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f : INTRODUCTION

ﬁacterial flagella provide a valuable tool>in many
diverse areas of research: organelle biosynthesis and
- regeneration, bacterial classification, immunological
.relationships, dynamics of motility, in vitro subunit
reaggregation, bacteriephage-hosf interactiens, morpho-
logy and attachment, proteinuthermostability, and biochem-
ical purification. Studies have been performed with intact
flagellated bacteria, with isolated detached flagella, and
with purified flagellin; the protein component of the fla-

gella.

A. Statement of Purpose
At the outset of this research (September, 1965) de-
tailed studies of the genetic control of flagellation had

only been reported in the gram-negative genus Salmonella.

Because of the available evidence of biochemical similarity
between the flagellins of various species of Bacillus and

Salmonella (Weibull, 1949; Stocker, 1956), the present

studies were undertaken to ascertain whether a similar
. genetic mechanism for the control of flagellation existed
in theee two taxonemically very distinct genera. Bacillus
subtilis wes chosen as a representative of the Bacillus
_genus, as it possessed a mechanism allowing genetic recom:

bination. An attempt was made to establish the presence

)
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and linkage relationships of loci involved in the production,
the antigenic specificity, and the function of its flagellé.

As a result of this study mutants of Bacillus subtilis,

defective in some phase of normal motility, were isolated
and provided material which made possible the investigation
of the absorption specificity of the bacteriophage PBSI
(Takahashi, 1961). Various non-motile mutants, flagellated
and non-flagellated, and isolated flagella prepgrations were
examined for their ability to adsorb PBS1. The phage recep-
tor site and several requirements for phage adsorption were
defined and compared with the only previously described
flagellotrophic bacteriophage, chi (Sertic and Boulgakov,

1936; Meynell, 1961), which infects sensitive Salmonella

strains.

The discussion section of this thesis will include
a review of relevant reports published since May, 1967, the
time of completion of these studies, which deal with the

=

“genetic control of flagellation in Escherichia coli, the

structure and attachment of the flagellotrophic phages
(both PBS1 and chi), the susceptibility of various strains

- of Serratia marcescens and Escherichia coli to bacteriophage

' chi, and a host range mutant of phage chi able to attack

] .
. Salmonella possessing the g-complex antigen.

B. Historical Context

1. Genetic control of flagellation. Flagella were




first recognized morphologically (Migula, 1897, cited in
Stocker, 1956) and only later shown to be antigenically
 (Craigie, 1931) and biochemically (Weibull, 1948) differgg;

from the outer wall of the bacterial cell.

Flagella can be isolated by detachment from the bac-
terial body by shaking (Craigie, 1931; Weibull, 1948; |
rKobayashi, Rinker, and Koffler, 1959) or by blending in a
food blender (Stocker and Campbeli, 1959), and purified by
differential centrifugation (Kobayashi et al., 1959; Ada,
Nossal, Pye, and Abbot, 1964). Treatment with a wide variety
of agents (Abram and Koffler, 1964) disaggregates the puri-
fied flagella to their monomeric form whiéh has been shown
to be proteinaceous in naturé (Weibull, 1948; Astbury,
Beighton, and Weibull, 1955; Ada et al., 1964.) The name
"flagellin" was originally proposed (Astbury et al., 1955)
as a general term for the flagellar protein but it has
become limited to describe the protein molecules into which
the flagella are dissociated as a result of low pH or other

disaggregating procedures. Salmonella flagellin, ‘isolated

by acid dissociation of purified flagella, has a molecular
weight of 40,000 (McDonough, 1965), and various preparations
were considered homogeneous by the criteria of column chromato-
~graphy on hydroxylépatite (Ada et al., 1964) and on DEAE-
cellulose (Enomoto and Iino, 1966); cellulose acetate electro-

phoresis (Ada ét al., 1964); disc polyacrylamide gel electro-



phoresis (Oosawa, Kasai, Hatano, and Asokura, 1966; Parish,
Lang, and Ada; 1967); and ultracentrifugation (Ada et al. ;
- 1964; Kerridge, Horne, and Glauert, 1962).

Because of their importance‘as'a public health prob-

-lem, examples of the genus Salmonella have been subjected
‘to extensive study by serological techniques. A large num- .
ber of antigenicaily different flagella have been shown to
be.produced in nature by thig_genus (reviewed by Kauffman,
1966a). The situation was made more complex by the demon-
stration of the phenomenon of antigenic phase variation
(Andrewes, 192%) which has been found in the majority of

Salmonella serotypes. The flagella can exist as either of

two alternative flagellar antigens; one is called phase-1
and the other phase-2, and an alteration between antigenic
phases occurs at the measurable rate of 1072 to 10-3/bact-
erial division (Stocker, 1949). innder'and Lederberg (1952),
and subsequently Stocker, Zinder, and Lederberg (1953) and
Lederberg and Edwards (1953), demonstfated that the
flagellar antigen of a given serotype could be transferred
to other members of the genus by transduction using phage
P22, provided the serotypes in question were susceptible
ko‘this phage. However, they were only able to replace

the phase-1 antigen of the recipient with the phase-1 anti-
~gen of the'donor, or the phase-2Z antigen of the recipient

with the phase-2 antigen of the donor, and obtained no



phase-1/phase-2 interaction. From these studies they con-
cluded that the flagellar antigen of a given phase appeared
to be controlled by a single gene and that the various
antigens observed were allelic forms df such a gene. They
‘proposed the term H-1 for the gene controlling the phase-1
antigen, and the term H-2 for the gene controlling the |
phase-2 antigen. Subsequently, Iino (196la) was able to
deﬁohstrate the feplacement of' the H-2 antigen 1,2... of

a strain of Salmonella typhimurium with the phase-1 antigen

b of Salmonella paratyphi B. The replacement was a very

rare event and was thought to occur by unequal recombina-
tion between the H-1 locus of the donor and the H-2 locus
of the recipient. The event‘waé taken as indicative of a
structural homology between the two loci.

The antigenic specificity of a flagellum is a reflec-
tion of its tertiary structure, which ié determined by the
primary sequence of amino acids in the component flagellin
molecules. On‘this basis, the genes H-1 and H-2 have beén
redefined (Iino and Lederberg, 1964) as the structural
. genes for the flagellin produced in phase-1 and phase-2
respectively.

o Amino acid analyses of several antigenic types of
phase-1 and phase-2 flagellins have revealed the presence
of N-methyl-lysine (NML), an amino acid that had not pre-

Vibusly been found to occur in nature (Ambler and Rees, 1959).



Transductional analyses révealed that a gene which deter-
minés the presence or absence of NML is linked to but sep-
arable from the H-1 locus (Stocker, McDonoﬁgh, and Ambler,
1961). Unlike H-1 and H-2, this gene deﬁermines the pre-=
sence or absence of NML in both phase-1 and phase-2 flagal-
lins and it was suggested that it coded for.an enzyme which
methylated some lysine radicals of already formed flagellin
[(Stocker et al., 1961). No such enzyme has yet been demon-
strated nor has the hypothesis been definitely.proven
(Kerridge, 1966).

In diphasic strains, the two antigenic phases were
determined at the separate loci H-1 and H-2. Therefore
phase variation cannot be considered as the mutation of an
antigen type determinant from one specific allele to another,
but instead as the alternative manifestation of each of
the two antigenic specificities already inherent in the
‘genotYpe. An investigation by Lederberg and Iino (1956)
intb the genetic control of phase variation indicated that
the H-2 gene played a decisive role in the expression of
the antigenic phases. They concluded that H-2 takes two
different states, active and inactive. Active H-2 was epi-
static to H-1 and inhibited the production of the ﬁhase-l
antigen, while it carried out the production of the phase-2
antigen. When H-2 changed to the inactive state, correspon-

ding to the change from phase-2 to phase-1, the production



of phase-2 antigen stopped and alternatively the préduction
of phase—i, specified by H-1, proceeded. The expression of
the H genes has been found to be regulated by several other
_genes: namely ahy, ah,, and Khz' 'éhg is a factor linked to
H-2 which controls the activity of H-2 (Iino, 1962b): that

. £ . .
is, the mutation of EEZ to allele gﬁz causes the inactiv-

ation of H-2 and consequently the change from diphasiq type

to monophasic-1 type. Ah, is a factor linked to H-1 (Iimo,

L
1962b). The mutation to ah.~ causes the inactivation of

4
H-1. In such mutants H-2 activity is not affected and may
therefore undergo phase variation. Consequently, in phase-1
both H-1 and H-2 are inactive and the production of flagella
is entirely stopped, while in phase-2 normal flagella are
produced. These mutants alternate between flagellated
phase-2 and non-flagellated phase-1. YQZ is a factor which
regulates the stability of antigenic phases (Iino, 1961b)

and is transduced simultaneously with H-2 at a frequency of

2
whether inactive or active, and produces monophasic-1 or

30%. An allele vh, stabilizes H-2 in its existing state,
monophasic-2 types respectively. éﬂ+ was reported to be
dominant to ah”, but the function of ah appears only in
cis—positioﬁ with the adjacent H (Iino, 1962b). As no

other genes have been found to lie between the structural
~genes and their activipy—controlling_genes each pair behaves

as two component parts of a genetic functional unit. Con-



sidering the ah -H system analogous to the operon, the
Ehl (or gﬁz).may correépond to the operator of H-1 (or H-Zj,
and Ehi- and 232- to the operator nggative mutants (Iino
and Lederberg, 1964). This work has been pursued in grea-
ter detail by Pearce énd Stocker (1967), who utilized
abortive transduction to study flagellar antigens of cells -
heterozygous for the H-1 or H-2 regions. The partial
héterozygotes produced permitted fhe examinationrof domin-
ance and cis/trans effects, and allowed a test of the ability
of a chromosomal H-2 locus to regulate the expression of
H-1 and H-2 genes not located in the same chromosome.
Their results indicated that H-2, or a phase-determinant
locus clqselyvlinked to it,>r¢gu1ates expression of H-1 by
determining production or non-production of an H-1l-repressor
substance. To explain phase variation they postulated that
the -activity or inactivity of the H-2 operon (H¥2 structuy-<
al gene and H-l-repressor locus) depended on the state of
a metastable operator region, which spontaneously alter-
nates between an 'on' or 'active' configuration, correspond-
ing to wild-type, and an 'off'or 'inactive' configuration,
corresponding to that of an operator-negative mutant.
Mutations in the H genes have been demonstrated and
shown to cause changes in the flagellar antigen (Joys and
Stocker, 1963) and changes in morphology (Iino, 1962a).
Mutants with minor changes in the i éntigen of S. iXREi‘.

murium, isolated by selection in semisolid medium contain-



ing anti-i serum were genetically shown to be a result of
mutétions within the H-1 locus (Joys, 1961; Joys and Stockef,
1963) . Analyses of tryptic peptide maps correlated the
ogenetic mutation with minor changes in the flagellin.mole-
Cules (McDonough, 1962). The flagella of these mutants
~differed antigenically from wild type but were identical
to wild-type morphologically and in their ability to func-
tion in motility. Strains of bacteria have been described
as possessing flagella with half the normal wafelength
ﬁhich functioned poorly, allowing only rotational movements
in liquid medium and no translational movement in semi-solid
medium. Such mutant type flagella have been termed 'curly'
(Leifson and Hugh, 1953; Iino, 1962a).. Curly flagella have

been produced phenotypically in Proteus mirabilis by growth

at pH 5.5 (Hoeniger, 1965) and in S. typhimurium by growth

in the presence of para-fluoro-phenylalanine (Kerridge,
1960). Genetically stable straiﬁs with curly flagella under
normal conditions of growth can be obtained, and the muta-
tions causing the production of such flagella have been
shown to be phase-specific and élosely linked to the H
_gene of the affected phase (Iino, 1962a). The site of one
mutation causing the production of curly flagella has been
definitely mapped within the H-1 locus (Joys, 1961; Joys
and Stocker, 1963). In support of these results Enomoto
and Iino (1966) showed that the flageliin isolated from a-
curly mutant had one peptide different from the wild-type

£}
¢
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flagellin whén analyzed in tryptic digests. However, no
seralpgical diffefences have been reported between any

curly mﬁtants and‘their parent strains. This H mutation has
therefore resulted in the ﬁroductioh of flagella identi-

cal to the wild-type antigenically but different from the
~wild-type morphologically and in their ability to function
in translatiénal motility. A straight flagella mutant of

S. 'typhimurium has also been reported (Iino and Mitani,

1966; Iino and Mitani, 1967b). The straight mutation was
phase-specific in transduction studies and was therefore
suggested to have originated by mutation of the structural

. gene of phase-2 flagellin. The flagella produced by this
mutant were antigenically identical to wild-type but dif-
ferent from the wild-type morphologically and in their ability
to function in translational motility. These mutants were
non-motile in liquid and semisolid media. No biochemical
examination of the flagellins of this mutant has been re-
ported.

Both the antigenic spe;ificity of the flagella and its
morphological appearance were thus shown to be controlled
by the flagellin-structural genes H-1 and H-2. The demon-
stration of mutations in the H gene which seemed to alter
one property but not the other sﬁggested that there were
specific regions within the H gene which controlled the
specific characters studied. A preliminary confirmation of
the posfulated presence and linear array of antigenic speci-

ficity-determining sites within the structural_gene has been
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obtéined byyintrageﬁic recombination. Intragenic recombin-
‘ants between H-2 alleles, H«Z—l;g and H-Z-g)g,g»(Iino; 1960
cited in Iino and Lederberg, 1964) have been obtained but
the most extensive data for linear mapping of determinants
has beeﬁ obtained using mutant alleles of H-1-i (Joys, 1961;
Joys and Stocker, 1963) and different'alleles-of the H-3=g
complex (Yamaguchi and Iino, 1966)>

The expreséion of the flagellin structural genes (H-1
and H-2) was also shown to be regulated by additional
loci termed fla. A mutation of any fla gene from fla* to
fla™ resulted in the loss of the ability to produce flagella
in both flagellar phase-1 and phase-2. At least three
_groups of fla genes have been described. One group was
found to be cotransducible with the H-1 locus and divisible
into six cistrons on the basis of complementation tests
(Joys, 1961; Joys and Stocker, 1965; Iino and Enomoto, 1966).
A mutant of the second group, termed £l§f29 was shown by
colicin—médiated transfer to be 1ocatedvbetween_g§l‘and
try (distant to H-1 or H-2) on the chromosome (Smith and
Stocker, 1962). Fla-29 was shown to be identical to fla F,
isolated by transduction (Iino and Enomoto, 1966). The
chromosomal location of the third group, termed fla G has
not been reported. Only one mutant in the fla G locus has
been isolated and this differs from all other fla~ mutants

studied, being the only one shown to produce flagellin but

not flagella; no flagellin production could be demonstrated
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in immunological studies of the other fla mutants (Iino and

Enomoto, 1966) .

The function of the fla genes has been discussed (I1no
and Lederbérg, 1964; Joys and Stocker, 1965; Iino and
»Enomoto, 1966) but no mode of action has been proven with
the exception of that of the fla G mutant. As this mutant
produced a flagellin antigenically indistinguishable from

the parental flagellin but was unable to form flagella,

the defect seemingly affected flagellin polymerization into

flagella. Different hypotheses were suggested for the

other fla mutants in which no antigenically measurable
flagellin was produced. Fla®* might function in the control
of specific ribosomes utilized in the synthesis of flagellin,

or alternatively £li+ might produce or control the produc-
tion of an internal inducer of flagellin. ‘A specialized
flagellar-forming apparatus has not yet been demonstrated,
so that neither hypothesis can be proven or disproven.
Non-motile mutants have been described which possess
the normal number of flagella/cell and produce flagella

which do not differ from those of the wild-type motile
strain in either antigenicity (Hirsch, 1947; Friewer and
Leifson, 1952), morphology under the electron microscope
(Ehomoto, 1966a) or configuration by X-ray diffraction
(Beighton, Porter, and Stocker, 1958). Both thc wild-type
and mutant exhibit flagellar phase variation. Such mutants
have‘been termed ‘paralyzed’ (Stocker et al., 19535]. Mu-

tations causing paralysis have been localized in genes
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tefmed mot, shown to be genetically distinct from the
flagellin structural_genes, H-1 and H-2 (Enomoto, 1966a).
Threelcomplementation.groups have been recognized (Enomoto,
1966a; Enomoto, 1966b) and labeled mot A, mot B and mot C.
Mot C was shown to be linked to H-1 and located between
"his and H-1 on the total chromosome. MSE;A and mot B are
adjoining, unlinked to H-1 and located between H-1 and

leu (i.e., on the opposite side of H-1 from mot C. The
function of the mot loci was discussed although.it was not
known whether mot A and mot B control different protein
molecules or together control a single protein molecule, nor
what the nature of the interaction of the three loci might
be. If the bond energy of ATP was assumed to be involved
in flagellar motility, the mot mutation did not affect the
“energyfgenerating system. The ATP content and adenosine
triphosphatase activity were not significantly different

in motile wild-type cells and parélyzed cells. ATP and
adenosine triphosphatase activity were not detected in
flagella detached from both wild-type and paralyzed cells -
(Enomoto, 1962, cited in Enomoto, 1966a). It was therefore
suggested that the defect leading to flagellar paralysis
was located in the Ccytoplasm, probably in the basal gran-
ules (Enomoto, 1966a); i.e. that the defect was in the
flagellum-activating mechanisms within the bacteria rather

than in the flagella themselves.
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An additiqnal_fl?gellar’mutant'has been feported

(termed 'slow motile' by Enomoto, 1965) which was found to
have flagella quantitatively different from the wild-type.
-The slow motile swarmed poorly in semisolid medium but ap-
peared as motile as the wild-type in liquid medium. Opti;
- cal and electron microscopy 6n stained preparations of fla-
~gella as well as biochemical measurement of purified fla-
~gellar protein revealed that the mutant possessed a de-

‘creased number of flagella/cell compared with the wild-type.
Genetic analyses located the mutation site of the slow mo-
tile mutant ingkhe mot B cistron, though the mutant comple-
mented mot B mutants. As the mutant gene affected only
flagellation it was suggested to control the synthesis of
flagellin polymerizing organelles from which the flagella

~generate (Enomoto, 1965). The slow motile mutant would

therefore seem leaky, as some flagella were formed.

Evidence for the location and linkage on the Salmonella

chromosome of the various loci involved in flagellation and
motility has been obtained by fhe analyses of data from in-
terruptéd conjugation and transduction experiments. Conju-
_gation was mediated by either F factors or colicin factors.
Transduction experiments provided a means of studying both

recombination and complementation through the recording of

the number of swarms and trails respectively (Stocker et al.

1953; Lederberg, 1956). Table 1 lists the loci involved in

the flagellation of Salmonella typhimurium, and their map

'
o
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positions in minutes (Sanderson and Demerec, 1965). The
loci which mapped at the 55 minute position were jointly

~ transduced in the order (mot C, nml, ah;) H~1--fla A--fla

C--fla D--fla B--fla J--fla K (mot A, mot B). The order

of loci in parentheses was not reported. H-2, Kﬁz: and EEZ
mapped at the 82 minute position and were jointly trans-
duced. (Stocker et al., 1961; Stocker, Smith, and Subbaiah,
1963; Joys and Stocker, 1965; Enomoto, 1966a; Enomoto,
1966b; Pearce and Stocker, 1965).

Escherichia coli has been shown to possess a single H

locus (Furness, 1958), a fla locus (Prskov and @rskov, 1962;
Matsumoto and Tazaki, 1967), and a mot locus (Armstrong and
Adler, 1967). Armstrong and Adler (1567) found two groups
of mot mutants which correspond to mot A and mot B in Sal-
monella reported by Enomoto (1966a). Crosses between Sal-

monella Hfr and Escherichia coli F~ demonstrated that the

H-1 locus of Salmonella was allelic to the single H locus

found in Escherichia coli (Makel#d, 1964). Selection for

recombinants with recombined markers on bofh sides of the

H-2 locus demonstrated that H-2 could be incorporated with
these markers. Such strains, with incorporated H-2 of the
donor, showed typical phase variation, the H-2 locus being
epistatic to either the H gene of the original E. coli parent
or tolthe H-1 gene incorporated as a result of recombination.

The homology of E. coli with Salmonella H-1 lends

support to the hypothesis of the evolution of phase varia-
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tioh postulated by Iino and Lederberg (1964). They sugges-
ted that the original'type was a primary monophasic-1 which
had H-1 but not H-2. Duplication and translocation occurred
in the monophasic-1 type (such a duplication has been repor-
 ted by Lederberg, 1961). The translocated H-1 was then
identified aé a new locus, H-2, different from the original
H-1. Then, structural differentiation might have occurred
between H-1 and H-2 ana the strain was recognized as a
diphasic strain. Subsequently, a variety of additional
types evolved through mutations and deletions in the dipha-
sic system which affected the H-1 and H-2 genes themselves,
their controllers ah; and ahy, and the variation factor vh;,.
The present investigation was undértaken to establish
the presence of the various loci controlling flagellation
in the gram positive, transformable organism B. subtilis,
and fo compare these findings with genetic control in other

_genera, (specifically Salmonella).

2. Flagellotrophic phages. Bacteriophage chi was the

first, and until very recently, the only reported flagello-
trophic phage. The host range of chi was first described

by Sertic and Boulgakov (1936), who reported a correlation

between motility and susceptibility of Salmonella ‘typhosa to
infection by chi which lysed a motile strain but not its non-

flagellated variant.
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Extensive studies of chi were reported by Meynell(1961).
Sensitivity té chi was éssayed by the agar layer technique |
(Adams, 1959a) in which infection was measured by the appear-
ance of clear plaques. Adsorption studies were also per-
-formed to establish.thé host range of the bacteriophage.

It was shown that chi phage attacked flagellated, motile
bacteria of specific antigenic type. The suggested recep-
tor site for chi as located on the flagella was confirmed by
electron microscope studies. Functional flagella of specific -
antigenicity were also important factors in susceptibility

to adsorption and infection.

Tests with naturally-occurring strains, and with arti-
ficial serotypés to which fdreign H anfigens had been trans-
duced, showed that sensitivity to chi phage depended on the
H antigen (Meyneli, 1961). Bacteria with the antigens of
the g-complex or with antigens 1..., e,h, or Arizona 13 were
resistant to the phage. Host range mutants of chi phage have

been isolated which were shown to attack Salmonella having

the g-group antigens (Sasaki, 1961, cited in Iino and Leder-
berg, 1964). The resistance of the g-complex was shown to be
phase specific (Meynell, 1961). When g.. antigen was intro-
éuéed into diphasic strains by transduction of H-d-g. oy

the resulting transductional clones were resistant to chi
phage in phase-1 while sensitive in phase-2. The antigenié
phase specificity of the resistance wés aiso observed on a

motile chi-resistant mutant of S. typhimurium (Sasaki, 1961,

*
4
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cited in Iino and Lederberg, 1964). The mutant was shown to
be resistant in phase-2, 1,2-type, while sensitive in phase-1,
i fype. The determinﬁnt of the phage resistance and the
1,Z-t§pe determinant, H-2Z, were always éo-transduced.v

Tests with non-motile flagellated (i;g., paralyzed) as
‘well as non-flagellated bacteria showed these strains to be
resistant to chi phage (Meynell, 1961). Adsorption was dim-
inished by removal of flagella from a sensitive strain or by
artificially paralyzing the strain by treatment of the bact-
eria with chloral hydrate, 2,4-dinitrophenol, aureomycin,
formaldehyde, or heat at 56 C for 30 min (Meynell, 1961).
No phage were found to be adsorbed by detached flagella
(Meynell, 1961).

Plaques of chi phage on the slow motile mutant of

Salmonella typhimurium were small and cloudy, whereas on

the wild-type they were large and clear. The efficiency
of plating on the mutant was 0.36 as compared with 1 for
the wild-type (Enomoto, 1965). Meynell (1961) reported

that a curly mutant of S. abortus-equi showed a sensitivity

to chi phage on a spot plaque assay test but failed to
adsorb the phage. No detachable loss of phage from the
supernatant occurred following incubation of chi and the
curly mutant. Preliminary reports of a straight flagellar
mutant indicated that it was sensitive to bacteriophage-chi

(Iino and Mitani, 1966a).
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Adsorption of the transducing bacteriophage PBS1 by

Bacillus subtilis was reported (Joys, 1965) to show a cor-

relation with motility as a non-motile strain of Bacillus
subtilis was shown to be insensitive to PBS1. On this
‘basis it was suggested that PBS1 was a second example of a
flagellotrophic phage.

' The present investigation further elucidated the
adsorption specificity of phage PBS1 by quanti?atively mea-
suring its adsorption to non-motile B. subtilis strains,
various flagellar mutants, aﬁd isolated detached flagella.

Partial reports of these investigations into the adsorp-
tion specificity of phage PBS1 and into the genetic control
of flagellation have beeh published (Frankel and Joys, 1966;
Joys and Frankel, 1967).
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MATERIALS AND METHODS

Materials:

A. Strains
1. Bacillus subtilis

"W 23 W 23 wild-type
(Burkholder and
Giles, 1947)

SB 108 fla derivative of
: strain 168

SB 108-b fla® mutant of SB 108

MS 10 his~ str’ derivative
of 168

SO 4 | fla mutant of SB 108-b

SO 5 paralyzed mutant of
SB 108-b

The culture was obtained
from J. Spizizen (Scripps
Clinic, LaJolla, Calif.)

The culture was obtained
from T.M. Joys stock of
SB 108 obtained from E.W.
Nester (Univ. of Washing-
ton, Seattle) '

The culture was obtained
from T.M. Joys who had
isolated the strain as a
spontaneous motile mutant
of SB 108. The strain was
obtained from a single
clone in semisolid medium.

The culture was obtained
from T.M. Joys stock of
MS 10 obtained from the
collection of J. Spizizen.

Stable non-flagellate
mutant obtained following
ultraviolet irradiation

Non-motile mutant in both
liquid and semisolid med-
ium, yet shown to be flag-
ellated by Leifson's
staining method and to be
agglutinated with rabbit
anti-flagellar serum pre-

“pared against SB 108-b.

The mutant was obtained
following ultraviolet
irradiation.



22

SO 6 fla- mutant of SB 108-b Stable non-flagellate
mutant obtained following
ultraviolet irradiation

SO 7 fla- mutant of SB 108-b Stable non-flagellate
mutant obtained following
ultraviolet irradiation

S0 9 fla mutant of SB 108-b Stable non-flagellate
: mutant obtained following
ultraviolet irradiation

S0 12 flagellar antigen DNA from strain W 23 was
transformant of SB 108-b used to transform strain
SB 108-b. Serum-semisolid
medium containing anti-
SB 108-b serum, was used
as the selection method.

SO 14 str’ transformant of MS 10 DNA was used to
SB 108-b transform strain SB 108-b
to str™.
SO 49 paralyzed transformant SO 5 DNA was used to trans-
of SO 14 » form strain SO 14 to
paralysis
- 80 55 paralyzed transformant SO 5 DNA was used to trans-
of SO 12 form strain SO 12 to par-
alysis.
SO 65 fla mutant of W 23 Stable non-flagellate

mutant obtained following
ultraviolet irradiation.

S0 67 flagellar antigen ' SB 108-b DNA was used to
transformant of W 23 transform strain W 23.
The flagellar antigen of
the donor was selected by
serum-semisolid medium con-
taining anti-W 23 serunm.

The genetic descriptions and relevant phenotypes of

the Bacillus subtilis strains are summarized in Table 2

using'the nomenclature of Demerec, Adelberg, Clark, and

Hartman, 1966.
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2. Phage. Phage PBS1-V1 was used. This strain was
isolated by T.M. Joys as a virulent mutant of phage PBS1
obtained from C. Anagnostopoulos (Laboratoire de Genetique,
Gif-sﬁr-Yvette, Seine et Oise, France).

B. Stock Solutions

| Glassware was washed in 7 X detergent (Linbro Chem-
icals) containing EDTA to minimize copper contamination
which has a detrimental effect on transformation (J.
Spizizen, personal communication). Glass-distilled and
deionized water was used for media and reégent preparation
and for all glassware rinsing procedures. The chemicals
used, unless indicated otherwise, were Baker or Merck

analyzed reagent grade. Solutions and media were stored

at 4 C.
1. 10 X Minimal Salts
distilled water 2 Y 17 BET
ammonium sulfate 20 g
dipotassium phosphate 140 g
monopotassium phosphate 60 g
sodium citrate *+ 2H,0 0 g
magnesium sulfate * 7H,0 2.0 g

The salts were added, with constant mechanical stdTring,
to 1 liter of distilled water in a flask. Once the solution
was clear it was poured into pyrex bottles and autoclaved
at 250 F for 20 min.

2. 50% Glucose
dextrose 50 ¢
distilled water to 100 ml
The components were mechanically mixed until the glu-

cose was completely dissolved. The solution was sterili-

zed by passage through a 0.45 p Millipore filter.
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3. 2 mg/ml L-tryptophan
L-tryptophan 0.2 ¢
distilled water 100 ml

The L-tryptophan (Calbiochem) was added to the distil-
led wéter, mixed mechanically and sterilized by passage
through a 0.45 u Millipore filter.

4, Magnesium sulfate 0.5 M

magnesium sulfate 12.5 g
distilled water to 100 ml

Distilled water was added to magnesium sulfate, the
solution mixed mechanically and sterilized by passage through
a 0.45 p Millipore filter.

5. Casein hydrolysate

a. 5% for adding to transformation plates
casein hydrolysate 5 g
distilled water to 100 ml

Distilled water was added to casein hydrolysate, the
solution was mixed mechanically and sterilized by autoclav-
ing. The casein hydrolysate used was vitamin-free and
salt-free, as supplied by Nutritional Biochemicals, Cleve-
land, Ohio, for investigational use.

b. 5% for transformation media used in the preparation
of competent cells,

10% sterile solution of vitamin-free casein hydrolysate
supplied by Nutritional Biochemicals for microbiological
procedures, was diluted with sterile distilled water to
make a 5% solution.

6. Sodium Chloride 2 M

sodium chloride ~ 1.7 g
distilled water to 100 ml
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.Distilled water was added to the sodium chloride, the
solution mixed mechanicélly and sterilized by autoclaving.

7. Sodium Citrate 1 M
sodium citrate 29.4 g
distilled water to 100 ml

Distilled water was added to the sodium citrate, the
solution mixed mechanically and sterilized by autoclaving.

8. Leifson's staining stocks
a. 1.2% Basic fuchsin (Allied Chemlcal, special
grade for flagella staining) in 95% Ethyl alcohol
b. 3.0% Tannic acid in distilled water
c. 1.5% NaCl in distilled water

C. Working solutions
1. L-Tryptophan Stock (2 mg/ml) distilled water

a. 1000 uyg/ml 20 ml 20 ml
b. 500 wg/ml 10 ml 30 ml
c. 100 ug/ml 2 ml - 38 ml
d. 50 pg/ml 1ml 39 ml

2. Magnesium sulfate 0.05 M
The stock 0.5 M magnesium sulfate solution was dil-
uted 10 fold with sterile distilled water.

3. Casein hydrolysate Stock#® distilled water
a. 0.2% 2 ml 48 ml
b. 0.1% 1 ml 49 ml

*casein hydrolysate 5% stock preparation of
competent cells (solution 5b)

D. Media
1. Liquid
a. 1 X minimal - glucose :
10 X minimal salts 10 ml
distilled water (sterile) 90 ml
50% glucose 1 ml

The components were sterilized separately, 10 X min-
imal and water by autoclaving, 50% glucose by Millipore

filtration (0.45 y filter), and mixed aseptically.
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b. Four-hour medium volume added final
Working stock  for 10 ml concentration
, solution
L-tryptophan 1 ml 50 ug/ml
50 ug/mi '
casein hydrolysate 1 ml 0.02%
0.2% : ,
magnesium sulfate 1 ml 0.005 M
©0.05 M -

1 X minimal-glucose = 7 ml
The medium was made fresh for each day's experiments.

- €. 90 minute medium volume added final
Working stock for 10 ml1 concentration
____Solution
L-tryptophan 1 ml - 5 pg/ml
50 pg/ml '
. casein hydrolysate 1 ml 0.01%
0.1%
magnesium sulfate 1 ml 0.05 M
- 0.05 M -

1 X-minimal-glucose 7 ml
The medium was mixed fresh daily.

If the organism to be grown was his™ and try~ 0.5
ml 1000 pg/ml tryptophan and 0.5 ml 1000 pg/ml histidine
was.used in the four-hour medium. The 90-minute medium
was made up with 0.5 ml. 100 pg/ml tryptophan and 0.5 ml
100 pg/ml histidine.

d. Medium d for DNA preparation

for 1500 ml ,
distilled water 1350 mil
10X minimal salts 150 ml
5% casein hydrolysate 15 ml
L-tryptophan 15 ml
50% glucose .15 ml

The distilled water was aufoclaved in a 2800 ml
flask, allowed to cool and the remaining components
added. To minimize the chance of contamination, #he
four Millipore-filtered components were combined and

added as one solution to the flask.
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&..  Jurosg-salineg c1trate lysozyme

for 50 ml
sucrose 20% -40. m1
2 M sodium chloride 2.5 ml
1 M sodium citrate 2.5 ml
lysozyme (Sigma grade 5 mg (final con-
- 3X crystalized) centration 100 pg/ml)
< Sallne - c1trate
2 M NaCl 5 ml
-1 M Na citrate 5 ml
distilled water 90 ml
g. Penassay broth
' Penassay medium (Difco) 1.75 g
distilled water 100 mg

Prior to storage, the solution was incubated over

night at 37 C and examined visually for sterility. The
component were mixed and sterilized by autoclaving.
- 2. Non-liquid
a. minimal medium plates
solution - 1

agar 4 g
distilled water 1180 ml

_The agar was added to the distilled water in a
500 ml Erlenmeyer flask and sterilized by autoclaving
for 20 min at 250 F. The solution was cooled to 55 C
ih a water bath.
solution - 2

10X minimal salts 20 ml
50% glucose 2 ml

. The sterilized components of solution 2 were placed
¥h a 55 € wéter bath. Solution 1 and solution 2, both at
55 C., were combined aseptically and mixed well. Approxi-
mately seven 100 mm sterlile plastic petri dishes were'pre;
pared from each 200 ml of solution. The plates were allow-

ed to solidify at room temperature and were then inverted

]
7
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and incubated overnight at 37 C prior to use. Extra plates,

once incubated, were stored for several days at 4 C.
-Auxotrophs were grown on plates containing minimal

salts medium and the required amino acid(s). 0.1 ml of

a stock 2 mg/ml amino acid solution was spread with a

_glass spreader on each preincubated minimal salts plate.

The plates were allowed to dry before use.

b. Tryptose blood agar (TBAB) plates
tryptose blood agar base (Difco) 3.3 g
distilled water 100 ml

The dehydrated medium was added to the distilled

water, mixed well and autoclaved at 250 F for 20 min.
After cooling to 55 C in a water bath the solution was

poured into seven 100 mm sterile plastic petri dishes.

The plates were allowed to'solidify at room temperature
and were then inverted and incubated overnight at 37 C.
Following incubation, plates were stored at 4 C until

néadead:

c. semisolid medium
1. for phage overlay

Penassay medium (Difco) 1.75 ¢
agar 0.6 g
distilled water 100 ml

The components were mixed and sterilized by auto-

claving. The solution was cooled to 55 C in a water bath

and was well shaken prior to use. Fresh medium was made

for each day's experiments.

2. for motility studies
Penassay medium 1.75 g
agar ’ .3 &
distilled water 100 ml
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The components were mixed and sterilized by autoclav-
ing (250 F, 20 min). The sterile solution was cooled to
53 C.in a water bath and then apprbximately 10 m1 of solu-
tion was poured into each 60 mm sterile plastic petri dish
or 1 ml volumes were pipetted into the cups of hemagglutih-

ation trays sterilized by ultraviolet irradiation. The med-
ium was allowed to solidify at room temperature and the

dishes were then incubated overnight in an upright position
at 37 C. The semisolid medium was made up fresh for each
set of plates. Poured petri dishes but not hemagglutina-
tion trays were stored, once incubated overnight, for
several days at 4 C.
E. Leifson's flagella stain

The stain solution was prepared by mixing equal parts
of the three stock solutions. The stain solution was
reaéy for use immediately and was stored for several months
at 4 C. The stain solution was discarded when staining
time exceeded that of freshly prepared stain by more than 5
min. |
Methods:

_A. Phage ,
1. Preparation of phage lysate. Lysates of phage

PB5-V1 were made following the method of Takahashi (1963).
Phage-sensitive cultures of strain SB 108-b were grown in
Penassay Broth (Difco) with rapid shaking at 37 C until .

logarithmic growth phase was reached as determined by opti-
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cal density measurements in a‘Klett—Summersqn cqlorimeter
Afittgd with a fed filter. To determine viable count the
Klett value was compared with a standard growth curve in
which Klett values were plotted against viable count. The
culture was then infected with phage at a multiplicity of
1.0. After incubation at 37 C on a shaker for one hour'the‘
infected culture was incubated, without shaking overnight.
Following centrifugation at 3,000 g for 5 min -to deposif
cells, the supernatant (=1y5ate) was filtered through a
Millipore filter (0.45 p membrane pore size).

2. Plaque assay. A modification of the agar-overlay

technique (Adams, 1959a) wasvused to titrate phage lysates
and to measure the number of phage in the supernatant fol-
lowing adsorption (Adams, 1959b). TBAB plates kept at room
temperature were inoculated with 0.1 ml of lysate dilution
(or.supernatant dilution following adsorption), 10. ml SB
108-b (log phase culture of indicator strain), and 3.0 ml
of semisolid Penassay Broth autoclaved and cooled to 55 C.
The plate was swirled to mix the components, éllowed to
solidify at room temperature, and then incubated in an
upright position overnight at 37 C. Penassay Broth alone,
without the phage lysate, was used as é control.

- 3. Phage adsorption. Penassay Broth cultures of the

strains to be tested were grown with shaking at 37 C to

logarithmic phase. The cultures were examined by phase-
contrast microscopy for the presence or absence of

motility. Equal volumes of each culture were mixed with

s
#
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ph#ge (multiplicity of infection approximately 1.0), and
the mixture shaken at.37 C for 20 min. The control con-
sisted of a mixture of equal volumes of Penassay Broth and
phage iysate. The cells (and with them any adsorbedv
| phage) were centrifuged at 3,000 g for approximateiy 2
min and the supernatant fluid collected. Appropriate
dilutions of thé supernatant fluid were made in Penaésay
Broth and assayéd forAphage by the agar-overlay technique.
The percent adsorption was determined by a comparison of
the supernatant and control titers.

For cell-free flagella preparations, equal volumes
of the required phage dilutidns (to give 4 x 106 infective
units/ml and the flagella suspension to be tested were
mixed and incubated at 37 C with shaking for 20 min; the
mixture was then titrated by the agar-overlay technique
for infectious particles.
B. Isolation of non-motile mutants.

A procedure of ultraviolet irradiation for the isola-

tion of sporulation mutants (J. Spizizen, personal com-
munication) was used. A standard growth curve was made

by inoculating SB 108-b from an overnight TBAB plate into

a Nephelo culture flask (Bellco Glass Company) containing
Penassay Broth (Difco). The flask was shaken in a 37 C

water bath. Optical density was réad at hourly intervals
in a Klett-Summerson colorimeter fitted with a red filtey,

and samples were taken for viable counting.

¢
¥



.34
~An ultraviolet irradiation kill curve was determined
- for cultures in log phase (optical density of 140 Klett

units corresponding to 4 x 108

viahle cells/nl). =10 mpl

of the log phase broth culture was placed inran open 100

mm plastic petri dish 12 inches under a Sylvania germicidal
ultraviolet lamp (Thomas Co. bulb type A catalog number
63220E) . At specified times 0.5 ml samples were removed,
diluted in Penassay Broth, and 0.1 ml of the appropriate
dilution was spread on a TBAB plate. Plates were inverted
and incubated overnight at 37 C. Colony counts were then
performed and a graph of surviving viable cells versus

time of irradiation was plotted.

For the isolation of non-motile mutants, a log phase
Penassay Broth culture of SB 108-b containing approximate

4 x 108 cells/ml was irradiated under conditions producing
99.9% loss of viable cells in the test experiment. A

sample was removed and diluted 1:20 into Penassay Broth

contained in a flask. The flask was wrapped in aluminum
foil to minimize photqreactivation by wisible light. The
flask was shaken overnight in a 37 C water bath. The
overnight culture was irradiated under the same conditions
of ultraviolet exposure as had been used for the initial
log-phase culture, and again a sample was removed, diluted
1:20, and incubated in a foil-wrapped flask overnight.
This third overnight culture was similarly treated
(irradiation, dilution of sample, overnight incubation).

"
4
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. Thé_final.overnight culture was diluted in Penassay Broth
and plated for single cqlonies on TBAB plates. After
overnight incubation at 37 C the,cblonies were individually
picked, with sterile toothpicks, to semisolid medium

(0.3% agar) contained in the cups of sterile plastic hemag-
~glutination trays. Colonies showing no evidence of move-
ment through the medium after overnight incubation were
tested for the stability of their non-motile character by
repeated incubations in semisolid medium contained in 60

mm plastic petri dishes. The presence or absence of flag-
ella was tested by agglutiﬁ;tion with specific rabbit

anfiflagellar serum and by direct staining.

C. Isolation of flagella.
Flagella were detached byrthe blending technique of
_ Stocker and Campbell (1959) and purified according to the
method of Kobayashi et al. (1959) and Ada et al. (1964).
To obtain a maximally flagellated culture, SB 108-b
was passed three times through semisolid medium, the
leading edge of the swarming growth used to inoculate each
subsequent plate. A Penassay Broth suspension of the
highly motile culture was used to inoculéte 500 m1 volumes
of TBAB contaiﬁed‘in enamel trays 30 cm by 20 cm by 5 cm.
The trays were incubated at 37 C for 40-45 hr. Growth
was harvested Into 26 ml oF 0:9% NaCi and the suspension’

blended in a Waring Blendor for 90 sec. Cells were deposi-
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.ted by centrifugation at 6,000 g for 30 min. The super-
natant fluid, called the 'blender supernatant fluid," con-
- tained 4.4 mg/ml of protein when assayed by the Lowry
test (Lowry, Rosebrough, Farr, and Randall, 1951), with
Bovine Serum Albumin (Calbiochem grade A) as standard.

Samples of this supernatant fluid were further centri—‘
fuged at 40,000 g for two hours to deposit the flagella and
the pellet was reéuspénded in distilled water.. This sus-
pension showed concentration to 6.8 mg/ml of protein by the
same test, and was found to contain typical flagella-like
filaments when examined with the electron microscope.
Unstained and uranyl acetaterstained preparations appeared

to have identical morphology.

D. Serological Methods.

1. H antigen suspension. A method for preparing H

antigen suspensions similar to that reported for Salmonella
(Kauffman, 1966b) was used. A log-phase Penassay Broth

8 cells

- culture was prepared containing approximately 4 x 10
/ml determined by comparison with the Klett vs. viable
count plot, and its motility examined by phase—contfast
‘microscopy. An equal volume ofuformalinized saline
(0.6% formalin in 0.9% saline solution) was added to the

motile culture. Following overnight incubation at 37 C

the suspension was tested for its sterility by ovérnightf
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incﬁbatign at 37 C of a 1.0 ml sample spread on a TBAB plate
or a sample of the suspension inoculated into Penassay

Broth. The sterile H antigen suspension was stored at 4 G-

2. Preparation of anti-flagellar serum. A method

"similar to that reported for Salmonella by Kauffman (1966c)

was used to prepare specific ahti-flagellar serum in
rabbits. Rabbits were immunized with four intravenous
injections of H suspension into the outer marginal ear vein

according to the following schedule:

Day 1 0.5 ml
=7 1.0 ml
10-12 2.0 ml
d5=L7 . 3.0 ml

Blood was collected from the ear 7 to 10 days after
final immunization. Second and third blood samples were
- collected at weekly intervals as necessary. The blood was
collected in glass test tubes and allowed to clot at room
temperature. The clot was ringed and the tube incubated
overnight at 37 C to allow for clot contraction. Serum
was obtained following centrifugation at 20,000 g for
15 minutes. The serum was filtered by passage through a
Millipore filter (0.45 p pore size) prewetted with sterile
0.9% saline. The serum was titrated by the slide micro-
agglutination method (see below) and stored at -20 C.

3. Serum titration - slide microagglutination method. A

slide microagglutination method suggested by T.M. Joys (later

published as Joys and Stocker, 1966) was used for the tit-
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~ration of anti-flagellar serum. The serum to be titrated
was diluted in 0.9% saline, doubling dilutions.generally
used. H anfigen agglutinable suspensicn was made by adding
40% formalin to a final concentration of 0.3% to a log-
phase broth grown culture (approximately 4 x 108.ce115/m1).
Thevagglutinable suspensions were stored at 4 C and shaken
before use in titrations. Standard loopfuls (approximately
0.02 ml) of the serum dilution and the H antigen agglutin-
ablessuspension were mixed on an acid—waéhed, alcohol-
cleaned glass slide. The slide was placed on a glass
support in a large glass petri dish in the bottom of which
had been placed a moistened piece of filter paper. The
dish was covered and incubated at 37 C for two hr and then
at room temperature for one hr. Agglutination was observed

macroscopically and under a dark field microscope.

4. Serum absorption. The method of Kauffman (1966d)
was used for the preparation of absorbing\suspensions énd'
the absorption’of antiserum. An absorbing suspension was
made by inoculating a highly motile colony into Penassay
Broth. After overnight incubation at 37 C, the culture
obtained was used as the inoculum for a 30 cm by 20 cm by
5 cm enamel tray‘containing approximately 500 ml of TBAB
medium. The tray was incubated for 40-48 hr and its growth
harvested into a minimal amount of sterile 0.9% NaCl. This

suspension was termed an absorbing suspension. No further

N
g%
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purifieation was attempted as‘Stocker and Campbell (1959)
had demonstrated that the harvesting procedure detached
~many flagella.

The antiserum to be absorbed was mixed at 1:5
‘dilution with the appropriate absorbing suspension and
incubated without shaking 2 hr in a 37 C water bath.
Followipg incubation the cells were removed by cent-

- rifugation at 20,000 g for 20 min. The supernatant
solution (i.e, the absorbed serum) was tested for its
residual agglutinating ability by the slide microag-
~glutination method using the appropriate H agglutinable
suspensions as antigens. If additional absorptions were
necessary to remove a partiquiar agglutinating ability

- completely, the above procedure was repeated utilizing

1:1 dilutions of antiserum to absorbing suspension.

E. Direct staining of flagella. The technique described
by Leifson (1960) was followed.

1. Bacterial suspension. Cells were grown in Penassay

Broth or resuspended from a solid surface into distilled
water. Similar staining results were obtained whether or
not formalin, to a final concentration of 5-10%, was added
.to the bacterial suspension as suggested by Leifson (1960).
The specimen was centrifuged at 3,000‘g'for 3-5 min to
sediment the celle.’ The pellet was washed twice with

distilled water by repeated centrifugation. The final
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péllet was resuspended in distilled water to obtain a
light suspenéion.

2, Slides. Clean grease-free slides were found to
be eséential and were obtained by cleaning the slides in
sulfuric acid-potassium dichromate cleaning solution.
,'The slides were then thoroughly washed, first in tap
water and then in distilled water to remove all traces
of acid. The slides were air-dried and stored in dust-free
containers. Satisfactbry stains were also obtained by
using slides which were pre-cleaned by the manufacturer
(Gold Seal slidés, Clay Adaﬁs Inc., New York). Immediately
before use, the slides were heated in a Bunsen burner and
then allowed to cool.

A loopful of the prepared suspension was placed at
one end of the slide; the slide was then tilted, and the
fluid allowed to flow to the opposite side. Two smears were
made side by side by inoculating on either side of a line
drawn with a wax pencil across the middle of the slide,
parallel to the long edge. The smears were allowed to
air-dry before being stained.

3. Staining. Stain solution was aﬁpliéd to the

Slide with a Pasteur pipette. Each smear was flooded
separately, the stain not being allowed‘to spread beyond
the wax line nor to run off the slide. The staining usually
took 5 to 15 min and was judged complete when a colloidal

precipitate formed on the surface of the slide. When the
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staining time had elapsed the slide was pléced directly
under a gentle stream of.water. After washing, the slide
was allowed to drain dry or was carefully blotted. When
viewea microscopically, flagella stained in thié manner

appeared red.

F. Transformation 7

A modification of the method of Anagnostopoulos
and Spizizen (1951) was used for the isolation of trans-
forming deoxyribonucleic acid (bNAj, the preparation of
competent cells, and the assay of transformation involving
biochemical markers. For quantitative transformation of
motility markers, a modification of Stocker's (1963)
method was used.

1. Preparation of DNA solution. A TBAB plate was

heavily streaked with an inoculum obtained from the con-
fluent overnight growth of the organism on a TBAB plate.
~The‘streaked plate was inverted and incubated at 37 C for

5 to 7 hr. The growth was then harvested into 5 ml of
medium d and this suspension was used to inoculate 1,500 ml
of medium d in a 2,800 ml flask. Following overnight incu-
bation on a 37 C shaker the culture was harvested by
centrifugation at 5,000 g for 15 min at 4 C. The packed
cells were resuspehded with a tissue homogenizer, into

25 ml (1:60 concentration) of sucrose-saline citrate-
lysozyme solution (solution e). The éuspension was place&

in a 37 C waterbath and incubated, without shaking, until

.
’
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phaSe-cqntrast’micrqscqpic examination revealed that

- approximately 90% of the cells had been protoplasted. The
protqﬁlasts were harvested by centrifugation at 20,000 g
for 15 min at 4 C. The green mucoid pellet obtained was

resuspended into 25 ml saline citrate (solution f)
using a tissue homogenizer. The suspension was brought
to 37 C in a water bath and the following stepwise addi-

tions and incubations performed:

Solution ' Volume Added Incubation at 37 C
ribonuclease® 1.25 ml 25-30 min
trypsin*# 1.25 ml 30 min
4 M NaCl, 10% 25 ml, 0.5 #l1 30-60 min

desoxycholate

*1 mg/ml solution freshly made in distilled water; Sigma
type 1-A, 5 X crystallized. »

*%*]1 mg/ml solution; Sigma type 1, 2 X crystallized.

The suspension was then stored at 4 C overnight.
Debris and degradation products were removed by centri-
fugafion at 20,000 g for 15 min at 4 C. The supernatant
was collected and alcohol precipated by the slow addi-
tion of the supernatant to 10X volume of cold 95% ethyl
alcohol, performed in an ice bath with the solution con-
stantly stirred. The DNA fibers were collected onto a
_glass rod, blotted on filter paper to remove excess alco-
hol, and suspended into 25 ml 2 M NaCl solution. The
suspension was'éaSSed through a pre-wetted Millipore
filter (0.45 p pore size) fitted wifh a pre=-filter pad.
The filtered suspension was stored at 4 C aﬁd shaken daily.

After one week at 4 C the supernatant of the suspension



43

was used as the DNA preparation in transformation. When
stored at 4 C the DNA preparation retained its original
- transforming activity for many months.

2. Preparation of competent cells. A loopful of

‘confluent overnight growth was inoculated into 2.5 ml

of four-hour medium, mixed well and shaken for 4 hr at

- 37 C. The culture was spun at 3,000 g for 5 min and the
resultant pellet resuspended in the original volume of
1X minimalfglucose. This suspension was then diluted
1:10 into 90-minute medium and shaken for 90 min at 37 C.

- 3. Transformation of biochemical markers. One-tenth

volume of DNA solution was added to the competent cell
culture and the suspension shéken at 376 £6¢ 38 him.
Dilutions were made in 1 X minimal-glucose solution and
0.1 ml of each appropriate dilution plated onto minimal
medium plates. Viable counts were made on the 10°° dil-
ution plated onto minimal medium supplemented with the
amino acids(s) required for growth by the recipient
strain. Plates were inverted and incubated at 37 C for
two nights. For tryptophan transformation experiments the
addition of 0.1 ml of 5% casein hydrolysate to each
plate permitted the reading of the plates after overnight
incubation at 37 C.

The percentage of transformation was determined by
comparing the colony counts on the 1072, 10°3 and 1075

plates as follows:
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' . number of transformants#®
Percent of Transfqrmathn = ~viable count®% X 100

*transformants = colonies counted on 102 or 10-3 unsup -
plemented plate.

*%yiable count = colonies counted on 105 supplemented plate.

4. Motility and H antigen transformation. Competent

- cultures were exposed to one-tenth volume of DNA solution
for 30 min at 37 C, with shaﬁing. The suspension was then
suitably diluted.and 10 standard loopfuls (approximately
0.02 ml/loop) of each ailutidn were individually inocula-
ted into semisolid mediunm (0.3% agar) contained in 1 ml

volumes in wells of sterile plastic hemagglutination trays.
At dilutions at which about half of the inoculated loopfuls
~gave rise to swarms, each swarm was considered to have
arisen from one original motile transformant (Stocker

et al., 1953). The data obtained from these dilutions
were used to calculate the number of cells transformed to
motility.

To select for transformants with the specific flagel-
lar antigen of the donor, 0.1 ml sterile rabbit anti-
flagellar (anti-H antigen) serum prepared against the reci-
pient was added to the semisolid medium. The antiserum was
diluted in the procedure to prevent interactions with anti-
bodies directed against the somatic aﬁtigens.

5. Linkage measurement. Linkage tests were made by

the method of Nester (Nester and Lederberg, 1961; Nester,

et al., 1963). Experiments in which the linkage of markers
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was to be studied were performed in triplicate utilizing
different DNA concentration in the transformation mixture.
- Double transformants produced solely at saturating concen-
tratiéns of DNA were assuméd to result from double infec-
‘tion with'different DNA molecules, each carrying only one
- of the transformed genes. For evidence of 1inkage,>quan-
titative measurements of double and single transformants
at nonsaturating DNA concentrations were used to calculate
vélues for the co-transfer index (r).

The co-transfer index (r) is a measure of the frequency
of joint transfer of two markers compared to the total num-

ber of recombinant genotypes measured in the transformation

experiment.
a'b'!
= @' + a'b° + a°b’
-~ a'b’!
a' + b' - a'p"! (since a' = a'b® + a'b'")
(and b' = a®°b'" + a'p")

In a transformation involving the transfer of DNAVfrom
an a'b' donor to an a°b® recipient, the transformants in
the experiment arevsymbolized as a'b', a'b® a°b'. If the
value obtained for r did not exceed 0.10 in repeated exper-
‘iments and utilizing DNA at different concentrations, the

markers under study were considered to be unlinked.
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RESULTS

A. Genetic control of flagellation in Bacillus subtilis.

Serological analysis of Bacillus subtilis

Historically, serological analysis of bacteria has
been performed by workers in medically related fields as
a means of subdividing the genera and species of the
pathogenic bacteria. Follo&ing biochemical and cultural
characterization into groups (genera and species) the
strains are analyzed serologically, usually by the exam-
ination of regidual agglutinating properties of absorbed
antiserum (reviewed by Kauffmann, 1966a). Bacteria not
considered to be of prime medical importance have been
classified by bacterial taxonomists on the basis of bio-
chemical and morphological analyses and have generally
nbt been further divided into serological subgroups.
Consequently, there were no published reports of the
antigenic properties of the organism used in.this study,

Bacillus subtilis, at the time this research was initi-

ated.

As genetic experiments involving bacterial flagella
depend to a large extent on the use of anti-flagellar
sera for the assay of flagella and the selection of one
flagellar antigen type over another, an analysis»of the

antigenic properties of B. subtilis was a prerequisite
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for the genetic studies. As no guidelines for the use
of this organism in serological tests were available,
the well defined methods for preparing H-agglutinable

suspensions and antiserum and for titrating and absor-

bing the antiserum in the genus Salmonella (Kauffmann,
1966b; Kauffmann, 1966d) were utilized and found to work

well.

For study of the structural gene for Bacillus sub-

tilis, termed H by analogy with Salmonella,ballelic forms

of the gene, specifying different flagellar antigens
were necessary. Although such forms could probably be
obtained by serum/ semisolid selection for mutants of a

wild-type H antigen (as shown in Salmonella by Joys and

Stocker, 1963) such differences are usually minor and
often difficult to work}with. ‘Consequently, as a pre-
liminary screening technique, two transformable strains
of B. subtilis, SB 108-b (a derivative of the well char-
aéterized strain 168) and W 23 were chosen. They were
expected to show antigenic difference because the known
physiological differences between the two strains indi-
cated that they were not closely related.

| Antisera prepared in rabbits against formalinized
broth cultures of B. subtilis strains SB 108-b and W 23
were titrated on the strains used in immunization and

on non-motile (flagellaless) derivatives of such strains.

High titers of agglutination, analogous to the Salmonella

4
£
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system, were obtained on reaction of each antiserum with
the motile strain used in its preparation. Agglutination
was qbtained, but at a lower titer, for the reaction
between antiserum and its homologous non-flagellated
suspension, indicating that the formalinized broth cul-
tures used in immunization had elicited anti-somatic as
well as anti-flagellar antibodies. The existence of both
somatic and flagellar antigens was confirmed for each
strain by absorption of the antiserum with the homolo-
~gous non-flagellated strain. The results are summarized
in Table 3. It can be seen that each anti-flagellar
serum when absorbed with the homologous non-flagellated
strain was unaffected in its titer on a homologous flag-
ellated suspension (allowing for dilution in absorption)
while the activity against a homologous non-flagellated
suspension was completely removed. Each antiserum was
thus shown to possess both anti-somatic and anti-flagellar
antibodies.

The titers of each serum against the heterologous
strains, flagellated and non-flagellated, are also shown
in Table 3. Anti-W 23 serum was found to agglutinate
" both flagellated and non-flagellated strains of SB 108-b.
Similarly, anti-SB 108-b serum agglutinated both flagel-
lated and non-flagellated W 23 £l§+ strains. For both

sera, the agglutination titer was lower on the hetero-
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logous flagellated strain than on the homologous non-

.flégellated strain, indicating that the two strains
contained a minor common antigenic component. In addi-
tion; each serum agglutinated flagéllated and non-
flagellated suspensions of the heterologous straiﬁ to
the same end point. These results indicated that the
demonstrated common antigen was probably somatic in
nature. The possible existence of minor common flag-
ellar antigens was investigated by completely ‘absorb-
ing each serum with the heterologous non-flagellated
strain until no agglutinating activity against the
common somatic antigen could be detected. Such sera,
anti-W 23 absorbed with SB_iOS and anti-SB IQS—b absorbed
with SO 65, were found to possess a 1§w titer of aggluj
tinating activity against the heterologous motile
strains, SB 108-b and W-23 respectively. These findings
revéaled the existence of common antigenic components
on the flagella as well as on the cell wall of the two
strains.

By analogy with the Kauffmann-White Schema for

Salmonella (Kaufmann, 1966a) these results'can be repre-

v~ sented as:.

B. subtilis SB 108-b

i}
-
-
Q8]
o

B. subtilis W 23 = J3elhs
where 1, 2, and 3 represent somatic antigens and a and

b represent flagellar antigens (with minor components
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indicated as ..).

The specificitiés and distribution of the flagellar
and éomatic antigens were confirmed by absorption and
titrafion of anti-W 23 and anti-SB 108-b with antigeni-
cally hybrid strains prepared by transformation. Strain
SO 67 was prepared using W 23 as recipient for SB 108-b
DNA and selected by thé addition of anti-W 23 to semi-
éolid medium. The strain'tﬁerefore contained the somatic
antigen of W 23 and the flagellar antigen of SB 108-b.
The reverse transformation cross and selection produced
hybrid strain SO 12, ﬁhich contained the somatic antigen
of SB 108-b and the flagellar antigen of W 23. The sug-

~gested antigenic formulae for these strains was:

SO 12 1,2:b..

89 0¥ = 1,380
The.results of serological tests between anti-W 23 and
anti-SB 108-b sera and these antigenically hybrid strains
are summarized in Table 3 and confirmed the antigenic
formulae predicted for the two hybrid strains. Absorp-
tion of aate-¥ 23 (I143:b..) Seyum with 80w 12 (¥;2:b..)
© removed all the agglutinating activity against SB 108-b
or its non-flagellated parent (SB 108) and left a residual
agglutinating activity against W 23 and SO 65 (non-flag-
ellated W 23). The residual activity, predicted to be

anti-3, was confirmed as being directed against somatic
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antigens by its complete.removal following absorption
with the non-flagellated W 23 strain, SO 65. Simiiar
residual agglutinating activity was revealed following
absorption of anti-SB 108-b (1,2:a..) with SO 67 (1,3:a..).
The residual activity against flagellated and non-
flagellated (SB 108) strains of SB 108-b, presumably anti-
somatic antigen activity, was completely removed by
absorption with SB 108. .

The specificity of the flagellar antigens was also
- confirmed by absorption. Absorption of anti-W 23 (1,3:2..)
with SO 67 (1,3:a..) left a residual agglutinating acti-
vity directed only against the flagellar antigen b of
W 23 (i.e., activity with W 23 and SO 12), and absorption
of anti-SB 108-b (1,2:a..) with SO 12 (1,2:b..) left a
residual abblutinating activity only for the flagellar
antigen a of SB 108-b (i.e., acfivity with SB 108-b and
S0 67). |

This serological study demonstrated the existence
of two flagellar antigens in B. subtilis and the possible
natural occurrance of allelic forms of ‘the flagellaf

‘'structural gene.

Phase variation in Bacillus subtilis

Study of the genetic control of'flagellation in

Salmonella has revealed the existence of genes which on

4
#
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mufation,fix‘the mutant strain in one>phase bnly of a
wild-type diphasic system (Iino, 1964). It was possible
that a diphasic flagellar system was pfesent in B.
subtilis and that strains W 23 and SB 108-b were fixed

in alternative forms of such a system. In Salmonella

the alternative phase of mutants fixed in one phase

could be isolated by selection in semisolid medium con-
taining antiserum against the manifested antigen. Growth
of B. subtilis W 23 in semisolid medium containing anti-b
(its expressed flagellar antigen), and of SB 108-b in
semisolid medium containing anti-a serum, failed to re-
veal any strains in which the alternate flagellar anti-
~gen was produced, as evidenced by the absence of swarms
in either experimental system.' This evidence, together
with the absence of any data in the literature reporting
phase variation in B. Egptilis,rwas taken to indicate,

at least as a preliminary hypothesis, the absence of
phase variation in B. subtilis. The flagellar anti-
~genic differences between W 23 and SB 108-b were
therefore assumed to be expressions of ‘allelic forms

" of a gene controlling antigenic specificity and, by

analogy with the Salmonella system (Iino and Lederberg,

1964), allelic forms of the flagellar structural gene

in-B. subtilis.



Identification of the H gene

‘The demonstration of distinct flagellar antigens
in sfrains W 23 and SB 108-b provided what were pre-
sumably allelic forms of a;geneAcontrolling this spec-
ificity. Using serum selection in semisolid medium,
transformants with the a antigeﬁ couid be obtained by
exposing competent cells of W 23 (ﬁlgf, b antigen) to
DNA isolated from SB 108-b Efléf: a antigen). The
reverse cross was also performed and SB 108-b trans-
formants wiﬁh the b antigen of W 23 were obtained.
Quantitativelg, SB 108-b yielded the same number of
transformants with the b flagellar antigen as trans-
formants with the E_E'2+ marker, when exposed in the
competent state to DNA from W 23. In these studies
the DNA preparations were used at concentrations below
saturation. These results, sumﬁarized in Table 4,
indicated that the flagellar antigen was exchanged by
transformation in the usual manner. Quantitétive com-
parisons in the reverse test, using W 23 as recipient,
could not be performed as W 23 is nutritionally proto-
trophic and no established auxotrophic mutant strains
were available. |

Absorption tests (Table 3), previously described,
confirmed the flagellar specificity of the transfdf-

mants and demonstrated that, in both directions of

5.5
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Table 4

Transformation of strain SB 108-b (trp-2~, flagellar
antigen a) with DNA from strain W 23 (trp-2%,
flagellar antigen b)
Number of transformants/ % transformation®
' ml competent cells

Dilution + " o
of DNA flagellar antigen b trp-2 for b¥ for trp-2
used - T =

10-2 2.5 X105 2.2 X 10°  0.17 0.15
1073 2.8 x 104 - 3.1x 10% 0.019 0.02
1074 %1% 10" 3.0 X 105  0.002 0.002

-

* % transformation calgulated using a determined total vi-
able count of 1.5 X 10° cells/ml.

the cross, the major flagellar antigen of the recipient
strain was replaced by that of the donor strain. The
involvement of the minor common flagellaf antigen could
not be ascertained because of the dilution which oc-
curred in the procedure. The somatic antigens were
found to'have remained unchanged in the transformants
analyzed.

As indicated above, B. subtilis does not appear
tb undergo phase variation., Therefore the simplest
explanation for these results was that they demonstra-

ted the existence of a‘locus, termed H by analogy with
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Salmonella nomenclature (Iino and Lederberg, 1964),

which controlled the flagellar antigen. Accordingly,
SB 108-b possessed the H—é allele and W 23 the H-b

allele of the H locus. In Salmonella the definition

of the H locus has been extrapolated, on the basis of
~genetic and biochemical evidence, to make H the struc-
turdl'gene for the determination of the primary sequeﬁce
which determines the tertiary conformation of the com-
ponent molecules and therefore the antigenic specific-
ity of the intact flagellum. Similarly, the H locus
in B. subtilis was considered to be the structural gene

for flagellin.

Identification of a fla gene

Stocker (1963) demonstrated that non-flagellated

mutant strains of Bacillus subtilis could be obtained

and that they could be transformed to motility by DNA
isolated from a flagellated strain. Such mutants were
termedvﬁlgf mutants. In confirmation of these results,
- the non-flagellated mutant SO 6 was transformed to
"motility with DNA preparations from either strain SB
108-b or W 23. With W 23 DNA SO 6 was transformed to
motility at the same frequency as it was transformed
to trp-2*. SO 6 was therefore considered to have a

mutation in a fla locus, arbitrarily designated fla-6.

.
&
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These results are summarized in Table 5 on page 63
and were placed in that.portiqn of the text because
of their relevance to the linkage tests described
below.

SO 6, and other selected non-flagellated mutants
‘obtained following ultraviolet irfadiation of SB 108-b,
were crossed in transformation tests in an attempt to
identify additional fla loci. The results are sum-
marized in Table 6 and reveal the presence of four fla
loci. SO 6 and SO 8 appeared by these transformation

tests to be similar, if not identical mutations.

Table 6

Transformation to motility* of various non-flag-

ellated mutant strains of SB 108-b.

DNA
Preparation Competent cells (i.e., recipient)

(i.e., donor) S0 4 SO 6 S0 7 SO 8 SC 9
+

SO 4 = + ¥ *
SO 6 & - & - .
S0 7 + + - + +
S0 8 ) + = + - 5
SO 9 | + + + ‘ + -

#1+" jndicates the presence of motile transfor-

mants, which appeared as swarms in semisolid medium.
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Identification of a mot gene

- A mutant strain was isolated following ultraviolet
irradiation of B. subtilis SB 108-b which did not swarm
through semisolid medium and which exhibited no trans-
lational motilify in broth cultures when viewed under
the phase contrast microscope. Howefer, this ﬁutant
(designated SO 5) was- found to be agglutinated by
anti-a flagellar antigen specific sera (i. e., anti-

SB 108-b fla' absorbed with SB 108 fla”) and to pos-
sess flagella when examined by direct staining. Such
stained preparations demonstrated no morphological dif-
ferences between the flagella of SO 5 and the wild-
type SB 108-b and no differences in number of flagella/
organism. On the basis of these findings, the mutant
SO 5 was termed '"paralyzed" by analogy with similar

mutants described in Salmonella (Hirsch, 1947; Friewer

and Leifson, 1952; Stocker et al., 1953). The mutation
causing such paralysis was described as being in a mot
~gene (Enomoto, 1966a; Demerec et ii;: 1966). This
paralyzed strain, SO 5, was found to be transformed to

‘ motility when exposed to DNA from either W 23 or SB
108-b. The results of these experiments are summar-
ized in Table 7, which has been placed on page 64

in the text because of its relevance to linkage ekperi-'

ments described below.
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The flagella shape mutants of Salmonella (Iino,

1962a, Iino and Mitani, 1966b), of which the curly
" mutant is the most extensiveiy studied, were reported
to possess flagella of abnormal wavelength or ampli-
tude and show a marked inability to exhibit transla-
tionali motion. The flagella shape mutation was fouﬁd
to be phase specific and inseparable from the H locus.
fhese mutant strains were therefore considered to be
a type of H mutant Whose flagella shape aﬁd ability
to méve were aitered by a change in the primary amino
acid sequence of the flagellin molecule. As flagella
wavelength determinations on stained preparations on
SO 5 were not conclusive, the possibility that SO 5
was due to an H mutation was examined genetically.
Separation of the H genes and the presumed mot gene
was demonstrated by transformation. SO 12 (SB 108-b
_given the H antigen b of W 23 by transformation),
when treated with DNA from SO 5 (SB 108-b mot mutant),
yielded transformants possessing paralyzed flagella
with the b antigen of the recipient strain unchangéd.
The séparation of the mot and H genes in B. sub-
tilis demonstrated that the mot mutation found in SO §
was a true mot mutation (Enomoto, 1966a) and not a
flagella shape mutant (H mutation). SO 5 was there-

fore morphologically and genetically a paralyzed mutant
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according to the definition of Stocker et al., [(1953]

and Enomoto (1966a) used for Salmonella strains.

Test for linkage of H and fla-6 loci

As described above, exposure of competent cells
of SO 6 (SB 108-b fla-6") to DNA ¥t rackul from W 23
resulted in the production of motile transformants
which were isolated by selection in semisolid medium.
The addition of anti-SB 108-b serum to the semisolid
medium allowed for the selection of double transfor-
mants which were transformed for both fléf and H
antigen b. When such experiments were performed,
double transformants were isolated only when the
- cells were concentrated prior to inoculation and the
donor W 23 DNA preparation was used at saturating con-
- centrations. The results are summarized in Table 5
on page 63. At saturating concentrations of DNA double
transformants may be obtained which arise from the
uptake of two or more separate molecules of DNA. ‘Un-
linked genes may incorrectly be considered linked
"unless the transformations are repeated utilizing
several different DNA concentrations. Linkage results
are also affected by the method of DNA preparation.

The larger the size of the DNA fragménts isolated

Lo
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the more distant will be the linkage relationships
that can be measured.
Under the transfdrmafiqn conditions utilized in
the present experiments the H and fla-6 loci were

considered to be unlinked.

 Linkage of the H and mot loci

Linkage between the H and mot loci was tested by
transforming SB 108-b ggg"(so 5 or SO 49) with DNA
extracted from strain W 23, Mggf transformants were
selected in semisolid mediqm containing anti-SB 108-b
serum. Double transformants (gng, H-Q) were isolated
only when‘the donor DNA was used at saturating concen-
trations. The results are summarized in Table 7 on |
pagé 64, and were taken to indicate that the H and mot

loci were unlinked in the present system.

Test for linkage of the fla-6 and mot loci

Linkage between these two genetic loci could not
\vbé tested directly, as mutation in either resulted in
nonmotility. Using saturating concentfations of DNA,
transformations in‘both directions were made between
SO 5 (mot™) and SO 6 (fla-6 ). SB 108-b was also used

as a source of DNA. SO 6 was found to yield the same
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number o£.£13+ transfqrmants with DNA from either SO 5
or SB 108-b. Similarly, SO 5 yielded the same number
of gg£+ transformants with.DNA from SO 6 or SB 108-b.
-In cases of close linkage, the majority of transfbf—
mants undergo a recombinational event infolving both
linked genes (Nester et al., 1963). If such close
linkage existed here, DNA from a mot~, fla-6% donor
would yield fewer motile transformants (mot®, fla-6")
from a mot*, fla-6" recipient than would DNA from a
Eng, §l5—6+ donor, because the majority of £1§f trans-
formants would also incorporate the mot gene of the |
donor. The reverse cross involving a mot , fla-6"
recipient would show similar inequality in the number
of transformants when different donor DNA's were used.
As such a difference in the number of transformants
was not observed experimentally ﬁhen_different DNA
preparations were used, it was concluded that the mot

and fla-6 loci were not closely linked.

Tests for linkage of the mot, H, and fla genes to the

Erp-z gene

In separate experiments, competent cells of SO 5
(mot™, H-a) and SO 6 (fla—G", H-a) were exposed to DNA

from W 23 (H-b). Motile transformanté were tested for
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their tryptophan requirement and tryptophan transfor-
mants were tested for their ability to swarm in semi-
solid medium. Double transformants of_the‘EEE—2+,
mot* and trp-2*, fla-6% types occurred very rafely.
The values obtained for the cotransfer index in both
cases was 0.01. The rarity of double transformants
and the low cotransfer index were reflective 6f un-
linked markers.

Double transformants of the EEE'2+, H-b types
were also extremely rare and did not indicate 1link-
age between the two markers.

By the tests described ébove, utilizing DNA
prepared as described in the '"Methods'" section, the
flagellar genes (mot, fla-6, H) were not found to be
linked to one another, and none was found to be
'1inked to the trp-2 locus.

Transformation with nonmotility markers used as donors

+

Competent cells of SO 14, and SB 108 fla*, mot
derivative, were exposed in separate experiments to
DNA from SO 6 (fla-6") and DNA from SO 5 (mot ) and,
after 30 min of exposure, were plated for single col-
onies. In each case, about 1,000 of the resulting
colonies were tested for motility by inoculation of
complete colonies into semisolid medium. Colénies‘

appearing non-motile in semisolid medium were tested
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with the DNA used in their preparation to ensure
_genetic identity of their fla (or mot) gene with
that of the donor. The results of these experiments
are summarized in Table 8. By this assay, it was
found that SO‘14 could be transformed to mot~ at
0.3% and to fla-6" at 0.6%, compared to transforma-

* gt 1.2%; in all cases, the DNA solutions

to trp-2
were used at concentrations above the saturation.
This finding was significant for an understanding

of the fate of the competent cell after transforma-

tion and will be discussed later.

B. Adsorption specificity of bacteriophage PBSI1
Joys (1965) demonstrated that phage PBS1 did
not form plaques on a non-flagellated derivative
(SB 108) of B. subtilis strain 168 because of the
failure of the.strain to adsorb the phage. He
pointed out the analogy between this behavior and
the properties of the known flagellotrophic phage

chi for Salmonella (Meynell, 1961) and suggested
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that rhage PBS1 might be a seco&d exanple of a
| flagellotrophic phagé. With the isolation of
- various nmutants affected in their flagellation
properties, particularly the paralyzed rutant SO 35
it was possible to test the validity of this sug-
‘geétion by examining the adsorption characteris-
tics of phage PBS1 in greater detail.

Four non-flagellated strains (SO 4, SO 6,
S0 7, and SO 9) and the paralyzed strain (SO 5)
were used as indicators in a plaque assay of a
lysate of PBS1-V1 together with flagellated and
Amotile strain SB 108-b. .

Phage PBS1-V1 failed to produce plaques on
any of the flagellaless mutants or on the para-
lyzed strain SO § even when 108 infective units
(multiplicity of infection = 1,0) were present in
the overlay.

Adsorption tests indicated fhat the failure
to preduce infective centers reflected the inability
of the phage to adsorb to the particular strain
*being tested. The results are presénted in
Table 9.' All the nonflagellate‘strains and the

paralyzed strain, SO 5, failed to adsorb any phage

LS

under the present conditions, in which the motile

strain, SB 108-b, adsorbed 98% of the infectious
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phage particles.

- Table 9 also shows the results qbtained when
isolated and partially purified flagella prepara-
tions were mixed with the phage; no inactivation
of phage could be demonstrated.

The results indicate that phage PBS1-V1
‘specifically adsorbs to functional flagella of
B. subtilis strains. The receptor site for the
phage would thus seem to be on or closely related
to the flagella. The functional state of the
flagella was also shown to be important; detached
flagella and flagella attached but paralyzed )
(nonfunctional in locomotion) failed to adsorb
the phage.
| Meynell (1961) reported that mixing a suspen-

sion of a susceptible Salmonelia serotype with a

lysate of the chi-phage resulted in the rapid
cessation of motility followed by the clumping

of cells of certain serotypes. The immobiliza-
tion effect was also noted for phage PBSl-Vl,

but no clumping was observed in this system.
Addition of PBS1-V1 to an actively motile culture
of SB 108-b, at a multiplicity of 10; resulted

in the rapid cessation of motility of SB 108-b.

Observations under the phase-contrast microscope

)
é
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TE
revealed that the cells of SB 108-b became com-
pletely non-motile within 2 to 3 ﬁin fdllowing
the addition of phage. The adsorption of phage

thus renders the flagella nonfunctional.
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DISCUSSION

A. Genetic Control of Flagellation
The results presented demonstrate the existence of

three separate, distinct loci controlling flagellation

in Bacillus subtilis. They also represent the first des-
cription of a serological analysis of this.genué. As in

Salmonella there were found fla, mot, and H loci concerned

with the presence or absence of flagella, the ability of
the flagella to function in motility, and the primary
amino acid sequence determining the antigenicity and mor-
phology of the flagella. The mot mutation was also stu-
died for its role in the resistance to phage PBS1 exhibited
by the paralyzed mutant.

The ability to replace by transformation the flagellaf
antigen of SB 108-b with that of W 23, and vice versa,
was most simply explained as the replacement of a gene
specifying the flagellar antigen by its allele. Studies

with Salmonella (Iino, 1964) have demonstrated that, with

certain monophasic mutants of a wild-type diphasic system,
transfer of;genes other than H genes can result in the
production\of a different flagellar antigen in the reci-
pient. The explénation proposed above for B. subtilis |
was based upon the fact that phase variation has not been

demonstrated in this species; no swarms were observed when
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SB 108-b or W 23 were inoculated into semisolid medium
containing anti-a of anti-b serum respeétively. By anal-

ogy with the terminology used for Salmonella (Lederberg

and Iinq, 1956), the structural gene for the flagellar
antigen was termed H. Recently it was spggested (Demerec
et al,, 1966) that "genes determining.and regulating the
;ynthesis of flagellar antigens'" be termed hag, in which

. case the structural gene would become hag H. As only one
type of flagellin molecule and was not limited to the gen-
etic material specifying that region of flagellin which

is of antigenic importance. B. subtilis strains SB 108-b
and W 23 also appear to produce one type of flagellin
molecule for a given flagellum. Purified flagellin pre-
parations of each strain were found to produce a single
band in disc polyacrylamide gel electrophoresis (Joys and
Frankel, 1967). A similar defiﬁition of H as the struc-
tﬁral'gene for the whole flagellin molecule was therefore
suggested for B. subtilis. Two cases can be cited where
this broader definition proves justified. Both are exam-
ples in which H mutation resulted in alteration of fhe
\pfimary amino acid sequence of the flagellin molecule with-
out altering its serological specificity. The curly

mutant of Salmonella possessed flagella whose wavelength

measured one-half that found in the wild-type orgénism

‘but was antigenically identical to the wild-type. Tryptic

.
*
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peptide analeis revealed a single peptide difference
between curly aﬁd wild—type'flagellin'(i.g{, alteration
in the primary amino acid sequence) (Enomoto and Iino,

- 1966) and genetic analysis placed the mutation within the
H locus [Joyé and Stocker, 1963). The straight mutant

of Salmonella (Iino and Mitani, 1967b) possessed straight

flagella Which were found to be serologically identical

to wild-type. The mutation was phase-specific. A simi-
lar mutant has been described in B. subtilis and shown

to possess fligella which lack the long period helix
(Raimondo, Lundh, and Martinez, 1968). Biochemical stu-
_dies of this strain revealed a dipeptide difference between
the mutant and the wild-type flagellin. A single amino
acid substitution of alanine for valine was found to have
occurred in the straight flagellar mutant (Martinez, Ichiki,
Lundh, and Tronick, 1968). Detailed genetic analysis has
not yet been reported for the straignt flagellar mutant

of either Salmonella or Bacillus, but based on the bio-

chemical evidence in B. subtilis and the ability to cot-

ransduce the mutation with the H locus in Salmonella, the

mutation will most probably be found to map within the
H locus.
Additional research has also been reported on the

mapping of antigenic specificity-determining sections
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withiﬁ the H-1 locus by the establishment of a system
for selecting intra-H-1 recombinants (Yamaguchi and Iino,
: 1969). P22 phage-mediated transductions wére ;arried
out between pairs of H-1 linked fla” mutants, whose H-1
alleles were different and whose fla” sites were on obpo-
site sides of H-1. The fla® transductants were isola- |
ted and the composition of their flagellar aﬁfigens |
examined with specifié antisera. Flagellin of a
serologically defined antigen recombinant was proved to
be a recombinant of the two-pareatal flagellins by
fingerprint analysis of tryptic digests. Summarizing
the Telative positions inferfed from an analysis of
the antigen recombinants it was shown that each of the
antigenic specificity-determining sections maps as a
unit; and that as a whole they form a linear array
witﬁin H-1. Sections specifying some tryptic peptides
of flagellins were also mapped within H-1 (Yamaguchi and
Iino, 1969).

Transformation studies pérmit an examination of
closely linked markers (Takahashi, 1966) and by this
» method the three loci controlling flagellation in»g.
subtilis were found to be unlinked to one another and
each unlinked to the trp, locus. Linkage to the trp,
locus was examined because of the reported 1iﬁkage in

‘Salmonella between the trp loci H-1, mot, and several
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fla loci as measured bychtransduction (Smith § Stocker,
1962; Enqmoto, 1966bj. Transductional tests reveal more
‘distént linkages than do transformation analyses, as a
larger fragment of the chromosome is transferred in trans-
duction (Takahashi, 1966), which might explain the dif-

ferent results in linkage studies in Salmonella and

Bacillus.
Detailed genetic analysis of the flagellar genes of

Escherichia coli has recently been reported (Armstrong

and Adler, 1967; Armstrong and Adler, 1969). H, mot,
and iig_geﬁég"ha;é been demonstrated (Furness, 1958;
Armstrong and Adler, 1967; @rskov and @rskov, 1962) and
showhvto have a chromosomal location similar to those

reported for Salmonella (Armstrong and Adler, 1969).

However, E. coli was reported not to exhibit phase vari-
ation and to possess only one H locus (Furness, 1958;

Matsumoto and Tazaki, 1967). Crosses between Salmonella

Hfr and E. coli F~ demonstrated that the H-1 locus of
the former was allelic to the single H locus of the latter
(Makeld, 1964). Tests of allelism are not possible be-

* tween B. subtilis and either Salmonella or E. coli but

other methods of testing for linkage relationships and
chromosomal location of markers might reveal genetic simi-
larity between the genes controlling flagellation in the

difference genera. Tryptic peptide analyses of serologic
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and mqrthlpgic mutants should provide insight into bio-
chemical similarities of the different‘flagellins‘frqm
the different genera.

The high frequency with which transformation of the
negative characteristics mot™ and fla could be obtained
was of interest because of the information it provided
as to the fate of the competent cell following transfor-
mation. Nester and Stocker (1963) demonstratéd that in
colonies resulting from the growth of individual trans-
formed cells, 75-90% of the cells were of the recipient
~genotype. This finding was attributed to the transforma-
tion of only one of the two nucleli present in the compe-
tent cell at the time of DNA uptake. Their results would
predict that a colony arising'from a cell transformed
with a marker conferring non-motility would contain mainly
motile progency of the recipienf type and would be scored
aé motile when transferred to semisolid medium. Experi-
mentally, transformants possessing the nonmotility charac-
teristics of the donor could be readily isolated by
testing colonies grown up from single cellsAfollowing DNA
eXposure. 'This indicated that either both nuclei were
transformed or that the untransformed nucleus does not
have a 100% chance of contributing to the progency of the
cell. As mot and glgf’transformanté were isolated with'
a frequency of 25 to 50% of that of EiEf transformants,

[
¥



79
the chance of contribution of the untransformed nucleus

would be 50 to 75%, at least for these markers. Recently,

‘F.'E.,qung (personal communication) showed that trans-

forming DNA became attached to the forespore nucleus,
suggesting that this was the nucleus which contributed
to the transformed:prpgeny. Nester and Stocker (1963)
induced the competent state by a method different from
the one used in the present experiments (Anagﬁostopolous
§ Spizizen, 1961), and it is possible that the discre-
pancy between their results and those described was

due to different physiological conditions employed.
Several methods have been described for the study

of the replication of the genome of B. subtilis which

“can be used for the approximété mapping of loci on the

total chromosones (Dubnau, Goldthwaite, Smith, and Marmur,
1967). These approaches as weli as data from transduc-
tions mediated bf phage PBS1 would be of interest as a
means to detect linkage between genes controlling flagel-

lation and other loci.

"B. Adsorption Specificity of Phage PBS1

The results of this investigation confirmed the
suggestion that the receptor site for phage PBS1 was lo-

cated on the flagella. The adsorption specificity of

PBS1 was shown to be similar to that of the only other

n
L4
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,reported,flagellotrophic phage, chi-phage (Meynell, 1961),
in that functional flagella were required for irrevers-
ible adsorption. Phage were not adsorbed by non-flagel-
lated strains, detached flagella, or paralyzed strains
(organisms with morphologically and antigenically wild-
type flagella which were non-motile in liquid and semi-
solid medium). The term '"functional flagella" was used
here to denote flagella of organisms able to move through
semisolid medium or exhibit translational motility in
liquid medium. In light of experiments discussed below
motility may not be the only reflection of the functional
state of the flagella.

Th

[¢]

adsorption specificity and host range of chi-
phage have recently been studied in an attempt to define
the processes of attachment and infection by the phage.
Chi-phage has been shown to attack flagellated motile

strains of Serratia marcescens (Iino and Mitani, 1967a)

and Escherichia coli (Schade and Adler, 1967). It has

been purified from infected E. coli and found to possess
46% deoxyribonucleic acid (DNA) and 54% protein, based
on the Dische method (Dische, 1955) and total nitrogen
analysis (Schade and Adler, 1967). The purified DNA
exhibited a melting curve characteristic of double-stran-
deerNA and based on Icﬁgth measurements was estimated

to have a molecular weight of 42 million (Schade and
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Adler, 1967). A host range mutant of chi, termed M8,

was found to attack Salmonella strains which possessed

antigens of the g-complex (Sasaki, 1962 cited in Yamaguchi,

- 1968). The sensitivity to infection by M8 differed for

different serotypes of.thé‘g-COmplex, but was shown by

transduction to have resulted from factors other than fla-

_gellar antigenic specificity. These factors were suggested

to control the infection process of the phage after its
adsorption to a susceptible host (Yamaguchi, 1968).

Early electron micrographs (Meynell, 1961) of chi-
phage and its‘attachment to susceptible bacteria confirmed
the suggestion that the receptor site for chi-phage was
_iséétedroﬁthe flégeila. No phage were seen on the bac-
terial surface even at the bases of the flagella. More
recent time-lapse electron micrographs of negatively

stained preparations (Schade, Adler, and Ris, 1967) indi-

- cated that under conditions of high multiplicities of

infection the phage can first be seen to be attached by
its tail fiber to the filament of the flagellum and later

similarly attached to the base of the flagellum. The

" phage at the base were often empty (i.e., had injected

their DNA), whereas no empty phage were found on the fla-

_gella filaments. The suggested sequence leading to in-

fection was therefore postulated as the adsorption of the

phage to one of many sites along the flagellum filament,

[l
¥
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vthe.mqvement of the phage‘tq the base of the flagellum,
followed by the injeétion of the phage DNA.intQ the bac-
teriﬁm in the area at the base of the flagelluﬁ (Schade
et gl.,‘1967). Motility Qf:the flagella would, therefore,
play a role in increasing the likelihood of the initial
- adsorption, or the transfer of the phage to the flagellar
base, or both. ‘The use of high multiplicities (100 and 500
ﬁhage/bacterium) raises the question as to whether this
postulated sequence is the actual process which occurs
under more natural conditions where the multiplicity of
infection is very much lower. High multiplicities were
also used for the electron microscopic observation of
phage adsorption to flagellar filaments and bases of
bacferia whose motility had been strongly inhibited by
exposure to cold or anaerobic conditions. The finding
of phage at both locations under both conditions of
artificial parélysis led the authors to suggest that
motility was nét essential; random collisions could
occur between the phage and the flagellar filameﬁts and
bases. However, bacteria with genetically paralyzed
“flagella were shown to be resistant to phage infection
(Schade et al., 1967). Even at high multiplicities of
infection there were only a small number of phage seen
attached to the filament and even fewer fqund at the

base of the flagella. Those at the base were never
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foﬁnd tqwhayé injected their DNA under conditions where
mostly "ghosts'" (phage heads empty of their DNA) were
seen in preparations of phage and motile flagellated
bacteria. '~ The authors (Schade et al., 1967),suggested
on the basis of these findings that both the bases and
the filaments of the flagella of genetically paralyzed
mutants were abnormal.for phage attachment. Uranyl
acetate was used as the stain for electron mic}oscope
preparations when it was necessary to locate all
phage on the bacteria as phosphotungsfic acid was foundk
to obscure the bacterial surface (Schade et al., 1967).
The use of phosphotungstic acid may explain the earlier
failure (Meynell, 1961) to observe chi-phage associated
with the bacterial surface at the base of the flagella.
One would anticipate that the processes of attachment and
infection of chi-phage to its susceptible host would be
thé same for different bacterial genera.

Phage PBS1 has also been further studied and inves-
tigations into its purificatioﬁ, structure and attachment
site have been reported (Eiserling, 1967; Raimondo et
‘gl., 1968). PBS1 was also found to be a DNA-contaiﬁing
'virus but 1argér in size and more complex structurally
than chi-phage. The molecular weight of the phage-specific
DNA was reported to be 2 X 108 (Huntér, Yamagishi,band
Takahashi, 1967) as compared with 4 X 107 for chi-phage

&
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(Séhade'and Adler, 1967; incorrectly cited as 4 X 10% in
Raimondo et gl.; 1968). Negative staining revealed head
profiles consistent with'iCQsahedral symmetryvfor both
PBS1 and chi-phage (Eiserling, 1967; Schade and Adler,
1967). Besides being larger in size than chi-phage, two
unique structures were observed for purified PBS1 (Eiser-
1ing, 1967). Three large helical tail fibers were seen
attached to a base plate at the distal end of the tail
of PBS1. They might correspond to the single large tail
fiber found in chi-phage which appears as an extension |
of one prong of the two-pronged tapered tail (Schade and
Adler, 1967). The second structure reported for PBS1
was a number of thin fibers which project outward from
the base of contracted tail fiber sheaths. These fibers
were not seen on uncontracted phages; they were termed
"contraction fibers" to distinguish them from the tail
fibers of other phages (Eiserling, 1967). Chi-phage was
reported to be non-contractile (Bradley, 1967) and such
thin fibers have never been observed.

Electron microscopic observation of uranyl acetate
‘stained preparations revealed the attachment of PBS1
along the length of the flagella of motile B. subtilis
by means of the helical tail fibers of the phage (Raimondo
et al., 1968). Rarely, if ever, werevphage seen attached

to the cell body, especially if a multiplicity of infec-
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tion of less than 10 was used. The different results
reported for PBS1 and Eﬁijphage, as to the finding of
phage at the base of the fiagella as well as along the
filament for chi but not for PBS1, was probably a re-
flection of the different muitiﬁlicity of infection used
rather than a fundamental difference in the process of
attachment and infection of the two phages.

PBS1 was also reported (Raimondo. et al., 1968) to
be adsorbed by cyanide-treated bacteria as well as to
protoplasts of flagellated bacteria. The addition of
KCN to the medium or the protoplasting of bacteria re-
sulted in flagella which were unable to function in
motility (i.e., organism and protoplast were non-motile)
but still capable of adsorbing phage PBS1. One mutant
strain of B. subtilis was isolated which possessed flag-
ella but was non-motile in liquid and semisolid medium.
Both adsorptidnvand infection by PBS1'te this mﬁtant
were essentially the same as for the wild-type (Raimondo
et al., 1968). The flagella of this strain lacked the
long period helix, and on biochemical analysis its pur-
ified flagellin was shown to have the amino acid aianine
substituted for the amino acid valine found in the wild-
type flagellin (Martinez et al., 1968). This strain was
incorrectly described as a paralyzed mutant (Raimondo

et al., 1968; Martinez et al., 1968). This designation

(0
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was imprqper'qn_genetic, morphological and biochemical
_grounds. The mutantvwas not shown to possess a mutation
in a mot gene as do true genetically paralyzed strains
.[Enpmoto, 1966a; Enomoto, 1966b; Frankel and Joys, 1967),
but rather the finding of an amino acid substitution in
the primary sequence of its flagellih indicated that it
was most probably an H mutation. The alteration in pri-
mary amino acid sequence in the mutant has in turn changed
the morphological aﬁpearance and ability of the mutant
flagella to move; true genetically paralyzed mutants
revealed no morphological alteration. This mutant, whose
flagella lack the long period helix, was more simiiar to
the curly mutant whose mutation maps within the.H 1o cus..
The curly mutant, although abnormal in its flagellar
morphology and motility, also showed a partial adsorpfion'
of chi-phage (Schade et al., 1967). It would, therefore,
.séem appropriate to conclude that both chi-phage and PBSI1
do not adsorb to genetically paralyzed mutant strains
and that the absence of motility per se was not the sole
criterion for the resistance exhibited by thesé stfains.

Artifically paralyzed strains, shown to be partially
or fully sensitive to phagerinféction, were perhaps non-
motile for a very different reason than were the gene- B
tically paralyzed strains. The product of the wild-type

mot gene would presumably be produced in the artifically

x
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paralyzed strains. The'actual.functiqn of the mot gene
has not been determiﬁed and its product may affect char-
‘actefs:other than motility. The phage resistance of ggi
- strains might also only be a Secqndary result of the mu-

tation and might not belprimarily a result of visual
non-motility. Alternati?ely, in curly mutants, straight
flagellar mutants, and in artifically paralyzed organisms
the flagella per se may have retained motility, but this
movement may not be capable of effecting locomotion of
the bacterial bodies.

Future investigations of many more genetically para-
lyzed strains are necessary to clarify the nature of the
product and effects of the mot gene and its relétionship
to motility and phage susceptibility. As mot is gene-
tically distinct from H, the structural gene of the
flagellin, the flagella per se should not be the target
of investigation but instead its activation, functioning,
regeneration, and basal attachment site.

Phage infection can be viewed as a multistep process:
adsorption of the phage to a susceptible strain, migra-
‘tion of phage, injection and penetration of DNA, produc-
tion of mature phage. A susceptible strain is one which
possesses flagella of the proper antigenic type (implying
proﬁer charge and conformation resulting from the priméry

amino acid sequence) and functional state (not always
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definable by visible motility). Other factors may then
affect the ability of the phage to penetrate and to mature

within the organism.
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SUMMARY AND CONCLUSIONS

Flagellation in Bacillus subtilis was shown to

involve at least three loci: a gene H controlling the

specificity of the flagellar antigen; a gene fla con-

trolling the presence or absence of flagella; and a |

. gene mot controlling the function of the flagella.

The genetic control of flagellation in B. subtilis was

found to be similar to that described for Salmonella,

with the exception that in B. subtilis no antigenic
phase variation could be detected and the three loci
were unlinked in transformation tests. The serolog-
ical analysis of B. subtilis was the first reported
for this genus, and revealed that strains W 23 and
SB 108-b, a derivative of 168, differed in their major
flagellar antigen. |

The mutants isolated in the course of the genetic
analysis of B. subtilis provided strains which were
studied for their ability to adsorb bacteriophage
PBS1. By the use of newly isolated nonflagellate -
‘mutants, the location of the receptor site for phage
PBS1 was confirmed as being on the flagella of B.
subtilis. The functional state of the flagella was
also shown to be important for susceptibility; pax-
tially purified flagella isolated from a culture of

1
4



90
_susceptiblé organisms and a genetically paralyzed
mutant (possessing morphologically normal flagella,
but non-motile) failed to adsorb the phage. This
flagellotrophic phage was therefore shown to be simi-
lar in the location of its receptor site and adsorp-
tion specificity to the only other reported flagel—v
lotrophic phage, bacteriophage-chi, which attacks

susceptible strains of Salmonella, Escherichia coli

and Serratia marcescens.




91

REFERENCES

Abram, D. and Koffler, H. 1964. In vitro formation of
flagella like fllaments and other structures from
flagellln J, ¥ok. Blel, 9, 68-185.

. Ada, G.L., Nossal, G.J.V., Pye, J., and Abbot, A.
1964. Antigens in immunity. 1. Preparation and
properties of flagellar antigens from Salmonella
adelaide. Aust. J. Exp. Biol. Med. Sci. 42,
267-282

Adams, M.H. Bacteriophages.-  New York: Interscience
Publishers, 1959.
a. pages 450-451
b. pages 467-468.

Ambler, R.P. and Rees, M.W. 1959. &-N-Methyl-lysine
in bacterial flagellar protein. Nature 184, 56-57.

Anagnostopoulos, C. and Spizizen, J. 1961. Require-
ments for transformation in Bacillus subtilis.
J. Bacteriol. 81, 741-746.

"~ Andrewes, F.W. 1922. Studies in group-agglutination.
I. The Salmonella group and its antigenic struc-
ture. J. Pathol. Bacteriol. 25, 505-521.

Armsfrong, J.B. and Adler, J. 1967. Genetics of
motility in Escherichia coli: complementation of
- paralyzed mutants. Genetics 56, 363-373.

Armstrong, J.B. and Adler, J. 1969. Location of
genes for motility and chemotaxis on the

"Escherichia coli genetic map. J. Bacteriol.
97, 156—161. '

Astbury, W.T., Beighton, E., and Weibull, C. 1955.
The structure of bacterial flagella. In Fibrous
proteins and their biological significance. Symp.
SOc. Exp, Bigl., &, 28Z- 305

Beighton, E.,'Porter, A.M., and Stocker, B.A.D. 1958.
X-ray and related studles of the flagella of non-
motile bacteria. Biochim. Biophys. Acta 29, 8-13.



Bradley, D.E. 1967. Ultrastructure of bacteriophages
and bacteriocins. Bacteriol. Rev. 31, 230-314.

Burkholder, P.R. and Giles, N.H. 1947. Induced bio-
- chemical mutations in Bacillus subtilis. Amer. J.
Bot. 34, 345-348. '

Craigie, J. 1931. Studies on the serological reac-
tions of the flagella of B. typhosus. J. Immunol.
21, 417-511.

Demerec, M., Adelberg, E.A., Clark, A.J., and Hartman,
- P,E. 1966. A proposal for a uniform nomenclature
in bacterial genetics. .Genetics 54, 61-76.

Dische, Z. Color reactions of nucleic acid components.

In E. Chargaff and J.N. Davidson (Eds.) The nuc-
- Teic acids. Vo. 1. New York: Academic Press,
1955. (pages 285-305).

Dubnau, D., Géldthwaite, C., Smith, I., and Marmur,
J. 1967. Genetic mapping in Bacillus subtilis.
J. Mol. Biol. 27, 163-185,

Eiserling, F.A. 1967. The structure of Bacillus
subtilis bacteriophage PBS1. J. Ultrastruct.
Res. 17, 342-347.

Enomoto, M. 1965. Slow motile mutant in Salmonella
“typhimurium.- J. Bacteriol. 90, 1696-1702.

Enomoto, M. 1966a. Genetic studies of paralyzed
mutants in Salmonella. 1. Genetic fine structure
of the mot loci in Salmonella typhimurium.
Genetics 54, 715-726.

Enomoto, M. 1966b. Genetic studies of paralyzed
mutants in Salmonella. 2. Mapping of three mot
loci by linkage analysis. Genetics 54, 1069-1076.

* Enomoto, M. and Iino, T. 1966. The comparison of
normal and curly flagella in Salmonella abortus-
equi by two-dimensional separation of peptides.
Japs We Genet, 4i, 151-139.

92



93

Frankel, R.W. and Joys, T.M. 1966. Adsorption spec-
ificity of bacteriophage PBS1l. J. Bacteriol.
92, 388-389. '

Friewer, F.L, and Leifson; E. 1952 Non-motile flagel-
lated variants of Salmonella typhimurium. J.
Pathol. Bacteriol. 64, 223-224.

Furness, G. 1958. The transfer of motility and
tyrosine requirement to Escherichia coli strain
B by recombination with E. coli strain K 12,
J. Gen. Microbiol. 18, 782-786.

Hirsch, W, 1947. A new bacterial variant: the
non-motile H. form. J. Hyg. 45, 417-419.

Hoeniger, J.F.M. 1965. Influence of pH on Proteus
flagella: J. Bacteriel. 80, 275-277.

Runter, B,, Yamigishl, H., and Takahashi, 1. 1867.
Molecular weight of bacteriophage PBS1 deoxyribo-
nucleic acid. J. Virology 1, 841-842.

Iino,bT. 1961la. Anomalous homolcgy of flagellar
phases in Salmonella. Genetics. 46, 1971-1474.

Iino, T. 1961b. A stabilizer of antigenic phase in
Salmonella abortus-equi. Genetics 46, 1465-1469.

Iino, T. 1962a. Curly flagellar mutants in
Salmpnella. J. Gen, Micrebidol. 27, 167-175,

Iino, T. 1962b. Antigenic phases in Salmonella. Jap.
Ju Med, Sei; Bilel:. 1S, 228-238,

Iino, T. 1964. Genetical studies of Salmonella flagella.
Jap. J. Gengt. IV, IL3-355 [rtext in Japanese)
English summary and tables).

Iino, T. and Enomoto, M. 1966. Genetical studies of
non-flagellate mutants of Salmonella. J. Gen.
Microbiel ... 45, 315-327. ‘

Iino, T. and Lederberpg, iJ. Genetics of Salmounella,
In E. van Oye (Ed.) The world problem of
Salmonellosis. The Hague: Dr. W. Junk, 1964.
(pages 111-142) ' ,




94

Iino, T. and Mitani, M. 1966a. A straight flagellar
mutant in Salmonella. Ann. Rept. Nat. Inst.
. Genet. (Japan) no. 17, 120.

Iino, T. and Mitani, M. 1966b. Flagella-shape mutants
in Salmonella. J. Gen. Microbiol. 44, 27-40,

Iino, T. and Mitani, M, 1967a. Infection of Serratia
marcescens by bacteriophage X. J. Virology I,
445-447, : ' '

Iino, T. and Mitani, M. 1967b. A mutant of Salmonella
possessing straight flagella. J. Gen. Microbiol.
49, 81-88. ' '

Joys, T.M. 1961. Mutation of flagellar antigen i
in Salmonella typhimurium. Ph.D. Thesis,
University of London.

Joys, T.M. 1965. Correlation between susceptibility
to bacteriophage PBS1 and motility in Bacillus
subtilis. J. Bacteriol. 90, 1575-1577.

Joys, T.M. and Frankel, R.W. 1967. Genetic control
of flagellation in Bacillus subtilis. J.
Bacteriol. 94, 32-37/.

Joys, T.M. and Stocker, B.A.D. 1963. Mutation and
- recombination of flagellar antigen i of Salmonella
typhimurium. Nature 197, 413-414.

Joys, T.M. and Stocker, B.A.D. 1965. Complementation
of non-flagellate Salmonella mutants. J. Gen.
Microbiol. 41, 47-55,.

Joys, T.M. and Stocker, B.A.D. 1966. 1Isolation and
serological analysis of mutant forms of flagellar
antigen i of Salmonella typhimurium. J. Gen.
MicrobioI. 44, 121-138.

Kauffman, F. Bacteriology of the Enteriobacteriaceae.
Baltimore: Williams and Wilkins, 1966.
a. pages 55-304. :
pages 88-89.
- ¢c. page 90.
d. pages 94-95.




DS

Kerrldge, D. 1960. The effect of inhibitors on the
formation of flagella by Salmonella typhimurium.
J. Gen. Microbiol. 23, 5I9-538.

Kerridge, D. 1966. Flagellar synthesis in Salmonella
typhimurium: factors affecting the formation of
the flagellar &-N-Methyllysine. J. Gen. Microbiol.
42, 71-82.

Kerridge, D., Horne, R.W., and Glauert, A.M. 1962.
Structural components of flagella from Salmonella
typhimurium. J. Mol. Biol. 4, 227-238.

Kobayashi, T., Rinker, J.N. and Koffler, H. 1959.
) Purification and chemical properties of flagellin.
Arch. Biochem. Biophys. 84, 342-362.

Lederberg, J. 1956. Linear inheritance in transduc-
tional clones. Genetics 41, 845-871.

Lederberg, J. 1961. A duplication of the H; (flagel-
lar antigen) locus 1n Salmonella. Genetics 46,
1475-1481.

Lederberg, J. and Edwards, P.R. 1953. Serotypic
recombination in Salmonella. J. Immunol. 71,
232-240.

Lederberg, J. and Iino, T. 1956. Phase variation in
- .Salmonella. Genetics 41, 744-757.

Leifson, E. Atlas of bacterial flagellation. New
York: Academic Press, 1960 (pages 1-7).

Leifson, E. and Hugh, R. 1953. Variation in shape
and’ arrangement of bacterial flagella. J. Bac-
teriel. 65, 263-271.

Lowry, O.H., Rosebrough, N.J., Farr, A.L., and Randall,
R.J. 1951. Protein measurement with the folin
phenol reagent. J. Biol. Chem. 193, 265-275.

McDonough, M.W. 1962. Tryptic peptide maps of mutant
Salmonella flagellins. Biochem. J. 84, 114P.

McDonough, M.W. 1965. Amino acid composition of anti-
~genically distinct Salmonella flagellar proteins.
"J. Meol. Biol. 12, 347-355.




96

Mdkel#d, P.H. 1964. Genetic homologies between flagel-
lar antigens of Escherichia coli and Salmonella
abony. J. Gen. Microbiol. 35, 503-510.

Martinez, R.J., Ichiki, A.T., Lundh, N.P., and Tronick,
S.R. 1968. A single amino acid substitution
responsible for altered flagellar morphology.

J. Mol. Biol. 34, 559-564, ‘

Matsumoto, H. and Tazaki, T. 1967. Latent H. locus
in non-motile Escherichia coli. Jap. J. Micro-
biol. 11, 13-23.

Meynell, E.W. 1961. A phage, ¢X, which attacks motile
' bacteria. J. Gen. Microbiol. 25, 253-290.

Nester, E.W. and Lederberg, J. 1961. Linkage of
~genetic units of Bacillus subtilis in DNA trans-
formation. Proc. Nat. Acad. Sci. U.S. 47,
52-55,

Nester, E.W., Schafer, M., and lLederberg, J. 1963.
Gene linkage in DNA transfer: a cluster of genes
concerned with aromatic biosynthesis in Bacillus
subtilis. Genetics 48, 529-551.

Nester, E.W. and Stocker, B.A.D. 1963. Biosynthetic
latency in early stages of deoxyribonucleic acid
transformation in Bacillus subtilis. J. Bacteriol.

-.86, 785-796.

Oosawa, F., Kasai, M., Hatano, S., and Asakura, S.
Polymerization of actin and flagellin. In G.E.W.
Wolstenholme and M. O'Connor (Eds.) Principles
of biomolecular organization. Ciba Foundation
Symposium. Boston: Little, Brown and Col. 1966.
(pages 273-307) ‘ :

@rskov, F. and @rskov, I. 1962. Behaviour of E. coli
antigens in sexual recombination. Acta. PathoT.
Microbiol. Scand. 55, 99-109.

Parish, C.R., Lang, P.G., and Ada, G.L. 1967. Toler-
ance in adult rats to a purified protein, flag-
ellin, from Salmonella adelaide. Nature 215,
1202-1203.




97

Peérce, U.A. and Stocker, B.A.D. 1965. Variation in
composition of chromosome fragments transduced
by phage P22. Virology 27, 290-296.

Pearce, U.A. and Stocker, B.A.D. 1967. Phase varia-
tion of flagellar antigens in Salmonella: abortive
transduction studies. J. Gen. Microbiol. 49,
335-349.

Raimondo, L.M., Lundh, N.P., and Martinez, R.J. 1968.
Primary adsorption site of phage PBS1: the
flagellum of Bicillus subtilis. J. Virology 2,
256-264. : '

| Sanderson, K.E. and Demerec, M. 1965. The linkage
map of Salmonella typhimurium. Genetics 51, 897-
215

Schade, S.Z. and Adler, J. 1967. Purification and
chemistry of bacteriophage X . J. Virology 1,
581=529\

Schade, S.Z., Adler, J., and Ris, H. 1967. How
bacteriophage X attacks motile bacteria. J.
Yirelegy 1, 592-609.

Sertic, V. and Boulgakov, N.A. 1936. Bactériophages
sp€cifiques pour des variétés bactériennes flag-
ell€es. C.R. Soc. Biol. 123, 887-888.

Smith, S.M. and Stocker, B.A.D. 1962. Colicinogeny
and recombination. Brit. Med. Bull. 18, 46-51.

Stocker, B.A.D. 1949. Measurement of rate of muta-
tion of flagellar antigenic phase in Salmonella
typhimurium. J. Hyg. 47, 398-413.

Stocker, B.A.D. 1956. Abortive transduction of
motility in Salmonella, a non-replicated gene
transmitted through many generations to a single
descendant. J. Gen. Microbiol. 15, 575-598.

Stocker, B.A.D. 1963. Transformation of Bacillus
subtilis to motility and prototrophy: micro-
manipulative isolation of bacteria of transformed
phenotype. J. Bacteriol. 86, 797-804.



98

Stocker, B.A.D. and Campbell, J.C. 1959. The effect
of non-lethal deflagellation on bacterial motility
and observations on flagellar regeneration. J.
Gen. Microbiol. 20, 670-685.

Stocker, B.A.D., McDonough, M.W., and Ambler, R.P.
1961. . A gene determining presence or absence
of &-N-methyl-lysine in Salmonella flagellar
protein. Nature 189, 556-558.

Stocker, B.A.D., Smith, S.M., and Subbaiah, T.V.
1963, Mapping in Salmonella typhimurium with
colicine factors to obtain fertility. Microbial
Genet. Bull. 19, 22-24.

Stocker, B.A.D., Zinder, N.D., and Lederberg, J.
1953. Transduction of flagellar characters in
Salmonella. J. Gen. Microbiol. 9, 410-433.

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, Z211-217.

Takahashi, I. 1966. Joint transfer of genetic markers
in Bacillus subtilis. J. Bacteriol. 91, 101-105.

Weibull, C. 1948. Some chemical and physico-chemical
properties of the flagella of Proteus vulgaris.
Biochim. Biophys. Acta 2, 351-361.

Weibull, C. 1949. Chemical and physico-chemical
properties of the flagella of Proteus vulgaris
and Bacillus subtilis. A comparison. Biochim.
Biophys. Acta 3, 378-382.

Yamaguchi, S. 1968. Sensitivity of the g-complex

- antigen Salmonella strains to M8, a host range

mutant of bacteriophage X . J. Gen. Virol. 2,
187-180. ' ,

~Yamaguchi, S. and Iino, T. 1966. Genetic map of H1
~gene in Salmonella. Ann. Rept. Nat. Inst. Genet.
(Japan) No. 17, 119-120.




S

Yamaguchi, S. and Iino, T. 1969. Genetic determina-
tion of the antigenic specificity of flagellar
protein in Salmonella. J. Gen. Microbiol. 55,
59-74. '

Zinder, N.D. and Lederberg, J. 1952. Genetic

exchange in Salmonella. J. Bacteriol. 64,
679-699.





