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Escherichia coli K-12 mutants that are resistant to bacteriophage X, defective
in motility, and unable to grow at high temperature (420C) were isolated from
among those selected for rifampin resistance at low temperature (3000) after
mutagenesis with N-methyl-N'-nitro-N-nitrosoguanidine. Genetic analysis of
one such mutant indicated the presence of two mutations that probably affect
the 18 subunit of ribonucleic acid (RNA) polymerase: one (rif) causing rifampin
resistance and the other (Ts-74) conferring resistance to phage X (and loss of
motility) and temperature sensitivity for growth. Observations with an electron
microscope revealed that the nunber of flagella per mutant cell was signifi-
cantly reduced, suggesting that the Ts-74 mutation somehow affected flagella
formation at the permissive temperature. When a mutant culture was trans-
ferred from 30 to 420C, deoxyribonucleic acid synthesis accelerated normally, but
RNA or protein synthesis was enhanced relatively little. The rate of synthesis of
and 13' subunits of RNA polymerase was low even at 30°C and was further

reduced at 42°C, in contrast to the parental wild-type strain. Expression of the
lactose and other sugar fermentation operons, as well as lysogenization with
phage X, occurred normally at 30°C, suggesting that the mutation does not cause
general shut-off of gene expression regulated by cyclic adenosine 3',5'-mono-
phosphate.

The deoxyribonucleic acid (DNA)-dependent
ribonucleic acid (RNA) polymerase of Esche-
richia coli is a complex enzyme consisting of at
least five subunits (i.e., 2 a, 3, 13', and v) (3). It
plays a major role in genetic transcription and
is thought to be involved in the synthesis of
most, if not all, cellular RNA species. It is not
unexpected, therefore, that certain mutations
affecting the structure of this enzyme bring
about a variety of phenotypic alterations di-
rectly or indirectly. For example, some rifam-
pin resistance mutations presumably affecting
the 18 subunit of RNA polymerase in E. coli or
oth'er bacteria have been reported to affect spor-
ulation (30), nutritional requirements (20), the
capacity to support phage growth (e.g., 5), or
the ability to be lysogenized with a temperate
phage (8). Analysis of these pleiotropic mutants
should provide an interesting approach not only
to the regulatory mechanism involved in each
system, but also to the general problem of the
role of RNA polymerase in transcriptional con-
trol.

Bacterial flagella have been studied exten-
sively in past years (10), but relatively little is
known about the molecular mechanism control-
ling their formation. Thus, it was thought in-

teresting to examine the role of RNA polymer-
ase in flagella formation by looking for mutants
defective in flagella formation as the result of a
mutational alteration of RNA polymerase. In-
deed, such mutants were found among temper-
ature-sensitive strains carrying a mutation at
the rpoB region. In this paper, we report on
some properties of one such mutant that ex-
hibits a reduced capacity to form flagella at low
temperature and fails to grow at high tempera-
ture.

MATERIALS AND METHODS

Bacterial strains. All bacterial strains used in
this study are listed in Table 1. Bacteriophage X is a
flagellotropic phage that grows only on motile cells
of E. coli and Salmonella (18, 26). Plvir (11) was
used for transductional mapping of genes. The spe-
cific transducing phage Adrif+ (referred to here as
XdrpoB+) used in some genetic analysis was de-
scribed previously (12). Wild-type X phage was used
for determining lysogenization frequency.

Media. Peptone-glucose medium contained 10 g of
polypeptone (Wako Chemicals Co.), 5 g of NaCl, and
1 g of glucose per liter (pH 7.4). Minimal medium
was medium E (32) supplemented with 0.5% glucose
and each required amino acid at 20 ug/ml. L broth
contained 10 g of tryptone, 5 g of yeast extract (Difco
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TABLE 1. E. coli K-12 strains a

Strain Sex Genetic characters Derivation/reference

KY1394 F- his ilv trp(Am) tyr(Am) lac(Am) tonA(Am) KN238; ref. 21
tsx(Am) bfe sup-126

B74 F- rif Ts-74; other markers same as in KY1394 KY1394; this paper
KY1324 F- his metB ppc argEl5 purD thi str supE N. Glansdorff
KY1400 F- argH his ilv trp(Am) tyr(Am) lac(Am) KN255; ref. 22

tonA (Am) tsx(Am) bfe sup-126
KL16-99 Hfr (0-lysA-thyA---) recA B. Low
W3110 F- Prototroph
KY3601 F- argH W3110; this paper
AB1884 F- thr-1 leu-6 thi-1 argE his-4 proA2 uvrC34 Ref. 9

lacYl galK2 mtl-l xyl-5 ara-14 str-31 tsx-33
supE44

a Gene symbols are those described in reference 1. (Am) denotes an amber mutation.

Laboratories, Detroit, Mich.), 10 g of NaCl, and 2 g
of glucose per liter (pH 7.2). For testing motility,
peptone medium containing 5 g of polypeptone, 3 g of
beef extract, 2.5 g of agar, and 80 g of gelatin per
liter was used.

Chemicals. Recrystallized products of acrylamide
and N,N'-methylene-bis-acrylamide were obtained
from Wako Chemicals Co., and N,N'-diallyltartar-
diamide was from Eastman Kodak Co., Rochester,
N.Y. Recrystallized sodium dodecyl sulfate and Brij-
58 were products of Wako Chemicals Co. and Atlas
Chemicals, respectively. [3H]thymidine (23 Ciu
mmol), [3H]uridine (43 Ci/mmol), and L-[4C]leucine
(348 Ci/mol) were obtained from the Radiochemical
Centre, Amersham, England. L-3H-amino acids
were a synthetic mixture of 15 L-3H-amino acids
(NET-250) obtained from New England Nuclear
Corp., Boston, Mass.

Isolation of rifampin-resistant, temperature-sen-
sitive mutants. The parental wild-type strain
(KY1394) was mutagenized with N-methyl-N'-nitro-
N-nitrosoguanidine, and rifampin-resistant mutant
colonies were obtained at 30°C on peptone-glucose
agar containing 50 ,g of rifampin per ml. Tempera-
ture-sensitive mutants were then screened by rep-
lica-plating these colonies onto peptone-glucose agar
at 42°C. About 1% of the colonies tested were found
to be temperature sensitive; most of them were sub-
sequently shown to carry a second mutation, in ad-
dition to rif, at or near the rpoB locus. These mu-
tants, which are resistant to rifampin at 30°C and
are unable to grow at 42°C, were used as materials
for the further screening of mutants defective in
flagella formation, because temperature-sensitive
mutants were thought to be more amenable to fur-
ther analysis (see Results).

Electron microscopy. Cells were taken from at
least two colonies on peptone agar plates that had
been incubated for 18 h at 30°C, suspended in phos-
photungstic acid (pH 6.8), and spread on mesh
covered with Formvar film. After the mixture stood
for 3 min, excess water was removed with filter
paper and dried in a vacuum. A JEM 7A (100 kV)
electron microscope was used at an original magnifi-
cation of x3,000.
P1 phage transduction. All transduction experi-

ments were carried out with Plvir essentially as
described by Ikeda and Tomizawa (11).

Macromolecular synthesis. Cells were grown to
mid-log phase in medium E supplemented with 0.2%
glucose and 0.2% Casamino Acids (Difco), diluted
20-fold with prewarmed medium, and labeled with
[3H]thymidine (or [3H]uridine) and L-[14C]leucine.
Deoxyadenosine (250 ,ug/ml) was added to the me-
dium when [3H]thymidine was used. After growth
for one to two generations, the cultures were shifted
to 42°C. Samples (0.05 ml) were taken at appropriate
intervals onto a filter paper and washed three times
with cold 5% trichloroacetic acid and twice with
ethanol before being dried. Radioactivity was deter-
mined in a toluene-based scintillator with a Nu-
clear-Chicago liquid scintillation counter.

f8-Galactosidase synthesis. Experiments on in-
duced 8-galactosidase synthesis were carried out by
the procedures of Miller (19).

RESULTS
Isolation of the mutant. A number of tem-

perature-sensitive mutants that can grow at
30°C but not at 420C were found among those se-
lected for rifampin resistance at 30°C. When
these mutants were examined for sensitivity to
X phage at the permissive temperature, some
(10 to 20%) were found to be resistant by streak
tests. The latter mutants were shown to be
nonmotile when tested on semisolid agar me-
dium (Fig. 1). To determine whether these mu-
tant properties were due to a single mutation or
to multiple mutations, temperature-independ-
ent (Ts+) revertants were isolated sponta-
neously from each mutant and examined for
possible simultaneous changes in other proper-
ties. Two of 10 mutants tested produced Ts+
revertants that regained X sensitivity (and mo-
tility) while retaining rifampin resistance (Ta-
ble 2). These results suggest that, at least in
these two instances, a temperature-sensitive
mutation is responsible for both X phage resist-
ance (defect in motility) and temperature sensi-
tivity for growth, whereas a separate mutation
(rif) is responsible for rifampin resistance. One
such mutant, designated B74, was used for fur-
ther study.
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FIG. 1. Motility on semisolid agar medium. A pe-
tri dish containing semisolid peptone agar medium
was inoculated with an overnight culture of each
strain and was incubated at 30OC for 24 h. (a) Mu-
tant (B74), (b) wild type (KY1394), (c) Ts+ revertant.

TABLE 2. Temperature-independent revertants
derived from temperature-sensitive rifampin-

resistant mutantsa

Temperature-independent re-
Paresensita e

temp- vertants obtainedb
ture-sensitive mu--_

tant no. X) Rif' Xr Rifr

1 (B74) 29 4
2 2 8
3 0 10
4 0 10
5 0 10
6 0 10
7 0 10
8 0 10
9 0 10

10 0 10

a Spontaneous temperature-independent revert-
ants were obtained from each temperature-sensitive
mutant by plating cells on peptone-glucose agar at
42°C. A number of independently occurring revert-
ants were examined by streak tests for their sensi-
tivities to X phage and rifampin at 30°C. s, sensitiv-
ity; r, resistance; X, X phage; Rif, rifampin.

b No X' Rifs or Xr Rifs revertants of any mutant
were obtained.

Electron microscopic observation. Cells of
the mutant grown at 30°C were examined un-
der an electron microscope to determine
whether the observed defect in motility was due
to functional deficiency or lack (or decrease in
number) of flagella. Figure 2 shows histograms
of the number of flagella per parental, mutant,
and revertant cell. Most mutant cells (about
99.5%) lacked flagella, whereas at least one-
third of the parental cells had one or more. The
mutant cells tended to elongate to some extent,
and filamentous cells exceeding the maximum
length (4 ,um) of parental cells were observed at
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an appreciable frequency. The temperature-in-
dependent revertants produced flagella (Fig. 2),
as expected from their motility and sensitivity
to x phage. These and other results presented
below clearly demonstrate that mutation Ts-74
somehow affects flagella formation at low tem-
perature and, at the same time, renders the cell
unable to grow at high temperature.
Genetic mapping of the mutation. Prelimi-

nary experiments indicated that the mutation
responsible for the temperature sensitivity of
strain B74 was located near the rpoB gene,
since introduction of an F' plasmid (KLF10) or
a prophage, XdrpoB+, carrying this region into
the mutant conferred on cells the ability to
grow at high temperature. Further mapping
experiments were carried out by transduction
with phage P1. Cells of strain KY1400 (Arg)
were infected with P1 phage grown on the mu-
tant (B74), and Arg+ transductants were se-
lected at 300C and examined for unselected
markers. As seen in Table 3, the mutation (Ts-
74) causing temperature sensitivity is separate
from, although closely linked to, that responsi-
ble for rifampin resistance (rif), the probable
order being arg-rif-Ts-74. The X phage resist-
ance and motility could not be separated from
temperature sensitivity in this and other simi-
lar experiments. These results, taken together
with those from the reversion studies (Table 2),
strongly indicate that temperature sensitivity
and the defect in flagella formation and motil-
ity are due to a single mutation (Ts-74) closely
linked to the rif mutation. In one experiment
(III) shown in Table 3, transductants forming
smaller colonies were selectively picked and
examined to facilitate possible detection of Rif5
Ts transductants (0-1 class). However, none of
the transductants obtained (0/363) belonged to

a Wild(236) L Mutant(1202) c Revertant(4o6)
100

80

80

60

40

E 20
z

0
0 12 34 0 12 34 0 12 34

Number of tlagella/cell
FIG. 2. Histogram showing the frequency distri-

bution of cells with varying numbers of flagella as
determined by electron microscopy. The ordinate rep-
resents the percentage of each fraction among total
population of cells. The figures in parentheses indi-
cate the number of cells examined. (a) Wild type
(KY1394), (b) mutant (B74), (c) Ts' revertant.
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TABLE 3. Transductional mapping of Ts-74 a

Unselected No. of trans-
Expt. Selection marker ductants

Rif Ts X obtained
I Arg+ 1 1 1 18

1 0 0 4
0 1 1 0
0 0 0 28

II Arg+ 1 1 60
1 0 2
0 1 0
0 0 60

III Arg+ 1 1 303
1 0 0
0 1 0
0 0 60

a Donor (B74): Arg+ Rifr Ts xr. Recipient (KY1400):
Arg Rifs Ts+ xa. Cells of strain KY1400 were infected
with phage Plvir grown on strain B74 and were
plated on medium E containing all amino acids ex-
cept arginine. After incubation at 30°C for 4 to 5
days, transductant colonies were picked, purified on
peptone-glucose agar, and scored for unselected
markers. Rifampin sensitivity was examined on
peptone agar containing 50 ,tg of the drug per ml at
30°C. Temperature sensitivity was tested by growth
on peptone agar at 42°C. Rif, Rifampin sensitivity;
Ts, temperature sensitivity for growth; X, sensitiv-
ity to X phage. 1, Marker from the donor; 0, marker
from the recipient. In experiment III, transductants
with relatively small colony size were selectively
picked (see text).

sensitive to rifampin (rifr is dominant to rif),
and able to grow at high temperature on pep-
tone agar. Furthermore, when these lysogens
were "cured" by heteroimmune curing, most of
the X-sensitive clones obtained were shown to
be temperature sensitive and rifampin resist-
ant. These results indicate that both the Ts-74
and rif mutations can be complemented with
XdrpoB+-6 carrying intact rpoB+ without
rpoC+. Thus, the Ts-74 mutation most probably
affects rpoB rather than rpoC.

Flagella formation in Ts-74 transductants
derived from strain W3110. The results of the
genetic analysis presented above indicate that
the Ts-74 mutation is responsible for both the
inability to grow at high temperature and the
defect in flagella formation at low temperature.
However, since the parental strain used
(KY1394) produces only a few flagella per cell,
the effect of the Ts-74 mutation in another
strain with a greater capability to form flagella
was examined. Thus, a chromosomal segment
around Ts-74 was transduced into an Arg deriv-
ative (KY3601) of strain W3110 by selecting for
Arg+ clones, and the resulting transductants
were examined, under an electron microscope,
for the ability to form flagella. Transductants
carrying Ts-74 produced, on the average, four
flagella per cell, with relatively little variation
(Fig. 3). On the other hand, Ts+ transductants
and parental strain KY3601 produced more
than 11 flagella per cell, with much broader

this class. This provides further support of the
order suggested above.

Identification of the gene affected by the
Ts-74 mutation. The structural genes for the
and (3' subunits of RNA polymerase (rpoB and
rpoC, respectively) are clustered, probably
forming an operon (4), and are mapped in the
order argH-bfe-rpoB-rpoC-thi. Rifampin resist-
ance mutations affect rpoB, resulting in the
production of structurally altered A3 polypep-
tides (7, 13). The results of mapping experi-
ments therefore suggest that the Ts-74 muta-
tion affects either rpoB or rpoC. To determine
which of the RNA polymerase genes was being
affected, a recA derivative of the mutant was
cross-streaked at 42°C against XdrpoB+-6 phage
carrying the intact /8 gene (rpoB+) and a por-

tion of the /' gene (rpoC+) (T. Osawa, Y. Naka-
mura, T. Ikeuchi, and T. Yura, Jpn. J. Genet.
50:489, 1975). Growth occurred only at the
intersection, and these cells were purified at
42°C and analyzed for their properties. Most of
them turned out to be lysogenic for both
XdrpoB+-6 and A+ phage that were present in
the lysate used (12); they were immune to X,
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a Wild (188)

M=1331 l.
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b Ts" (I 78)

M= I1.3:t.5
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c Ts74(569)
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Mz4.09-0.45

10 15 20 25 30

Number of flagella/cell

FIG. 3. Histogram showing the frequency distri-
bution of cells with varying flagella number for
transductants derived from strain W3110. Flagella
numbers were determined and the results are pre-
sented as for Fig. 2. M, Mean with standard error.

(a) Wild type (KY3601), (b) arg+ Ts+ transductant,
(c) arg+ Ts-74 transductant.
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distribution. These results clearly show that
the Ts-74 mutation, when present in the ge-
netic background of strain W3110, causes a sig-
nificant decrease in the number of flagella
formed per cell but does not inhibit flagella
formation completely. This indicates that the
mutation quantitatively affects flagella forma-
tion in E. coli.
Macromolecular synthesis in the mutant.

When a mutant culture grown in minimal-Cas-
amino Acids medium at 30°C was shifted to
42°C, growth as judged by optical density accel-
erated slightly but then gradually decelerated
until it ceased after 8 to 10 h. A double-labeling
experiment was then carried out with
[3H]thymidine and [14C]leucine to compare
DNA and protein synthesis. The temperature
shift-up resulted in normal acceleration ofDNA
synthesis in the mutant but significantly less
acceleration of protein synthesis as compared
with that of the wild-type control (Fig. 4). Simi-
lar experiments with [3H]uridine and [14C]leu-
cine showed that RNA and protein synthesis
in the mutant can be accelerated only slightly
after temperature shift-up, in contrast to the
marked acceleration in the parental strain
(data not shown). Thus, the mutation appears
to reduce the synthesis of at least certain
classes of RNA and protein at the restrictive
temperature.

Synthesis of RNA polymerase (8 and 13' sub-

a Wild b Mutant

0~~~~~~~~~~

2 4 6 0 2 4
Time hour)

FIG. 4. Effect oftemperature shift-up on DNA and
protein synthesis. Cells were grown in medium E-
Casamino Acids as described in the text and diluted
into prewarmed medium containing [3H]thymidine
(10 ,uCi/8 pg per ml), L-['4C]leucine (0.5 PCiI20 pg
per ml), and deoxyadenosine (250 pg/ml). After
growth for one to two generations, cultures were di-
vided into two portions (zero time) and shaken fur-
ther at 30°C (0, A) and 42°C (0, A). Samples were
taken at the times indicated, and acid-insoluble 3H
(0, 0) and 14C (A, A) radioactivities were deter-
mined as described in the text. A pair of transduc-
tants derived from strain KY3601 to which arg+ Ts-
74 or arg+ Ts+ had been transduced by Phage P1
(grown on B74) was used. (a) Wild type (Ts+); (b)
mutant (Ts-74).

units. To examine possible gross alterations in
protein synthesis in the mutant, cells were ex-
posed to high temperature (42°C) for 1 h and
pulse-labeled with 3H-amino acids, and crude
extracts were analyzed by sodium dodecyl sul-
fate-polyacrylamide slab gel electrophoresis.
Profiles of 3H-labeled proteins obtained for the
mutant and the parent are similar (Fig. 5),
although radioactivities associated with some

2 3 4

_w ...

Al
FIG. 5. Sodium dodecyl sulfate-gel electrophore-

sis of 3H-labeled proteins. Cells were grown in me-
dium E with appropriate supplements, pulse-labeled
for 2 min with a 3H-amino acid mixture (10 ,uCi/ml)
at 30°C or after shift to 42°C, and chased with 0.2%
Casamino Acids for 3 min. Cells were lysed by treat-
ment with lysozyme-ethylenediaminetetraacetate and
Brij-58, followed by sonic oscillation as described
elsewhere (21). Crude extracts were analyzed by so-
dium dodecyl sulfate-gel electrophoresis on slab gels
(15 by 14 by 0.1 cm; 5% stacking gels and 10%
separation gels), using the discontinuous buffer sys-
tem described by Laemmli (17). Migration is from
top to bottom as shown here. After running for 6 h at
20 mA, gels were stained with Coomassie brilliant
blue. For detection of tritium-labeled proteins, fluo-
rographs (2) were taken by exposing Fuji X-ray films
to scintillator-treated gel slabs for 4 days. Total acid-
insoluble radioactivities applied to the gels were 1.16
(1), 1.50 (2), 1.52 (3), and 1.37 (4) (x105 cpm). (1)
Wild type (KY1394) at 30°C, (2) wild type (KY1394)
after 1 h at 42°C, (3) mutant (B74) at 30'C, (4)
mutant (B74) after 1 h at 42°C.
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protein bands may be quantitatively altered in
the mutant. Synthesis of and (3' polypeptides
of RNA polymerase that can be identified une-
quivocally in these profiles appeared to de-
crease appreciably in the mutant at 42°C.
To determine the rates of synthesis of (8 and

,(' proteins quantitatively, crude extracts were
first treated with anti-RNA polymerase serum,
and the precipitates formed were analyzed by
sodium dodecyl sulfate-gel electrophoresis. The
results (Table 4) clearly demonstrate that the
level of (3 and (3' synthesis in the mutant was
lower even at 30°C compared with that of the
wild type and was further reduced upon shift to
42°C. Similar reductions in 8 and (3' synthesis
at 42°C have been observed with transductants
carrying Ts-74 but not with Ts+ transductants
or revertants (data not shown), suggesting that
the Ts-74 mutation is responsible for the re-
duced synthesis of 8 and (3' proteins.
Expression of genes regulated by cyclic

adenosine 3',5'-monophosphate. Flagella for-
mation in E. coli has been reported to be regu-
lated by cyclic adenosine 3',5'-monophosphate
(29, 33). Thus, we examined possible effects of
the Ts-74 mutation on the expression of other
cyclic adenosine 3',5'-monophosphate-depend-
ent genes at the permissive temperature. First,
induction of (8-galactosidase was found to pro-
ceed normally, asjudged by differential synthe-
sis rates, although the growth rate was much
lower in the mutant (Fig. 6). Second, no appre-
ciable difference was found between the mutant
and wild type in the lysogenization frequency
with phage at 30°C. Third, there were no
great differences between the two strains in the
capacity to utilize galactose or arabinose as

well as lactose. These results suggest that the
observed phenotype of the present mutant at

the permissive temperature is not due to gen-
eral depression of the cyclic adenosine 3',5'-
monophosphate-controlled genes.

7,

6

5

0,

>0

0 2 3 4

Relative mass

FIG. 6. Induction of /3galactosidase synthesis.
Cells were grown in medium E supplemented with
0.5% glycerol and required amino acids at 30°C to
the log phase, and isopropyl-thio-,&D-galactoside was
added to induce /3-galactosidase synthesis. After in-
cubation for 60 min, samples were withdrawn at
appropriate intervals, treated with toluene, and as-
sayed for enzyme activity. Enzyme activities thus ob-
tained were normalized to that found at the time of
temperature shift. Optical density was determined at
600 nm with a Zeiss spectrophotometer (PMQ III)
and was also normalized to the value obtained at the
time of shift. The same pair of transductants carry-
ing Ts+ or Ts-74 used in the experiment ofFig. 4 was
employed. Symbols: 0, wild type (Ts+); *, mutant
(Ts-74).

TABLE 4. Synthesis ofRNA polymerase 18 and 13' subunitsa
Synthesis of:

Strain Expt P

300C 42°C B/A 300C 420C B/A
(A) (B) (A) (B)

Wild type (KY1394) I 0.71 0.85 1.2 0.67 0.93 1.4
II 0.64 0.70 1.1 0.65 0.65 1.0

Mutant (B74) I 0.44 0.30 0.68 0.49 0.30 0.62
II 0.35 0.22 0.63 0.32 0.24 0.75

a Cells were grown and labeled with a 3H-amino acid mixture as described in the legend to Fig. 5. The
crude extracts were treated with anti-RNA polymerase serum, and the precipitates formed were analyzed by
sodium dodecyl sulfate-gel electrophoresis as described elsewhere (14, 21, 22), except that exponentially
growing wild-type cells (KY1394) labeled with [14C]leucine at 37°C were added to each sample of 3H-labeled
cells as an internal reference before preparing crude extracts. The values presented here represent 3H/14C
ratio for each polymerase subunit divided by that for the bulk protein, thus giving differential synthesis
rates relative to those for wild-type cells actively growing at 370C.
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DISCUSSION
The structural genes for RNA polymerase [3

and [3' subunits are probably located adjacent
to each other, forming a single operon on the E.
coli chromosome (4, 16). The present data indi-
cate that the Ts-74 mutation lies at the site very
close to, but distinct from, the rifampin resist-
ance (rit) mutation; it is presumably located
between the site of the rif mutation and purD,
but not on the [3' subunit gene (rpoC). From
this and other evidence, it was surmised that
the Ts-74 mutation affected the [3 subunit gene
(rpoB). Consistent with this conclusion is the
finding that a temperature shift-up of a mutant
culture from 30 to 42°C normally accelerates
DNA synthesis but enhances RNA or protein
synthesis only slightly. Furthermore, synthesis
of [8 and [3' polymerase subunits in the mutant
was markedly reduced particularly at high
temperature. Some mutations, probably affect-
ing the [3 subunit gene, have been reported to
cause reduced synthesis of both polypeptides
(15, 23). On the other hand, the present data do
not exclude the possibility that Ts-74 affected a
gene other than rpoB or rpoC.
The cellular capacity for flagella formation is

evidently reduced by the Ts-74 mutation at the
permissive temperature (30°C), although the
extent of the mutational effect differs depend-
ing on the genetic background of the strain into
which the mutation has been introduced. It
seems remarkable that the Ts-74 mutation ex-
erts a significant effect on the flagella content
in both strains KY1394 and W3110, which ex-
hibit such diverse capacities with respect to
flagella formation. Although little is known at
present about factors determining the number
of flagella per cell, several mechanisms can be
suggested to explain the reduced flagella for-
mation in the Ts-74 mutant.

It has been reported that flagella formation
in E. coli is regulated by cyclic adenosine 3',5'-
monophosphate and its receptor protein (29,
33). However, since the Ts-74 mutation does not
seem to have a general effect on the synthesis of
the catabolite-sensitive operons, the observed
effect on flagella formation would not be attrib-
utable to the reduced interaction between RNA
polymerase and cyclic adenosine 3',5'-mono-
phosphate receptor protein. It has also been
suggested that the expression of the fZa gene
cluster is controlled by at least one specific
regulator gene, flaI (28, 29). Thus, it is possible
that the present mutant produces an altered
RNA polymerase that is defective in interact-
ing with the flaI gene product, resulting in a
decreased level of expression of the genes re-
quired for flagella formation. Alternatively,

the mutant polymerase may be unable to recog-
nize effectively the promoter of these genes,
which might have a special nucleotide se-
quence.
On the other hand, evidence suggests that

flagella may be formed at a specific stage in
the cell cycle of E. coli (H. Kondoh and H.
Ozeki, Jpn. J. Genet. 48:426, 1973; A. Nishi-
mura, H. Suzuki, and Y. Hirota, Jpn. J. Genet.
50:484, 1975). This finding is of particular inter-
est in view of the observations (6, 24, 25, 27)
that some proteins that constitute the bacterial
cell surface are synthesized or assembled at a
specific phase in the cell cycle. Thus, a common
regulatory mechanism somehow coupled with
cell division might be operative in the synthesis
of a number of cell surface proteins, including
flagella. The altered RNA polymerase produced
by the Ts-74 mutant might prevent normal
functioning of such a regulatory mechanism.
The observation that the mutant cells tend to
elongate to some extent at the permissive tem-
perature is consistent with this view. Finally, it
is possible that reduced flagella formation in
the Ts-74 mutant is a secondary consequence of
a mutation that primarily affects transcription
of the genes involved in cell surface architec-
ture, which in turn is essential for normal bio-
genesis of flagella.
Whatever the mechanisms underlying the

observations reported here, the present experi-
ments seem to emphasize the role of RNA po-
lymerase in transcriptional control of flagella
formation in bacteria. This also agrees with the
expectation that the expression of the fZa genes
is regulated at the level of specific messenger
RNA synthesis (31). Further work both with
RNA polymerase mutants and with other mu-
tants defective in flagella and membrane bio-
genesis may provide an interesting approach to
the general control mechanisms for the synthe-
sis and assembly of bacterial surface struc-
tures, including flagella.
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