistance mutations in
the Bacillus subtilis ribosome resulting in temperature-
sensitive sporulation. Mol. Gen. Genet. 183: 538-543.

Shiflett, M.A., and J.A. Hoch. 1978. Alterations of ribosomal
proteins causing changes in the phenotype of spo0OA mu-
tants of Bacillus subtilis. In Spores VIII. ited by
G. Chambliss, and J.C. Vary. American Society for mi-
crobiology, Washington, D.C. pp. 136-138.

Silverman, M., and M. Simon. 1974. Characterization of
Escherichia coli flagellar mutants that are insensitive
to catabolite repression. J. Bacteriol. 120: 1196-1203.

Silverman, M., and M. Simon. 1977. Bacterial flagella.

5 el



Annu. Rev. Microbiocl. 31: 397-419,

Slapikoff, 5., J. L. Spitzer, and D. Vaccaro. 1971. Sporula-
‘tion in Bacillus brevis: studies on protease and
protein turnocver. J. Bacrteriol. 106: 739-744.

Smith, H., W. de‘Vos, and S. Bron. 1983. Transformation in .
Bacillus subtilis: properties of DNA-binding-defi-
cient mutants. J. Bacreriol. 153: 12-20.

Smith, I., P. Paress, K. Cabane, and ﬁ. Dubnau. 1980. Ge-
netics and physiology of the rel system of Bacillus
subtilis. Mol. Gen. Genet. 178&: 271-279.

w
’

Sonen¥qein, A.L., and H. B, Alexander. 1979. Initiation of
transcription 4n vitro is inhibited by lipiarmycin.
J. Mol. Biol. 127 55-72.

Sonenshein, A. L., H. Alexander, D. Rithstein, and S. Fisher.
1977. Lipiarmycin-résistant ribonucleic acid polvmer-
ase mutants of Bacillus gubtilis. J. Bacteriol.

132: 73-79.

‘ ' . :
Sonenshein, A.L., B. Cami, J. Brevet, and R. Cote. '1974. Iso-
lation and characterization of rifampicin-resistant
. and streptolydigin-resistant mutants of Bacillus
subtilis with altered sporulation properties.
J. Bacteriol. 120: 253-265.

Sonenshein, A.L., and X! M. Campbell .~ 1978. Control of gene
expression during sporulation. In Spores V. Edited by
G. Chambliss, and J. C. Vary. American Society for’
Microbiology. Washington, D.C. pp. 179-192.

S
Sonenshein, A.L., and D. H. Roscoe.. 1969. The course of
phage e infection in sporulating cells of Bacillus
subtilis strain 3610. Virology, 33 265-276.

Spizizen, J. 1958. Transformation of biochemically deficient
strains of Bacillus subtilis by deoxyribonucleate.
Proc. Matl. Acad. Sci. U.S.A. 44: 1072-1078.

Spizizen, J. 1961. Studies on transformation of sporulating

characters. In Spores II.-Edited bv H.0. Halvorson.

Burgess Publishing Co., Minneapolis. pp. 142-148.

- — T K4

Spizizen, J. 1965. Analysis of asporogenous mutants in
Bacillus subtilis by genetic tfansformation. In -
Spores III. Edited by L.L. Campbell, and H.O.
Halvorson. American Society for Microbiology,
Washington, D.C. pp. 125-137,




)
~
t.y

Stephens, J., S. Artz, and B. Ames. 1975. Guanosine-5'-
diphosphate-3'-diphosphate (ppGpp): positive effector
for histidine operon transcription and general signal
for amino acid deficiencv. Proc. Narl. Acad. Sci.
U.5.A. 72: 4389-4393. :

Sterlini, J. M., and J. Mandelsctam. 1969. Commitment to
sporulation in Bacillus subtilis and its relation-
ship to the development of actinomycin resistance.
Biochem. J. 113: 29-37.

Steitz, J. A. 1969. Polypeptide chain initiation: Nucleo-
tide sequence of the three ribosomal binding sites
in bacteriophage R17 RNA. Nature, 224::957-964.

Sumida-Yasumoto, C., and R. H. Doi. 1974, Transcription
from the complementary deoxyribonucleic acid strands
of Bacillus subtilis during various stages of sporu-
latrion. J. Bacteriol. 117: 775-782. :

Szulmajster, J. 1982. Regulation of ‘bacterial sporogenesis.
In Biochemisty of differentiarion and morphogenesis.
Edited by L. Jaenicke. Springer-Verlag,.Beqlin,
Heidelberg. pp. 123-141. . \

Szulmajster, J., R. E. Canfield, and J. Blicharska. 1963,
Action .de l'actinomycine D sur-la sporulation. C. R.
Acad. Seci. 256: 2057—2060. :

Szulmajster, J., and R. S. Hanson. 1965, Physiological

- control of sporulation in Bacillus subtilis. In
Sporesg;II. Edited by L. LT Campbell, and H. O.
Halvordon. American Society for Microbiology,
Ann Arbor, Mich. pp. 162-173. - :

-

Taber, H. W., S. K. Fakrand, and G. M, Halfenger; 19?5.

Genetic regulation of membrane components in Bacillus

subtilis. In Spores V. Edited by H. 0. Halvorson,
- Ranson, and L. L. Campbell. American Society for
Microbiology, Washington, D.C. PP. 140-147.

Taber, H., and E< %reese. 1974, Spérulation properties of
cytochrome a-deficient mutants of Bacilius subtilis.
J. Bacteriol. 120: 1004-1011.

Takahashi, I. 1961. Genetic transduction in Bacillus

subtilis. Biochem. Biophys. Res. Commun. 5: 171-175.

Takahashi, I. 1963, Transducing phages for Bacillus
subtilis. J. Gen. Microbiol. 31. 21I-217.

L ]



Takanashi, I. 1964 Inceorporation oI bacteriophage zencme
by spores of Bacillus subtilis. J. Bacteriol. B87:
1499-1502. :

Takahashi, I. 1965a. Localization of spore markers on the
" chromoscme of Bacillus subtilis. J. Bacteriol.'
89: 1065-1067.

Takahashi, I. 1965b. Transduction of sporogenesis in
Bacillus subtilis. J. Bacteriol. 89: 294-293.

Takahashi, I. 1979. Catabolite repression-resistant
mutants of Bacillus subtilis. Can. J. Microbiol.
25: 1283-1287. :

Takahashi, I., and L. W. MacKenzie. 1982. Effects of

various inhibitory agents on sporulation of Bacillus

subtilis. Can. J. Microbiol. 28: 80-86.
Trowsdéle, J., 5. M. H. Chen, and J. A. Hoch. 1978a. Evi-
dence that spo0A mutations are recessive in '

gpoOA'/sp00A+ merodiploid strains of Bacillus
subtilis. J. Bacteriol. ' 135: 99-113, o

Trowsdale, J., S. M. H. Chen, and J. A. Hoch. 1978b. Ge-
netic analysis of phenotypic revertants of spo0A

mutants in Bacillus subrilis: a new cluster of Tibo-

somal genes. In Spores VIL. Edited by G.
Chambliss, and J. C. Vary. American Society for
Microbiology, Washington, D.C. pp. 131-135.

Vazquez-Ramos, J. M., and J. Mandelstam. 1981. Inhibition
of sporulation by DNA gyrase inhibitors. J. Gen.
Microbiol. 127: 11-17.

Vermeulen, C. A., and G. Venema. 1974. Electron micro-

scopic and autoradiographic study of ultrastructural

aspects of competence and deoxyripGnucleic aci
absorption in Bacillus subtilis: ultrastructure of
competent and noncompetent cells and cellular
changes during development of competence. J.
Bacteriol. 118: 334-341. . '

. Vinter, V. 1962. Spores of microorganisms. IX. Gradual de-
velopment of the resistant structure of bacterial
endospores. Folia Microbiol. Prague, 7: 115-120.

Vold, B. 1975. Isocaccepting species of lysyl-transfer
ribonucleiacid in Bacillus subtilis cells. In

173

T

2



-+
~J
I

Spores VI. Edited bv P. Gerhardt, R. N. Costilow,
and H. L. SadofZ. American Society for Microbiology,
washington, D.C. pp. 282-289.

Waites, W. M., D. Kay, I. W. Dawes, D. A. Wood, S. C. Warren,
' and J. Mandelstam. 1970. Sporulation in Bacillus
subtilis: correlation of biochemical events with
morphological changes in asporogenous mutants.
. Biochem. J. 118: 667-676.
Warren, S. C. 1968. Sporulation in Baciflus subrilis: Bio-
chemical changes. Biochem. J. 109: 811-81I8.

Wayne, R. R., and T. Leighton. 1981. Physiological sup-
pression of Bacillus subtilis conditiomal sporula-
tion phenotypes: RNA polymerase and ribosomal muta- -
tions. Mol. Gen. Genet. 183: 550-552.

Wayne, R. R., C. W. Price, and T. Leighton. 1981. Physio-
logical suppression of the temperature-sensitive
sporulation defect in a Bacillus subtilis RNA poly-
mergse mutant. Mol. Gen. Genet. 183: 544-549,

Weber, M. M., and-+D. A. Broadbent. 1975. Electron trans-
port in membranes from spores and from vegetative
and mother cells of Bacillus subtilis. In Spores
VI. Edited by P. Gerhardt, R. N. Costilow, and
H. L. Sadoff. American Society for Microbiology,
Washington, D.G. pp. 411-417.

Willie, W. E., E. Eisensctadt, and K. Willecke. 1975. 1Inhi-
bicion of de novo fatty acid synthesis by the anti-
biotic cerulenin in Bacillus subtilis: effect on

. 2+ .
citrate-Mg transport and synthesis of macromole-
cules. Antimicrob. Agents Chemother. 8: 231-237.

Wood, D. A. 1972. Sporulation in Bacillus subtilis. Pro-
perties and time of synthesis of alkaline-soluble
protein of the, spore coat. Biochem. J. 130: °
505-514, ' ’ '

Yamagishi, H., and I. Takahashi. 1968a. Transducing part-
icles of PBS1. Virology, 36: 639-645.

Yamagishi, H., and I. Takahashi. 1968b. Genetic transcrip-
tion in mutants of Bacillus subtilis. Biochim, '
Biophys. Acta, 155: 150-158.

Yehle, C. 0., and R. H. Doi. 1967. Differential expression

A



g

0 bacteriophage genomes in vegezative and sporula-
ing cells of Bacillus subtilis. J. Virol. 1I:
935-947 :

Yokota, T., and J. S. Gots. 1970. Requirenent of adenosine

3",5"-cyeclic phosphate for flagella formarion in
Escherichia coli and Salmonella tvphimurium. J. )
Bacreriol. 103:. 513-5774. :

Yoshida, A. 1969. L-malate dehvdrogenase from Bacillus
subtihis. In Methods in enzvmologv. Vol. XIII.
Edited bv J. M. Lowenstein. Academic Press, New
York. .pp. l&41-145.

Young, I. E., and P. C. Fitz-James. 1959a. Chemical and
s'morphological studies of bacterial spore formation.
1. The formation of spores in Bacillus cereus. J.
Biophyvs. Biochem. Cytol. 6: 467-482. :

Young, I. E., and P. C. Fitz-James. 1959b. Chemical and
morphological studies of bacterial spore formation.
II. Spore and parasporal protein formation in )
Bacillus cereus var. alesti. J. Biophvs. Biochem.
Cvtol.  6: 483-498. :

Toung, M., and J. Mandelstam. 1979. Early events during
bacterial endcspore formarion. Adv. Microbial
Physiol. 20: 103-162. '

Zytkovicz, T. H., and H. O. Halvordon. 1972, Some characte-
ristics of dipicolinic acid-less mficant spores of
Bacillus cereus, Bacillus megaterium and Bacillus

subtilis. In Spores V. Edited bv H. 0. Halvorson,
R. Hanson, and L. L. Campbell. ‘American Society

for Microbiology, Washington, D.C. pp. 49-52.

f





